Module VI: Control Theory and Systems

1. Basic Control Concepts

A control system governs or regulates the behavior of other devices or systems to achieve a
specific response. Control engineering focuses on modeling, analyzing, and designing systems
to meet desired performance goals. Key terms:

e System: Interconnected components working to achieve a goal.

e Control: The act of commanding, directing, or regulating a system.

¢ Plant/Process: The part of the system to be controlled.

¢ Input/Output: Signals supplied to/received from the system.

e Controller: Element adjusting the plant's operations based on input and feedback.

« Disturbance: External signals that adversely affect system performancell 2],

2. Feedback

Feedback involves measuring the system's output and comparing it to a desired reference value
(setpoint). The difference, called the error, is used to adjust inputs for minimizing deviation:

¢ Negative feedback: Reduces the error and stabilizes the system.
* Positive feedback: Amplifies deviation, often making systems unstable.

e Examples: Thermostat-regulated heating, cruise control in vehicles[31 141

3. Open and Closed Loop Control

Feature Open-Loop Control Closed-Loop Control
Feedback Not used Essential

Response to

. No correction Self-correcting
disturbances
Washing machines, timed Thermostats, cruise control, automatic
Example . .
dispensers irons
Complexity Simple, cost-efficient More complex, adaptive
Accuracy Limited High

e Open-loop control: Acts on input commands only, with no feedback mechanism to monitor
or correct the output. Best for predictable environments3l.

¢ Closed-loop control: Continuously monitors and adjusts output based on feedback; more
accurate and adaptive to disturbanceslél 4],



4. Concept of Block Diagrams

A block diagram is a graphical representation of a control system, showing functional elements
as blocks and relationships as arrows:

¢ Blocks represent system components, usually annotated with their mathematical operations
(like transfer functions).
e Arrows indicate the flow and transformation of signals.

e Block diagrams simplify the understanding and analysis of complex systems and help
visualize the dynamic behavior without detailing physical constructionZ 81,

5. P, PI, and PID Controllers

Controllers are algorithms or devices used to drive the system's error toward zero:
e Proportional (P) Controller: Output « present error. Speeds up response but may leave
steady-state error.

¢ Proportional-Integral (Pl) Controller: Combines P control with an integral term that
accumulates past errors for zero steady-state error.

e Proportional-Integral-Derivative (PID) Controller: Adds a derivative term to predict future
error, improving system stability and speed.

General PID Control Law:

u(t) = Ke(t) + K / e(t)dt + Kd%e(t)

Where

o $e(t)$:Errorattime $t$
e $ K_p, K.i, K_d $: Proportional, integral, derivative gains

PID controllers are industry-standard for real-time automatic control, offering a versatile balance
of speed, accuracy, and stability [21 [101,

6. Tuning the Gain of Controllers

Tuning is the adjustment of controller gains to optimize system performance:
e Ziegler-Nichols Method: Systematically increases gain to induce oscillations, then
calculates optimal parameters.
e Trial-and-Error: Manually adjusting gains and observing the effect.
e Software-Aided Tuning: Simulation-based or automated tools for gain optimization.

e Other Techniques: Frequency response (Bode/Nyquist plots), critical damping,
adaptive/real-time gain tuning.

Proper tuning balances speed (response time), overshoot, stability, and steady-state error 1l 121



7. System Models, Transfer Functions, and System Response

o System Model: Mathematical representation relating inputs to outputs.
e Transfer Function: Ratio of output to input in Laplace domain, typically

Y(s
G(s) = ()
U(s)
Used for analysis and controller design. The poles and zeros of a transfer function indicate
system characteristics like stability and frequency response 131 [14]

e System Response: The output of a system when subjected to an input. System responses
can be:

o Transientresponse: Behavior as the system transitions from one state to another.
o Steady-state response: Behavior after the system settles.

¢ Frequency Response: Describes how a system responds to different input frequencies,
revealing stability margins and resonance phenomenall4l.

8. Root Locus Method and Bode Plots

Root Locus Method

e A graphical approach for analyzing how the roots (poles) of the closed-loop system vary as
a system parameter (typically gain) is changed.

e Helps predict stability and design controllers for desired dynamic performance.

Bode Plots

e Consist of two plots: magnitude (gain vs. frequency) and phase (phase shift vs. frequency).

e Allow engineers to quickly assess system stability and performance, estimate gain/phase
margins, and desigh compensators.

» Widely used for frequency-domain analysis and controller tuning 111 1141,

This module covers foundational and advanced principles vital to control system modeling,
design, and analysis, with an emphasis on practical controller architectures and industry-
standard techniques for robust and stable automation solutions.
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