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Abstract—Recently, researchers have focused on integrating wireless networks with control systems, which has shown what is called
Wireless Network Control Systems (WNCS). On the other hand, these systems face several problems and one of these problems is a
time delay. In this paper, the Fuzzy logic with the Proportional —Integral-Derivative (PID) controller is proposed in the WNCS
design, the Particle Swarm Optimization (PSO) technique is used to obtain optimum rules. The ZigBee network used to send and
receive data between the system control and the controller nodes. The proposed controller aims to reduce the time delays that can
make the system stable in the event of an overload on the network. The obtained results showed that the proposed controller when the
number of nodes increased by 500, the system remains stable.
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network based on the NCS and study test different network
[ INTRODUCTION scenarios for both controllers, considering different
Wireless technologies have been successful in many parameters of the Zigbee network.

industrial applications where Wireless Network Control
System (WNCS) has some advantages in terms of cost,
great flexibility and ease of maintenance such as in all its
parts controllers, sensors, actuators and network [1]. Figure
1 is shown a general network control system that uses in
industrial systems. Three challenges in building control
systems are communication networks, control theory, and
real-time systems [2]. Although the advantages in WNCS,
there are still some disadvantages are packet losses, delay,
communication security and reliability, limited bandwidth,
development of different network protocols, and packet
drops [3]. On the other hand, like wireless networks, for
example in WNCS, are used for control applications further
aspects should be considered. WNCS need not maximize

reliability, such as in the monitoring applications [4].

Abdul-Hussain et al.[5] the authors compared the two
controllers PID and Fractional Order Proportional —
Integral-Derivative (FOPID) based on the PSO algorithm
in WNCS design to minimize time delays and to keep the

Fuzzy logic designed by Peng et al. [7] to give Tuning

parameters into a PID controller with second-order

system stable. PSO is used to find parameters of PID and inertia in the plant and the network communication mode is
FOPID controller and tested the system with various loads. CSMA/CD (Ethernet). Aung et al. [8] ZigBee network
Wi-Fi is used as wireless network communication. Simulated by True-time based on MATLAB / Simulink

network that transmitted data between the PID controller

Sliding Mode and PID controllers are designed and a DC motor through the network.

controller by Salman et al. [6] to Control DC-motor speed
over the Zigbee network which is a communication
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Awad et al. [8] the authors suggest using the traditional
PID controller with fuzzy logic and Gain Scheduling (GS)
in the NCS design. A wired network (Ethernet) is used as
network communication. The F-PID-GS is tested with
different load conditions and packet loss randomization.
The most important problems facing these systems. One of
these problems is a time delay at network overload. In
order to keeps system performance and stability, these
problems are addressed with a robust controller design. In
this paper, the Fuzzy PID controller to control the plant
wirelessly is suggested based on the PSO algorithm to find
optimal rules for fuzzy logic, ZigBee network is used to
link control system parts.

The rest of this paper is structured as follows. Section 11
explains the controller design. Section Ill. presents the true
time toolbox, Section IV. presents the ZigBee network,
while section V. explains the proposed simulation of
WNCS, The proposed Fuzzy PID controller and PSO are
introduced in section V, Section VI. The experimental
result of the proposed methods.Section VII. Finally, the
conclusion is presented

1. CONTROLLER DESIGN

A) PID controllers

The PID has characterized by high-quality performance
and simplicity in design. It has three important parts are
proportional gain Kp, integral gain Ki, and derivative gain
Kd so performing the controller can improve by tuning
these parameters. Most PID controllers nowadays are
digital [10]. The action control of PID in continuous-time
is expressed in equation (1) and equation (3) is shown PID
control after taking Laplace Transform for equation (1).
One method to get PID control in Z-transform is
substitution S in equation (3) with equation (4) [11].

t

u(t) = Kpe(t) + Ki fe(t)dt+ Kd% ¢))
dt
0
e(t) =y(t) —r(®) 2
PID(s) = kp + ki% +kdS 3)
_2@Z-1) .
T Ts(Z+ 1) )

where u(t) is the control action, e(t) is the error signal,
r(t) is the reference and y(t) is process output of the system,
and Ts is the sampling period.

B) Fuzzy Logic

Fuzzy Logic is one method intelligent to decide such as
a decision in mind human and does not require precise
mathematical modeling knowledge. Lotfi Zadeh proposed
the term fuzzy logic in 1965[12]. So the fuzzy logic idea is
the transition from classical logic (expresses by true or
false) to become multiple values between zero and one,
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which represents its transition to philosophical and
linguistic mathematics. Figure 2 is shown a general
structure of FLC. It requires the following three steps to
implement Fuzzy logic technique to a real application [13]:

« Fuzzification is converting crisp data or classical
data into Membership Functions (MFs) or fuzzy
data.

e Fuzzy Inference Process is to incorporate
membership functions with the rules of control.

