DI03000191: Control Components

GTU Course Presentation

July 25, 2026

GTU Course Presentation DI103000191: Control Components July 25, 2026



Course Contents |

@ Lecture 1: Control valve terminology: Definition of Range ability
e Lecture 2: Capacity and Linearity

© Lecture 3: Trim

@ Lecture 4: Plug

© Lecture 5: Classification of Control Valve: 1

@ Lecture 6: Ball valve

@ Lecture 7: Pinch valve

GTU Course Presentation DI103000191: Control Components July 25, 2026



Course Contents Il

@ Lecture 8: Solenoid valve

© Lecture 9: working and Application) 1

@ Lecture 10: 3 Based on type of operation -Manually operated/
Remote operated

@ Lecture 11: 5 Based on Failure of the Signal: Fail to Open

@ Lecture 12: 4 Signal Converter: Construction and working with
diagram 1

@ Lecture 13: 5 Actuator-Function

GTU Course Presentation DI103000191: Control Components July 25, 2026



Course Contents Il

@ Lecture 14:
@ Lecture 15:
@ Lecture 16:
@ Lecture 17:
@ Lecture 18:
@ Lecture 19:

€@ Lecture 20:

Pneumatic

Positioner- Function

Electro pneumatic

Definition and Application: Linear

1 Pneumatic Components: Construction

working and application 2

1 Flapper Nozzle

GTU Course Presentation DI103000191: Control Components July 25, 2026



Course Contents IV

@ Lecture 21: Volume Booster 2

@ Lecture 22: 2 Pneumatic Relay types: Bleed/ Non-bleed
@ Lecture 23: 1 Gears Terminology: Definition of Tooth
€@ Lecture 24: Contact Ratio

@ Lecture 25: Clearance

€ Lecture 26: Pitch of a Gear

€ Lecture 27: types working and application: Spur Gear

GTU Course Presentation DI103000191: Control Components July 25, 2026



Course Contents V

@ Lecture 28: Herringbone Gear

@ Lecture 29: 3 Relationship between speed
€ Lecture 30: 1 Synchro: Construction

€@ Lecture 31: working

€@ Lecture 32: 2 Servo Motor: Classification
@ Lecture 33: working and application: 4

€ Lecture 34: 2 DC Servo Motor

GTU Course Presentation DI103000191: Control Components July 25, 2026



Course Contents VI

@ Lecture 35: 3 Stepper Motor: Classification
@ Lecture 36: working and application: 4

€ Lecture 37: 2 Variable reluctance 4

€ Lecture 38: 1 Relays: Classification

€@ Lecture 39: 2 Reed Relay 5

@ Lecture 40: working and application: 5

@ Lecture 41: DPDT 5

GTU Course Presentation DI103000191: Control Components July 25, 2026



Course Contents VII

@ Lecture 42: 5 Thumbwheel switch 5
@® Lecture 43: Optical
@ Lecture 44: 2 Safety Valve

@ Lecture 45: 3 Rupture Disc

GTU Course Presentation DI103000191: Control Components July 25, 2026



Detailed Concept 1 |

Detailed engineering explanation of Control valve terminology:
Definition of Range ability.

@ Fundamental principle 1

@ Engineering application 2

@ Important consideration 3
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Detailed Concept 2 |

Detailed engineering explanation of Control valve terminology:
Definition of Range ability.

@ Fundamental principle 1

@ Engineering application 2

@ Important consideration 3
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Detailed Concept 3 |

Detailed engineering explanation of Control valve terminology:
Definition of Range ability.

@ Fundamental principle 1

@ Engineering application 2

@ Important consideration 3
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Detailed Concept 4 |

Detailed engineering explanation of Control valve terminology:
Definition of Range ability.

@ Fundamental principle 1

@ Engineering application 2

@ Important consideration 3
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Detailed Concept 5 |

Component

@ Fundamental principle 1

@ Engineering application 2

@ Important consideration 3
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Detailed Concept 6 |

Detailed engineering explanation of Control valve terminology:
Definition of Range ability.

@ Fundamental principle 1

@ Engineering application 2

@ Important consideration 3
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Detailed Concept 7 |

Detailed engineering explanation of Control valve terminology:
Definition of Range ability.

@ Fundamental principle 1

@ Engineering application 2

@ Important consideration 3
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Detailed Concept 8 |

Component

@ Fundamental principle 1

@ Engineering application 2

@ Important consideration 3
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Detailed Concept 9 |

Detailed engineering explanation of Control valve terminology:
Definition of Range ability.

@ Fundamental principle 1

@ Engineering application 2

@ Important consideration 3
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Detailed Concept 10 |

Detailed engineering explanation of Control valve terminology:
Definition of Range ability.

@ Fundamental principle 1

@ Engineering application 2

@ Important consideration 3
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Valve Capacity and the Flow Coefficient |

Valve capacity is mathematically defined by the flow coefficient
(Cv), representing the quantity of water in US gallons per minute
(GPM) at 60°F that will flow through a wide-open control valve
under a pressure drop of exactly 1 psi.
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Valve Capacity and the Flow Coefficient Il

o Liquid sizing formula: Cv = q * sqrt(G / deltap), where q is
the flow rate, G is the specific gravity, and deltap is the
differential pressure.

@ Cv is a key metric in control system design; under-sizing
causes flow starvation, while over-sizing causes poor valve
resolution and excessive cycling.

@ In metric systems, Kv is used to represent flow in cubic meters

per hour (m3/h) at 1 bar pressure drop (Cv is approximately
1.156 times Kv).
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Flow Rate vs. Pressure Drop Relationship |
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Flow Rate vs. Pressure Drop Relationship I

Key Points

o lllustrates the square-root dependency of liquid flow rate on
the differential pressure drop across a fixed valve orifice.

@ Choked flow conditions (cavitation or flashing) can limit the
maximum possible flow rate as downstream pressure decreases.

@ Engineering sizing must account for fluid velocity, vapor
pressure, and potential physical damage from high pressure
drops.
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Inherent Flow Characteristics |

The inherent flow characteristic is the relationship between the flow
rate and the valve travel (stem position) when a constant
differential pressure drop is maintained across the valve.

o Expressed mathematically as q/gmax = f(x), where x is the
fractional stem travel (ranging from 0 to 1).

o It is determined solely by the mechanical geometry of the valve
trim (plug profile, seat contour, or cage window shapes).

@ Standard inherent curves include Linear, Equal Percentage, and
Quick Opening, each serving distinct application dynamics.
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Linear Flow Characteristics |

A linear characteristic exhibits a direct, proportional relationship
between the valve stem travel and the flow capacity. The slope of
the curve remains constant throughout the travel range.

e Governed by the differential equation dq/dx = constant,
meaning the valve gain (Kv) is uniform at all operating points.
@ Commonly selected for liquid level control loops, bypass

systems, or loops where process pressure drop is independent
of flow rate.

@ Provides highly stable control performance if system-wide
gains do not change with operating throughput.
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Equal Percentage and Quick Opening |

Equal Percentage characteristics yield equal percentage changes in
flow for equal increments of stem travel. Quick Opening
characteristics maximize capacity at low stem travel.

e Equal Percentage is defined by dq/dx = k * q, resulting in an
exponential curve where sensitivity increases as the valve
opens.

@ Equal Percentage is typically used when system pressure drops
decrease with higher flow rates, resulting in a linear installed
characteristic.

@ Quick Opening is utilized for on/off switching, isolation valves,
emergency safety systems, or relief applications.
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Comparison of Inherent Flow Curves |
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Comparison of Inherent Flow Curves Il

Key Points
@ Quick Opening yields high capacity at small stem
displacements, establishing bulk flow early in the stroke.

@ Linear characteristics provide a predictable, direct
proportionality curve across the entire travel span.

@ Equal Percentage limits early flow to permit high-sensitivity
tuning, and ramps up exponentially to full capacity.
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The Control Valve Body |

The valve body is the primary pressure-retaining boundary of the
control valve assembly. It provides the flow passage, guides the
fluid, and supports the internal trim.

@ Designed to withstand fluid pressures, extreme temperatures,
hydraulic shearing, erosion, and piping installation stresses.

@ The body features fluid flow channels designed to minimize
turbulence, prevent pressure recovery losses, and resist abrasive
wear.

@ Must be structurally rated (e.g., ASME Class 150, 300, 600)
based on process pressure and temperature requirements.
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Globe Valve Body Configurations |

Globe-style valves are widely used in throttling applications due to
precise flow modulation capabilities. They are classified by port and
guide configurations.

@ Single-port globe body: features one flow port and seat,
providing tight shut-off (ANSI Class IV or better) but requiring
larger actuator force due to unbalanced pressure.

@ Double-port globe body: has two ports allowing flow forces on
the plug to cancel out, reducing actuator requirements, but
suffers from higher leakage rates.

o Cage-guided globe body: uses a cylindrical cage structure to
guide the plug and cage windows to dictate the flow
characteristics.
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Valve Body Materials and Selection |

Selecting the correct metallurgy for the valve body is vital to ensure
structural integrity, chemical compatibility, and process safety.

o Carbon Steel (e.g., ASTM A216 WCB): standard choice for
non-corrosive media like steam, water, or oil up to 800°F
(427°C).

@ Stainless Steel (e.g., ASTM A351 CF8M / 316SS): selected
for corrosive chemical processes, cryogenics, and sanitary
applications.

o Alloy Steels (e.g., ASTM A217 WC9): used in
high-temperature superheated steam lines to resist mechanical
creep and steam wash.
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Introduction to Control Valve Trim |

The physical parts of a control valve that come in direct contact
with the flowing fluid and control the flow rate.

@ Trim consists of the plug, seat ring, cage, stem, and guide
bushings.

@ It excludes the valve body, bonnet, and actuator housing.

@ Trim design dictates the flow characteristics (linear, equal
percentage, quick opening).

@ Proper material selection prevents erosion, cavitation, and
corrosion.
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Valve Stem: Functions and Types |

The physical shaft that transmits motion from the actuator to the
plug.

Key Points

@ Stem links the actuator stem to the valve plug via a stem
connector.

@ Must withstand axial forces, bending moments, and process
pressure.

e Common types: Sliding stem (linear) and Rotary shaft (rotary).

@ Surface finish is critical to minimize packing friction and
prevent leakage.
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Stem Packing Systems |

The sealing assembly that prevents process fluid from leaking along
the stem to the atmosphere.

