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An Analysis of Closed-Loop Control Systems and PID Controllers in Industrial Automation
Chapter 1: Briefing Document
1.1. Executive Summary

A closed-loop control system is a self-regulating architecture that uses feedback to maintain a
process variable at a desired setpoint, correcting deviations in real time. The Proportional-
Integral-Derivative (PID) controller is the most ubiquitous and effective feedback mechanism
used in these systems, applying corrective actions based on the current error, the accumulation
of past errors, and the predicted future trend of the error. The synergy of closed-loop principles
and PID control has been the engine of modern industrial automation, enabling unprecedented
levels of precision in manufacturing, enhancing operational efficiency through adaptive control,
and providing the stability required for complex processes. From early mechanical governors to
today's digital systems integrated with high-speed networks, this foundational technology
continues to evolve, paving the way for more intelligent, resilient, and autonomous industrial
operations.

1.2. The Fundamental Dichotomy: Open-Loop vs. Closed-Loop Control

Understanding the fundamental differences between control system architectures is the
foundational concept for all industrial automation design. The primary distinction lies in whether
a system uses feedback to inform its control action. This choice between an open-loop and a
closed-loop design dictates a system's accuracy, adaptability, complexity, and ultimately, its
suitability for a given application.
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Cost

Generally less expensive to construct Can be more complex and expensive to
and maintain. design, implement, and maintain.

Advantages of Open-Loop Systems

Guarantees consistent performance due to its simple, pre-arranged operation, making it
immune to disturbances in a feedback loop.

Maintains superior simplicity in design and implementation, making it easier to
understand.

Delivers a cost-effective solution for applications where high precision is not required.

Maximizes operational speed as there is no need to process feedback information.

Advantages of Closed-Loop Systems

Achieves superior accuracy by continuously correcting deviations from the setpoint.

Ensures robust stability and performance by automatically rejecting disturbances and
adapting to environmental changes.

Facilitates full automation through its self-regulating nature, requiring minimal human
intervention.

Optimizes operational efficiency, reducing waste and saving resources by continuously
optimizing its output.

This fundamental comparison highlights the trade-offs between simplicity and precision. The
advanced capabilities of the closed-loop approach are enabled by the mechanics of its defining
feature: the feedback loop.

1.3. The Mechanies of Closed-Loop Control: The Feedback Principle

The feedback loop is the defining mechanism that enables self-regulation, precision, and
adaptability in modern automated systems. It transforms a simple, pre-programmed device into
an intelligent system capable of responding to dynamic conditions. By continuously comparing
the actual output to the desired target, the feedback principle allows a system to actively minimize
error and maintain optimal performance.

The operational flow of a closed-loop system follows a logical sequence:

1.

Comparison: The system measures the current state of a Process Variable (PV), such
as the actual speed of a car or the temperature of an electric iron. This value is compared
to the desired Setpoint (SP).

Error Generation: The difference between the SP and the PV is calculated, generating
an error signal. This signal quantifies the magnitude and direction of the deviation from
the target.

Controller Processing: The controller receives the error signal and processes it through
a control algorithm to determine the necessary corrective action.

Corrective Action: The controller sends a control signal to an actuator (e.g., the engine
throttle, a heating element), which adjusts the process input to reduce the error and bring
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the PV back to the SP. This entire process repeats continuously, creating a closed loop
of information.

This mechanism provides several key advantages over open-loop systems:

o Disturbance Rejection: It can compensate for external influences, like a car's cruise
control system adjusting for hills.

e Performance with Model Uncertainties: It guarantees performance even when the
system's mathematical model is not a perfect match for the real-world process.

o Stabilization: It can stabilize processes that would otherwise be inherently unstable.

e Improved Reference Tracking: It ensures the system output follows the desired setpoint
more closely and reliably.

