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Abstract: For wireless communications offered by smart grid technology to be successfully integrated with Industry 5:0 applications, 

secure and dependable wireless communication technologies are necessary. Our paper presents some of the most current findings 

regarding hybridization techniques used in nonlinear system analysis. Utilizing the hybrid systems methodology as a methodical 

approximation technique is the fundamental concept of our hybridization strategy. An overview of current advancements in hybrid 

controller design for continuous-time control systems with differential state equations that are either linear or nonlinear is given in this 

work. For both linear and nonlinear systems, hybrid controllers offer an extension of classical feedback controllers. It is stressed that 

hybrid controllers have the advantage of being able to accomplish closed-loop performance goals that are unachievable with traditional 

linear or nonlinear controllers. In this paper, switching control architecture—a sort of hybrid controller—is presented, and an overview of 

newly created control strategies that make use of this control architecture is given. Through simulations with an example of a chemical 

process, the robust hybrid predictive control structure's application and effectiveness are shown. As a result, the proposed theory offers a 

wealth of opportunities for further research into hybrid system stability and model predictive control, as well as for future practical 

applications. 
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1. Introduction 

A wide range of engineering systems and natural phenomena can 

be effectively modeled mathematically by systems that exhibit 

both discrete and continuous motion, as well as mixed systems. A 

chemical batch plant is a well-known example, where complex 

chemical reaction sequences are monitored by a computer, with 

each reaction represented as an ongoing process. In addition to 

the discontinuities caused by the computer, the majority of 

physical processes involve discrete components and phenomena 

(such as collisions and tank emptying) that are best described by 

discrete frameworks. Numerous fields, including molecular 

biology, aviation, robotics, automotive, and chemical process 

control, use hybrid system models. 

Formal evaluation is a topic of special fascination because many 

of these applications include properties that are crucial to safety 

[1]. Formal verification looks to show that the (planned) system 

meets a property, whereas controller synthesis tries to construct a 

controller that will operate the system to satisfy a desired 

specification. The intricacy and scope of real-world applications 

make autonomous analysis highly desirable. This serves as 

justification for using the algorithmic approach, which entails 

developing software tools capable of automatically analyzing 

behavior exhibited by a certain system. While there has been 

significant progress in developing theoretical frameworks and 

practical instruments for the algorithmic examination of hybrid 

systems, there is still a dearth of applications of this research to 

real-world issues. An efficient approach for handling the 

differential equation-defined continuous dynamics of hybrid 

systems is an essential component of any methodology used for 

their analysis. Although affine or piecewise affine systems in 

Figure 1.1, along with other smaller systems, have many well-

known properties, nonlinear systems are much harder to analyze, 

can be used to develop reasonably effective approaches. 
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Fig. 1.1. Handling a nonlinear system with hybrid control while accounting for certain disturbances encountered in practical situations 

Industry 5.0 acknowledges that industry has the potential to 

contribute to social goals beyond job creation and development, 

to become an environmentally friendly means of growth by 

putting worker health first and considering environmental 

constraints in production. Industry 5.0 helps to meet the industry's 

need for technology advancement so that it can be a dependable 

system for those seeking a happy and healthy career. It prioritises 

worker welfare and uses emerging technology to produce revenue 

beyond employment and growth while respecting the boundaries 

of the planet [2]. It fulfills workers' evolving skill and training 

needs while also empowering them. It increases industry 

competitiveness and draws in top talent. Industry 5.0 is being 

implemented by the Commission with three goals in mind: 

"Europe fit for the digital age," "an economy that works for 

people," and "a European Green Deal." As a result, the 

foundation of Industry 5.0 is not technology but rather values like 

a social benefit, environmental stewardship, and human-

centricity. This reorientation is based on the idea that values can 

be promoted by technology and that ethical goals can inform 

technological innovation rather than the other way around. 

