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Abstract

This study offers an in-depth investigation of the performance of proportional-integral-
derivative (PID) controllers, providing an extensive evaluation and analyzing a wide range of

applications. PID controllers, essential feedback mechanisms in various domains, are
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recognized as foundational instruments in control systems. This study evaluates PID controllers
in in scenarios such as DC motor speed regulation, power system stability, Automatic Voltage
Regulator (AVR) performance optimization, time delay processes, load frequency
management, DC drive control, systematic process stability, and their developments in
industrial control. The purpose of the study is to highlight the adaptability and effectiveness of
PID controllers in contemporary control systems, including how artificial intelligence (Al) can
be integrated into PID controller tuning.

Keywords: PID controller, Power system stability, Real power, Reactive power, Grid tied

Inverter.

1. Introduction

To control operations and achieve desired set points, PID controllers are widely utilized
in a variety of industrial and control systems. In systems that range from basic home appliances
to intricate industrial processes, they are essential to preserving stability, accuracy, and
efficiency. The difference between the intended set point and the actual output of the system
under control is represented by an error signal that the PID controller continuously calculates.
The control input is then modified in response to this error signal in an effort to reduce error
and keep the system operating at the intended set point. A PID controller's three primary parts
are: The output generated by the P term is proportionate to the erroneous signal that is being
received [1]. If used alone, it may cause oscillations around the set point since it offers instant
remedial action based on the degree of the error, resulting in a quick response. | Term: By
gradually integrating the error signal, the integral term effectively removes biases and steady-
state errors. It offers long-term stability and guarantees that, particularly in the face of outside
shocks, the system precisely reaches and maintains the set point. D Term: The derivative term
uses the error signal's rate of change to predict future changes in the signal. It offers or
dampening action, which helps reduce overshoot and speed up the system's reaction time [2].
Engineers can customize the PID controller's response to meet certain control criteria, like
reaction speed, stability, and disturbance resilience, by changing the relative weights or gains
of these three terms. Because of their adaptability, PID controllers can be used in a variety of

settings and contexts, such as software algorithms, digital controllers, and analog circuits. They
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are useful in many fields where precise process control is essential, such as robotics,

temperature control, motor speed regulation, and flow control.

1.1 The Proportional (P) Type

The P-controller's main responsibility is to lower the system's current error. However,
system instability may result from a little error change that, because of the high proportional
gain, causes a substantial alteration in the output. The expression for the proportionate output

is:
Pour = Kp e(t) (1)

1.2 Derivative (D) Type

The primary purpose of the derivative controller is to anticipate future errors. As a result
of the D-controller, the rate of change of the output tends to be relatively slow. Consequently,
the derivative controller aids in minimizing overshoot. The action of derivative control is as

follows:
d
Dout = Kdze(t) (2)

1.3 Integral (I) Type

The integral controller's main job is to compile all of the previous mistakes. It depends
on the length and size of the faults. The integral controller removes steady-state mistakes that
could arise from proportional action alone and enables acceleration towards the set point by
multiplying all instantaneous errors over time by the integral gain. The integral action is written

as follows:
t
Ioue = K; fo e(t) dt 3

The error is denoted by e(t), which is the difference between the input values and output
values. The PID controller receives e(t) as input and computes e(t) for derivative and integral.

Finally, the output y(t) is found.

Y= Kpewy + Ki [y () dt +K,5-e(t) (@)
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PID controllers are essential components as shown in Figure.1.1 of control systems in
many different sectors. By continuously modifying control inputs in response to measurable
feedback, they fulfill the vital function of regulating processes to produce desired results.
Managing nonlinearity, guaranteeing resilience, and integrating with contemporary
technologies are among the challenges of PID controller. Reviews cover real-time
implementation, adaptive strategies, advanced control algorithms, tuning techniques, and
integration with Industry 4.0 technology.

—»  K.elt)
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» K det)/dt

Figure. 1.1. The Block Diagram of PID Controller

PID controllers are essential because they can offer precise and reliable control in a
variety of systems, from basic home appliances to intricate industrial operations. Because of
their adaptability, they can manage a range of control goals, including keeping temperature,
pressure, speed, and position within predetermined bounds. The derivative component predicts
future conduct based on the rate of change of mistakes, the integral part removes errors that
remain steady over time, and the proportional component responds to faults immediately. PID
controllers can accomplish accurate and reliable under varying conditions. Their efficacy,
dependability, and simplicity account for their widespread use. PID controllers are extensively
used and well-understood because of their reliable performance in a variety of applications.
Their settings can also be changed to meet particular system needs, which increase their

adaptability to a variety of control jobs.