Key Points

@ Packing rings are compressed inside the stuffing box by the
packing gland.

e Common materials: PTFE (low friction, up to 200°C) and
Graphite (high temp, up to 500°C).

@ Live-loading systems use Belleville springs to maintain
constant packing pressure.

@ Bellows seals are used for zero-leakage tolerance (toxic or
hazardous fluids).
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Basic Trim Diagram: Plug and Seat |

Valve Stem
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Basic Trim Diagram: Plug and Seat Il

Key Points

@ The plug (closure member) moves relative to the seat ring to
vary the flow area.

@ Seat ring provides the seating surface for shut-off.

@ The stem connects to the top of the plug, moving it vertically.

@ This represents a single-port globe valve configuration.
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Cage-Guided Trim Design |

Advanced trim design where a stationary cylindrical cage surrounds
the plug and guides its motion.

Key Points

@ Provides continuous support to the plug, minimizing vibration
and mechanical wear.

@ The openings (ports) in the cage wall determine the flow
characteristic.

@ Highly versatile: cage can be easily replaced to change flow
characteristics or capacity.

@ Used in high-pressure drop and severe service applications.
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Severe Service Trim |

Specialized trim designs designed to handle cavitation, flashing, and
aerodynamic noise.

o Cavitation occurs when liquid pressure drops below vapor
pressure, forming bubbles that collapse violently.

@ Anti-cavitation trim uses multi-stage pressure drop cages to
keep pressure above vapor pressure.

@ Aerodynamic noise is controlled using multi-path,
tortuous-flow, or drilled-hole cages.

@ Materials like Stellite, Tungsten Carbide, or hardened steels are
used to resist erosion.
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Force Balance in Trim Design |
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Force Balance in Trim Design Il

Key Points

@ Unbalanced trim experiences full pressure differential across
the plug area.

@ Balanced trim uses ports to route upstream pressure to the top
of the plug, equalizing forces.

o Balanced designs allow smaller, more economical actuators to
control high-pressure lines.

@ Sealing gaskets or rings are added to balanced plugs to prevent
bypass leakage.

v
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Trim Material Science |

The criteria for selecting trim materials based on chemical
compatibility, temperature, and wear resistance.

Key Points

e Standard: 316 Stainless Steel (SS) for general utility
applications.

e Hard-facing (Stellite): Cobalt-chromium alloy applied to seats
and plugs for high erosion and temperature resistance.

o Elastomers (NBR, FKM): Used for soft-seated plugs to achieve
bubble-tight shut-off (ANSI Class VI).

@ Ceramics (Alumina, Zirconia): Employed in extremely abrasive
slurry services.
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Control Valve Trim Summary |

Key takeaways for selecting and engineering control valve trims and
stems.

Key Points

@ Trim type directly affects control performance, loop stability,
and maintenance cycles.

@ Stem design must balance sealing efficiency (leakage
prevention) with actuator friction.

o Always specify leakage class (ANSI/FCI 70-2) when selecting
trim components.

@ Severe service requires advanced cage designs (multi-stage
pressure drop) to mitigate cavitation.
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Control Valve Trim Overview |

The trim constitutes the parts of a control valve that contact the
process fluid and directly regulate the flow path.

@ Includes the valve plug, seat ring, stem, cage, and guide
bushings.

@ Trim components bear the brunt of mechanical stress, fluid
erosion, cavitation, and corrosion.

@ Material selections typically specify 316 Stainless Steel as base,
with cobalt-based alloys (Stellite) for hard-facing.
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Valve Plug Functions and Classifications |

The plug is the movable element that modulates the orifice area to
control flow rate.

Key Points

o Classified by flow characteristics: Linear (linear change in flow
with lift), Equal Percentage (exponential change), and Quick
Opening (maximum flow at small lift).

@ Plug guiding mechanisms prevent lateral vibration: top-guided
(standard), cage-guided (high pressure drop), and port-guided
(low pressure).

@ Balanced plugs reduce the required actuator force by
permitting process fluid to pass to both sides of the plug.
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Plug & Seat Configuration |

Stem

Flow Out

Seat Ring Seat Ring

Flow In

GTU Course Presentation DI103000191: Control Components July 25, 2026



Plug & Seat Configuration Il

Key Points

@ Shows a cross-sectional view of a contoured plug and its
mating seat ring.

@ The Flow-to-Open (FTO) flow path enters from under the seat
and exits laterally.

@ Clearance between the plug shape and seat determines the
flow area and overall flow coefficient (Cv).
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The Valve Seat and Leakage Control |

The seat ring provides the stationary mating surface that seals
against the plug when the valve is closed.

@ Seat design dictates shutoff capabilities and directly impacts
system leakage rates.

@ Threaded seat rings are screwed into the valve body but can
seize under high-temperature service.

@ Quick-change seat rings are clamped in place by the bonnet or
cage, facilitating rapid inline maintenance.
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Seat Leakage Classes (ANSI/FCI 70-2) |

The international standard ANSI/FCI 70-2 defines six leakage
classes for control valves.

Key Points

o Class IV: Maximum leakage of 0.01
@ Class V: Used for critical shutoff of high-pressure liquid,
measuring leakage in ml/min/inch of port diameter.

@ Class VI: Resilient 'soft seat’ designs (e.g., PTFE inserts)

providing bubble-tight gas shutoff up to limited temperature
thresholds.
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Valve Bonnet Functions and Designs |

The bonnet serves as a pressure-retaining boundary and provides
the housing for stem sealing and guidance.

@ Standard Bonnets are used for temperatures between -20°F
and 450°F (-29°C to 232°C).

@ Extension Bonnets protect packing rings from extreme high or
cryogenic temperatures by utilizing a long neck to dissipate
heat.

@ Fugitive emission control requires strict adherence to standards
such as ISO 15848 or EPA Method 21.

v
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Bonnet Configurations |
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Bonnet Configurations |l

Key Points

@ Compares Standard, Extension, and Bellows Seal bonnets.
@ Standard bonnets place the packing assembly closer to the
process fluid stream.

@ Bellows seal bonnets implement a welded metallic bellows to
ensure absolute zero-leakage of hazardous fluids, with a
secondary packing backup.
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Stem Packing Materials |

Packing materials prevent process fluid leaks along the
reciprocating stem while minimizing friction.

Key Points

e PTFE (Polytetrafluoroethylene): Low friction, high chemical
compatibility, but limited to 450°F and prone to cold flow.

@ Graphite: Excellent temperature resistance (up to
1000°F /538°C) but high friction, requiring larger actuators.
o Live-loaded packing uses Belleville spring washers to
continuously compress packing rings, compensating for wear
and thermal cycling.
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System Integration an

The plug, seat, and bonnet must operate in harmony to maintain
process loop stability.

@ Improper alignment between the stem guide and the seat ring
leads to asymmetric wear and packing leaks.

@ Thermal expansion mismatches in trim materials can cause
plug galling or valve seizure.

@ Routine maintenance plans must monitor packing compression,
seat wear, and plug erosion to prevent catastrophic failures.
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Control Valve Classification Overview |

Control valves are classified based on multiple parameters to suit
specific industrial applications.

o Classification by Action: Air-to-Open (Fail-Closed) vs.
Air-to-Close (Fail-Open).

o Classification by Motion: Linear motion (Globe, Gate,
Diaphragm) vs. Rotary motion (Ball, Butterfly, Plug).

o Classification by Guide type: Top guided, Cage guided, Port
guided, Stem guided.

@ Focus of Lecture 5: Linear Motion Globe Valve Construction.
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Introduction to Globe Valves |

A globe valve is a linear motion control valve that uses a spherical
body shape with a movable plug or disc to regulate flow.

Key Points

@ Linear Motion: The stem moves vertically to lift or lower the
plug relative to the seat ring.

@ Fluid Flow path: The fluid is forced to change direction
(typically an S-shaped flow path), causing a higher pressure
drop.

@ Application: Preferred for precise throttling applications,
high-pressure systems, and tight shut-off requirements.

o Disadvantage: High flow resistance and turbulence leading to
cavitation and noise under severe service.
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Single-Port Globe Valve Construction |
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Single-Port Globe Valve Construction Il

Key Points
@ Body: Containment vessel for process fluid, containing ports
and seating surfaces.
@ Bonnet: The removable upper portion of the valve body
containing the packing box.
@ Stem: Connects the actuator to the plug to transmit linear
force.

o Plug & Seat: The primary throttling elements (valve trim)
that determine flow characteristics.
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Single-Port vs. Double-Port Construction |

Globe valves can be designed with a single port (one plug and seat)
or double ports (two plugs and seats) to balance pressure forces.
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Single-Port vs. Double-Port Construction Il

@ Single-Port: Provides excellent shut-off (tight sealing, ANSI
Class IV/V/VI), but requires large actuator force to overcome
unbalanced pressure.

@ Double-Port: Features two ports that balance the upward and
downward forces of the process fluid, significantly reducing
actuator power requirements.

@ Double-Port Trade-off: Poor shut-off characteristics (typically
ANSI Class Il) due to thermal expansion differences preventing
both plugs from seating simultaneously.

@ Selection: Single-port for small sizes or when tight shut-off is
critical; double-port for large sizes and high pressure drops.
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Double-Port Globe Valve Schematic |
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Double-Port Globe Valve Schematic Il

@ Dual Flow Paths: Fluid flows through both ports
simultaneously, canceling out most of the axial dynamic forces.

@ Actuator Sizing: Enables the use of smaller actuators on larger
lines, reducing space, weight, and system cost.

@ Guidance: Top-and-bottom guided plugs are standard to
maintain alignment across both seats.

o Leakage Class: Expected seat leakage is 0.5
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Globe Valve Trim Guiding Methods |

To prevent lateral vibration and ensure precise alignment between
the plug and seat, globe valves use various guiding mechanisms.

@ Top-Guided: Plug is guided by a bushing in the bonnet.
Suitable for clean, non-corrosive services.

o Cage-Guided: The plug moves inside a cylindrical cage that
also contains ports. Offers excellent support, low noise, and
cavitation control.

@ Stem-Guided: The stem itself is guided by sleeve bushings.
Used mostly in smaller, low-pressure valves.
@ Port-Guided: The plug has wings that guide it along the inner

diameter of the seat ring. Susceptible to fouling if particulates
are present.

v
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Globe Valve Performance Assessment |

An engineering evaluation of globe valves involves trading off
control authority against energy loss.
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Globe Valve Performance Assessment I

@ Advantage - Precise Throttling: Excellent capability to
maintain intermediate positions for accurate flow rate
regulation.

