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Abstract-A networked control system (NCS) is one in which controller(s), actuator(s),and sensor(s)exchange
command signals and data through a limited-bandwidth communication network that may be used by other
applications, devices, and control systems. Compared to classical wired controlled systems, NCSs possess many
advantages. In this paper, we propose the modeling and networked control of two-rigid link robot arm. To deal
with the time delays that may occur during communication between the components of the system through the
network, a model of the system was first determined, and second, PID controllers were designed based on the
obtained model and using the stability region boundary locus technique. To demonstrate the validity of the
proposed approach, numerical simulations were conducted using TrueTime, Simscape, SimMechanics, and
Simulink with the MATLAB environment.
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maintenance [21, 22, 23]. Therefore, NCSs are

1. Introduction steadily becoming more prevalent in various fields,

Robots are becoming increasingly present in such as traffic management systems, heating control
people’s everyday lives. For example, robots are systems, automated highway systems, unmanned
used for domestic tasks as well as in industry to aerial  vehicles, remote  surgery, haptics
perform routine, repetitive, or dangerous tasks, to collaboration over the Internet, and mobile sensor
lessen manufacturing costs, and to improve product networks [24].

efficiency and quality. While performing tasks, a
robot, or a part of it, is commanded by a controller.
The last one should be carefully pre-designed to
ensure that the robot performs the required tasks
with high degrees of precision, accuracy, and
reliability. The problems inherent to the design of a

Motivated by the above discussions, in this paper,
we propose the modeling and networked control of
two-rigid link robot arm. Moreover, to the best of
our knowledge, there is scant literature dealing with
the networked control of robot arms.

good controller for a robot or part of it have been— In the research proposed in this paper, we
and still are—the subject of active research (see[1- considered that (i) the first link is attached to the
12] and references therein). A considerable volume robot base by a revolute joint actuated by a DC
of the research in the literature that relates to the motor, while the second link is attached to the first
control of robots or their parts is focused on the link by a revolute joint actuated by another DC
control of robot arms(see [13-20] and references motor; (ii) two PID controllers are to be designed to
therein). allow the end effector of the robot arm to move

from an initial position to a desired position; (iii)
each link is considered as an independently
networked controlled system, but the two NCSs use
the same network. To deal with the time delays that

On the other hand, compared to classical wired
controlled systems, NCSs possess several
advantages, such as reduced system wiring, low
costs, shared resources, and ease of installation and
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may occur during the data exchange between the
components of a link subsystem through the
network, we propose a solution that consists of two
steps: first, a model is determined; and second, a
PID controller is designed based on the obtained
model and using the stability region boundary locus
technique.

2. Review of NCSs Structure

Fig.1. shows the general structure of a single-loop
NCS. As can be seen in Fig.1., the feedback loop is
closed over a communication network. As a result,
two types of network-induced delays are identified
based on where they occur:

(i) 7°¢ is a network-induced delay from the sensor
to the controller, that is, a backward channel
delay.

(ii)** is a network-induced delay from the
controller to the actuator, that is, a forward
channel delay.

In most cases, these two network-induced delays are
not treated separately, and only the round-trip delay
is of interest [25].

Actuator
node

Sensor
node

> Process >

Controller
node

Fig. 1. Single-loop NCS layout

Network-induced delays constitute one of the major
disadvantages of NCSs. The delays may degrade the
performances of the system or even lead to its
instability if they are not taken into consideration
during the controller design, and a compensation
strategy is not implemented. Many techniques and
approaches to compensate for time delays in NCSs
have  therefore = been  proposed in the
literature(see[26-30] and references therein). In this
study, a stability region locus-based technique is
proposed to design PID Controllers to compensate
for network-induced time delays in NCSs. The
proposed technique requires a model for the process
to be controlled. Thus, before presenting the
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proposed approach to the design of the PID
controller, the dynamic model of the two-rigid-link
robot arm is reviewed in the section that follows.

3. Dynamic M odel

Fig.2. shows the schematic diagram of a two-rigid-
link robot arm driven by DC motors, where L;, m,
and @{i=1,2}are, respectively, the length, the mass,
and the joint angle of the first link {i=1} and of the
second link {i=2}, g is the gravitational force, and
V,and V, are the voltages that power the DC motors.
The DC motors that drive the robot arm deliver
torques Ti;and T, to the joints, thereby causing the
links to rotate by the angles & and & and move the
robot arm end effector from the initial position to
the desired position.