A comprehensive examination of the current state of research on PID controller
performance evaluation, with a focus on tuning techniques and transient performance, reveals

an exciting field that is constantly evolving and being improved. PID controller tuning
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strategies have evolved significantly over time, moving from traditional methods to complex,
contemporary algorithms designed for particular use cases. Long used because to their
simplicity and convenience of use, classical approaches such as Ziegler-Nichols (ZN)[3],
Cohen-Coon, and Tyreus-Luyben have limitations when it comes to handling nonlinearities
and uncertainties in the system. Modern methods, on the other hand, use sophisticated
instruments like machine learning, evolutionary algorithms, and Al technique like fuzzy [4],
Artificial Neural Network (ANN) to produce better robustness and transient performance.
Factors like rising time, settling time, and overshoot are examples of transient performance,
which is an essential benchmark for evaluating the effectiveness of PID controllers in dynamic
systems [5]. In an attempt to achieve the best possible balance between stability and response
speed, much research has been done to understand the interaction between tuning parameters
and transient response characteristics. Simulation studies shed light on the effects of tuning
techniques on performance and offer essential insights into the transient behavior of PID-

controlled systems under a variety of operating situations.

A variety of subjects are covered in the literature that currently exists on PID controller
performance evaluation, such as theoretic underpinnings, performance metrics, tuning
techniques, robustness, adaptability, applications in various industries, comparisons with
alternative control strategies, and investigation of advanced control strategies. Stability,
transient response, steady-state error, and control effort are evaluated as researchers examine
mathematical models, stability criteria, and tuning strategies. Research examines how resilient
PID controllers are to perturbations, uncertainties, and changes in parameters. It also looks at
adaptive control strategies and contrasts PID controllers with other techniques. The literature
shows a multidisciplinary effort to improve the versatility and efficacy of PID controllers in

various real-world applications.

Temperature, pressure, level, flow, and speed control are just a few of the many
industries and applications that heavily rely on PID controllers. Because of their great
adaptability and ability to be adjusted to fit the dynamics of various processes, they provide
efficient control in a variety of situations. To evaluate PID controller performance, metrics
focused on robustness and rejection of disturbances are suggested. A two-block structured
singular value is used to test robustness, and the integral gain matrix's minimal singular value

is used to measure disturbance rejection. Examples demonstrate how the criteria can be used
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for a wide range of processes, regardless of whether they are single-loop or multi-loop, stable,
integrating, or unstable [6]. Through a series of realistic scenario tests, the study assesses how
resilient PID controllers are to uncertainties, disturbances, and parameter changes. This entails
putting the controllers to the test in various disturbance scenarios, with varying parameter
values and system dynamics uncertainty. The robustness of the controllers' performance and
their capacity to sustain intended performance in the face of external influences are then
assessed by evaluating its performance using metrics including stability, transient response,
and steady-state error. It is probable that the review discusses a variety of adaptive control
techniques, including adaptive fuzzy control, adaptive pole placement control, and model
reference adaptive control (MRAC). These tactics modify controller settings in response to
shifts in system behavior. In comparison to alternative methods, PID controllers offer
derivative, integral, and proportional actions for system regulation. Adaptive control
approaches, as opposed to PID, offer possibly higher performance in highly dynamic or
uncertain contexts by dynamically adjusting parameters to accommodate changes and
uncertainties in the system. The study most likely looks at efforts to improve the adaptability
and efficiency of PID controllers in a variety of real-world applications by combining
knowledge from fields including control theory, artificial intelligence, optimization, and

system identification.

2.1 Application of PID Controller

The fundamental component of control systems is feedback and among feedback
mechanisms, PID feedback is particularly distinct, accurate, and widely applicable in a variety
of control scenarios. Remarkably, PID controller feedback is used in more than 90% of control
systems. Nonetheless, proficiency in the efficient application of PID demands deep
understanding, sophisticated control methods, and skill. Among the many control problems
that PID controllers can solve are flight control, automotive applications, instrumentation,
motor control, process regulation, DC motor management, load frequency issues, stability

issues, and handling magnetic and optical memories.
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2.1.1. DC Motor Applications

PID controllers are usually used to regulate speed in applications where a DC motor's
load fluctuates. When it comes to open-loop control settings, the PID controller is widely
recognized for its efficiency and superiority in regulating the speed of DC motors. Due to its
inherent benefits, which include controlled torque, accurate speed control, high dependability,
fast reaction, and a simple design, an excited DC motor drive is frequently the recommended
option for applications needing variable speeds. The DC motor is referred described as an

adjustable speed machine because of its versatility.