The structure of the paper is as follows. We go over the model we 

use to describe hybrid systems in Section 2. After that, we go 

over a few frequent characteristics of hybrid systems and quickly 

go over the previous findings about algorithmic analysis. The 

fundamental definitions and notations required for the topics that 

follow are included in this section. We go over the key tenets of 

our hybridization strategy in Section 3. In Section 4, we 

demonstrate the method's key characteristics and provide a 

comparison between our approach and earlier findings. We 

present two efficient techniques for creating hybridizations in 

Sect. 5. The final section includes a few examples that show how 

we work. 

2. Literature Review 

Masoomi, B., et.al [3] It is possible to use FWASPAS as 

linguistic variables. This benefit could be rather useful if 

opposing factors are taken into account when making a decision. 

As a result, the recommended integrated technique might be more 

applicable to real-world issues related to decision-making. The 

integration of decision-analysis tools with various aspects allows 

for the efficient and quick handling of complex decision-making 

processes. The study's findings will pinpoint the most important 

and suitable benefit for attaining durability in the ongoing 

industrial expansion—society involvement and a more expansive 

sustainable RESC. 

Ullah, K., et.al [4] Receiving antennas for Kr are installed on 

every smart grid equipment to obtain the information that the BS 

sends. However, the system has an active eavesdropper that can 

simultaneously broadcast and receive data because it is proficient 

in both jamming and eavesdropping. Therefore, we will simply 

refer to it as the eavesdropper equipped with Ki receiving 

antennae that tries to intercept the secret data being transferred 

from the BS to the smart grid devices. In order to interfere with 

smart grid devices and lower the signal-to-interference-plus-noise 

ratio, a jammer equipped with Kl transmitting antennae is also 

utilized. 

Mirza, M. A., et.al [5] Getting rid of processing, waiting, and 

delay transmission is the main goal of task offloading. 

Nevertheless, there are significant obstacles to task offloading in 

automotive edge computing systems due to their dynamic and 

complicated characteristics. These obstacles include latency 

constraints, resource limitations, network variability, mobility, 

and high computational demands. To meet these issues, creative 

solutions are needed to manage their complexity and provide 

accurate results quickly. To overcome these challenges, RL/DRL 

techniques can be applied, which involve learning directly from 

the surroundings. 

Abdul-Nour, G. G., et.al [6] Organizations' futures are being 

shaped by Industry 4.0, which is causing radical shifts in how 

businesses operate. There will be a lot of new challenges and 

hazards associated with Enterprise Risk Management and 

Occupational Safety and Health limitations and requirements 

since there will inevitably be a shift towards a growing number of 

digital technologies. Severe cyberattacks, digital technology 

interconnectedness and system interoperability, process 

standardisation and reengineering, acquiring and storing vast 

amounts of data, digital supervision, upkeep, and hiring, 

developing, and retaining talent in the workplace are a few 

examples. 
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Bakon, K., et.al [7] Our objectives are to give a general overview 

of how uncertainty influences Industry 4.0 problem solutions and 

to go over the key solution techniques that are crucial to this 

problem domain's resolution. Next, we demonstrate how these 

solution approaches may be applied to produce manufacturing-

grade outcomes and how they can be leveraged to develop long-

term research opportunities. The goal of the Industry 4.0 guiding 

concept was initially to increase productivity, revenue growth, 

and competition rather than to address the ecological issues that 

production was facing. Pettersson, S., et.al [8] Additionally, 

robustness properties are obtained and demonstrated once the 

auxiliary functions that allow for the determination of stability 

have been identified. In 1121, robustness concerns for hybrid 

systems are measured and the impact of continuous parameter 

fluctuations on performance is examined. Stability robustness—

the degree to which a stable nominal hybrid system can be altered 

without turning unstable—is the primary focus of this work. 

Specifically, the method for obtaining areas surrounding the 

nominal switch sets—which show when discrete state changes 

are necessary—will be detailed. 

