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Abstract—Active Disturbance Rejection Control (ADRC) is
a control methodology used in chemical processes, aircraft,
motors, and other systems. This paper compares the results of
an ADRC controller to a Proportional Integral Derivative
controller (PID), applied to two degrees of freedom robots. A
Linear Extended State Observer (LESO) is used to reconstruct
the state variables and unknown parameters needed to control
the position of each link. The ADRC can achieve the tracking
position and estimate the velocity of each link. The results of the
simulation program are shown.
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I.  INTRODUCTION

Robot manipulators have been taking significant parts in
the industry: welding [1], the surgery field, and many other
critical operations. Therefore, performance criteria such as
low energy consumption and faster process have risen
correspondingly. The lightweight structure of flexible link
manipulators brings advantages over conventional, bulky
rigid manipulators [2]. Many factors must be carefully
considered when designing a robot arm, such as the geometry
and size of the required workspace and the environmental
conditions of its workspace. Of these factors, the most
challenging one is the inverse kinematics that relates the
desired motion and orientation of the end-effector to its joint
displacements [3], [4].

The demands of lightweight robotic systems and space
applications have stimulated the study of flexible link
manipulators. However, they suffer from undesired
vibrations caused by the commanded motions. The
detrimental effects degrade positioning accuracy, capable
operating speeds, workspace size, and reliability. Therefore,
there is a need to control unwanted oscillations and inflexible
link manipulators [5].

Although the robot ontology parameters are fixed, the
changing load and uncertain disturbances can affect the
robustness of the control and introduce significant
mechanical vibrations. Moreover, the control systems during
high-speed motion are challenged mainly by the severe multi-
joint torque coupling, large inertia changes, and significant
nonlinear effects. The stable movement variation refers to the

robot maintaining a smooth, non-jitter throughout the
movement. The stability must be determined by the actual
requirements, such as in the blade grinding process, where the
trajectory error must be less than 0.05 mm [6].

A dynamic feedback control design is developed for
robotic manipulators' trajectory tracking control problems
with flexible joints. In this control design, the position
measurements of the link and motor are needed, such that a
reduced-order observer is used to estimate the required
velocities for control [7].

The conventional observer assumes that an exact
mathematical model is available. However, the physical
motion control systems usually contain  multiple
uncertainties, such as unknown nonlinear friction and load
disturbance, to name a few. Therefore, the fundamental
challenge in practice is to make the Proportional Derivative
control-based observer capable of dealing with uncertainties
far beyond the known model information in motion processes

8.

Most of the existing methods proposed disturbance
attenuation techniques to solve this problem. Less-known
solutions are proposed to estimate and cancel the disturbance
directly. Many disturbance estimators have been presented in
the literature, such as disturbance observer, unknown input
observer, disturbance observer, and extended state observer
(ESO) [9], [10]. Based on the ESO, a new algorithm called
“Active Disturbance Rejection Control” (ADRC) has been
developed [8], [9], [10]. This control strategy's main idea is
to estimate and compensate for unknown dynamics and
disturbances actively. In addition, it requires very little
information about the plant. Then the controller uses the
information from the ESO to control the system instead of
being dependent on the mathematical model [11].

Professor Jingging Han proposed the ADRC control
method in the 1980s. It does not need to know the exact
model of the system. The extended state observer of this
controller estimates the system's “total disturbance” and then
compensates for such disturbance [12], [13], [14], [15]. The
ADRC is not based on plant model analysis because system
behaviors could change unexpectedly, and the plant models
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may become unreliable. As an emerging approach, ADRC
uses a controller-observer pair to treat external and internal
disturbances and uses plant parameter variations or
uncertainties as an element, not to be modeled analytically
but to be rejected as a generalized “total disturbance.” The
control signal responds directly to cancel the “total

disturbance,” thus making the controller design almost
model-free [16].