« Defuzzification is converting fuzzy control into real
output or real control action So that uses different
methods to evaluate each associated output.

Fuzzification

Engine Base

<€——— |Inputdata

Inference
Rlue

!

Defuzzification

!

Output

Fig. 2 General Structure of FLC [12]

Fuzzy logic control technology has seen a lot of interest
in the past years for its strong performance as a controller
on the system. Many publications research includes the
field of design fuzzy controller to more stability system.
An FLC, in particular, has a better control impact in
situations of non-linear and time-varying of the system
similar to a modern controller or classical controller [14].
Fuzzy logic control on our proposed design is used to an
adaptive gain of the PID with a set of Kp, Ki, and Kd
depends on error and change error so that the input of the
Fuzzy logic is error and change error and the output of
Fuzzy logic is the PID controller parameter. The PID
controller parameter will vary with time, based on the rules
of Fuzzy logic. In the first moments of the system, the error
is big so Fuzzy logic will give big gain to the system.
Figure.3 is shown the Fuzzy logic adaptive gain of a PID
controller.
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Fig. 3 the Fuzzy logic adaptive gain of a PID controller.

Figure 3 is shown the FLC that has two input variables
of the controller are error (e) and derivative of error that is
change error and three variables in the output (Kp, Ki, Kd).
the values of the E and CE in range of [-2 2], each input
and output has five memberships which are NB (Negative
Big), NM (Negative Medium), Z (Zero), PM (Positive
Medium) and PB (Positive Big). The triangular shape
memberships choose for input and output, the mamdani
type in the inference process, and the centroid (center of
gravity) technique that used in the Defuzzification method.
More experience has been to write rules of fuzzy logic so
our proposal uses PSO to find optimal rules. The number
rules are humber memberships power number input so at
our work is twenty-five rules.

C) Particle swarm optimization

PSO is one of the most common algorithms in a
population-based literature style. Developed and presented
by Kennedy and Eberhart in 1995. It is inspired by the
social behavior of animals such as fish schooling or birds
flock. The PSO is identical to evolutionary techniques such
as Genetic Algorithms (GAs). Where it initializes the
system with a random population matrix and updates
generations to search for the optimum solution. However,
unlike the GAs, The PSO does not have any evolutionary
operations like crossover and mutation. The PSO has
successfully applied in many research areas. It has shown
the PSO better results in a faster, cheaper compared with
other methods. Another factor PSO is appealing is that it
has few parameters to change. PSO was used for
approaches that can use across a wide variety of
applications, and for specific requirements.

In the PSO algorithm, a particle is named for each
solution of a problem that can move in a search area and
update the position of each particle. PSO has two important
vectors are a velocity vector and a position vector. The
position vector determines the value of the solutions to a
problem. The position of particles is updated using the
following equation (5). The velocity vector determines the
intensity of movement and direction which the velocity
vector is defined as (6) [15].

Xit+ 1) =Xi(t)+ Vi
t+1) (5
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Vit+1) = wVi(®)+ C1r1(Pi(t)-Xi (D)
+C27r2(G - Xi (D) (6)

where the updated and current particle positions are

Xi(t +1) , Xi(t), and the updated and current particles
velocities are Vi(t + 1) ,Vi(t). the best solution got by the
ith particle is Pi(t), and the best solution by all particles
inside the swarm is (G), rl and r2 are random numbers in a
range [ 0, 1 ], C1 and C2 are two positive constants which
control the impact of PSO global and local search
capabilities and usually equal 2.and the inertia weight is
denoted w, which has a very important role in PSO
convergence behavior to control the velocity. In this paper,
the parameter of PSO is used as shown in Tablel. The
efficiency of PSO will be improved if the inertia weight is
decreased linearly from 0.9 to 0.4 by the following
equation (7) [16], where Itermax is the maximum of
iteration in the evolution process, Wmax and Wmin are
values of inertia weight at maximum (0.9) and minimum
(0.4), and iter is the current value of iteration [14].

] (Wmax — Wmin)
Wi = Wmax — iter  (7)
[termax

TABLE 1

PSO PARAMETERS

Parameters Value
Cl
Cc2
Wmin 0.4
Wmax 0.8
Number of particle(n) 5
Number of iterations (itr) 25

The fitness function of a PID controller can include
performance criteria Such as the rise time (tr), the settling
time ( ts), the overshoot (MP), and the steady-state error
(Ess) [16]. It should be noted that the definition of fitness
function may differ from researcher to another researcher,
and therefore there is no systematic way to define a proper
fitness function within the PSO so every problem has
different fitness functions. In this paper, the fitness
function is used as shown in (8) [5].