Pettersson, S., et.al [9] Different, more or less conservative 

energy limits are proposed in the current stability theory for 

hybrid systems. As an illustration, certain outcomes call for the 

energy to drop in a region, while others call for the energy to 

drop when a region is re-entered. The overall energy behavior of 

the hybrid system determines whether or not it is stable, as this 

study will demonstrate. Because of this, the energy in the most 

general stability conclusion given here can behave fairly 

randomly locally; it can rise both inside a hybrid region and when 

it enters a new region. The energy is merely limited in that it 

cannot be greater than the starting energy. 

Li, Z. G., et.al [10] At least two continuous variable dynamic 

systems arise infinitely often during the HNS's infinite running 

cycle since there are only a limited number of CVDS in the 

infinite switching HNS. The Lyapunov functions are limited 

within each cycle by continuous functions that are structured. The 

Lyapunov functions don't increase towards the end of the cycle. 

Some adequate conditions for the robust stability of HNS are 

derived using these. The HNS doesn't need to be periodic to meet 

these requirements. This means that, in the case of aperiodic 

HNS, when the switching sequence is irregular, we can also 

address this issue. 

3. Methods and Materials 

3.1 Exposure of hybrid controllers 

In the past, linear feedback-based control structures have been the 

most popular kind. The use of control Lyapunov functions, 

feedback linearization, passivity, adaptability, and other methods 

in the design of classical nonlinear controllers has grown 

significantly in the last several years. The resulting feedback 

controllers in each of these scenarios are smooth in the sense that 

the feedback variables are, at the very least, continuously 

differentiable functions. Here, we address control designs that 

incorporate discontinuous or switched feedback, contrary to these 

linear and smooth nonlinear feedback-controlled architectures. 

The notion of a hybrid controller, as it is presented in this work, 

is not new; ideas along these lines were proposed two decades 

prior [11]. We do not address hybrid controllers that result from 

the use of conventional relay controllers, which are based on 

linear switching functions and have been extensively researched 

in the literature, even though there is a significant link. 

Additionally, we do not address the related fields of fuzzy control 

and variable structure control, which have both attracted a lot of 

attention recently. Instead, we address logic-based switching 

discontinuities and "higher level" abnormalities in the controller. 

The block diagram in Figure 3.1 serves as a representation of 

hybrid controllers in this paper. Stated differently, the supervisor 

chooses a certain feedback component from the family at each 

instant in the hybrid control architecture, which is made up of a 

collection of linear or smoothing nonlinear feedback units. The 

choice of the feedback function and when it is changed is under 

the supervisor's authority. These hybrid controllers, which are the 

most extensively researched kind of hybrid controllers, are 

frequently referred to as logic-based switching controllers. 

However, distinct classes of hybrid control structures are covered 

by different papers in the current issue on hybrid systems. 

 

Fig. 3.1. Hybrid Control System's Model 
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By providing control variable data or a feedback function index, 

the supervisor can designate which feedback function should be 

activated. The supervisor may incorporate delays, dynamics, or 

other memory components, in addition to the family of feedback 

functions. The supervisor can be event-driven, meaning that 

switching happens in response to a state partition or a state-

dependent changing condition, or time-driven, meaning that 

switching is planned by a clock, much like in a digital controller. 

Popular hybrid control architecture, automata models, facilitates 

switching between feedback processor selections through the 

supervisor's structure. The supervisor must avoid switching 

between feedback functions an infinite number of times in a finite 

amount of time. There are several approaches to accomplish this, 

as the sections that follow illustrate. The specification of the 

changing logic as well as the family of input functions is 

necessary for the full hybrid controller's design. The selection of 

the family of feedback functions is typically contingent on the 

particular challenge and is not well-guided in the published 

literature. By the literature in this area, the majority of our 

attention going forward is focused on specifying the switching 

logic under the assumption that the family of feedback functions 

has already been specified. 