Link 2

Joing‘ 2

Y Link 1
Joint 1

: my
;L

‘\t’%

&

N"

Vi

Fig. 2. Schematic diagram of a two-rigid link
robot arm driven by DC motor §31]

The schematic representation of a DC motor is
shown in Fig. 3, where R and L are the armature
inductance and resistance, respectively, and V(t) and
i(t)y are the input voltage and the input current,
respectively. V, and T are the back electromotive
force of the motor and the load torque, respectively,
and K,, K; J, and b are the constant of the back
electromotive force, the motor constant, the inertia
moment, and the friction coefficient of the output
shaft, respectively. w is the angular speed of the
motor shatft.
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Fig. 3. Schematic diagram of a DC Motor

From Fig. 3., the dynamic of the DC motor can be
described by the following equations obtained based
on Kirchoff’s second law combined with Newton’s
second law:

L0 R0 =v 0)-Katt) (1)

3989 shar) =K, i) 2)

Applying the Laplace transform on equations (1)
and (2) results in the following equations:

Lsl (s)+RI (s) =V (s) - K aAS) (3)
Jsax(s) +baxs) =K; I (s) “4)

where S denotes the Laplace operator.

From (4), | (S) can be written as:

(Js+b)axs) (5)

(8) ===
f

By inserting (5) into (3), we can obtain the transfer
function from the input voltage V (S) to the angular

velocity aXS) as follows:

w(s) - Kf (6)
V(s) (Ls+R)Js+b)+KK;

Thus, the transfer function from V (S) to the

angular position @(S)can be written as

Kf
as) _ LJ %
V(s) S(Sz+(Lb+RJ)S+Rb+KKf )
LJ LJ
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4. PID Controller Design

This section addresses the design of a PID controller
to compensate for the time delays in NCSs.

Let’s consider that the overall transfer function of
the closed loop NCS is given by

(Kp +K +Kgs)G (s)e™
T(s)= SK ®)
1+(K, +—- S +de)G (s)e™’®

where S denotes the Laplace operator. K D> Ki .

and K are the parameters of the PID controller to
be determined, G p(S)is the transfer function of

the plant to be controlled, and7 is the time delay
"note that the time delay characteristic of an NCS
could be constant, bounded, or even random
depending on the network protocols adopted and the
chosen hardware" [32]. Here, we assume that the
time delay 7 is constant and known.

Let

B(s)
A(s)
where B(S)and A(S)are two polynomials in S

Gp(s)= )

with real coefficients.

S=jw and (9) into (8) and
decomposing B(S)and A(S) into their even and
odd parts lead to

Inserting

- ikl i o

T(w= . .
o efrmaer
(A +iAd)

(AéﬂA)a) 1+

where B, andB_are the even and odd parts of
B(s), respectively, and A, and A are the even
and odd parts of A(S),respectively.

Using Euler’s identity

RCE = cos(Tw) — | sin(Tw) in equation (10), we

can write the characteristic polynomial of T (S) as
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RUw=R(0)+]l () (11)
where
R (w) = -B,K 4 cos (1w) @’ +BKy sin (1w) &’
+ByK; cos(ra)) w+B,K, sin(m))a)2
-BK; sin(ra)) +BeKp cos(ra))a)
+Aw
(@) = ByKy sin(1w) @’ +B,K 4 cos (1w) o
-B,K; sin(m)) w+B,K cos(ra))w2
+A @ —BK, cos(ra)) -BeKyp sin(ra))a)
Furthermore, the characteristic equation of T (S) is
Ro(@)+ jlo(@)=0 (12)
Next, dropping @ for simplicity and equating the
real and imaginary parts R, (@) and | (@) with 0

result in the following equations system:
Mlle+M12Ki =N (13)
M, Ky +M Ky =2

where

M, =B, sin(1w) &’ +B.K , cos(1w)w ,

M, =B, cos(1w)w- B, sin (1w),

N = (B, cos(7w) &’ + B sin (1w) w )K 4 ~A.w

M5, =B, cos(1w) & =By sin(rw)w ,

M ,, = =(B, sin (w) w+ B, cos(1w)),

Z =—(B, sin(rw) &’ - B, cos(1w) @’ Ky —A, &’

By assigning a fixed value to K and solving the

equations system (13) for K p and K, , we get

__AB, cos(1) & +AB, sin( 1 &~ AB, sin(1e) w+ A B, cos(1c) (14)

K
P Bﬂza; + Bez

. of (B2 +B2K, +AB, sin{ 1) o ~AB, cos{ 1) o AB, cos{ 1) o+ AB, sin{ ) (15)

B2 +B]
Plotting the dependency between the values of K b
and K, given by (14) and (15), respectively, into the
(K ,,K; ) plan defines the stability boundary locus.
The obtained curve together with the line K, =0
split the (K ), K;) plan into the stable and unstable

regions. The decision whether the respective region
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represents a stabilizing or unstabilizing area can be
determined using a test point within each region
[33].

5. Numerical Simulations

In this section, numerical simulations were
conducted in a MATLAB environment in order to
study the modeling and networked control of two-
rigid link robot arm and to show the validity of the
proposed approach for network-induced time delay
compensation.