The overall behavior of a linear closed-loop system can be described mathematically by its elosed-
loop transfer function. This function is expressed as:

H(s) = P(s)C(s) / (1 4 P(s)C(s)F (s))

Here, P(s) represents the plant (the process being controlled), C(s) represents the controller,
and F(s) represents the sensor providing feedback. This function allows engineers to
mathematically model and predict a system's behavior—such as its stability and response to
changes—before it is physically built, making it a fundamental tool in control system design.

To implement this principle, various control algorithms can be used, but the most common and
important type of closed-loop controller is the PID controller.

1.4. The Core of Modern Automation: The PID Controller

The Proportional-Integral-Derivative (PID) controller is the most widely used feedback control
design in industry, often referred to as a "three-term controller."” Its strategic importance stems
from its remarkable versatility and its ability to provide accurate, stable, and optimal continuous
control for a vast range of processes without requiring human intervention. By balancing three
distinet control actions, the PID algorithm can effectively and automatically maintain a process
variable at a desired setpoint.

Proportional (P) Term

The proportional term responds to the eurrent error value. Its output is directly proportional to
the magnitude of the difference between the setpoint and the process variable. This provides an
immediate corrective action; a larger error results in a larger correction. However, proportional
control alone often results in a steady-state error, as a non-zero error is required to generate the
control output. If the proportional gain (Kp) is set too high, the system can become unstable and
oscillate; if set too low, the controller will be less responsive to disturbances.

Integral (I) Term

The integral term addresses the accumulation of past errors. It sums the error value over time,
generating a control action that seeks to eliminate any residual steady-state error left by the
proportional term. As long as an error persists, the integral term will continue to grow, forcing
the controller to drive the error to zero. This ensures the system reaches its target value.
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However, if the integral gain (Ki) is too high, it can lead to "integral windup,” where the
accumulated error causes the system to overshoot the setpoint significantly.

Derivative (D) Term

The derivative term, often called "anticipatory control," predicts the future trend of the error
by analyzing its rate of change. It seeks to dampen the system's response and reduce overshoot
by exerting a control influence based on how quickly the error is changing. The more rapid the
change in error, the greater the damping effect. This improves the settling time and stability of
the system. A derivative gain (Kd) that is too high can amplify measurement noise, leading to
instability, while a pure differentiator is not physically realizable.

Loop Tuning

The process of adjusting the P, I, and D parameters (or gains) to achieve optimal performance
and stability for a specific application is known as loop tuning. This is a critical step, as the ideal
balance of the three terms depends entirely on the response characteristics of the physical system
being controlled. Tuning is often performed iteratively, either manually by experienced
professionals or with software tools, to achieve a desired response that might prioritize rapid
settling, minimal overshoot, or robust disturbance rejection.

The elegant combination of these three terms allows the PID controller to serve as the brain for
countless automated processes, a role it has fulfilled since its theoretical development and
practical application began to take shape.

1.5. Evolution and Industrial Application

Modern control systems are the culmination of centuries of theoretical inquiry and technological
advancement. The sophisticated digital controllers used today are built upon foundational
principles that were first explored in mechanical devices, refined through mathematical theory,
and revolutionized by the advent of electronics and computing.

The development of feedback control can be traced through several key milestones. These
advancements, from Maxwell's foundational work on stability which underpins the trajectory
control of modern robotics, to the practical implementation of digital controllers, illustrate a
continuous drive towards greater precision and autonomy.

e 17th Century: Christiaan Huygens invents the centrifugal governor to regulate
windmills, one of the earliest feedback mechanisms.

o 1868: James Clerk Maxwell publishes his paper "On Governors,” providing the first
theoretical and mathematical basis for understanding control stability, a concept essential
for stable trajectory control in modern robotics.

e c. 1868: The Whitehead torpedo is developed with a pendulum-and-hydrostat control.
This was a pioneering practical application of the derivative principle, using the pendulum
to sense the torpedo's pitch (rate of change of depth) to damp oscillations and maintain a
stable running depth.