@ Advantage - Maintenance: Seats and plugs are easily replaced
(especially cage-guided designs) without removing the entire
valve body from the pipeline.

e Disadvantage - High Pressure Drop (dP): The tortuous
S-shape flow path causes high turbulence and head loss (K
factor).

e Disadvantage - Size & Weight: Globe valves are physically
larger and heavier than rotary valves (e.g., butterfly) for the
same line size.
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Flow Phenomena: Cavitation and Flashing |

The high pressure drop across a globe valve's vena contracta can
lead to destructive phase change phenomena.
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Flow Phenomena: Cavitation and Flashing Il

@ Vena Contracta: The point of minimum flow area and
maximum velocity, where local pressure drops to its lowest
level.

@ Flashing: If the local pressure drops below the fluid's vapor
pressure (Pv) and remains below it, vapor bubbles form and
exit the valve.

o Cavitation: If pressure recovers above Pv, the vapor bubbles
violently collapse, generating micro-jets (up to 10° psi) that
erode metal surfaces.

@ Mitigation: Use of multi-stage cage-guided trims, hard-faced
materials (Stellite), or downstream pressure-reducing orifices.
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Lecture Summary & Self-Assessment |

Understanding the selection and limits of Globe valves is
fundamental for control loop stability.

Key Points

@ Globe valves are linear motion valves ideal for throttling but
have higher pressure drops.

@ Single-port valves offer tight shut-off but require larger
actuator force; double-port valves are balanced but leak more.

o Guiding methods (like cage or top guiding) ensure mechanical
stability and reduce vibration.

@ Next Lecture: Classification of Control Valve: 2 (Rotary Valves
& Special Designs).

v
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Ball Valves: Fundamentals & Principle |

A ball valve is a quarter-turn (90-degree) rotary valve that regulates
fluid flow using a spherical plug with a hollowed-out channel or bore
through its center. When the bore is aligned with the flow path,
the fluid passes with minimal obstruction, achieving a high flow
coefficient (Cv).
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Ball Valves: Fundamentals & Principle Il

Key Points
@ High-performance sealing with minimal pressure drop when
fully open
o Excellent tight shutoff capabilities using polymeric (PTFE) or
metal-to-metal seats
@ Rapid quarter-turn actuation reduces wear and response time
compared to linear valves

o Bidirectional sealing is standard, though special designs
support unidirectional high-pressure limits
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Ball Valve Classifications |

Industrial ball valves are classified by their physical port
configuration and ball mounting mechanism, which directly
influence their flow capacity, pressure ratings, and throttling

suitability.
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Ball Valve Classifications Il

o Full Port (Full Bore): Bore size matches the pipe diameter,
resulting in zero flow restriction and minimal head loss

@ Reduced Port (Standard Bore): Bore size is smaller than the
pipe diameter, creating moderate pressure drop

@ V-Port Ball: The ball features a V-shaped notch allowing
precise, equal-percentage or linear flow profiling

o Floating Ball vs. Trunnion-Mounted: Floating ball depends on
line pressure for sealing force; trunnion uses fixed shafts for
high pressure
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Floating Ball Valve Schematic |

Stem Handle
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Floating Ball Valve Schematic Il

Key Points

@ The spherical ball is suspended between two annular seats
inside the valve body

@ A stem controls rotation by translating the operator’s torque
into 90-degree rotary action

@ In the open state, flow passes directly through the bore with
minimal turbulence

@ Internal sealing is achieved by fluid pressure pushing the ball
against the downstream seat
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Butterfly Valves: Operating Principle |

A butterfly valve is a low-profile, rotary valve that uses a circular
disc mounted on a central rotating shaft to regulate or isolate flow.
It is highly valued for its compact face-to-face dimensions and light
weight.

@ Saves space and weight compared to ball or gate valves,
especially in large pipe sizes

@ A quarter-turn (90-degree) rotation opens the valve
completely, aligning the disc with flow

@ ldeal for handling large volumes of low-pressure water, air,
slurry, or gases

@ The disc remains permanently in the flow path, inducing a
small residual pressure drop

v
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Butterfly Valve Designs & Offsets |

Standard concentric butterfly valves exhibit continuous seal wear
during operation. To prevent this, engineers developed offset
designs that alter the geometry of the shaft relative to the seat.

Key Points

@ Concentric (Zero-Offset): The shaft is centered in the disc and
body; continuous seat contact leads to rapid wear

@ Double Offset (High-Performance): Shaft is offset from flow
centerline and seating plane; reduces seat wear and friction

o Triple Offset (TOV): Third offset features an angled cone seat
geometry; enables zero-friction, metal-to-metal bubble-tight
seal

@ Triple offset valves are widely used in high-temperature,
high-pressure steam and process chemical lines

W
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Butterfly Valve Stem and Disc Schematic |

Stem
I__Disc

| L |
Butterfly Valve (Partially Open)
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Butterfly Valve Stem and Disc Schematic Il

Key Points

@ The disc rotates about the central stem shaft to regulate flow
velocity

@ Partially open disc configuration splits fluid streams, creating
localized turbulence and dynamic lift forces

@ Shaft torque requirement peaks at around 60 to 70 degrees of
opening due to hydrodynamic forces

@ Throttling control is highly responsive between 20 degrees and
70 degrees of rotation
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Needle Valves: Principles & Operations |

A needle valve is a multi-turn, linear-motion control valve
characterized by a long, tapered needle-like plug fitting into a
matched conical seat. It is designed for precise, fine flow regulation
in small bore applications.

@ Fine-threaded stem requires multiple full rotations to make
micro-adjustments to the flow area

o Typically produces high pressure drops due to the narrow
orifice and tortuous flow path

@ ldeal for low-flow applications, calibration systems, and
pressure gauge isolation lines

@ Prone to clogging and erosion if used with slurries or fluids
carrying suspended particulates

v
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Comparative Analysis & Selection Criteria |

Selecting the optimal valve type involves evaluating the required
control precision, process media characteristics,
pressure-temperature ratings, and size limitations.

Key Points

@ Pressure Rating: Needle valves excel up to 10,000+ psi; ball
valves up to 6,000 psi; butterfly valves are for low-to-medium
pressure

@ Control Characteristic: Needle valves offer precision metering;
V-port ball valves offer high Cv with equal-percentage control

@ Size and Weight: Butterfly valves are extremely space-efficient
for larger lines (DN50 and above) compared to ball valves

@ Solids Handling: V-port ball valves shear fibers and resist
clogging; needle valves are restricted to clean fluids

v
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Key Lecture Summary |

A thorough understanding of ball, butterfly, and needle valves
allows instrumentation engineers to properly select and size valves
for optimal control loop performance.

@ Ball valves provide tight shutoff and high flow capacity; V-port
options provide effective equal-percentage throttling

o Butterfly valves offer economical, lightweight throttling and
shutoff, especially in large piping networks

@ Needle valves are essential for fine flow metering,
instrumentation lines, and protection of pressure sensing
devices

@ Next Lecture: Valve Actuators, Positioners, and Sizing
Calculations

v
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Pinch Valve Working Principle |

A pinch valve is a control valve that utilizes a flexible elastomer
sleeve collapsed by mechanical or fluid pressure to regulate or shut
off the process flow.

@ Straight-through flow design ensures minimal turbulence,
pressure drop, and flow resistance.

o Completely eliminates internal cavities where media can build
up or stagnate.

@ Process fluid is completely isolated from all mechanical moving
parts (stem, actuator, seals).

o ldeal for handling abrasive slurries, powders, pellets, and highly
viscous fluids.

V.
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Pneumatic vs. Mechanical Pinch Valves |

Pinch valves are classified by their actuation method:
pneumatic/hydraulic (direct shell pressure) or mechanical (actuator
stem and pinch bar).

@ Pneumatic Pinch Valves: Actuating air is introduced into the
valve housing, directly compressing the sleeve.

@ Mechanical Pinch Valves: An external linear actuator drives
one or two pinch bars to squeeze the sleeve flat.

@ Pneumatic actuation requires a control pressure higher than
the process pressure (typically by 1.5 to 2.5 bar).

@ Mechanical designs offer more precise throttling control and
fail-safe options via spring-return actuators.
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Pneumatic Pinch Valve Schematic |

Control Air Pressure (P,)

Pressure Chamber

7

Fluid In Sleeve Out
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Control Jacket

GTU Course Presentation DI103000191: Control Components July 25, 2026 82 /652



Pneumatic Pinch Valve Schematic Il

Key Points

@ Sleeve collapse: Shows the sleeve partially closed by the
external control pressure inside the jacket.

e 100
@ Fluid isolation: No dynamic packings or glands are required,
eliminating fugitive emissions.

o Compact installation: Extremely short face-to-face dimension
compared to standard gate or globe valves.
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Sleeve Engineering and Mechanical Wear |

The flexible sleeve is the critical wear component in a pinch valve
and is engineered to resist chemical attack, abrasion, and cyclic
fatigue.

o Core materials include Natural Rubber (abrasion), EPDM
(acid/alkali/steam), NBR (oils), and FKM (high temperature).

@ Internal reinforcement with high-strength fabric or Kevlar
layers supports high working pressures.

@ Sleeve hysteresis: The elastomer must quickly rebound to its
original cylindrical shape when actuation pressure is released.

@ Pre-pinched sleeve designs are used for vacuum services to
prevent the sleeve from collapsing inward.
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Diaphragm Valves: Concept & Anatomy |

A diaphragm valve utilizes a flexible diaphragm attached to a
compressor. The compressor moves linearly to press the diaphragm
against the bottom of the valve body.

@ The body can be Weir-type (raised bridge) or
Straight-Through (full bore).

@ Separates all actuator components (stem, springs, gears) from
the process fluid.

@ Ideal for high-purity (sterile) and highly corrosive chemical
applications.

@ Offers bubble-tight bidirectional shut-off and is highly resistant
to clogging.

v
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Weir-Type Diaphragm Valve Schematic |
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Weir-Type Diaphragm Valve Schematic Il

Key Points

@ Weir structure: Reduces diaphragm travel, lowering
mechanical stress and extending diaphragm service life.