This document's contribution is comparing the
performance of three different controllers, an ADRC, an
ADRC+FC, an ADRC with torque friction compensation,
and a Proportional Integral Derivative (PID) controller, for
controlling a two-degree-of-freedom robot. This robot
belongs to an investigation laboratory. The velocity of the
robot links is estimated internally using the ADRCs. Thus,
costs are reduced because mechanical devices are not used to
measure speed. The results are statistically analyzed.

The paper is organized as follows: Description of the
robot is made in Section 2; Control of the robot is presented
in Section 3; Control diagrams and trajectories planning, in
Section 4; and Simulation results in Section 5. Finally, they
have shown the Conclusion, Future works, and References.

Il. ROBOT DESCRIPTION

This robot belongs to the Robotics Laboratory from the
CICESE Research Center, Mexico. It has two rigid links of
lengths ; (shoulder) and [, (elbow) and masses m; and m,,
respectively. This robot moves on the plane x-y, as
illustrated in Fig. 1 [17].

b

Fig. 1. Two degrees direct-drive robot manipulator [17].

The degrees of freedom are associated with the angle q;,
measured from the vertical position, and g,, measured
relative to the extension of the first link toward the second
link, both being positive counter clockwise [17], [18].

A. Direct Kinematics Model
The direct kinematic model is given by (1) [19], [20].
x = 1y sin(qy) + [, sin(qy + q2)

(1)
y = —licos(qy) — lycos(q; + qz)

B. Inverse Kinematics Model

The inverse kinematic model allows us to obtain the joint
positions g in terms of the position and orientation of the end-
effector. The last link referred to the base reference frame.
The desired common positions g, is obtained from
trigonometric manipulations as (2) [19], [20].

o = (2 < (8000
“ —Ya L + Lcos(qaz)

x5+ yi— lf—l%)

Gaz = cos™! ( 2L,

C. Robot’s Dynamic Model

The dynamic equations that model the robot arm are
obtained by applying Lagrange’s in (3) [6], [17], [18], [19],
[20], [21], [22], [23], [24], [25].
d [aL oL
dtlog) ~ag,

For control purposes, in the compact form in (4)-(8) [17],
[18], [26] as

[Mn(q) M12(q)] i + [Cn(q: » (:0q9)].

M q

21(@) My (q) C21(q, fI)_ C22(9,9) q (4)
+ [gl(q)] + [fl(q) -

i=1,2 ©)

gl " 1L@]
M (q) = m1131 +m, [lf + l?z + 21;1c5c08(q7)]
+1L + 1
My, (q) = my[12; + Lilpc0s(q2)] + I, (5)

Mz1(q) = my[l2 + lilac08(q2)] + I
Mo (q) = mpl% + 1,
C11(q, @) = —myll>sin(g2)q2
C12(9,q) = —mylylc;sin(q2) (g1 + ¢2]

C21(q, @) = mylyl5sin(g2) ¢, ©
C22(q,4) =0
81(q) = (myley +myly)gsin(qy) + mylc,8 sin(gy
+42) @)
82(q) = myl,g sin(g; + q2)
f1(@) = b9, + f158n(4,) ®)

f2(@) = b;byq, + fr5gn(q2)

Where M(q) is inertia matrix that is symmetric positive
definite and has dimension n x n. Its elements are functions
only of q. C(q, q) is matrix of centrifugal and Coriolis forces,
order n X n, and its elements are functions of q and g. g(q)
is vector of dimension n of gravitational forces. f(q) is
Coulomb and viscous frictions have been considered to
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model the friction torque. T is vector of dimension n called
the vector of external forces, in general, corresponds to the
torques and forces applied by the actuators at the joints. g is
gravity acceleration.