3.1.1 Hybrid management for enhanced closed-loop aspects 

Better closed-loop performance can be obtained with hybrid 

controllers than with either smooth nonlinear or classical linear 

controllers. Here are some reasons why hybrid control is 

necessary: The hybrid closed loop can, to some extent, reflect 

various performance attributes connected to the closed-loop 

attributes given by each distinct feedback function if the hybrid 

controller is properly defined. A somewhat different way to put 

this is this: the efficiency of a hybrid closed loop can outperform 

the efficacy that can be obtained by any fixed feedback loop 

without switching, which is the purpose of using hybrid control. 

The realization of this promise is demonstrated by the findings 

we will subsequently give. 

This section covers several traditional control objectives and 

shows how hybrid controllers can be used to accomplish these 

objectives. The advantages of these monitors are illustrated with 

a few basic examples. 

o Enhanced Reaction Time 

Improving the response time, for example, to a step input 

instruction, is a classical control goal. Hedgehog controllers may 

frequently provide even faster responses with less overshoot than 

classical feedback controllers, which are typically set to achieve 

fast closed-loop answers. A common strategy is to employ a 

hybrid controller, which alternates between a linear controller 

close to equilibrium and a time-optimal or nearly time-optimal 

controller when the system is far from equilibrium [12]. 

Switching is involved with minimum-time controllers, which are 

often of the bang-bang variety. Minimum-time controllers may 

surpass realistic actuator bandwidth or chatter when the control 

error is modest, either because of noise or discrete-time 

modelling design that excites high-frequency dynamics. When 

the minimum time controller significantly reduces the error in 

this case, it makes sense to convert to a linear controller. If the 

origin is included in a positively invariant set, chattering can be 

prevented in the region where the linear controller is active. If all 

goes according to plan, the state will stay in this region until the 

minimum-time controller takes it there. A popular method for 

designing numerous hybrid controllers is to use switching logic to 

produce a globally appealing, positively invariant collection. 

𝑦1 = 𝑦1, 𝑦1 = 𝑦2                                                        (1) 

The controller's goal is to move the read/write head as quickly as 

possible to the point that matches the intended track. The zero 

value is associated with the chosen track. The minimum-time 

controller function is preferred in this application for significant 

faults; a linear control function is suggested to prevent chattering 

for minor errors. The hybrid controller that combines these two 

feedback mechanisms is represented by the following: 

−𝑦1𝑦1 − 𝑦1𝑦1,    𝑖𝑓 (𝑦1, 𝑦1) ∈∩                                           (2) 

𝑣 = −2,        𝑖𝑓 (𝑦1, 𝑦1) ∈∩, 𝑦1 > −
1

2
 𝑦1|𝑦1|                      (3) 

+2,        𝑖𝑓 (𝑦1, 𝑦1) ∈∩, 𝑦1 > −
1

2
 𝑦1|𝑦1|                                (4) 

where ∈ the term "sublevel set" is defined. 

∈=     {  𝑖𝑓 (𝑦1, 𝑦1) ∈∩, 𝑦1 > −
1

2
 𝑦1|𝑦1|}                               (5) 

As was already indicated, a large body of research has been done 

on the stability analysis of hybrid systems employing Lyapunov 

techniques. In theory, a large portion of this material can be used 

to build hybrid controllers for specific linear or nonlinear control 

systems. These techniques frequently also enable control over the 

reaction speed, which is demonstrated by the rate at which a 

Lyapunov function—or Lyapunov functions—that are understood 

as generalized energy decreases. Rebooting the state of a dynamic 

controller to a nominal value, such as zero, has been proposed as 

a related strategy for increasing reaction speed. This is intended 

to produce a notable, discontinuous decrease in the Lyapunov 

function's rate of change. 

o Optimality 

About a particular scalar cost metric, hybrid controls can also be 

utilized to achieve nearly optimal closed-loop responses. 