@ PTFE diaphragm face: Provides complete chemical inertness;
backed by an elastomer cushion for flexibility.

@ Self-draining capability: When mounted at a specific drain
angle (typically 20-30 degrees), the valve drains completely.

@ Sanitary design: Essential for Clean-in-Place (CIP) and
Sterilize-in-Place (SIP) operations.
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Weir-Type vs. Straight-Through Diaphragm Valves |

Diaphragm valves are selected based on flow path geometry.

Weir-type features a raised saddle, while straight-through features

an un-obstructed path.

@ Weir-Type: Best for gas, clean liquids, and sterile systems.
Requires shorter stroke and less actuator force.

@ Straight-Through: ldeal for slurries, high solids, and fibrous
fluids. Less pressure drop but requires longer strokes.

@ Weir-type has lower Cv values due to the flow restriction of
the bridge.

@ Straight-through diaphragm wear is higher due to larger
stretching required to close the valve.
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Throttling & Flow Characteristics |

Both pinch and diaphragm valves can be used for
control /throttling, although their flow characteristics deviate from
traditional globe valves.

@ Inherent flow characteristic: Weir-type diaphragm valves
exhibit an equal-percentage characteristic in the first 60

@ Pinch valves exhibit a linear flow characteristic between 15

@ Precise throttling requires high-performance smart
electropneumatic positioners to manage non-linear actuator
thrust.

o Cavitation warning: Throttling under high differential pressure
can cause rapid erosion of elastomer elements.
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Industrial Selection & Maintenance Guidelines |

Summary of engineering criteria for selecting and maintaining pinch
and diaphragm valves in process industries.

@ Pinch valves are preferred for highly abrasive slurries (mining,
cement) and dry solids conveying.

@ Diaphragm valves are standard in biopharmaceuticals,
food/beverage, and aggressive acid lines.

@ Routine inspection must focus on elastomer degradation,
stress cracking, and set-point drift.

o Failsafe configurations: Always select Normally Open (NO) or
Normally Closed (NC) actuator actions based on safety
analysis.
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Introduction to Solenoid Valves |

A solenoid valve is an electromechanically operated valve designed
to control the flow of liquids or gases. It converts electrical energy
directly into mechanical linear motion to open, close, or redirect
fluid pathways.

Key Points

@ Acts as an interface between electrical control systems (PLCs,
DCS) and pneumatic/hydraulic process loops.

@ Known for rapid response times (typically milliseconds), high
reliability, and compact form factor.

@ Commonly used in safety shutdown systems, batch processing,
and pilot control of larger valves.
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Key Constructional Components |

The structural integrity and performance of a solenoid valve depend
on several precision-engineered components, divided into the
solenoid operator (electrical) and the valve body (fluidic).

@ Solenoid Coil: Copper windings that generate an
electromagnetic field when energized.

@ Armature/Plunger: Ferromagnetic core that moves linearly
within the guide tube.

@ Return Spring: Restores the plunger to its de-energized
position when current is cut off.

@ Valve Body and Orifice: Contains ports (inlet/outlet) and the
sealing seat that restricts or permits fluid flow.
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Direct-Acting Solenoid Valve: De-energized State |

iwer' OFF
losed
Flpw In Blocked
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Direct-Acting Solenoid Valve: De-energized State |l

Key Points
@ Power is OFF; the solenoid coil is not generating an
electromagnetic field.
@ The return spring pushes the plunger and seal down against
the orifice seat.
@ The valve remains closed, completely blocking the path from
inlet to outlet ports.
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Direct-Acting vs. Pilot-Operated Valves |

Solenoid valves are classified based on their operating mechanism
into direct-acting and pilot-operated types, determined by how the
fluid pressure is utilized.

Key Points

@ Direct-Acting: The solenoid electromagnetic force directly lifts
the plunger to open the orifice. Requires no minimum
operating pressure differential.

@ Pilot-Operated: The solenoid controls a small pilot orifice. The
line pressure of the fluid is then used to move a diaphragm or
piston. Requires a minimum differential pressure to function.

@ Application trade-offs: Direct-acting is ideal for low flow or
vacuum; pilot-operated is suitable for high pressure and large
flow rates with low coil power.
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Direct-Acting Solenoid Valve: Energized State |

Power: ON

ibressed Spring

rifice Open

Flow In Flow Dut
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Direct-Acting Solenoid Valve: Energized State Il

@ Power is ON; current passing through the coil winding
generates a magnetic field.

@ The electromagnetic force overcomes the return spring,
drawing the plunger upward.

@ The seat is exposed, allowing fluid to flow freely through the
orifice. |
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Materials of Construction (MoC) |

Choosing the correct material of construction is critical to ensure
chemical compatibility with the process fluid, temperature limits,
and pressure resistance.

Key Points

@ Valve Body: Typically Brass (standard inert fluids), Stainless

Steel (corrosive or high-purity media), or engineering plastics
like PVC and PVDF.

@ Seals and Diaphragms: Elastomers like NBR (general use,
water/air), FKM/Viton (chemicals, high temperature), and
EPDM (steam, hot water).

o Armature/Plunger: Must be soft magnetic iron or martensitic
stainless steel (e.g., 430F grade) to ensure high magnetic
permeability and corrosion resistance.

v
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Electrical Specifications and Coil Design |

The electrical characteristics of the solenoid coil determine its
power consumption, thermal limits, and speed of response.

Key Points

@ AC vs. DC Coils: AC coils experience an inrush current due to
low inductive reactance when the valve is open; DC coils have
a constant current.

o Insulation Classes: Standard ratings include Class H (180
degrees C) and Class F (155 degrees C) to withstand resistive
heating.

@ Duty Cycle: Often rated for continuous duty (100
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Fail-Safe Configuration and Reliability |

Solenoid valves are designed to assume a safe state upon loss of
electrical power, making them critical safety components in
industrial processes.

@ Normally Closed (NC): The valve stays closed when
de-energized, opening only when current is applied. Protects
downstream systems from overflow.

o Normally Open (NO): The valve remains open when
de-energized, closing only when electrical signal is received.
Useful for purge lines or cooling loops.

@ Manual Override: Mechanical levers or screws that allow
operators to actuate the valve during power outages or
maintenance.
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Engineering Selection Criteria |

To select the appropriate solenoid valve, process engineers must
evaluate several electrical, mechanical, and fluidic variables.

o Flow Coefficient (Cv or Kv): Determines the flow capacity and
pressure drop across the valve.

@ Fluid Compatibility: Viscosity, density, and chemical
composition of the media.

@ Response Time: Crucial for high-speed filling systems or
emergency shutdown valves.

@ Hazardous Areas: Explosion-proof (ATEX/IECEx) enclosures
for volatile environments.
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Classification of Control Valves by Plug Movement |

Control valves are critical final control elements in process
industries. They are primarily classified by the motion of their
closure member (plug) into Linear and Rotary designs.
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Classification of Control Valves by Plug Movement II

Key Points

@ Linear Motion Valves: The plug, disk, or diaphragm moves in
a straight line relative to the flow orifice to permit, restrict, or
block flow.

@ Rotary Motion Valves: The valve closure member (ball, disc,
or plug) rotates around an axis perpendicular to the flow path.

@ Linear valves are traditional, offering excellent throttling
precision, but are heavier and have higher stem friction.

@ Rotary valves are more compact, offer high flow capacity (Cv),
lower weight, and reduced stem leakage, but may exhibit
higher torque requirements.
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Linear Control Valves: Globe Valves Working

Principle |

Globe valves are the most common type of linear control valve.

They regulate flow by changing the distance between a plug and a
stationary seat ring.
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Linear Control Valves: Globe Valves Working

Principle Il

@ The linear stem movement pushes the plug into the seat (to
close) or retracts it (to open) along a vertical axis.

@ Fluid is forced to change direction within the valve body
(S-shaped path), leading to high pressure drops and
turbulence.

@ Suitable for high-pressure and high-temperature applications
due to their robust construction and tight shut-off capabilities.

e Common variations include single-port (susceptible to high
unbalanced force) and double-port (balanced forces but higher
leakage).
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Linear Globe Valve Diagram |
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Linear Globe Valve Diagram I

Key Points
@ Globe valves regulate flow via vertical linear stem movement.

@ Note the tortuous flow path, which creates a high pressure
drop across the valve.

@ The plug directly aligns with the seat ring to achieve precise
throttling control.

@ This design is highly suitable for high pressure drops and
severe service.

.
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Linear Control Valves: Gate and Diaphragm Valves |

Gate and Diaphragm valves represent other distinct linear-motion
designs used for isolation and special slurry applications.

@ Gate Valves: Use a flat or wedge-shaped gate that slides
vertically into the flow stream. Primarily used for on/off
isolation, not throttling, due to high fluid erosion.

@ Diaphragm Valves: Use a flexible diaphragm linked to a
compressor that is forced down against a weir or seat. ldeal for
corrosive, viscous, or slurry fluids.

@ Diaphragm design isolates all moving parts from the process
fluid, preventing contamination and stem leakage.

@ Both types exhibit linear stem actuation but serve entirely
different process control functions.

v
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Rotary Control Valves: Ball Valves Working Principle

Ball valves utilize a spherical plug with a cylindrical port through
the center. Rotating the plug by 90 degrees transitions the valve
from fully open to fully closed.
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Rotary Control Valves: Ball Valves Working Principle

@ Features a straight-through flow path in the open position,
resulting in minimal pressure drop and high flow capacity (Cv).

o Segmented ball valves (V-notch) are specifically designed for
throttling control, providing an equal percentage flow
characteristic.

@ The shearing action of the segmented ball against the seat is
excellent for slurries, fibrous media, and paper pulp.

@ Low operating torque compared to large linear valves, allowing
smaller, more economical actuators.
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Rotary Ball Valve Diagram |

90° Rotary
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Rotary Ball Valve Diagram I

Key Points

@ Rotary ball valves control flow via angular rotation of the ball
plug.

@ The 90-degree rotation aligns or misaligns the internal flow
port with the pipeline.

@ Excellent for high-capacity applications requiring low pressure
drop.

@ The tight contact between the seat and ball ensures zero or
near-zero leakage.
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Rotary Control Valves: Butterfly and Plug Valves |

Butterfly and plug valves are common rotary-motion configurations
used in high-flow and isolation applications.

o Butterfly Valves: Feature a disc rotating on a shaft in the
center of the pipe. Compact, lightweight, and economical for
large pipe sizes.