J= j_w[wl le(t)] + w4 |e(t)]|]dt +w3ts (8)
0

The ts of response can reduce by the term w3 ts where
w3 can make the smooth of the response curve. Also, the
term w4 is punishment to avoid the overshoot of response.
Where w4 is much larger than wl. The choice of
parameters of wl, w3, w4 is very critical to find a solution
to a problem.
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In PSO, every particle has a lot of variables so every
particle has seventy-five variables to represent a set of rules
on fuzzy logic in this paper. Seventy-five variables are
divided into three groups to organize the roles of one of the
fuzzy logic outputs. The PSO -fuzzy PID works with the
following steps:

1- Initialize the parameter of PSO.

2- Create a particle population randomly.

3- Change fuzzy logic rules.

4-  Calculate the fitness function.

5- Calculate the best solution obtained by all particles

and the current iteration.

I11. True Time Toolbox

The term NCS is a named that combines a network system
and control system. All factors have to be taken into
respect when designing NCS models or evaluating a
controller algorithm so the NCS operates in the co-
simulation field of network and control design. The co-
simulation method uses TrueTime toolbox [17]. In our
work, TrueTime tools were developed at Lund University
in the Department of Automatic Control in 1999 which
provides a platform for designing control systems and
simulating various types of networks that work in
MATLAB. TrueTime tool library version 2.0 at 06-04-
2016 is shown in the figure 4.TrueTime toolbox library
includes TrueTime Kernel, TrueTime Send, TrueTime
Receive, TrueTime Network (wired network), TrueTime
Battery, TrueTime Ultrasound Network, and TrueTime
Wireless Network. These blocks are MATLAB S-functions
written in C++, variable step, discrete [18].

DIA D Data Data p
1 Schedule p
) b 1:1 1:1
D Trigger Trigger p
Schedule p
TrueTime Network
el e TrueTime Send TrueTime Receive
TrueTime Kernel
A= I
)P E 1 Schedule B 1 Schedule p
Ay Ay
TrueTime Battery TrueTime Wireless TrueTime Ultrasound
Network Network

Truetime 2.0 Block Library
Copyright (c) 2016 Lund University
Written by Anton Cervin, Dan Henriksson and Martin Ohlin,
Department of Automatic Control LTH, Lund University, Sweden
Please direct questions and bug reports to: truetime@control.ith.se

Fig.4 True Time library [18]

A Kernel block is used to simulate a computer node.
This block is initialized by invoking some functions written
using the C ++ programming language or in m.file similar
to the real-time of the operating system. The True Time
Kernel is responsible for performing user-defined tasks and
dealing with interrupt handlers, which include network
interfaces and input/output tasks, timers and control
algorithms. The kernel block is allowed through the A/ D
and D / A input port In contact with other MATLAB
blocks. There are three types of scheduling policies that are
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supported by True Time Kernel prioFP represents the fixed
priority scheduling, prioDM represents the deadline-
monotonic scheduling, and prioEDF represents the first
Earliest-deadline-first scheduling where every Kernel block
can be connected to a separate local memory to sort the
data for each task.

The wired network provides seven protocols: Ethernet,
Flex Ray, Round Robin, Time Division Multiple Access
(TDMA), Frequency Division Multiple Access (FDMA),
Carrier Sense Multiple Access/Collision Detection (CSMA
/ CD) and Carrier Sense Multiple Access/Arbitration
Message Priority (CSMA / AMP). The wireless block also
works similarly to the wired block, but it needs to X and Y
to assign a node. The True Time wireless network block
supports WLAN (IEEE 802.11b/g) and ZigBee (IEEE
802.15.4) protocol. The following steps use to establish a
WNCS with of True Time Toolbox [19]:

1- Building a WNCS model in real-time using
MATLAB / Simulink and True Time.

2- Create nodes by configuring a True Time Kernel
block to design each node such as the controller and
sensor.

3- Define parameters to set some initial values for each
node with the use of m.file code function.

4-  Determine the type of network for the design and set
its parameters such as transmit power, number of
nodes, packet loss probability, minimum frame, data
rate, etc.