e 1922: Nicolas Minorsky, observing ship helmsmen, formalizes the first control law for
three-term (PID) control while designing automatic steering systems for the US Navy.
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e 1930s-1940s: Wideband pneumatic controllers with proportional and integral functions
are introduced, leading to the first practical industrial PID controllers like the Foxboro
43P.

e 1958: Solid-state digital logic modules for hard-wired programmed logic controllers are
adopted in industrial systems, marking a shift away from electro-mechanical relays.

e 1971: The invention of the microprocessor leads to large price drops in computer
hardware, enabling the rapid growth of modern digital controls, including Distributed
Control Systems (DCS) and Programmable Logic Controllers (PLC).

In modern industrial settings, the integration of real-time motion feedback has transformed
automation capabilities. This continuous monitoring of variables like position, speed, and torque
allows for immediate correction, leading to significant performance gains.

Key Benefits of Real-Time Feedback:

1. Sub-Micron Accuracy: Enables extreme precision in applications like CNC machining
and semiconductor fabrication.

2. Enhanced Efficiency: Adaptive control algorithms use feedback to optimize parameters
on the fly, reducing cycle times and energy consumption.

3. Predictive Maintenance: Continuous monitoring of metrics like vibration and thermal
drift can detect early signs of wear, allowing maintenance to be scheduled proactively
and minimizing unplanned downtime.

4. Enabling Collaborative Systems: Provides the responsiveness and force-limiting
behaviors necessary for robots and autonomous vehicles to operate safely alongside
humans.

To harness these benefits, industrial networking is indispensable. Protocols like EtherCAT and
PROFINET provide the high-speed, deterministic communication required for modern closed-
loop systems. This networking infrastructure enables low-latency data exchange hetween
sensors, drives, and controllers; supports precise multi-axis synchronization; and facilitates
seamless data sharing with higher-level Manufacturing Execution Systems (MES) and SCADA
systems for plant-wide optimization.

Closed-loop and PID control are foundational technologies that have not only shaped the history
of automation but continue to evolve, driving the future of intelligent, adaptive, and autonomous
industrial systems.

Chapter 2: Study Guide
2.1. Introduction

This chapter is designed to reinforce the understanding of the core concepts of control systems
presented in this document. It provides a short-answer quiz to test knowledge of key facts, a set
of essay prompts to encourage deeper analysis, and a glossary of essential terms. These tools
facilitate a comprehensive review of the principles of open-loop, closed-loop, and PID control.

2.2. Short-Answer Quiz
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10.

What is the fundamental difference between an open-loop and a closed-loop control
system?

Define the terms "Process Variable (PV)," "Setpoint (SP)," and "Error" in the context of
a feedback controller.

What are the three terms in a PID controller, and what aspect of the error does each
term address?

Explain the concept of "integral windup" and why it can be a problem.

According to the sources, what was one of the earliest examples of a system using
derivative control, and what problem did it solve?

List three key advantages closed-loop systems have over open-loop systems.
What is "loop tuning” and why is it a eritical step in implementing a PID controller?

How does real-time motion feedback enhance the precision of industrial automation?
Provide an example.

Why are industrial networking solutions like EtherCAT or PROFINET essential for
modern closed-loop systems?

What is "feed-forward" control, and how can it be used to improve the performance of a
PID controller?

2.3. Answer Key

1.
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The fundamental difference is the use of feedback. A closed-loop system uses feedback
to continuously monitor its output and make corrections, whereas an open-loop system's
control action is independent of its output and operates in a pre-arranged way.

Process Variable (PV) is the actual, measured value of the system being controlled (e.g.,
current temperature). Setpoint (SP) is the desired or target value for that variable (e.g.,
target temperature). Error is the calculated difference between the Setpoint and the
Process Variable (SP - PV).

The three terms are Proportional (P), which responds to the current error; Integral (I),
which accounts for the accumulation of past errors; and Derivative (D), which predicts
the future trend of the error based on its current rate of change.