Physical parameters of robot arm: [, =1, = 0.45 m,
Il = 0.091m, I, =0.048m; m, =23.902kg, m, =
1.285kg, I, = 1.266 kg m?, I, = 0.093 kgm? and g =
9.81m/s%. Where, f,,, f., and by, b, represent coefficients
of Coulomb and viscous frictions for the shoulder and elbow
joints, respectively. From experimental tests they were
obtained the following numerical values of these coefficients:
b, = 2.288 Nms, b, = 0.175 Nms, f,, = 7.17 Nm for
d, >0, f., = —8.049Nm for 4, < 0 and f,, = 1.734 Nm
[17], [18].

In controlling robot manipulators, disturbances may come
from unmodeled dynamics or additive sensor noise, which
are common in practice. Consequently, in the case where the
parametric uncertainty comes from the mass or the inertia
corresponding to the object (load) manipulated by the robot,
the manipulated object may be considered part of the robot's
last link [19].

A robot drive train comprises an actuator or motor and
transmission to connect it to the link. A common approach to
robot joint control is to consider each joint or axis as an
independent control system that attempts to follow its joint
angle trajectory accurately. These turns are complicated due
to various disturbance torques produced by the gravitational
force, velocity and acceleration coupling, and friction that
acts on the joint [27].

I1l. RoBOT CONTROL

The control of robot manipulators in joint space is the
most available in the literature on robot control [19]. The
classical PID controller implements the basic principle in
error-based feedback control, as shown in Fig. 2, where the
error between the setpoint r and process output y is given by
e = u —y. The controller is (9) [9], [19], [28], [29], [30],
[31], [32] as

de ¢
u=KdE+er+KijedT 9)
0
where K;, K, and K;, are the derivative, proportional, and
integral gains, respectively.

(1) e(t) u(y) »(®
—p(" p—p| PID » Process >
reg

Fig. 2. Control loop structure of PID for the process

The usefulness of the PID controller lies in its general
applicability to most control systems. In the field of process
control systems, the basic and modified PID control schemes
have proved their usefulness in providing satisfactory
control, despite the that in many given situations, they may
not offer optimal control [29].

The integral model, viewed in isolation: its pole at the
origin, is detrimental to loop stability. It also gives rise to the

undesirable effect (an actuator saturation) known as a wind-
up [28].

The main limitation of the derivative mode, viewed in
isolation, is its tendency to yield large control signals in
response to high-frequency control errors, such as errors
induced by setpoint changes or measurement noise [28], [29],
[301], [31], [32].

A. Disturbance Rejection Control Algorithm Used

The ADRC is based on an extension of the system model
with an additional and fictitious state variable, representing
those elements of the system dynamics that the user does not
include in the mathematical description of the plant. These
virtual states (sum of internal and external disturbances,
sometimes denoted as a total disturbance) are estimated
online and used in the control loop to decouple the system
from the actual perturbation acting on the plant (10) [34],
[35], [36], [371, [38], [39] as

J(©) = FO©), 30,5 (©), . y™ +d(©)) (10)
+ bu(t)

Where d is the external disturbance, u is the input, y is the
output, and b is a real constant of the system that is known
indirectly through the estimated b,. The expression
F@®),y(),5 (©),...y"™ + d(t)) or simply f represents the
unknown, nonlinear, and variant in the time dynamics of the
system. The only information required of the system is its
order and the parameter b,. The principle in the ADRC has
supported consists of the estimation and later cancellation of
f. Assuming that f is derivable, the (10) of the system can be
represented in (11) as an extended state form [6], [10], [33],
[341, [35], [36], [37], [38], [39], [40], [41].

X1 = X,

X, = x3 + bu 1)
X3 =f
y=x

The Linear Extended State Observer (LESO) of (11) will
estimate the vector x = [x; x, x3]7 = [y ¥ f]7 which will
be characterized by (12)

JA51 =%, +111(y —%1)
Xy =Rz + Ly (y — %) + bu (12)

7?3 =13y — %)
The observer gains are calculated as 1,4, l,;, and l54. The
observer gains are calculated, so the characteristic

polynomial is strictly Hurwitz. For practical reasons, all the
LESO poles are in —w,,, which is stated (13)

53 + l1152 + l21S + l31 = (S + WO)3 (13)

