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Abstract: Wireless technology is increasingly significant in today’s industrial landscape. Stan-
dards like WirelessHART, ZigBee, and ISA100.11a are being widely used. However, despite their
widespread use, wireless networks may sometimes be susceptible to packet loss or drops, making
closed-loop systems vulnerable and resulting in system failure. To prevent such issues, dead-time
compensation is necessary. The conventional techniques of predictive PI are commonly used for this
purpose. Still, they must perform optimally for wireless networks with dead time, and set-point
variations can affect network stability. To address this, a fractional calculus-based predictive PI
compensator is proposed in this paper for wireless networks in process industries to improve the per-
formance of these compensators. Industrial processes that involve wireless measurement and control
actions in the pressure process model are used to evaluate the proposed compensator. The wireless
network’s performance is assessed for packet loss, reduced throughput, and increased latency, and
the proposed compensator outperforms traditional ones to achieve better set-point characteristics.

Keywords: wireless networks; dead-time compensation; predictive PI; fractional calculus; process
industries

1. Introduction

For many years, networked control systems have been crucial to industrial processes.
However, the technological revolution has brought significant improvements to these
systems [1]. These include shifting from wired to wireless technology, using digitalized
instruments instead of analogue-based ones, and using auto-diagnostic intelligent instru-
ments instead of manually analysed digital equipment [2]. While wired communication
protocols have been used for decades to connect controllers and other plant parts in indus-
trial plants, they lack the robust scalability, distribution, self-organizing capabilities, and
dynamic topology required for modern industrial processes to function smoothly [3].

In industrial environments, managing processes with delays can be difficult [4]. Con-
ventional PI controllers may not work well in closed-loop control systems due to time
delays, which can significantly impact overall system performance [5]. One popular solu-
tion is using a Smith Predictor-based PI controller to compensate for model discrepancies
with and without dead time, but this can lead to inconsistencies between the predictive
controller and the process performance [6]. A reliable controller is required to improve
dead-time process plants’ performance [7,8]. Thus, this paper proposes the following
scenarios:

• A solution for compensating prolonged dead-time processes on wired and wireless
networks is proposed using a fractional-order predictive PI (FOPPI) compensator.
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• The controllers are first set up on wired networks, and then the most effective FOPPI
controller is used for wireless network control.

• The FOPPI controller has been tested on various benchmark process models and has
demonstrated its ability to reduce peak overshoot, thus maximizing the operating
lifespan of control valve actuators.

2. Methodology

Figure 1 displays a closed-loop system with unity feedback, consisting of crucial
variables like the controller (Gc(s)) and the process plant (Gp(s)). The reference input,
referred to as R(s), is the set point, whereas the output response is denoted as Y(s). The
error, designated as E(s), is the discrepancy between the set-point and the output response.
Lastly, the controller signal is identified as U(s).

Figure 1. Unity feedback control system.

Let us consider Gp(s) as a First Order Plus Dead-Time (FOPDT) process. The transfer
function can be represented by the variables K (process gain), Lp (dead-time), and T (time
constant), as follows:

Gp(s) =
K

1 + Ts
e−sLp (1)

Consider the PI controller, Gc(s), where Kp and Ti represent the proportional gain and
integral time constant. The control signal for Gc(s) can be expressed as follows [4]:

U(s) = Kp

(
1 +

1
Tis

)
E(s) (2)

The integral action is fractioned using λ ∈ (0, 1) to obtain a fractional-order PI con-
troller. The resulting control signal of the fractional-order PI controller (FOPI) can be
determined using the equation mentioned above as

U(s) = Kp

(
1 +

1
Tisλ

)
E(s) (3)

Suppose Gc(s) is a fractional-order predictive PI (FOPPI) controller, then the closed-
loop transfer function of the system can be obtained using the following formula:

Go(s) =
Y(s)
R(s)

=
Gc(s)Gp(s)

1 + Gc(s)Gp(s)
(4)

By rearranging the above equation, Gc(s) is obtained as

Gc(s) =
U(s)
E(s)

=
Go(s)

Gp(s)
(
1 − Go(s)

) (5)

It is worth highlighting that the intended closed-loop transfer function Go(s) is given as

Go(s) =
1

1 + Ts
e−sLp (6)
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Substituting Equations (1) and (6) into (5), Gc(s) is computed as

Gc(s) =
U(s)
E(s)

=
1 + Ts

K(1 + Ts − e−sLp)
(7)

From the above equation, the control signal U(s) of FOPPI controller is computed as

U(s) = Kp

(
1 +

1
Tisλ

)
E(s)− 1

Tisλ
(1 − e−sLp)U(s), 0 < λ < 1 (8)

To implement the FOPPI controller presented in Equation (8), it is recommended to
set the proportional gain Kp equal to the inverse of the process gain K, i.e., Kp = 1/K,
the integral time Ti equal to the desired integral time T, and a as the order of integration.
Figure 2 depicts the FOPPI implementation in the closed-loop wireless sensor network.

Sensor Data

Wireless
Gateway

Control
Valve

Actuator
Sensor

FOPPI Controller Process Plant

Wired Wireless

Figure 2. Fractional-order dead-time compensator in the wireless network.

3. Results and Discussion
3.1. Process Model

This study used an industrial-scale pressure process model for simulation, which
accurately represented the dynamic behaviour of the plant. It served as a reliable first-order
process model and provided insights into the complex behaviour of industrial plants. The
transfer function associated with the process model is presented below.