Specifically, if a family of feedback functions is predetermined, 

switching controls between members of the family can yield 

better closed-loop achievement than any controller defined by a 

single feedback function throughout the family, about the given 

cost measure. In other words, the performance achieved by 

utilizing a hybrid controller ought to be comparable to that of 

utilizing a single feedback function in the absence of switching. 

Productivity using a hybrid controller is often significantly better. 

Since it is frequently impossible to determine an ideal feedback 

controller for any but the most basic system behaviors and cost 

measures, this technique has significant practical ramifications. 

𝑦 = 𝑔(𝑦) + ℎ(𝑥)𝑢                                                        (6) 

The ideal control, which minimizes and asymptotically stabilizes 

the origin 

𝐾 = ∫ 𝐾(𝑢, 𝑦)𝑒𝑓
𝜕

1
                                                        (7) 

It is assumed that all of these feedback functions are 

asymptotically stable and that a matching family of Lyapunov 

functions satisfies this requirement, even though none of them is 

ideal. 
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3.2 Identification of Non-Linear Systems 

The internal impedance's modest magnitude makes measurements 

difficult. Traditionally, the EIS is used to analyze the battery's 

internal impedance and identify additional electrochemical 

systems. Batteries are stimulated with sinusoidal current during 

the EIS tests, causing a shift in the terminal voltage that provides 

the impedance. However, because the approach involves injecting 

sinusoids with varying frequencies, the EIS operates rather 

slowly. 

 

 

 

Fig. 3.2. Non-Linear Systems 

This adds up to an unfavorable long total measuring time for 

online apps. Another issue with the traditional EIS is that 

producing sinusoidal injections in real-world applications would 

be challenging [13]. Using wideband signals like PRBS is one 

possible way to lower the system's complexity and the impedance 

measuring time. More advanced perturbation signals should be 

used to lessen the impact of the non-linearities. Figure 3.2 

examines the usefulness of the non-linear figures. Unfortunately, 

the non-linear behavior of the battery affects the PRBS's results, 

which are inaccurate. 

3.3 An overall hybrid control system's block model 

Since the hybrid controller structure's formalism is vague about 

the specific kind of force or position control that should be 

applied, artificial neural networks were employed to operate in 

tandem with PD/PID controllers. The manipulator was thus 

positionally regulated in the other orthogonal dimensions and 

force-controlled in those restricted by contact with the 

surroundings. 

 

Fig. 3.3. System of Hybrid Controls 
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Every control loop has its integrated controller (hybrid controls) 

in Figure 3.3, which implies that a PID operating in conjunction 

with an MLP or RBF ANN was used for the position control loop 

and a PI operating in conjunction with another MLP or RBF 

ANN was used for the force control loop. We explore a few 

mathematical representations of hybrid systems that have been 

suggested. The many components of a hybrid control system are 

depicted graphically in the conceptual model. This illustration 

depicts a general hybrid control system made up of seven major 

blocks or elements. The blocks range in complexity from simple 

to extremely complicated. It is possible to write multiple blocks  

together in the real implementation. For instance, the decision 

may be based on the specifications for message flow between the 

blocks. Between the blocks, there is a combination of 

discontinuous and constant signals and information. 

4. Implementation and Experimental Results 

This section presents simulation revisions of real-world natural 

process examples to illustrate how the suggested hybrid 

predictive control structure is put into practice and assess its 

efficacy.

 

 

Fig. 4.1. Application of the suggested Hybrid control framework 

The nonlinear plant is asymptotically stabilized in this instance as 

MPC always stays in the closed loop and the value of V3 keeps 

falling [14]. Observe that, starting from the identical initial state, 

the MPC produces a workable solution and, when put into 

practice, increases the horizon length to T ¼ 0:5, which 

asymptotically stabilises the closed-loop system. The predictive 

controller may not always be stable or even practicable in the 

future, even in the event that the linearized model's initial 

viability is deemed realistic. Moreover, it was not possible to  

determine the horizon length and closed-loop stability beforehand 

without running the full closed-loop simulation. 