Generally, higher observer gains represent more
exactitude in the estimate. But it must be considered that high
gains also increase the sensibility to the measurement noise.
The ADRC will cancel the effect of f using x5 through the
control law (14) as
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u= kp (r—2%) —ka%, — %3 (14)
by
Where 7 is the reference signal, k4, and k,, are the control
gains, elected so that the polynomial s®+ ks + k, be
Hurwitz, where w, is the closed-loop bandwidth that
originates in (15).

s?+kgs +kp,=(s+w)? (15)

The relationship between the bandwidth observer w, and
the controller w, the heuristic relationship (16) is used.

w, = (3 to 5)w, (16)

When substituting (14) in (10), the system to loop closed
transforms in (17).

V=0 —-%)+k, r—y) —kqy (7)

It can be appreciated that the first term to the right of (17)
is insignificant, which is the reason that makes the ADRC
able to compensate for the effect of f in real-time. To control
the process with the ADRC, it is estimated the value of b,,.
With the input signal (u(t)) and the output signal (y(t)) are
reconstructed, in the observer, the output (), the state ()
and the total uncertainty (x3) which includes the external
disturbances d(x,t), the modeling imprecision and the
uncertain nonlinear dynamics of the process. The controller
uses the reconstructed variables; the control loop structure is
shown in Fig. 3.

d(x t)

r ufr) »)
T_’ ’—>kp >—> — —>1/b0 > '—>Process —_—
J?

l«(l 4 LESO

x -

Fig. 3. Process control with the ADRC.

Active Disturbance Rejection Control (ADRC) is a method
that does not require a detailed mathematical description of
the system [42]. The only information required of the system
is its order and the parameter b, [43], [44], which are some of
its main advantages. Some ADRC consider the plant transfer
function coefficients, like the authors of [45], [46], and [47].
In our study, it is proposed to consider only the friction torque
described in (4) because it has a non-linear characteristic,
which causes difficulties in carrying out the control, causing
noise in the links and the position measurements. and speeds.

In (4), the Coulomb and viscosity frictions have been
considered to model the friction torque f;(q) and f,(g), for

link 1 as fi; = f1(¢)/M;, and link 2 as f, = f,(4)/ My, in
a general way f; the LESO one would be as (18). The control
law is in (19).

55.\1 =% +11(y—%)
x;\z =%+ (y—%)—fi+bu (18)

55.\3 =13y — %)

_ ky, (r — %) —kqX, + fr — X3
by

Proportional Integral Derivative controllers control most
industrial robot manipulators. The wide use of robot
manipulators in everyday applications is an important reason
to study the behavior of Active Disturbance Rejection
Control of the robot models with two degrees of freedom.

(19)

IV. CONTROL SIMULATION DIAGRAMS AND TRAJECTORIES
PLANNING

This section aims to show the general diagrams of the
robot model with the ADRC and PID for the uncertainties
model, noise, and disturbance in control input of link 2. Also,
trajectory planning is explained.

A. Simulation Diagrams

Considering the values of the physical parameters of our
robot arm, we obtain the following entries for the robot
dynamics in (20)-(23) [17], [18].

M(q)
[2.351 + 0.168 cos(q,) 0.102 + 0.084 cos(q;)

~ [0.102 + 0.084 cos (q,) 0.102
(20)
Cq,9
_ [—0.168 sin(q,)q, —0.084sin(q,)q, ] (21)
1 0.084 sin(qz)q; 0.0
_ [3.921sin(q;) + 0.186 sin(q; + q5) ]
9@ =g [ 0.186 sin(q; + q,) 22)
F) = 2.288 4, + f,;sgn(d,) ]
D =10.175 4, + 1.734 sgn(qy) (23)

The control algorithm against which all controllers are
measured is the Proportional-Derivative (PD) controller. We
label the torque control action by 7,4. The control law is
given by (24) [18] as