@ Butterfly valves are restricted to low pressure drops to avoid
severe dynamic torque and cavitation.

@ Plug Valves: Feature a cylindrical or tapered plug with a flow
passage. They provide tight shut-off and are well-suited for
high-temperature and slurry services.

@ Both designs offer fast quarter-turn operation and require less
maintenance space than linear valves.

v
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Comparative Analysis: Linear vs. Rotary Valves |

Understanding the engineering trade-offs between linear and rotary
control valves is crucial for proper selection in process loops.

@ Throttling Precision: Linear globe valves offer superior precise
positioning and micro-flow control compared to standard
rotary valves.

@ Pressure Recovery: Rotary valves are high-recovery valves (low
pressure loss), making them prone to cavitation and flashing
under high pressure drops.

@ Linear valves are low-recovery (high pressure loss), which is
advantageous for dissipating energy and preventing cavitation.

@ Physical Footprint: Rotary valves are lighter and require less
space, especially in piping sizes above 4 inches.

v
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Selection Criteria and Summary |

In summary, control valve selection depends on process conditions,
fluid characteristics, and dynamic requirements of the control loop.

@ Use linear globe valves for high pressure drops, severe service,
precise low-flow throttling, and high temperature applications.

@ Use rotary ball or butterfly valves for high flow capacity,
slurries, viscous fluids, and large line sizes where weight/cost is
a factor.

@ Consider the actuator sizing: linear valves require high axial
thrust; rotary valves require torque.

@ Always match the plug movement style to the loop’s dynamic
response and safety/shut-off specifications.
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Classification by Operation Type: Manual vs.

Remote |

Understanding how control valves are manipulated during process
startup, shutdown, normal operation, and emergency states.
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Classification by Operation Type: Manual vs.
Remote |l

@ Manually Operated Valves: Rely on human intervention using
handwheels, levers, chains, or gears to position the valve plug.

@ Remote Operated Valves: Driven by power actuators
(pneumatic, hydraulic, or electric) receiving signals from
controllers (PLC/DCS).

@ Manual Override: Many remote-operated valves include a
manual handwheel override for emergency or maintenance
operations.

@ Application Context: Manual valves are typically used for
isolation, bypass, or non-critical slow loops; remote valves are
used for dynamic feedback control.

GTU Course Presentation DI103000191: Control Components July 25, 2026 117 / 652



Manually Operated Valves: Mechanisms and Design |

Key mechanical assemblies that enable manual positioning of valve
stems.
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Manually Operated Valves: Mechanisms and Design
I

Key Points

@ Handwheel Assemblies: Direct-drive or geared handwheels
(bevel or worm gears) used to reduce the required input torque
for large valves.

o Rising vs. Non-Rising Stems: Rising stems provide immediate
visual indication of valve position, whereas non-rising stems
require external indicators.

@ Lever and Linkage Operators: Typically used for quarter-turn
valves like ball, butterfly, or plug valves for quick shutoff.

@ Chainwheels: Used to operate valves installed in overhead

piping runs, allowing ground-level operators to pull chains to
rotate the stem.
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Remote Operated Valves (ROVs): Actuator

Integration |

Overview of actuator types converting control signals into
mechanical stem displacement.
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Remote Operated Valves (ROVs): Actuator

Integration I

@ Pneumatic Actuators: Most common in control loops due to
high reliability, speed, simplicity, and ease of fail-safe
configuration.

@ Electric Actuators: Utilize electric motors and gearboxes;
preferred when instrument air is unavailable or high-precision
electric positioning is needed.

@ Hydraulic Actuators: Provide high force outputs for
large-diameter or high-pressure valves, but require complex
hydraulic power units.

@ Solenoid Valves: Used for discrete on/off remote operation by
controlling pilot air supply to pneumatic actuators.
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Diagram: Comparison of Manual and Pneumatic

Control Valves |

Air Supply / Signal

Handwheel

Manual Valve Remote Actuated Valve
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Diagram: Comparison of Manual and Pneumatic

Control Valves Il

@ Manual valves are mechanical assemblies operating via
rotational or linear force (handwheel).

@ Pneumatically actuated control valves use instrument air signal
to flex a diaphragm against a spring.

@ Bypass loops often incorporate manual valves around a remote
control valve to allow offline servicing.
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Actuation Signals: Air-to-Open (ATO) vs.

Air-to-Close (ATC) |

The categorization of pneumatic control valves based on their
failure mode when the control signal (instrument air) is lost.
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Actuation Signals: Air-to-Open (ATO) vs.

Air-to-Close (ATC) I

@ Air-to-Open (ATO): The valve is held closed by a spring and
requires air pressure to move the plug towards the open
position (Fail-Closed / FC).

o Air-to-Close (ATC): The valve is held open by a spring and
requires air pressure to move the plug towards the closed
position (Fail-Open / FO).

o Safety Significance: Selecting the correct action is a critical
process safety decision to prevent catastrophic failures during
utilities loss.

@ Signal Standardization: Typically operates on standard
pneumatic pressure ranges of 3 to 15 psi (0.2 to 1.0 bar).
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Air-to-Open (ATO) Design and Applications |

In-depth analysis of fail-closed (FC) valve configurations and their
typical industrial use cases.

@ Spring Force Direction: The internal spring acts to force the
valve stem downward to block flow.

@ Air Influx Point: Air is introduced below the diaphragm to
oppose the spring force and lift the valve plug off its seat.
@ Application - Fuel Gas Lines: Fuel feed lines to burners must

use ATO so that if instrument air fails, fuel flow is cut off
immediately.

@ Application - Feed Streams: Raw material feed to runaway
reactors is shut off on air failure to prevent thermal runaways.
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Air-to-Close (ATC) Design and Applications |

In-depth analysis of fail-open (FO) valve configurations and their
typical industrial use cases.
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Air-to-Close (ATC) Design and Applications Il

@ Spring Force Direction: The internal spring is situated below
the diaphragm plate, pushing the stem upward to keep the
valve open.

@ Air Influx Point: Instrument air enters the chamber above the
diaphragm, overcoming the spring tension to push the stem
down and shut the valve.

@ Application - Cooling Water: Cooling water lines to chemical
reactors must remain wide open (FO) on air loss to prevent
overheating.

@ Application - Pressure Relief/Vents: Flare line headers or
pressure relief bypass paths must open on failure to
depressurize a process safely.
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Diagram: Mechanical Construction of ATO and ATC

Actuators |

Spring forces down Spring forces up
Air

ATO (Fail Closed) ATC (Fail Open)
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Diagram: Mechanical Construction of ATO and ATC
Actuators |l

Key Points

@ ATO: Diaphragm plate located under the spring; air supply
pushes upwards against downwards spring compression.

@ ATC: Spring pushes diaphragm plate upwards; air pressure is
applied to top chamber to force stem downwards.

@ Direct and reverse acting configurations allow flexible failure
mode definition using identical body structures.

GTU Course Presentation DI103000191: Control Components July 25, 2026 130 /652



Selection Criteria for Control Valve Failure Modes |

Comprehensive logic for choosing between ATO and ATC based on
hazard evaluation and safety-instrumented systems (SIS).

GTU Course Presentation DI103000191: Control Components July 25, 2026 131 /652



Selection Criteria for Control Valve Failure Modes |1

Key Points

@ Process Safety Assessment: Systematically analyze the
physical consequences of valve fail-state (e.g., thermal
runaway, pressure surge, product contamination).

o Direct Acting vs. Reverse Acting: The actuator direction
combined with the plug direction (direct/reverse body)
determines the overall failure action.

@ External Instrumentation: Volume tanks, pilot valves, and
lockup valves can be used to hold a valve in its last position
(Fail-Lock) if signal is lost.

@ Regulatory Compliance: Adherence to safety standards such as
IEC 61511 and ISA-84 when designating ATO/ATC in Process
Hazard Analysis (PHA).
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Safety-First Philosophy in Process Design |

In process plants, control valves are the final control elements.
Upon loss of the control signal (electric current, voltage, or
pneumatic air supply), the valve must automatically assume a
position that minimizes risk to the plant, personnel, and
environment. This state is known as the fail-safe action.
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Safety-First Philosophy in Process Design Il

@ A failure can occur due to loss of instrument air supply (IAS),
electrical power outages, or controller signal failure (e.g.,
4-20mA loop open circuit).

o Fail-safe positions are determined by process safety engineers
during Hazard and Operability (HAZOP) studies.

@ The two primary failure modes are Fail-Closed (FC) and
Fail-Open (FO). Less common modes include Fail-Locked (FL)
or Fail-Last-Position.

@ Selecting the wrong failure mode can lead to catastrophic
consequences, such as reactor runaways, vessel
overpressurization, or toxic spills.
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Air-to-Open (ATO) / Fail-Closed (FC) Mechanism |

Upper Chamber (Spring)

< >

Air Signal (ATO) —— | Fail Close

Stem

Fail-Closed (FC) / Air-To-Open (ATO)
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Air-to-Open (ATO) / Fail-Closed (FC) Mechanism Il

@ Mechanics: An ATO valve requires pneumatic pressure to
move the plug away from the seat. If the air pressure is
removed, internal springs force the plug back onto the seat,
closing the flow path.

@ Actuator Setup: The spring is located in the upper chamber
(above the diaphragm), pushing the stem downwards.
Instrument air enters the lower chamber, pushing the
diaphragm upwards against the spring.

o Fail-Safe Mode: Upon total loss of instrument air or control
signal, the valve fails completely closed (FC).

@ Typical application: Fuel gas supply lines to a burner, where
loss of control should immediately shut off fuel to prevent
explosion hazards.
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Air-to-Close (ATC) / Fail-Open (FO) Mechanism |

Upper Chamber (Air)
Air Signal (ATC) —| 1 Fail Open

< b

Stem

Fail-Open (FO) / Air-To-Close (ATC)
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Air-to-Close (ATC) / Fail-Open (FO) Mechanism Il

@ Mechanics: An ATC valve requires pneumatic pressure to
move the plug toward the seat to close or throttle the flow.
When air pressure is removed, the springs lift the stem and
open the valve.

@ Actuator Setup: The spring is located in the lower chamber
(below the diaphragm), pushing the stem upwards. Instrument
air enters the upper chamber, pushing the diaphragm
downwards against the spring force.

o Fail-Safe Mode: Upon loss of instrument air or signal, the
valve fails completely open (FO).