Gp(s) =
0.866

1.365s + 1
e−s (9)

The proposed research derives the controller parameters analytically using the con-
sidered plant transfer function. The obtained parameters are presented in Table 1. The
proposed controller’s implementation in the wireless networks (IEEE802.15.14) is carried
out using MATLAB/Simulink as shown in Figure 3. A key component in the proposed
FOPPI controller design is the fractional-order integrator, expressed as 1/sλ in Equation (8).
Oustaloup’s approximation technique is employed to approximate this integrator, which
involves setting the parameters (ωb,ωh) = (10−5, 105) and N = 5, as suggested by the
researchers in [9,10]. This approximation resulted in the following transfer function for the
fractional-order integrator:

1
s0.98 ≈

[
871s5 + 6.03 × 104s4 + 2.478 × 105s3 + 6.398 × 104s2 + 1038 × s + 1

][
s5 + 1038s4 + 6.398 × 104s3 + 2.478 × 105s2 + 6.03 × 104s + 1

] (10)
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Table 1. Performance of various controllers and their parameters.

Controller Kp Ki λ tr (s) ts (s) %OS

PI 1.153 0.846 - 1.1169 7.4218 23.4846
FOPI 1.153 0.846 0.98 1.1164 7.5106 22.4738
PPI 1.153 0.846 - 3.5991 7.1305 0.0
FOPPI 1.153 0.846 0.98 2.4052 5.4801 0.0
Wireless 1.153 0.846 0.98 0.8115 10.6886 43.4261
Wireless (Packet Loss) 1.153 0.846 0.98 0.7020 25.6067 60.1767

Figure 3. Implementation of the proposed FOPPI on the wireless network on the Simulink.

3.2. Performance Analysis

Initially, the PI, FOPI, PPI, and FOPPI controllers are simulated using the wired
network. From the comparison analysis, the best-performing FOPPI controller is chosen
for implementation on wireless networks. Based on the numerical analysis comparison
provided in Table 1, it can be inferred that the FOPPI outperformed its counterparts in
dead-time compensating. The proposed controller demonstrated a faster settling time (ts)
of 5.4801 s, a significant improvement of 30.1162%. The respective performance comparison
is shown in Figures 4 and 5. At the same time, the other traditional controllers are almost
2.5 s slower than the FOPPI. In the peak overshoot (%OS), the dead-time compensators
(i.e., PPI and FOPPI) performed best by effectively minimizing the initial load variations,
resulting in zero overshoot.

The PI controller had the greatest overshoot value of 23.4846%, which can lead to
control valve actuator damage. Among all, PPI had the slowest rise time (tr) of 3.5991 s,
which is 49.6383% slower than proposed, and the FOPI secured the fastest rise time of
1.1164 s (see Figure 4A). The wireless network’s FOPPI controller outperformed the wired
FOPPI with a remarkable 196.389% performance improvement, demonstrating a rapid
response time of only 0.8155 s. Although the controller has the fastest rise time, it takes
10.6886 s to settle, which is 95.0439% slower than the wired system. This trend is also
reflected in the overshoot performance, which has an enormous value of 43.4261%. In most
cases, the control signal proposed managed to track the set-point and acted more robustly.
This is true and can be seen in Figure 4B, where other controllers had drastic positive and
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negative value changes. However, the FOPPI quickly started responding at 2.4, showing
the proposed controller’s robustness.
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Figure 4. Performance of various controllers in the wired and wireless network ((A)—Zoomed view
of pressure; (B)—Zoomed view of control signal).

To test the stability of the wireless system, the wireless network has been induced
for a 50% packet drop scenario in the wireless network. The performance comparison
of the proposed controller in this condition is shown in Figure 5. With the absence of
half of the control signal data (packets), the FOPPI initially managed to reach the set-
point with a rise time of 0.7020 s, which is a colossal performance increase of 80.4951%
while comparing it with the slowest PPI controller. However, the optimal performance
achieved was not sustained for long because the sensor data were missing. Consequently,
the FOPPI controller experienced difficulty keeping up with the set-point values, leading
to an alarming peak overshoot of 60.1767%. This sudden surge in overshoot could harm
the actuator and even cause severe damage to the control valve.

Moreover, the packet drop had a noticeable impact on the process settling rate, re-
sulting in the FOPPI having the slowest settling time of 25.6067 s in this scenario. While
observing the zoomed portion labelled as A in Figure 5, it was noticed that the wired
network had successfully attained the target set-point of 2.0. Unfortunately, the wireless
network could not achieve the precise set-point and displayed an unfavourable deviation
of more than 0.4. This deviation surpasses the acceptable standard for process control and
is deemed unacceptable. The FOPPI control actions experience difficulty maintaining their
control signal performance (see Figure 5B). Unfortunately, despite efforts to recover, these
actions remain unchanged even after 4.5 s. At the same time, the wired FOPPI controller
produced robust actions, which led to the best performance.
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Figure 5. Performance of wireless FOPPI controller with packet drop ((A)—Zoomed view of pressure;
(B)—Zoomed view of control signal).

4. Conclusions

The study proposes a fractional-order dead-time compensator to improve the control
and compensation capabilities of wireless networks. The results show that the controller
offers an optimal settling time, rise time, and peak overshoot performance compared to its
wired networks. However, due to scheduled data transfers and minimal delays, wireless
networks experience longer settling times and increased overshoots. The efficacy of the
proposed compensator will be assessed on real-time wireless networks in future research.
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