Integral windup occurs when the integral term accumulates a very large error following
a significant setpoint change, causing the system to overshoot its target. This is a problem
because the system continues to increase its output until the large accumulated error is
unwound, leading to instability and poor response.

An early example was the Whitehead torpedo (c. 1868), which used a pendulum
combined with a depth sensor. The pendulum provided derivative control by sensing the
torpedo's pitch (rate of change of depth), which helped damp oscillations and maintain a
stable running depth.
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6.

10.

Three key advantages are superior accuracy due to self-correction, disturbance rejection
(e.g., compensating for hills in cruise control), and the ability to stabilize processes that
are inherently unstable.

Loop tuning is the process of adjusting the control parameters (P, I, and D gains) to
achieve the optimal control response for a specific application. It is critical because these
parameters depend on the unique characteristics of the physical system, and improper
tuning can lead to poor performance, oscillation, or instability.

Real-time motion feedback enhances precision by continuously monitoring variables like
position and speed and making immediate corrections. For example, in multi-axis machine
tools, it enables sub-micron position accuracy, preventing minute discrepancies that could
lead to quality defects.

Industrial networking solutions are essential for providing high-speed, deterministic
communication between sensors, drives, and controllers. This low-latency data exchange
is necessary for precise multi-axis coordination, real-time diagnostics, and sharing data
with plant-wide systems like MES and SCADA.

Feed-forward is a form of open-loop control used simultaneously with closed-loop
(feedback) control to improve performance. Knowledge about the system, such as a
known disturbance or a desired acceleration, is "fed forward" to the controller output,
allowing the system to react proactively rather than waiting for an error to be detected
by the feedback loop.

2.4. Essay Questions

1.

Analyze the historical evolution of feedback control, from early mechanical governors to
modern digital PID controllers. Discuss the key technological and theoretical
advancements that enabled this progression.

Compare and contrast the strengths and weaknesses of open-loop and closed-loop control
systems. Using examples from the text, argue which system is better suited for: a) a
simple, repetitive manufacturing task, and b) a complex, dynamic process like robotic
assembly.

Evaluate the role of the Proportional, Integral, and Derivative terms in a PID controller.
Explain how the interplay between these three terms allows a controller to achieve a
stable, accurate, and rapid response to system disturbances. Discuss the potential
problems if one of these terms is tuned improperly.

Discuss the transformative impact of integrating real-time motion feedback and high-
speed industrial networking on modern automation. How do these technologies enable
advancements in areas like robotics, predictive maintenance, and overall production
efficiency?

Describe the process and importance of PID loop tuning. Reference at least one specific
tuning method mentioned in the text (e.g., Ziegler-Nichols) and explain the general
challenges an engineer faces, such as balancing stability against response time and
avoiding overshoot.

2.5. Glossary of Key Terms
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Closed-Loop Controller: A control system that incorporates feedback to adjust its control
actions based on the process output. It continuously monitors its output to maintain a
desired level.

Control Loop: The arrangement of sensors, control algorithms, and actuators designed
to regulate a process variable at a desired setpoint.

Distributed Control System (DCS): A computerized control system with multiple
autonomous controllers that operate and manage many control loops within a plant,
typically from a centralized control room.

Error Value: The calculated difference between the desired setpoint (SP) and the
measured process variable (PV).

Feed-forward: A type of open-loop control used in conjunction with feedback control
where knowledge about the system is used to improve response time and stability without
relying on process feedback.

Feedback: The mechanism in a closed-loop system where the output of a process is
measured and relayed back to the controller to be compared with the setpoint, enabling
corrective action.

Industrial Networking: Communication protocols (e.g., EtherCAT, PROFINET) that
enable high-speed, deterministic data exchange between sensors, drives, controllers, and
supervisory systems in an industrial environment.

Integral Term (I): The component of a PID controller that accounts for the cumulative
sum of past errors over time, primarily used to eliminate residual steady-state error.