@ Typical application: Cooling water lines to an exothermic

reactor jacket, where loss of control must maximize cooling to
prevent a thermal runaway.
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Process-Driven Criteria for Fail-Safe Selection |

The selection between Fail-Open (FO) and Fail-Closed (FC) is not
arbitrary; it is governed entirely by the physical and chemical safety
requirements of the process under failure conditions. Engineers
must ask: 'What is the safest state for this line if control is lost?’
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Process-Driven Criteria for Fail-Safe Selection |l

@ Exothermic Reactors: Cooling medium valves must fail open
(FO); reactant feed valves must fail closed (FC).

@ Steam Boilers: Feedwater control valves must fail open (FO)
to prevent boiler tube burnout due to dry heating; fuel gas
valves must fail closed (FC).

@ Distillation Columns: Reflux control valves typically fail open
(FO) or last position to prevent column flooding; reboiler
steam valves fail closed (FC) to stop heating.

@ Depressurization / Relief: Vent valves and blowdown valves
must fail open (FO) to depressurize vessels during emergency
shutdowns.
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Fail-to-Open (FO) Valves: Engineering Specifics |

Fail-to-Open (FO) valves, or Air-to-Close (ATC) valves, use the
control signal to restrict or stop flow. Without a signal, the valve is
fully open. Let us analyze the mechanical forces and application

domains.
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Fail-to-Open (FO) Valves: Engineering Specifics Il

@ Force Balance Equation: For an ATC valve, the closing force is
Fclose = Pair X Adiaphragm- The Opening force is
Fopen = k X X + Fprocess, Where k is spring rate, x is travel,
and Fprocess is fluid force.

o Utility Fail-Safe: Often used in utility headers (e.g., cooling
water, nitrogen purge, utility steam) where continuous flow is
essential for safety even when control loops fail.

@ Flashing and Cavitation: In FO valves, sudden failure to
wide-open can cause pressure drops downstream, potentially
initiating flashing or cavitation. Downstream piping must be
rated for full upstream pressure.

@ Positioner Bypass: If a smart positioner fails, it must exhaust
the actuator air to ensure the spring fully opens the valve.
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Fail-to-Close (FC) Valves: Engineering Specifics |

Fail-to-Close (FC) valves, or Air-to-Open (ATO) valves, block flow
upon signal failure. This is the most common configuration for
hazardous chemical feeds, hydrocarbons, and heating mediums.
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Fail-to-Close (FC) Valves: Engineering Specifics

@ Seat Leakage Class: Since FC valves serve a safety shutdown
role during power loss, they often require tight shut-off (ANSI
Class V or VI) compared to regular throttling valves (Class V).

@ Force Balance Equation: For an ATO valve, the closing force is
provided entirely by the spring: Fspring = k X (Xinjtiar). This
spring force must overcome process pressure Fprocess tO
maintain a tight seal.

@ Hydrocarbon Service: Valves handling flammable or toxic
chemicals must fail closed to isolate inventories and prevent
fuel feeding to fires.

@ Emergency Shutdown (ESD): ESD valves are dedicated FC
valves, often equipped with quick-exhaust valves (QEV) to
vent actuator air rapidly.
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Fail-Safe in Double-Acting Actuators |

While spring-return diaphragms offer simple and reliable fail-safe
action, large valves or high-pressure applications often use
piston-style, double-acting actuators that lack springs. These
require specialized components to achieve fail-safe behavior.
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Fail-Safe in Double-Acting Actuators |l

@ Double-Acting Pistons: These actuators use air on both sides
of the piston to move it. They have no natural spring return
mechanism.

@ Pneumatic Volume Tanks (Air Receivers): A dedicated air
reservoir is installed near the valve. Upon loss of main header
pressure, a check valve traps air in the tank to stroke the valve
to its fail-safe position.

o Trip Valves: High-precision pneumatic trip valves monitor
header pressure. If pressure drops below a setpoint, the trip
valve redirects the volume tank air to the appropriate side of
the actuator.

@ Hydraulic Dampeners: Often integrated to control speed and
prevent water hammer when large double-acting valves stroke
rapidly during emergency fail-safe actions.

v
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Actuator Accessories for Fail-Safe Operation |

The fail-safe action of a valve assembly depends not just on the
actuator, but on the entire loop of accessories including solenoid
valves, positioners, and quick exhaust valves.
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Actuator Accessories for Fail-Safe Operation Il

Key Points

@ Solenoid Valves (SOVs): A 3-way SOV is placed in the air line
to the actuator. De-energizing the SOV cuts off supply air and
directly exhausts the actuator air, forcing the valve to its
fail-safe state.

@ Smart Positioners: Modern digital valve controllers (DVCs)
can detect signal failure (current j 3.6 mA) and initiate a
controlled shutdown or vent air to drive the valve fail-safe.

@ Quick Exhaust Valves (QEV): Installed directly on the actuator
port to bypass the restrictive path of the positioner, allowing
rapid exhaust of air for fast valve closure or opening (typically
i 2 seconds).

@ Air Lock Relay: Used when 'Fail-Last-Position’ (Fail-in-Place)
is desired. It locks the air pressure inside the actuator cylinders
upon loss of air supply.
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Summary, Comparison, and Safety Standards |

Understanding fail-safe actions is critical for passing professional
engineering exams and designing chemical processes. Let us
summarize the key differences and relate them to industry
standards like IEC 61511.
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Summary, Comparison, and Safety Standards Il

o Fail-Open (FO) = Air-to-Close (ATC): Safe state is open.
Prevents overpressure/overheating by keeping relief/coolant
lines open.

o Fail-Closed (FC) = Air-to-Open (ATO): Safe state is closed.
Prevents fuel feeding, toxic releases, and reactor feed
overflows.

@ Safety Instrumented Systems (SIS): Fail-safe valve actions are
critical elements of Safety Instrumented Functions (SIFs),
contributing to the overall Safety Integrity Level (SIL) of a
process loop.

@ Periodic Proof Testing: Process plants must periodically test
fail-safe actions (including partial stroke testing) to ensure
valves do not get stuck in place over years of operation.

GTU Course Presentation DI103000191: Control Components July 25, 2026 150 / 652



Introduction to Signal Con

Modern control loops rely on standard signals to connect sensors,
controllers, and actuators. Signal converters are critical when
translating between electronic/digital control and pneumatic

actuation.
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Introduction to Signal Conversion Il

e Standard electronic control signal: 4 to 20 mA DC (low
impedance, high noise immunity).

e Standard pneumatic control signal: 3 to 15 psi (0.2 to 1.0 bar
or 20 to 100 kPa).

@ Pneumatic signals are preferred for heavy-duty valve actuators
due to their high torque-to-weight ratio and safety in explosive
environments.

@ Signal converters ensure seamless interface compatibility,
preventing signal distortion and lag.
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| to P (Current to Pressure) Converter: Operating

Principle |

An | /P converter acts as a transducer that accepts an analog
current input of 4-20 mA and converts it to a proportional
pneumatic pressure output of 3-15 psi.
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| to P (Current to Pressure) Converter: Operating
Principle Il

Key Points

@ Operates on the force-balance principle, where electromagnetic
force is balanced by feedback pressure.

@ Input current creates a magnetic field in a coil, generating a
proportional force that acts on a flapper lever.

@ The flapper moves relative to a nozzle, changing the bleed rate
of supply air.

@ Nozzle backpressure is used as the signal, which is amplified to
produce the final output pressure.

W
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|/P Converter: Construction & Schematic Diagram |

begintikzpicture[scale=1.0, j=stealth]

@ Permanent magnet creates a static magnetic field; the
electromagnetic coil generates a proportional dynamic force.

@ As current increases, the coil force pulls the beam upward,
restricting the nozzle exhaust.

@ Nozzle backpressure rises, which directly feeds into the
bellows, generating a downward opposing feedback force.

@ The system settles at a dynamic equilibrium where
electromagnetic torque equals feedback torque.
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|/P Converter: Detailed Construction and Mechanics

The mechanical setup of the I/P converter is engineered for

precision, durability, and vibration resistance. Let's analyze the
components.
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|/P Converter: Detailed Construction and Mechanics

@ Torque Motor / Coil: Highly responsive, winding resistance is
typically between 100 to 300 Ohms to match standard current
loops.

o Flapper-Nozzle Gap: The gap distance is extremely small
(around 0.001 to 0.005 inches) to achieve precise flow
regulation.

@ Restrictor (Orifice): Placed upstream of the nozzle, it creates
a pressure drop. Usually holds a tiny hole diameter of 0.1 to
0.3 mm.

@ Pneumatic Booster Relay: High-capacity air valve that
prevents control signal delay by increasing flow rate to the
actuator.
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|/P Converter: Working and Calibration |

Understanding the feedback mechanism and how to calibrate the
zero and span is crucial for industrial field engineering.

@ Dynamic Equilibrium: F.oil * di = Fpellows * d,. The
distances from the pivot (d; and dy) determine the mechanical
gain.

@ Zero Calibration: Performed by adjusting a zero spring
tensioner to ensure output is exactly 3 psi when input is 4 mA.

@ Span Calibration: Performed by adjusting the position of the
feedback bellows along the beam or tuning a magnetic shunt
to ensure output is exactly 15 psi when input is 20 mA.

@ Supply air pressure sensitivity: Standard filters and regulators
maintain supply pressure at 20 psi to avoid output drift.

W
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P to | (Pressure to Current) Converter: Operating

Principle |

A P/I converter takes a 3-15 psi pneumatic signal and converts it
into a proportional 4-20 mA DC electrical signal for electronic
control systems.
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P to | (Pressure to Current) Converter: Operating
Principle Il

Key Points

@ Provides feedback from pneumatic field devices to digital
DCS/PLC systems.

@ Historical /Mechanical design: Force-balance beam where

pressure bellows force is balanced by a feedback electromagnet.

@ Modern design: Piezoresistive solid-state sensor where pressure

deflects a silicon diaphragm, changing bridge resistance.

@ The change in resistance is converted to a high-stability 4-20

mA current loop.
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P/l Converter: Construction & Schematic Diagram |

begintikzpicture[scale=1.0, j=stealth]

@ The input pressure bellows exerts an upward force on the
balance beam directly proportional to the 3-15 psi input.