Tpa = kpd + kaG + g(@) + f(q) (24)
The joint position and velocity errors are denoted by § =
qa—qand § = qq — 4.
B. Trajectory Planning

A high level of sustained interest in this field is invariably
due to the coupling of inherent constraints and restrictions,
the wide-ranging capabilities of robots, the abundance of
real-world applications, and the array of possibilities of
mechanical systems [23]. Different joint angles will be tested,
and a circular trajectory will be tested. The root means square
error (Egpys) Of the angles of the links will be determined by
(25) [11], [33], [48], [49], [50] as

n o /a
Epus = 2ie1(Gi — q0)* (25)
n
Where § it’s a vector of n measurements, q it’s the reference
vector values, and i = 1,2, n. A fact must be considered for
circular trajectory: A Curvature Projection Error (CPE) is
introduced to depict the path quality through shape
projection. Assume that a good point on how the end effector
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performs is given by the following Cartesian coordinates P =
(P., P,). The point on the reference path, nearest to point P
and part of the equivalent group, is given by: P..r = (Pyres,
Pyrer). The CPE graph shows the minimal distances between
points P and P,.., for all samples of the actual path (26) [30],
[33], [38], [51].

CPE = J (P = Peres)? + (By — Pyrey)? (26)

The root means square error (CPEgys) is computed by (27)
[33].

(27)

The L, norm is a widely used tool by the scientific
community in robotics to measure control performance. This
L, norm measures performance control through the root-
mean-square of the position error vector. It is given by (28)

[17] as
171
L2=\]7J; =3 ldo

where T € R, represents the simulation time. The Effort
index control signal is used, EU, defined as (29) [52], ]53] as

tr
.
to

The maximum torques applied by each servomotor of the
robot manipulator: 7,4, = 135Nm and 7,4, = 13.5 Nm;
for shoulder (first joint) and elbow (second joint),
respectively.

(28)

d
uETG)| do (29)

d

V. SIMULATION RESULTS

The objective of this section is to compare the
performance of controllers, ADRCs, and PID, controlling the
robot. Firstly, the tracking of different link angles was tested,
and, finally, a circular trajectory. The control gains used are
displayed in Table 1. The gain values of the PID controllers
were used by [17], [18], [54].

TABLE 1. THE LINKS POSITIONS

Controller Parameter
PID link 1 K4=150, K,,=2000, K;=0
PID link 2 K4=15, K,=1000, K;=0

bo,=1/(2.351+0.168 c0s(q,))
k41=50.40, k,,,=635.04,
1,,= 378, 1,,=47628,
1,,=2000376
b,»=9.9010
k42=75.80, k,,,=1436.40,
1,,=568.5, l,,=1.0773x10°,
1,5=6.8050%10°

ADRC and ADRC + FC,
link 1

ADRC and ADRC + FC,
link 2

A. The Simulation Results for Reference Angles

First, it compared the performance of the controller's
ADRCs and PID in tracking different reference angles (see
Table 2). Fig. 4(a) shows the behavior of the reference signal

and the fundamental outputs of link 1. Fig. 4(b) shows the
behavior of the reference signal and the fundamental outputs
of link 2. The error in the output signal of links 1 and 2 with
ADRC:s is lower than with the PID, as shown in Fig. 4(c) and
4(d), respectively. The links controlled with the ADRC+FC
have less noise.

TABLE 2. THE LINKS POSITIONS

Link Position 1 (degree) Position 2 (degree)

Link 1 45 60
Link 2 90 -30

Reference qi
=== P L1
e ADRC LA
ADRC+FC L1

—

Output (degree

6 8 10
Time (s)

Fig. 4(a). Performance of ADRCs and PID controllers. Reference and
outputs, link 1

00— ——; = T
-y r Reference q2
-\\\ - - PID LZ
. === ADRC L2
_ 50 \'*l ADRC+FG L2
o 90.1 2911
] [
o _“‘ { L B kbl
=] i <301 A
=~ 0 ‘ 80 o X ] N
W
i 301 —
B9.9 *1 rat b — 4. — .5 & -
-50 : : - :
0 2 4 5} ) 10

Time (s)

Fig. 4(b). Performance of ADRCs and PID controllers. Reference and
outputs, link 2.