IV. ZigBee Network

ZigBee technology is one of the most important
recently deployed wireless options based on 802.15.4
standards. It has many advantages including low cost, short
time delay feature, low power consumption, and data rate.
ZigBee covering the top layers of the protocol stack, where
802.15.4 is accountable for the layers Medium-Access
Control (MAC) and the physical (PHY).The carrier sense
multiple access with collision avoidance (CSMA-CA ) is
used to improve the probability of successful data
transmission [20]. Zigbee protocol characteristics
comprise: provide for multiple topologies such as point to
multipoint and point to point and mesh networks. In
addition to the applications provided by ZigBee, including
remote control, building automation, security systems,
remote meter reading, and computer peripherals [21]
Zigbee was developed to provide the following
functionalities:

1- Low cost to install and maintain.

2-  ZigBee device battery does not need to chargers for
years.

3- Anabout 70m indoors and 400m outdoors are range
ZigBee wireless network.

4- The maximum data rates for each frequency band
are 20 kbps for 868 MHz, 40 kbps for 915 MHz,
and 250 kbps for 2.4 GHz.
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In this paper, True Time uses to simulate the Zighee
wireless network parameters [6] are shown in Table 2.
Every node has a location in an area where X and Y
determine the location of the node. The positions of
interferences nodes to the sensor/actuator node studied in
the experiment [21]. Sensor/Actuator node location is
positioned at (50,0), Controller node location is positioned
at (0,0) and Interference Receiver location is positioned at
(110,0) and Interference Sender location is positioned at
(10,0).

TABLE2
ZIGBEE PARAMETERS

Parameters Value & units

Network Type 802.15.4(ZigBee)
Network Number 1
Number of Nodes 4

Data Rate 250000Bps
Minimum Frame 248 Bit
Size

Transmit Power 3 dBm

Receiver Signal -48 dBm

Threshold

V. SIMULATION OF WNCS

Figure 5 illustrates the proposed WNCS model in this
work that has two parts, regulator node and sensor/actuator
node, which are connected by the wireless communication
network (ZigBee). The regulator node contains one A/D
input and D/A output. The regulator node receives a
response system via the network, then output on port D/A.
The fuzzy PID process error and give action control to A/D
port. The regulator sends action control via the network.
The sensor/actuator node contains one A/D input and D/A
output. The sensor/actuator receives an action control via
the network, then output it on port D/A. The stepper motor
that has the transfer function and all of the relevant
parameters are taken from [23] is shown in equation (9 )
will run and give the response system to A/D port. The
sensor/actuator sends action control via the network. Also,
two Interference blocks are used, one for the sender and
one for the receiver. It aims to simulate the number of
nodes loaded on the network, test the effect of time-varying
delay on the number of packets, and calculate the average
Round trip time RTT of transmission packets between the
sensor /actuator and the regulator nodes. So, the packet size
of the Interference sender node is sent. As shown in
equation (10) [8]. PSO optimizer works to find the best
fuzzy rules that the fuzzy will set the output to base on it so
PID will read parameter (KP, Kl, and KD) as values are
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variable. with time run. Our proposal was simulating on
MATLAB 2018b and True Time 2.0 in 2016.

1000
predll (1T
D
Ly.u
Stepper Motor
K 4
Q'
:
13 na-@ D_,II
Schedule - D’]
e Iterfering sender nodgtedference receiver node DL,IJ
3« ]
Fig.5 The proposed WNCS model
G(s) =
1000 ( 9)
s2+3s

Packet length = (Nodes*BW share x Max P xW) bytes (10)

Where the maximum packet size is Max P, and the
small portion of the bandwidth is BWshare, and a
weighting index of BWshare (W) is a random number
between (0, 1) [5].

There are two tasks in the Sensor / Actuator node called
Sensor task and Actuator task. The Sensor task will be
based on a time-based operation. The sensor task will sense
the plant every sample time that calculates depend on
Shannon's Sampling Theorem. The Sensor / Actuator node
performs sensing the output of the plant, reading plant
measurement, preparing the sensor packet and, and sending
the sensor packet to the regulator node over the Zigbee
network. The actuator task is will base on the event-based
operation and performs reading the controller packet from
the Zigbee.

The controller or regulator node has one task called
controller task. It received the sensor signal from the
Zigbee network interface, then this signal processed by
Fuzzy PID. The controller task will be based on the event-
based operation and implemented by reading the sensor
packet from the ZigBee network interface, obtaining a
control signal, preparing the control packet, and sending a
control packet over the Zigbee network. Figure 6 shows the
algorithm followed by the sensor and actuator.
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Fig.6 The algorithm followed by the sensor and actuator.

VI.RESULT

In our work, 40 minutes simulate for the WNCS model
proposed without load. The sample time is equal to 0.08
sec based on Shannon's theory of samples to control the
speed of the stepper motor. The input voltage for a stepper
motor is between +1 and -1 to rotate the stepper on
clockwise or counter wise. Figure 7 shows the system
response and action control with a no-load network ( nodes
= 0 and BWshare = 0).