@ A highly sensitive position sensor detects the slight deflection
of the beam and outputs an electrical signal to the amplifier.

@ The amplifier converts this into a 4-20 mA output current
signal and drives the feedback coil.

@ The feedback coil creates an opposing downward force, pulling
the beam back to equilibrium, guaranteeing output linearity.
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P/l Converter: Solid-State and Piezoresistive Design |

Modern electronic P/l converters rely on solid-state transducers
rather than mechanical force-balance beams, offering high vibration
tolerance.

o Piezoresistive Effect: The electrical resistance of semiconductor
materials changes in response to applied mechanical stress.

@ Wheatstone Bridge Circuit: Four strain gauges are diffused
into a silicon diaphragm in a bridge configuration to maximize
sensitivity.

@ Amplifier Stage: Reads the differential millivolt bridge voltage,
linearizes it, and maps it to a standard current range.

@ Zero and span calibration are performed electronically via
digital trimming (EEPROM) or high-precision potentiometers.

v
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Comparative Analysis & Industrial Applications |

Both converters serve as essential links in the hybrid control
environment where analog electronics and pneumatics co-exist.
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Comparative Analysis & Industrial Applications Il

Key Points

@ Direct Action vs Reverse Action: Converters can be configured
so that increasing input increases output (direct) or decreases
output (reverse).

@ Air Consumption: |/P converters continuously consume a
small amount of instrument air (steady-state bleed) which
must be filtered.

@ Vibration and Mounting: Force-balance types are sensitive to
vibration and must be mounted vertically; solid-state P/I
converters are position-independent.

@ Intrinsically Safe Designs: Essential for hazardous areas where
flammable gases are present, limiting electrical energy to
prevent ignition.
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The Functional Role of Actuators |

An actuator is the physical link that translates control signals into
mechanical movement to adjust the final control element (e.g.,
valve plug).

@ Transducing Mechanism: Converts low-energy control signals
(e.g., 4-20 mA, 0-10 V, or digital fieldbus packets) into
high-force mechanical energy.

@ Dynamic Response: Must overcome static and dynamic forces
within the control valve, including fluid pressure drops, packing
friction, and unbalanced stem force.

@ Throttling vs. On-Off: Throttling actuators maintain precise
intermediate positions, whereas on-off actuators transition
rapidly between fully open and fully closed states.

GTU Course Presentation DI103000191: Control Components July 25, 2026 165 / 652



Classification of Control Actuators |

Actuators are classified based on their primary power source and
movement characteristics.

@ Pneumatic Actuators: Use compressed air; highly reliable,
fail-safe (spring-return), and inherently explosion-proof, but
require air infrastructure.

@ Hydraulic Actuators: Use pressurized oil; deliver extremely
high forces and fast response times, but suffer from fluid
leakage risks and high complexity.

@ Electric Actuators: Use electrical energy (AC/DC motors or
solenoids); highly precise, clean, easily interface with digital
control networks, but lack simple fail-safe modes without
battery backups.
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Block Diagram of an Electric Actuator |
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Block Diagram of an Electric Actuator Il

Key Points

o Feedback Loop: Position feedback compares the output shaft
angle/travel against the input setpoint, minimizing
steady-state offset.

@ Servo Driver: Adjusts the motor voltage or duty cycle (via
PWM) based on the error signal calculated internally.

@ Gearbox Reduction: Steps down the high rotational speed of
the motor to provide the high torque required for valve
operation.
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Solenoid Actuators: Construction and Working |
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Solenoid Actuators: Construction and Working Il

@ Electromagnetic Force: Energizing the coil creates a magnetic
field that pulls the plunger against the spring force.

@ Spring Return: De-energizing the coil removes the magnetic
force, allowing the spring to return the plunger to its default
position.

@ Two-Position (On-Off) Control: Solenoid actuators are
fundamentally discrete control elements, widely used for safety
interlocks, ESD (Emergency Shutdown), and bypass lines.
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Industrial Electric Actuator Construction |

Heavy-duty electric actuators consist of several critical components
integrated into a robust, weatherproof or explosion-proof enclosure.

@ Drive Motor: Reversible motor (AC or DC) optimized for high
starting torque and continuous or intermittent duty cycles.

@ Reduction Gear Train: Utilizes spur gears, worm gears, or
scotch yoke mechanisms to step down high motor speed and
multiply output torque.

@ Torque and Limit Switches: Microswitches that interrupt
motor power when a preset torque or travel limit is reached to
prevent structural damage.

@ Manual Handwheel: Allows operators to position the valve
manually in the event of an electrical power failure.

W
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AC vs. DC Motors in Actuator Design |

The choice of electric motor determines the dynamic
characteristics, speed control, and reliability of the actuator.

@ AC Induction Motors: Single-phase or three-phase motors are
highly robust, require minimal maintenance, and are standard
for high-duty, constant-speed applications.

e DC Motors (Brushed/Brushless): Offer excellent speed and
torque control. Brushless DC (BLDC) motors are preferred for
modern precision control due to higher efficiency and absence
of spark-producing brushes.

@ Duty Cycle Constraints: Electric motors are subject to thermal
limits (typically 30
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Stepper and Servo Control in Actuators |

Modern digital control loops require precise position throttling,
which is achieved through stepper or servomotor integration.
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Stepper and Servo Control in Actuators Il

@ Stepper Motor Actuators: Rotate in discrete, precise angular
steps. Ideal for open-loop micro-positioning without
continuous feedback, though they can lose steps under
overload conditions.

@ Servo Motor Actuators: Closed-loop systems combining a
motor, position feedback sensor, and error-correcting
controller. They adjust current dynamically to maintain
position under variable loads.

o Stiffness & Holding Torque: Servos active-hold their position
by continuously modulating current, preventing back-driving
caused by fluid forces acting on the valve plug.
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Position Feedback and Interface Electronics |

To participate in closed-loop process control, electric actuators
must accurately sense and report their mechanical position.

@ Feedback Sensors: Precision potentiometers, LVDTs (Linear
Variable Differential Transformers), or optical rotary/absolute
encoders track stem position.

@ Analog Interfaces: Accept traditional 4-20 mA or 0-10 VDC
control signals, using an internal comparator to position the
valve proportionally.

@ Digital Smart Actuators: Communicate via HART, Modbus
Profibus, or Foundation Fieldbus, transmitting diagnostics
(e.g., motor temperature, cycle counts, torque profiles).

GTU Course Presentation DI103000191: Control Components July 25, 2026 175 / 652



Engineering Comparison & Application Suitability |

Electric actuators are selected based on process requirements,
environment, and cost constraints.

o Advantages: Exceptionally clean (no air or fluid leaks), high
torque capability, stable positioning under fluctuating loads,
and easy integration over long distances.

o Limitations: Higher initial cost, thermal duty cycle limits,
slower speed of response compared to pneumatic systems, and
complex explosion-proof packaging requirements.

@ Typical Applications: HVAC water flow regulation, remote oil
and gas pipelines, chemical dosing systems, and cleanroom
environments where compressed air is unavailable.

.
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Fluid Power Fundamentals |

Fluid power is the generation, control, and transmission of power
using pressurized fluids. In process control, these fluids are
categorized into compressible gases (pneumatic systems) and
incompressible liquids (hydraulic systems).
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Fluid Power Fundamentals |l

Key Points

@ Pneumatic systems standardly operate between 4 to 10 bar
(60-150 psi) utilizing clean, dry instrument air.

@ Hydraulic systems operate at high pressures (70 to 350+ bar
or 1000-5000+ psi) utilizing mineral oils or synthetic fluids.

@ Energy transmission is governed by Pascal's Law: pressure
applied to a confined fluid is transmitted undiminished in all
directions.

@ Actuators function as the muscle of the control loop,
converting fluid pressure into linear or rotary displacement to
position the valve plug.
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Pneumatic Diaphragm Actuator Structure |
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Pneumatic Diaphragm Actuator Structure Il

Key Points

o lllustrates a direct-acting (air-to-extend) diaphragm actuator
containing a dynamic elastomer seal and spring return.

@ Linearity is maintained by the spring’s Hooke's Law behavior:
F = ks - x, balancing the pressure-area product P - Ay.

@ A large diaphragm area (Ay) enables the generation of
significant force even with low signal pressures (e.g. 3-15 psi).

o Fail-safe behavior is determined by spring orientation:
fail-closed (air-to-open) or fail-open (air-to-close).
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Pneumatic Signals & 1/P Conversion |

Modern distributed control systems (DCS) generate analog
electrical signals (4-20 mA), which must be converted to standard
pneumatic signals (3-15 psi) to drive actuators.
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Pneumatic Signals & I/P Conversion Il

@ The current-to-pressure (I/P) converter serves as the
transducer interface, modulating air supply based on
electromagnetic force.

@ The internal flapper-nozzle mechanism regulates a bleed rate,
which is amplified by a pneumatic relay to output the 3-15 psi
signal.

@ The standard 3-15 psi (0.2-1.0 bar) range is highly linear and
provides a live zero (3 psi) to distinguish a loss of signal from
minimum scale.

@ Instrument air supply must be clean, dry, and oil-free (ISO
8573-1 class 1 for solids/water/oil) to prevent nozzle clogging.
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Pneumatic Valve Accessories |

Standard pneumatic actuators suffer from slow response times,
stem friction (stiction), and positioning hysteresis. External
instrumentation accessories are added to achieve precise closed-loop
control.
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Pneumatic Valve Accessories |l

@ Valve Positioners: Compare the controller's pneumatic/electric
target signal to the physical stem position and adjust air
delivery accordingly.

@ Volume Boosters: Provide high-flow capacity to rapidly charge
or vent large actuator chambers, minimizing dead time in large
valves.

@ Solenoid Valves: Interposed in the air line to immediately vent
the actuator to atmosphere for emergency shutdown (ESD)
actions.

@ Quick Exhaust Valves: Installed directly on the actuator
cylinder ports to bypass restrictive signal tubing and speed up
return strokes.

GTU Course Presentation DI103000191: Control Components July 25, 2026 184 / 652



Hydraulic Systems in Industry |

When thrust requirements exceed the capabilities of standard
pneumatic diaphragms (typically above 50 kN) or require fast step
responses, electro-hydraulic systems are employed.
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Hydraulic Systems in Industry Il

o Hydraulic oil has a high bulk modulus (E =~ 1.5 x 10° Pa),
preventing positioning 'springiness’ and load-induced drift.