Open-Loop Controller: A type of control system where the control action is independent
of the process output; it does not use a feedback loop to monitor or adjust itself.

PID Controller: A Proportional-Integral-Derivative controller, a widely used feedback
control mechanism that calculates a corrective action based on the present error (P), past
accumulated error (I), and predicted future error (D).

Process Variable (PV): The actual measured value of a system variable that is being
controlled (e.g., temperature, speed, pressure).

Programmable Logic Controller (PLC): A ruggedized digital computer adapted for the
control of manufacturing processes, such as assembly lines, or robotic devices, or any
activity that requires high reliability control.

Proportional Term (P): The component of a PID controller that produces an output
directly proportional to the current error value, providing an immediate correction.

Setpoint (SP): The desired or target value for a process variable that a control system
aims to maintain.

Tuning: The process of adjusting the control parameters (proportional, integral, and
derivative gains) of a control loop to achieve the optimal performance for a specific
application.



Industrial Controls Power Broadcasts

Chapter 3: Frequently Asked Questions (FAQs)

3.1. Introduction

This section addresses ten of the most common and important questions regarding closed-loop
control systems and their application in industrial automation. The answers are designed to
provide clear, practical insights for a professional, non-specialist audience, focusing on the "what,

why, and how" of this foundational technology.

3.2. Top 10 Questions

1.
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What is the simplest way to understand the difference between open-loop and closed-
loop control? An open-loop system follows a pre-set command without checking the
result, like a simple washing machine timer that runs for 30 minutes regardless of how
clean the clothes are. A closed-loop system continuously checks the result and adjusts its
actions, like an automatic electric iron that uses a thermostat to measure the temperature
and turns the heating element on or off to maintain it.

Why is a PID controller called a "three-term controller"? It is called a three-term
controller because its control action is a weighted sum of three distinct calculations: the
Proportional term, which is based on the current error; the Integral term, which is based
on the accumulation of past errors; and the Derivative term, which is based on the rate
of change of the error.

If PID controllers are so effective, why would anyone use a simpler open-loop system?
Open-loop systems are used when high precision and adaptability are not required. They
are simpler, more cost-effective, and faster because they don't have the complexity of a
feedback loop. For simple, predictable, and repetitive tasks, an open-loop system is often
a more practical and economical choice.

What is "real-time motion feedback" and why does it matter for automation? Real-time
motion feedback is the continuous monitoring and reporting of a system's position, speed,
or torque. It matters because this data allows a closed-loop controller to make immediate
corrections if any deviation from the intended movement is detected. This capability is
critical for achieving the sub-micron accuracy needed in applications like CNC machining
and for ensuring the safety and responsiveness of collaborative robots.

Can a poorly configured PID controller make a system worse? Yes. If the P, I, and D
parameters are chosen incorrectly—a process called poor tuning—the controller can
make a system unstable. This can lead to excessive oscillation, overshooting the setpoint,
or divergent behavior that is limited only by mechanical breakage or saturation.

How did automation control evolve before computers and PLCs? Before modern digital
systems, automation relied on mechanical and pneumatic devices. In the 1930s and
1940s, pneumatic controllers became the industry standard. These devices used air
pressure to generate control signals and power actuators like control valves, and they
were simple, low-maintenance, and safe for hazardous industrial environments.

What does it mean to "tune" a control loop? Tuning a control loop means adjusting its
control parameters—in a PID controller, this is the Proportional (P), Integral (I), and
Derivative (D) gains—to achieve the optimal response for a specific process. The goal is
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10.

to make the system stable, responsive, and accurate, balancing factors like speed,
overshoot, and disturbance rejection.

How do modern control systems help with equipment maintenance? Modern closed-loop
systems with real-time feedback can continuously monitor performance metrics like
vibration, backlash, or thermal drift. This data can be analyzed to detect early signs of
component wear or misalignment. This enables predictive maintenance, where repairs
can be scheduled proactively before a failure occurs, minimizing unplanned downtime and
extending equipment life.