First, a two-rigid link robot arm was implemented
using SimMechanics and Simulink/ MATLAB tools,
as shown in Fig. 4. Since in some cases, a robot’s
arm specifications and parameters may be unknown
or known with uncertainties, we assumed that the
parameters of the system are unknown. The
implemented system was then run to obtain two
series of input voltage and angular velocity (V , )
pairs(i.e., one series per link). The obtained data
was then used to determine the models for the links
taking into account that the transfer function from
the input voltage to the angular velocity is of the
second order, as shown by (6) and using the
MATLAB identification toolbox.

The identification results were as follows:
W(s) _ 19.984
Vi(s) -107°s2-0.0020s +1

by sy = 2(8) 20.005 17)
2TUV,(8) -1.3678.10°52-0.0024s +1

Ri(s)= (16)

where Pj(S) is the transfer function from the input
voltage V(S) to the angular velocity &) (S) of the
first link, and P, (S) is the transfer function from
the input voltage V,(S) to the angular velocity
@ (S) of the second link.

Then, the transfer function from the input voltage
V{(S) to the angular position §(S) of the first link
and the transfer function from the input voltage
V,(S) to the angular position &, (S)of the second
link were

g(s) _ 19.984

G,(s)=
PTUVIGS) s(-1075%-0.0020s +1)

(18)
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6,(s 20.005
G, (5)=28) - 0 (19)
V,(S)  s(-1.3678.10°s%-0.0024s +1)
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Fig. 4. Implementation of thetwo-rigid link
robot arm in SSimM echanics and
Simulink/ MATLAB

Second, using the transfer functions(18) and (19),
the parameters of the PID controllers were
determined based on the approach presented in
section 3. Fig. 5. shows the stability regions.
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Fig. 5. Stability regions: (a) stability region
for system (18); (b) stability region for
system (19)

The selected values of the PID controllers’

parameters WEre
K =0.0375
K" =0.0102 (20)
KM =0.0102

K3 =0.0109
K =0.0034 (21)
K =0.0016
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where K 8), Ki(l), and Kél) are the parameters of
the PID controller that controls the first link, and
K F()2)’ Ki(z), and Kéz) are the parameters of the
PID controller that controls the second link.

Third, the model in Fig.4. was included in a
TrueTime’s Simulink model, as shown in Fig.6.
Then, the system was run to obtain the system
outputs and to compare them to the desired inputs.
During the simulation, the parameters of the
simulations were set as follows: the sampling period
was 0.01s, the network communication mode was
CSMA/CD (Ethernet), the transmission rate was
80Kbit/s, the induced-network time delays were

W =0455 and 7 =0.75s, and the
parameters of the controllers in node 2 and node 4
were set as in (20) and (21), respectively. The initial
and the desired positions of the first and second
links of the robot arm were

8460 60f :K;T Zj and @ {%D ‘ﬂT {;T _ﬂT

,Jrespectively.
y ]
- ] S o
B | _}')t_'_' g

}L‘JD e
Fig. 6. Implementation of the networked

controlled two-rigid link robot arm in TrueTime,
SimM echanics, and Simulink/MATLAB

Fig. 7. shows the desired positions and the actual
positions of the joints 1 and 2.The errors between
the desired and actual positions are shown in Fig. 8
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Fig. 7.Theactual and desired positions of the
joints, whered and ﬁd(l) aretheactual and
desired positions of the first joint, respectively,
and &, and ﬁd(z) aretheactual and desired
positions of the second joint, respectively.

L L . L L L d
o] 10 20 30 40 50 60 70 80 90 100

Time(s)

Fig.8. Errorsin the angles of thejoints, whereg,

istheerror in thefirst joint angle, and €, isthe

error in thesecond joint angle.
The simulation results in Fig. 7. show the
convergence of the actual positions of both joints to
their desired values. Fig. 8. shows that the errors in
both joints’ angles converge to 0. The simulation
results therefore demonstrate that the designed PID
controllers effectively and efficiently compensated

for the network-induced time delays M and 7
and guaranteed zero steady-state tracking errors of

the actual positions & and & to their respectively

desired values Hél) and 9(52).

6. Conclusion

In this paper, we investigated the modeling and
networked control of two-rigid link robot arm. The
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dynamic modeling of a two-rigid link robot arm
driven by DC motors was reviewed. A stability
region locus-based approach was proposed to design
PID controllers to compensate for the network-
induced time delays. Numerical simulations were
conducted in MATLAB in order to show the
validity of the proposed method. The simulation
results demonstrated that the designed controllers
could effectively and efficiently compensate for the
network-induced time delays and guarantee a very
good tracking of the actual outputs of the system to
the desired values.

Finally, we notice that it is well established in the
literature that networked control systems suffer
from two main major problems, namely, network-
induced time delays and/or packet loss. In this
paper, only the effect of network-induced time
delays in NCSs was considered. Therefore, future
works will focus on packet loss effect.

Others future works will be devoted to extending
the proposed  approach  to improve  the
performance of the PID controllers, especially in
terms of reducing the time of the convergence of the
system’s actual outputs to the desired values.
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