40 | 0.08
= P[0
0.04 o
30 ADRC
= 0.02 ADRC+FC
2
EZD 0
o o 4 s 10
s
10 ,f‘
| I A
e e L L —
0 2 4 8 10
Time (s)

Fig. 4(c). Error PID and ADRCs, link 1.
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100
- - P|D
SD ----—ADRE
ADRC+FC
RN | SO Y S N =]
T 0= —_ . e — Ty
o 0.4y a |F01 A
2 - t
o =50 LU [ 1
o I v ° I{.i ..........
-100 ! 1
01 01U
1 2 3 [ 8
-150 ' :
0 2 4 6 8 10
Time (s)

Fig. 4(d). Error PID and ADRCs, link 2.

Shown in Fig. 5(a) are the controller outputs of the link 1
controllers. Fig. 5(b) the controller outputs of link 2. Fig. 5(c)
the effort of the link 1 controllers. 5(d) link 2 controller effort.
The ADRC:s perform less effort than PID.

150
- D[
1DD -----ADRC
ADRC+FC
— 80
E
=
]
-50
-100 *
0 2 4 5]
Time (s)

Fig. 5(a). Controller outputs, link 1.

15
10}
i
5| : .
E i ol
z 0 i —====PID
=l i ===== ADRC
| ADRC+FC
-10 | !
!
15 ' : :
0 0.2 0.4 0.6 0.8

Fig. 5(b). Controller outputs, link 2.

Table 3 shows that the median and interquartile values for
links 1 and 2 are smaller for the ADRCs than for the PID. The
noise and variations in the output of the ADRC+FC are
smaller than with the ADRC. Fig. 6 shows the L, norm of the
controllers’ evaluation. The L, norm of the ADRCs is
smaller than those of the PID.

The root means square error (Egys) box-and-whisker plot
[55] for the vector of position using PID and ADRC
controllers is observed in Fig. 7. The bottom for the PID is

0.0237 degrees, and ADRCs are 0.0 degrees, the top for the
PID value is 0.1343 degrees, the top for the ADRC is
4.3626x10° degrees, and the top for the ADRC+FC is
2.2284x10! degrees; the median and the values of the
quartiles are displayed in Table 3. It is appreciated that the
variability with the ADRC+FC is smaller than with the
ADRC and PID because its box has a smaller size, and a
minor interquartile difference exists.

600

500 b |=====PID
- g ORC

400 | ADRC+FC
E 300 |
200 |
100
0 |
0 2 4 6 8 10

Time (s)

Fig. 5(c). The controllers' effort, link 1.

800

600 1

E 400 [pmnranmemimems
Z 400

e o s i e e i e e e

- [

L
‘
fj [===m=—— ADRC
N
]

200 ADRC+FC &0y 85 W 10
——r 5
0 I | I
0 2 4 G 8 10
Time (s)
Fig. 5(d). The controllers' effort, link 2.
0.6
----- PlD
----- ADRE
- ADRC+FC
0.37 J
0 1 2z 3
0
0 2 4 G 8 10

Time (s)
Fig. 6. The L, norm for PID and ADRCs.
TABLE 3. THE CONTROLLERS' PID AND ADRC RESULTS

1° Quartile Median 3° Quartile
Controller (degree) (degree) (degree)
PID 0.0451 0.0742 0.1222
ADRC 4.7903%10% 8.5557x10% 2.0330x10%
ADRC+FC 6.4415x10" 1.8219x1076 9.0440x1012
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1
o
2 0.1
7]
Jul]
=
2
W 0.05
@ I
i 1
0
PID ADRC ~ ADRC+FC

Fig. 7. The root means square error (Egys) box-and-whisker plot using PID
and ADRCs controllers.