A DC motor's speed is directly determined by the applied voltage, and speed
control is made simple by adjusting the terminal voltages. The separately excited DC motor is
controlled using a variety of control schemes (e.g., PID, PI, Al, and fuzzy logic controllers)
and tuning techniques (e.g., ZN, Cohen-Coon, Manual Tuning Method, Auto-Tune Method)
after the voltages have been manually set [7]. During operation, managing the DC motor's
various loading effects is just as important as regulating its speed.

Only particular PID controller parameters might be used at any given moment in some
system control applications. A PID controller, for example, can be set up to function as a PD,
Pl, PID, I, or P controller. Despite the fact that these configurations are all called PID
controllers, some of the parameters for each control action have been set to zero. For measuring
system noise, the PD controller is frequently used. Nevertheless, the system might not be able
to PID controllers are often implemented using FPGA (Field-Programmable Gate Arrays) and
Xilinx software. Because a single PID controller may be multiplexed for multiple-channel
realization, this method yields a low-power solution. The FPGA Spartan 3E kit is used to
validate the hardware and software work done with Xilinx, showcasing high-speed control
capabilities. Therefore, DC motor control applications are a good fit for FPGA reach the

intended value if a PD controller lacks integral control.

2.1.2. Improvement of Power System Stability

One of the most useful methods for improving power system stability is to use a PID
controller in conjunction with a Static VAR Compensator (SVC). More specifically, this

combination works well to improve damping effects within the framework of the line power
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system. A PID controller must be used to externally manage the SVC's control in order to
achieve the intended goals of improving dampening effect and power system stability. As a
result, the SVC and PID controller must work together in order for the system to accomplish
its objectives [8]. Implementing a Cascade PID controller is an alternate strategy for

accomplishing these goals.

It has the advantages of being both extremely efficient and reasonably priced,
which makes it a good replacement for an SVC. The Cascade PID controller has exhibited
exceptional efficacy in augmenting power system stability in both steady-state and dynamic
scenarios, consequently guaranteeing resilient performance in a brief amount of time.
Furthermore, the Cascade PID controller is a realistic and appropriate solution for improving
the stability of interconnected multi-machine power system networks. The techniques of
Tyreus-Luyben and Ziegler-Nichols aid in the design of the Cascade PID controller. The
Cascade PID controller smoothly replaces the SVC while maintaining other parameters

constant in the context of improving power system stability.

The modeling of SVC real and reactive power, with or without the inclusion of
a PID controller tuned by the suggested PID methodology, is how the power system's stability
is improved. This includes voltage level regulation and oscillation damping of machines under
various fault conditions. In addition, the proposed triple integral differential method a closed-
loop tuning technique is utilized to choose the PID controller's settings. This approach quickly
achieves voltage stability and reduces machine oscillations, making it an excellent choice for
SVC control.

2.1.3. Improvement Performance of AVR (Automatic Voltage Regulator) System

It is essential to improve the efficiency and response time of AVR systems in order to
guarantee consistent electrical power supply. In order to achieve better performance defined
by quick reaction, increased efficiency, and stability two unique approaches are used to develop
more efficient PID controllers for AVR systems: Relative Gain Array (RGA) and Particle
Swarm Optimization (PSO). To achieve high performance and stability, the best PID controller
parameters are found using the RGA and PSO algorithms. To be more precise, the PSO method

is used to find the best parameter values, which improves response time and efficiency. A high-
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order AVR system model is used in MATLAB simulations, which combine the RGA and PSO
algorithms [9]. The PID controller is used in practice to regulate a genuine high-order AVR
system; control parameters are iteratively modified during simulation steps. To improve the
choice of ideal values and calculate the necessary number of repetitions, RGA and PSO
parameters are used. After a great deal of trial and error, it is found that the system performs

best after 50 iterations, and this is measured by a particular criterion.
2.1.4. Active Power Control

PID controllers are utilized in power converters, such as STATCOMs (Static
Synchronous Compensators) and SVCs (Static Var Compensators), to control the flow of active

power and stabilize voltage levels in transmission systems [10].
2.1.5. Reactive Power Control

PID controllers are also used to control the flow of reactive power, which is necessary
to maintain power factor and voltage stability in devices like capacitor banks and synchronous
condensers. Damping Oscillations: PID controllers are employed in supplementary damping
controllers for power system stabilizers (PSS) installed on generators in order to enhance

system stability.
2.1.6. Damping Oscillations

PID controllers can be used to moderate oscillations in power systems that are
brought on by faults or disturbances. To increase system stability, they are used in supplemental
damping controllers for power system stabilizers (PSS) mounted on generators [11].