R T T T T — 3
——— Action Control
2 Of
2
2 o0s| -+
-01p L | L | L L L 1
0 5 10 15 20 25 30 35 40
Second
T T T T T T T
1 Stepper Motor ||
s 05 Reference 1
2 o 4
[
> osf .
Ak
. | . . | | |
0 5 10 15 20 25 30 35 40
Offset=0 Second

Fig.7 System Response for Fuzzy PID Controller for
Ts=0.08s, with no Load
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For 40 sec simulation time, the RTT values are shown in
figure 8, and the histogram of this RTT is shown in Figure
9. The number of Packets: 467, the average of RTT=
0.0214sec and Overshoot: 6.5684%.
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Fig.8. RTT Histogram for Fuzzy PID Controller for Ts=0.08s (with no
Load network).
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Fig. 9 The number of a packet with RTT for Fuzzy PID Controller
for Ts=0.08s (with no Load network).

In the table (3),(4) shows three levels of sampling time
will be tested until system stability is reached [0.035, 0.5,
1] seconds and using a different number of nodes. And
study performance criteria of a system such as a rise time
( tr), the settling time( ts), the overshoot (MP). With two
scenarios (Medium loaded network (BWshare 0.4) at
scenario one, and High loaded network (BWshare 0.9) at
scenario two).
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TABLE 3

WNCS MEDIUM LOADED NETWORK AT BWSHARE 0.4

Sampling
Time in Medium Loaded network at BWshare
Interference 0.4 .scenario one
Sender node sampling time of the system is 0.08
sec
N.of  MP% TS TR
Node
0.035 15 0.8638 1.4653 0.6189
0.5 210  0.9776 1.5616 0.6438
1 500 1.4022 1.8228 0.6358
TABLE 4

WNCS WITH HIGH LOADED NETWORK AT BWSHARE 0.4

Sampling
Timein High Loaded network at BWshare
Interference 0.4 .scenario two
iggger sampling time of the system is 0.08 sec
N. of MP% TS TR
Node
0.035 10 0.8671 1.4601 0.5455
0.5 120 0.8600 1.5593 0.5474
1 300 1.8264 2.0885 0.6288

The three nodes contain two control system nodes
(Sensor/Actuator, Controller nodes) and(interference
receiver node) with many nodes is set to 500 nodes that
emulate by Interference sender node so the total nodes in
WNCS are equal to 503 nodes .a packet length describes in
equation (10) will be (503 x0.4x133 x w) byte. In addition
to the controller packet and sensor packet, other packets
will be sent via the wireless network. The system response
stays stable with 503 nodes. Figure 10 shows system
response for fuzzy PID controller and action control for
Ts=0.08s, with medium load, BW share 0.4 and 500 nodes.
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Fig.10 System Response for Fuzzy P1D Controller and action control
with medium Load BWshare 0.4 and 500 nodes
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After the PSO algorithm selected the optimal rules for
fuzzy control. A fuzzy Logic adaptive gain of the PID
controller, automatically. Variable values are obtained for
the three gain parameters Kp, Ki, Kd. Figure 11 shows the
variable gain values for the parameters of the PID
controller are with a time of the simulation.

Values

! ! ! ! ! ! !

0 5 10 15 2 25 30 35 40
Second

Fig.11 Gain values for the parameters of the PID controller with a time of
the simulation

VII. CONCLUSION

For a WNCS design proposed. Most of the major
problems facing this system must be taken into
consideration. One of these problems is various time delays
that have an impact on the performance and stability of the
system. These problems are eliminated by designing a
robust controller that handles the load on the network,
especially when the number of nodes increases.

In this paper, the Fuzzy PID controller is suggested to
control the stepper motor wirelessly and using the PSO
algorithm to find the optimal rules. This controller is tested
when sampling time of the system is 0.08 sec while the
sampling time in the interfering sender node is one sec,
which can be handle 300 and 500 nodes when BWshare is
0.9 and 0.4 respectively, used Zigbee because it reaches
more areas of the network compared to Wi-Fi. Despite the
results achieved above, more improvements are still
needed.

VII.  NOMENCLATURE
e(t) System Error

u(t) Output of the controller
G(s)  Transfer Function of plant

C1 Cognitive Learning Factor
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Cc2 Social Learning Factor
Kd Derivative Gain

Ki Integral Gain

Kp Proportional Gain

W Inertia Weight

r(t) Input Signal

y(t)  Output of The System

Pi Is the best solution of Ith particle
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