B. The Velocity Estimate with the ADRC

Fig. 8(a) plots the difference between the real and the
estimated velocities of link 1, and the zoom shows that such
difference is smaller than 1.5 degree/s; for ADRC. Fig. 8(b)
plots the difference between the real and the estimated
velocities of link 2, and the zoom shows that such difference
is smaller than 1% (7 degree/s). Fig. 8(c) plots the difference
between the real and the estimated velocities of link 1, and the
zoom shows that such difference is smaller than 1.5 degree/s;
for ADRC+FC. Fig. 8(d) plots the difference between the real
and the estimated velocities of link 2, and the zoom shows that
such difference is smaller than 1% (5 degree/s). Fig. 8(e)

shows a plot of the error in link 1. Fig. 8 (f) shows a plot of
the error in link 2.

350
.. 315
': -----q1 ]
300 A e 1 @
250 310
E 200 ‘\'
B 305 \ 135
% 150 01 i 015
100 4 ﬁ
50 125
4 405 41
0 : - : A
0 2 4 G 8 10
Time (s)

Fig. 8(a). The real velocity and the estimated one, link 1, ADRC.
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C. The Simulation Results for Circular Reference

The second experiment compares the robot model with
ADRC, ADRC+FC, and PID controllers, both following a
circular reference with origin on the x — y axis (0.0; 0.05) m
and a radius of 0.8 m.

In Fig. 9, the reference and real trajectories of link 2.
Fig. 10 is the L, norm for PID and ADRCs and is smaller for
PID than those of the ADRCs. Fig. 11 displays the trajectory
RMS error (CPEgy;s) in the box plot. The bottom for the PID
and ADRCs is 0.0 m; meanwhile, the top for the PID is
2.3775%10* m, and for the ADRCs is 1.4752x10* m. The
median and the values of the quartiles are shown in Table 4.
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Fig. 11. The root means square error (CP Eps) box-and-whisker plot using
PID and ADRCs controllers.

TABLE 4. THE CONTROLLERS' RMS RESULTS FOR CIRCULAR TRAJECTORY

Controller | 1°Quartile (m) | Median (m) | 3° Quartile (m)
PID 3.4467x10% 9.6512x10™% 1.3858 x10"*
ADRC 1.3551x10°% 1.4018x10™ 1.4449x10™
ADRC+FC 1.3569x10°% 1.3985x10™ 1.4449x10™

D. The Velocity Estimate with the ADRC

Fig. 12(a) shows the difference between the real and the
estimated velocities of link 1, and the zoom indicates that
such a difference is smaller than 0.1 deg/s for ADRC. Fig.
12(b) shows the difference between the real and the estimated
velocities of link 2, and the zoom shows that such a difference
is smaller than 0.1 degree/s for a stable state. Fig. 12(c) plots
the difference between the real and the estimated velocities
of link 1, and the zoom shows that such difference is smaller
than 0.1 degree/s; for ADRC+FC. Fig. 12(d) plots the
difference between the real and the estimated velocities of
link 2, and the zoom shows that such a difference is smaller
than 0.1 degree/s. Fig. 12(e) shows a plot of the error in link
1, and Fig. 12(f) shows a plot of the error in link 2. The noise
and the variations in the output of the ADRC+FC are smaller
than with the ADRC.
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Z A0 controllers for the two degrees of freedom robot model. The

5 root means square errors for different angles of links are

E 8 a 5 51 smaller than 0.1343 degrees, and this error is smaller with the

2-15 /,,--"'"_“««..; ADRC+FC than with the ADRC and PID controllers. The

- o ADRC and the ADRC+FC estimate the link velocities with
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smaller. The controllers meet the requirements, but in
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Fig. 12(f). Error velocities ADRCs, link 2.

path tracking, the PID performance is better. ADRCs
estimate link speeds internally, making mechanical
measuring devices unnecessary.
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