The linearization process in Figure 4.1 limits the stabilizability of 

a given initial circumstance in addition to the potential for 

inadequate horizon length. On the other hand, execution is made 

easier by our particular decision to implement linear MPC (using 

the linearized model), which simplifies the optimisation 

challenge [15]. According to the linear model, this first 

possibility is not within the feasible range because it is not 

possible to achieve linear MPC for it, regardless of the size of T 

that is selected. 

 

Fig. 4.2. Profile of closed-loop reactant concentration 
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In this work, a hybrid control structure combining bounded 

control and MPC was introduced for the stabilisation of nonlinear 

systems with input constraints. This structure is composed of 

three main components:  

o a high-performing model prognostic controller;  

o a collection of limited nonlinear controllers with 

fallbacks based on Lyapunov, each having a clearly defined 

stability region;  

o a high-level manager in charge of overseeing the 

changeover from MPC to the limited controllers in a manner. 

 

Fig. 4.3. Closed-loop representations of dimensionless crystallizer instants

The dashed lines in Figure 4.3 show that if the terminal equality 

criterion is dropped to make MPC a feasible solution, the ensuing 

control action fails to stabilise the closed-loop system and sends 

the system states into a limit cycle, the moment the supervisor 

switches to the bounded controller, the closed-loop system is 

stabilised at the desired equilibrium point. The dotted lines in 

Figure 4.2 illustrate this. 

The main idea was to derive a set of supervisory switching rules 

that, for every initial condition inside the union of all stability 

regions of the bounded controllers, ensure asymptotic stability by 

monitoring the evolution of the closed-loop trajectory and 

suitably restricting the growth of the Lyapunov functions. This 

made it possible to embed the MPC implementation inside the 

bounded controllers' stability areas. Whatever the chosen MPC 

formulation, it was shown that the hybrid control structure 

provided a safeguard for the use of predictive control algorithms 

to restrict nonlinear systems through appropriate switching logic 

adjustment. Finally, examples of natural reactors and 

crystallization processes were used to illustrate how the switching 

systems were implemented. 

5. Conclusion 

A class of nonlinear hybrid controllers has been shown in this 

research to be useful to stabilise a group of nonlinear control 

systems that cascade. Our research shows that although the 

closed-loop dynamics are connected at both time scales, the slow 

and rapid dynamics are linear and dissociated. Furthermore, the 

nonlinear hybrid controller's gain parameters can be readily 

chosen by normal linear control design requirements because 

they are presented in a standard form in the equations for the fast 

and slow closed-loop dynamics. 

Lastly, we note that since the early days of computer control 

systems, hybrid control, also known as logic-based switching 

control, has been widely used in real-world engineering control 

systems. Even though these control applications were frequently 

successful in reaching real-world control performance goals, they 

were typically not predicated on any hybrid control design 

theory. This is why there has been a big difference between 

hybrid control theory and practice, with the former frequently 

coming first and surpassing the latter in terms of explanation or  

justification. Currently, significant progress is being made in the 

theoretical elements of hybrid control design. It is believed that 

these developments will have an impact on hybrid control 

engineering practice and offer fresh ideas for solving control 

issues that were previously unsolvable. 

Future study directions on how Industry 5.0 will affect the 

industrial landscape in the coming years can be recognized and 

forecasted by looking at the analysis that has been provided. Only 

the data, or the extracted abstracts, are included in the results. It 

should be emphasized that these results could alter if more 

abstracts were utilized for analysis and if the number of digital 

libraries used to extract the data increased. It is anticipated that in 

subsequent studies, a thorough examination along with the 

incorporation of data crawling methods will offer a more 

comprehensive understanding of Industry 5.0 and its perception 

among the research community. 
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