Are PID controllers only used for complex industrial machines? No, PID control is
used in a wide variety of applications, including many everyday consumer devices.
Common examples include a vehicle's cruise control system, which adjusts engine power
to maintain a constant speed, and the car's interior temperature control, which moves
dampers to maintain the cabin temperature at a setpoint.

What is the future of closed-loop automation? The future of closed-loop automation
involves integration with emerging technologies like artificial intelligence (AI), edge
computing, and digital twins. These advancements will expand the capabilities of control
systems, enabling them to be not just precise and efficient, but also autonomous, self-
optimizing, and self-improving by combining rich motion feedback with powerful
analytics.

Chapter 4: Timeline of Automation and Control System Development

4.1. Introduction

The following timeline presents a chronological overview of key milestones in the history of

automation and control theory. These events, identified in the source materials, trace the
evolution from early mechanical devices to the sophisticated digital systems that define modern

industry.

4.2. Chronological Milestones
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1st Century BC: Water wheels become common among Greeks and Romans for grinding
grain, representing an early form of semi-automation.

7th-9th Century: The earliest recorded designs of windmills for practical use originate
with the Persians.

17th Century: Christiaan Huygens invents the centrifugal governor to regulate
windmills.

17th-18th Century: The Industrial Revolution begins, with steam engines replacing
water and wind power.

1785: Oliver Evans develops the first completely automated industrial process, an
automatic flour mill.

1868: James Clerk Maxwell publishes "On Governors," providing a theoretical basis for
control theory.*
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c. 1868: The Whitehead torpedo is developed with a pendulum-and-hydrostat control,
an early use of derivative control to damp oscillations.

1911: Elmer Sperry develops an autopilot system for ship steering, an early PID-type
controller.

1922: Nicolas Minorsky develops the first formal control law for three-term (PID)
control based on observations of ship helmsmen.

1920s: Electrification accelerates in factories, leading to a growing demand for
instruments and controls.

1930s: Wideband pneumatic controllers with proportional and integral functions (like
the "Stabilog" controller) are introduced.

1940s: The first practical industrial PID controllers, such as the Foxboro 43P pneumatic
controller, emerge.

1940s: John G. Ziegler and Nathaniel B. Nichols introduce their heuristic PID tuning
method.

1958: Solid-state digital logic modules for hard-wired programmed logic controllers are
adopted in industrial systems.

1971: The invention of the microprocessor leads to large price drops in computer
hardware, enabling the rapid growth of digital controls.

1973: European companies like ABB Robotics and KUKA Robotics begin bringing
advanced industrial robots to market.

Date cited as 1867 in some sources.

Chapter 5: List of Sources
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The following list comprises the source documents used in the compilation of this report.
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11/12

Wikipedia contributors. (2024). Closed-loop controller. In Wikipedia, The Free
Encyclopedia. Retrieved from https://en.wikipedia.org/w/index.php?title=Closed-
loop_controller&oldid=1302267658.

Orth, S. (2025, July 14). Closing The Loop: How Real-Time Motion Feedback is
Reshaping Industrial Automation. Fluid Power Basics.

Ragno, M. (2023, August 9). Understanding Open-Loop and Closed-Loop Control
Systems: Features, Examples, and Applications. RT Engineering Corporation Blog.

Mortenson, T. (2025, June 4). PID Controller Applications in Industry. RealPars.

Wikipedia contributors. (2024). Proportional—integral—-derivative controller. In
Wikipedia, The Free Encyclopedia. Retrieved from




Industrial Controls Power Broadcasts
https://en.wikipedia.org/w/index.php?title=Proportional-integral—
derivative_controller&oldid=1303854417.

6. Bong, N. (2022, April 26). The Evolution of Automation. Progressive Automations Blog.

This document can be inaccurate; please double check its content. For more information visit
PowerBroadcasts.com

12/12




