The Hidden
Architecture
of Control

How simple feedback loops
sparked the Industrial Revolution
and drive modern robotics.
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Governing the physical world through measurement

A control system is a collection of interacting elements designed to force a specific, desired response.
It operates on a fundamental principle: measuring the gap between what you want and what is actually happening.
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Translating reality into system variables

To engineer a system, physical actions must be defined as distinct, measurable signals.
You manipulate the input to achieve an output, but you must constantly react to uncontrolled
variables from the environment.
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The “Blind” Open-Loop System

In an open-loop system, the control action is entirely independent of the output. The system follows a
preset command blindly, unable to adapt to changing conditions or disturbances.
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If the bread is frozen, it stays
pale. If it's thin, it burns. The
toaster cannot self-correct.
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The self-correcting Closed-Loop

A closed-loop (or feedback) control system constantly maintains a prescribed relationship between the output
and the input. It does this by comparing the two and using the difference to continuously correct itself.
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The anatomy of a block diagram

Every complex action can be broken down into discrete functional
blocks. When a rider controls a motorcycle, human biology
acts as the controller for a mechanical process.

Output:
Desired Vehicle
Speed Controller Actuator Process Speed (V)
——@ -
Human Throttle Engine -> Gear

Rider Angle (0) -> Wheel

Feedback Loop: Tachometer & Eyes
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System Diagnostic: Open vs. Closed Loop

Choosing between system architectures requires balancing the need for precision against the cost of complexity.
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Accuracy
Low Low High High

Stability Inherently Stable Can become unstable if poorly tuned
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The 1% efficiency crisis

In 1712, Thomas Newcomen's atmospheric steam engines revolutionized mining. But they possessed a fatal design flaw: heating and cooling
the same cylinder caused immense losses of latent heat, resulting in a staggering efficiency rate of just 0.5% to 1%.

Newcomen Engine (1712) - 1% Efficiency
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The Separate Condenser:

minimizing heat loss and tripling
efficiency to 3%.

Isolated the condensation process,
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The birth of mechanical feedback

To make his engine truly autonomous, Watt needed a way to maintain constant speed
despite changing workloads. The Flyball Governor was an elegant mechanical computer that

achieved this without human intervention.
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Miniaturizing control: The Servomechanism

An angular position control of a rotational system is a servomechanism. Instead of
massive steam valves, we use electrical signals to command precise angles,
continuously verified by internal sensors.

Internal Logic:

At 44°: Controller detects small
error, slows motor.

At 45°. Zero error, motor stops.

At 46°: External force detected,

motor drives backward to correct.
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Desired Angle (45°)
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Degrees of freedom: Flesh and Silicon

To control a modern 6-axis robotic arm, engineers map
independent servomechanisms to biological equivalents,
creating discrete, controllable variables for every joint.
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The universal architecture of feedback

Whether the system is constructed from flesh, brass, or silicon, the underlying architecture
of control is mathematically identical. Feedback is a fundamental law of engineering.

Biological:
Sensory feedback

Controller —»| Actuator —»

Sensor |«

Electrical:
Encoder feedback

Mechanical:
Centrifugal feedback
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The mathematical bridge

The s-Domain
To design these loops—ensuring they are fast, accurate, and stable— Eﬁq L~
engineers rely on the Laplace Transform. It acts as a translation tool, ‘
converting complex, messy calculus into simple algebra. F(s) G(s)
G(s) " H(s)
NS ==
Y(s) s+b
Y —
The Time Domain i

Analyze system stability with
basic algebra, then translate
the solution back to reality.

(1G) dt? sin(uﬁﬂt)
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