2.1.7. Grid-Tied Inverters

PID controllers are used in grid-tied inverters, which are renewable energy
systems such as solar and wind farms, to manage the output power and keep the system in sync

with the utility grid.
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To ensure that equipment operates as efficiently as possible, PID controllers are

utilized in the HVAC systems of power plants and substations to control humidity and

temperature.

Table 1. Methodology Used for Evaluating PID Controller Performance Across

Different Scenarios.

DC Motor | Power Automatic | Time Load DC motor
Methodology | Speed System Voltage Delay Frequency drive
Regulation | Stability | Regulator | Processes | Management | control
(AVR)
ZN Cascaded | RVA and | GA based | Fuzzy PID is | Cascaded
Tuning classical PID PSOPIDis | PID is | used PID
method method is | controller | used used controller is
used. IS used used
Cannot Having Cannot Operated | Having Having static
Limitations used  for | static used for | for dynamic gain | gain values
wide range | gain wide range | particular | values
of  speed | values of voltage | time because of Al
regulation regulation | delay technique
Minimum | Minimum | Minimum | Minimum | Minimum Minimum
Transient overshoot | steady overshoot | overshoot | steady state | control error
performance state error | and error and
minimum minimum
error settling time
3. Useof Al in PID Controller

PID controllers can function better and be more adaptive to complex and dynamic

systems by incorporating Al approaches. The following are some essential details about the
use of Al in PID controllers [12]:
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3.1 Adaptive PID Control: Al methods, such as neural networks or fuzzy logic
systems, can be combined with PID controllers to adaptively tune the controller parameters
depending on real-time system dynamics. This versatility increases control performance in
different operational situations. The various methodology used for tuning PID controller is

shown in Table.1.1.

3.2 Neural Network-Based PID: Using online training or historical data, neural
networks can determine the best control policy, obviating the need for fixed PID parameters.
By mapping the system state to the proper PID gains, the neural network serves as a function

approximator, increasing control robustness and precision.

3.3 Fuzzy Logic-Based PID: By utilizing language rules and human-like reasoning,
fuzzy logic systems may modify PID parameters in response to linguistic variables like "error,"
"change in error,” and "rate of change of error.” In complicated systems with uncertainties and

nonlinearities, this method enables more intuitive and adaptable control.

3.4 Genetic Algorithm Optimization: By gradually evolving a population of potential
solutions over several generations, genetic algorithms can be used to find the best PID
parameters. Genetic algorithms are capable of quickly identifying PID parameter sets that
maximize control objectives by assessing each solution's performance in simulation or real-
time control [13-15].

3.5 Hybrid AI-PID Controllers: By fusing many Al methods with conventional PID
control, it is possible to take advantage of their complimentary advantages. For instance, a
hybrid AI-PID controller might fine-tune PID gains based on quantitative data using neural

networks and adjust PID gains based on qualitative principles using fuzzy logic.

3.6 Real-Time Implementation Challenges: Computational complexity, stability, and
convergence issues must be resolved in order to integrate Al approaches into real-time PID
controllers. For real-world applications to operate reliably, strong control techniques, hardware
acceleration, and efficient algorithms are necessary [16].

3.7 Application-Specific Tuning: Al based PID controllers are able to be customized

to meet the needs of individual applications and systems. This allows for adaptive tuning
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strategies that maximize control performance under various operating conditions, disturbances,

and goals.

Al techniques have become effective tools for optimizing controller settings in PID
controller tuning, providing flexible and effective solutions for a range of applications. By
automating the tuning process, these Al techniques improve the controller's performance in
dynamic systems by utilizing sophisticated algorithms. GA are prominent Al techniques that
are particularly useful for PID tuning because of their capacity to imitate natural selection
processes. This allows GA to evolve candidate solutions, or controller settings, in order to meet
optimal or nearly ideal performance criteria. Similar to this, PSO guides particles across the
search space to find ideal parameter sets by taking cues from social behavior seen in nature
[20]. Another Al-based method is called Simulated Annealing (SA), which uses a probabilistic
optimization strategy to explore the parameter space in order to break out of local optima and
find optimal solutions. Conversely, fuzzy logic systems use fuzzy inference systems and
linguistic rules to adaptively modify controller parameters, offering a framework for managing
system uncertainties [17]. ANN present a flexible method for learning optimal parameter
settings either online or offline, capturing intricate system dynamics and enhancing controller
performance. Additionally, PID controllers can learn the best parameter configurations by
interacting with the controlled environment and using Reinforcement Learning (RL)
algorithms, which maximize performance through trial and error exploration. When combined,
these Al techniques offer robust, adaptive, and efficient solutions that can be adapted to a wide
range of control system requirements, revolutionizing PID controller tuning and opening the

door to improved performance in a variety of applications.

4. Challenges and the Advances of Al in Tuning PID Controllers

PID controller tuning using Al presents both opportunities and challenges. Managing
system complexity, gathering enough data for training, guaranteeing generalization under
various circumstances, preserving robustness, and allocating processing resources are among
the difficulties. One of the challenges faced by fuzzy logic systems is coming up with precise
linguistic rules and membership functions that sufficiently capture the behavior of the system.
The quality of these rules and functions is critical to the efficacy of fuzzy logic-based PID

tuning [17], and their formulation frequently calls for in-depth domain knowledge and
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expertise. Furthermore, iterative modifications based on trial and error may be necessary for
fine-tuning and optimizing these rules, which can be resource- and time-intensive. Similar to
this, in order for NN to effectively learn the underlying dynamics of the system and the links
between inputs and outputs, they need an adequate amount of training data. A neural network
model's architecture and hyperparameters, together with the amount and quality of training
data, all have a significant impact on how effectively NN-based PID tuning strategies perform.
Large dataset acquisition and preparation can be difficult, particularly in complex systems

where data collection may be expensive or scarce.

Notwithstanding these challenges, Al provides benefits including dynamic flexibility,
efficient management of complex systems, effective optimization, real-time learning
capabilities, and model-free methodologies. These developments promise a paradigm change
in control system optimization by paving the way for increased control accuracy, quicker
reaction times, and higher stability in a variety of applications.

5. Real World Examples Supporting the Use of Al in Tuning PID Controllers

Examples from real-world applications show how effective Al is at fine-tuning PID
controllers. Al algorithms in autonomous cars dynamically modify PID steering and speed
control settings to ensure smooth operation on a variety of road conditions. Al-driven PID
tuning improves product quality and energy efficiency in industrial processes. HVAC systems
maximize indoor climate management by using Al-enhanced PID controllers, which increase
occupant comfort while consuming less energy. These case studies demonstrate how Al
improves control accuracy and flexibility, resulting in better performance across a range of
applications. Utilize Al tuning techniques to manage AVR system with a DC motor. The ZN
method-tuned loops and the closed-loops controlled by a PID tuned using the suggested
procedures exhibit different performance. The GA, modified GA, and PSO were implemented
using GA toolbox in the closed-loop simulations that were conducted in MATLAB. Al-driven
PID controllers in robots provide precise and nimble motion control, which is essential for jobs
like path tracking, assembly, and pick-and-place activities. The performance of robotic systems
in manufacturing, logistics, and healthcare can be improved by integrating machine learning
algorithms into these controllers. These controllers can learn from experience and modify their

control techniques to produce smoother trajectories, faster response times, and greater accuracy

ISSN: 2582-3051 128



Jenisha K J, Kalaivani C, M.R. Meera Devi, Sindhuja D, Poonkodi K

[18].Al-enhanced PID controllers are beneficial to the automotive industry in a number of
control systems, such as adaptive cruise control, engine management, and vehicle stability
control. In order to improve safety, fuel efficiency, and passenger and driver comfort, these
controllers use fuzzy logic or NN to modify PID settings in response to shifting road conditions,
driver behavior, and vehicle dynamics [19]. Renewable energy systems, such as wind turbines
and solar farms, utilize Al-enhanced PID controllers to maximize energy production and grid
integration. By leveraging predictive modeling and machine learning techniques, these
controllers adaptively adjust PID parameters to optimize energy output in response to
fluctuating environmental conditions, grid demand, and energy prices, contributing to the

stability and sustainability of the power grid [20].

6. CONCLUSION

In conclusion, the PID controller continues to be a mainstay of control engineering,
providing a flexible and efficient means of managing a diverse range of systems. Its time-
tested, straightforward yet effective framework, which includes derivative, integral, and
proportional control actions, is still in use today. PID controllers' seamless interaction with Al
technology is where they will likely find their greatest future. Control systems could achieve
unprecedented levels of accuracy, resilience, and self-governance as a result of this
convergence. PID controllers can adjust to changing conditions, optimize control parameters
instantly, and even predict system behavior by utilizing Al's analytical powers. Al-driven
insights also help PID controllers perform better in autonomous operation, predictive control,
and fault diagnostics and diagnosis, opening the door to more intelligent and effective control
solutions in a variety of industries. The PID controller is still evolving even after all these years,
especially with the developments in artificial intelligence and machine learning. The exciting
potential for improving control performance, adaptability, and intelligence when Al is

integrated with PID controllers is revealed.
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