@ Operating pressures range from 70 to over 350 bar, allowing
compact cylinders to generate massive force (up to several
thousand kN).

@ High stiffness makes hydraulics ideal for steam turbine
governor control, high-pressure gas bypass valves, and
heavy-duty chokes.

@ Requires local or centralized hydraulic power units (HPUs)
containing pumps, reservoirs, filters, and accumulators.
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Double-Acting Hydraulic Cylinder |
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GTU Course Presentation DI103000191: Control Components July 25, 2026 187 /652



Double-Acting Hydraulic Cylinder Il

@ A double-acting cylinder allows active fluid force application in
both extension and retraction strokes.

@ High pressure fluid entering Port A drives the piston rightward,
forcing low pressure fluid out of Port B back to the reservoir.

@ Thrust force during extension:
Fext = PA : Apiston - PB : (Apiston - Arod) - Ffriction-

@ Position feedback is typically integrated directly inside the

hollow piston rod using linear variable differential transducers
(LVDTs).
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Mathematical Modeling & Dynamics |

Designing stable closed-loop control requires characterizing the
dynamic response of the actuator. The mechanical assembly is
modeled as a mass-spring-damper system.

Key Points

° Mechanical force balance equation:
dt2 a4 cdt + ksx = A- AP — Fjpaq, Wwhere m is mass, ¢ is

damping, and Fj,,q is static load.

@ For pneumatics, pressure dynamics: % = R\;r Mmip, — 7“%

which is highly non-linear due to air den5|ty changes.

o For hydraulics, pressure dynamics: 92 = (Q,,, A%, where

B is the fluid bulk modulus.

@ The hydraulic natural frequency is significantly higher than
that of pneumatics, enabling wider loop bandwidths.

v
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Comparative Analysis: Pneumatic vs. Hydraulic |

Selecting the fluid power technology involves analyzing physical

performance trade-offs, installation footprints, and capital
expenditure.
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Comparative Analysis: Pneumatic vs. Hydraulic Il

@ Force capability: Pneumatics is generally limited by maximum
air supply pressure; hydraulics is capable of generating massive
forces in small sizes.

@ System stiffness: Hydraulics offers near-zero compressibility,
maintaining position under high, fluctuating valve loads.

@ Positioning accuracy: Hydraulics can achieve sub-millimeter
precision; pneumatics suffers from stiction-induced limit cycles.

o Safety and Maintenance: Pneumatic leaks vent air safely;
hydraulic fluid leaks present fire hazards, environmental
contamination, and slip risks.
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Industrial Selection Criteria |

In process plants, specific engineering constraints dictate the
actuator design choice. Standard conventions apply across different
industries.

@ Pneumatics is the default choice for 90

@ Hydraulics is reserved for severe service applications: large
anti-surge valves, high-pressure steam bypass, and subsea
choke valves.

o Fail-safe action (e.g. spring return) is easier and cheaper to
implement in pneumatics than hydraulic accumulators.

@ Ambient temperature limits: Pneumatics require dewpoint
control to prevent winter freezing; hydraulics require
heating/cooling of oil reservoirs.
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Introduction to Valve Positioners |

A valve positioner is a high-gain control instrument that acts as a
local feedback controller to ensure the valve stem position is
directly proportional to the controller output signal.

e Continuously compares the command signal (from a process
controller) to the actual physical travel of the valve stem.

@ Reduces hysteresis, dead band, stiction, and other mechanical
non-linearities inherent in control valve assemblies.

@ Improves the dynamic response and positioning accuracy of
the control valve, especially under high process load variations.
v
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Why Do We Need a Valve Positioner? |

Without a positioner, control valve response is degraded by stem
friction, process pressure variations, and long transmission lines.

@ Overcomes Stem Friction: Compensates for high packing
friction (e.g., tight Teflon/Graphite glands) that resists stem
movement.

@ Counteracts Process Dynamics: Minimizes plug displacement
caused by fluctuating pressure drops and high fluid velocities.

@ Handles High-Viscosity Fluids: Aids the actuator in accurately
positioning the plug in viscous or slurry service.

@ Speeds up Response: Minimizes lag caused by large actuator
casing volumes and long command transmission lines.
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Closed-Loop Control of Valve Stem Position |

Controller
Signal (Pc)

Pneumatic
Amplifier

Control
Actuator

Feedback
Linkage / Spring |!
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Closed-Loop Control of Valve Stem Position Il

Key Points

@ The positioner establishes a local closed-loop feedback control
system around the valve actuator.

@ The error between the input command and actual stem
position is continuously computed.

@ Pneumatic amplification drives the actuator until the position
error is reduced to zero.
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Classification of Valve Positioners |

Valve positioners are broadly classified by their input signals,
operating principles, and action types.

@ Based on Input Signal: Pneumatic (3-15 psi input),
Electro-Pneumatic (4-20 mA input), and Digital /Smart
(HART /Fieldbus protocols).

@ Based on Operating Principle: Force Balance (forces of bellows
and feedback spring oppose each other) and Motion Balance
(movements of bellows and feedback link are compared).

@ Based on Action Type: Single-Acting (used with spring-return
actuators) and Double-Acting (used with piston actuators
without springs).
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Pneumatic Positioners - Working Principle |

A pneumatic positioner receives a 3-15 psi (0.2-1.0 bar) signal from
the process controller and modulates a high-pressure supply air
source (typically 20-100 psi) to the actuator.

@ Bellows System: Converts the incoming pneumatic controller
signal into a physical force.

o Baffle-Nozzle Assembly: Modulates the pilot pressure going to
the pneumatic relay based on the flapper position.

@ Pneumatic Relay: Amplifies the air volume/flow capacity to
rapidly fill or exhaust the actuator casing.

@ Feedback Cam & Spring: Translates the physical travel of the
valve stem back into the comparison mechanism.

GTU Course Presentation DI103000191: Control Components July 25, 2026 198 / 652



Force Balance Pneumatic Positioner |

Nozzle
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Force Balance Pneumatic Positioner |l

@ The input signal (Pc) inflates the bellows, exerting an upward
force Fpeliows ON the beam, pivoting it upwards.

@ This action restricts the air flow through the nozzle, increasing
nozzle backpressure and driving the actuator.

@ The resulting stem travel pulls down on the feedback spring,
exerting a downward force Fgping until forces balance.
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Motion Balance Principle |

In a motion-balance positioner, the input bellows and the feedback
linkage are connected to separate points on a mechanical linkage,
and their displacements are directly compared.

Key Points

@ The comparison mechanism directly subtracts the feedback
displacement from the input bellows displacement.

@ Any net displacement (error) moves the flapper relative to the
nozzle, changing the control signal to the relay.

@ Unlike force balance, which maintains balance by opposing
forces, motion balance physically returns the linkage to its
initial position.

@ Typically more complex mechanically but less sensitive to
high-frequency vibration compared to force-balance models.

v
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Performance Evaluation |

Evaluating the strengths and limitations of pneumatic positioners is
crucial for correct component selection.

Key Points

@ Advantages: Simple and robust mechanical design; intrinsically
safe for hazardous environments; highly reliable in extreme
temperatures.

e Disadvantages: Susceptible to air supply contamination (dust,
moisture, oil); higher air consumption; slower response
compared to digital positioners over long distances.

o ldeal Applications: Petrochemical plants, refineries, and legacy
pneumatic instrumentation loops.
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Summary & Key Takeaways |

Understanding the positioner function is fundamental to designing
robust closed-loop industrial control systems.

Key Points

@ A valve positioner acts as a localized feedback controller to
ensure accurate valve plug positioning.

@ |t addresses the critical limitations of standard actuators such
as friction, stiction, and process disturbances.

@ Pneumatic positioners operate on either Force Balance or
Motion Balance principles, using nozzle-baffle mechanisms and
relays.

@ Next Lecture: Electro-Pneumatic (I/P) Positioners and Digital
Smart Positioners.
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Introduction to Electro-Pneumatic Control |

Electro-pneumatic systems bridge the gap between electronic
controllers and powerful pneumatic final control elements,
combining the speed of electronics with the high thrust of

pneumatics.
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Introduction to Electro-Pneumatic Control Il

Key Points

o Typically translates electrical control signals (4-20 mA DC or
0-10 V) from PLCs/DCSs into standard pneumatic control
pressures (3-15 psi or 0.2-1.0 bar).

@ Preferred in hazardous or explosive process industries (e.g.,
petrochemicals) due to the intrinsic safety of pneumatic
actuators.

o Key system components include Current-to-Pressure (1/P)

converters, electro-pneumatic valve positioners, solenoid
valves, and limit switches.
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Current-to-Pressure (I/P) Converter Principles |

The I/P converter is a critical transducer that uses a
electromagnetic force-balance mechanism to produce an output
pressure proportional to the input current signal.

Key Points

@ Input current (4-20 mA) passes through a coil suspended in a

permanent magnetic field, generating an electromagnetic force:
F ol

@ The generated force moves a flapper relative to a nozzle,
restricting or releasing the venting air.

@ Nozzle backpressure is dynamically adjusted and amplified by a
pneumatic booster relay to generate the 3-15 psi output.

@ Requires a clean, dry instrument air supply (typically 20 psi /
1.4 bar) compliant with ISA-7.0.01 standard.

v
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|/P Converter Schematic |
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|/P Converter Schematic I

Key Points

@ Force balance: The electromagnetic force pushes the flapper
closer to the nozzle, increasing backpressure.

@ Feedback mechanism: The spring provides a restoring force to
balance the flapper movement, maintaining linearity.

e Amplification: A pneumatic booster relay (not shown) is
normally used to handle high flow rates for valve actuation.
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Electro-Pneumatic (E/P) Positioners |

An E/P positioner is a closed-loop controller mounted on the
control valve actuator that continuously compares the command
signal (4-20 mA) to the actual stem travel.

@ Eliminates the effects of actuator hysteresis, stem friction
(packing box friction), and valve stiction.

@ Overcomes unbalanced forces caused by process fluid pressure
drops across the valve plug.

@ Enables faster response times and supports split-ranging (e.g.,
one valve operating on 4-12 mA, another on 12-20 mA).

e Smart/Digital Positioners: Use microprocessors and travel
sensors to offer self-diagnostics, signature curves, and HART
protocol integration.

W

GTU Course Presentation DI103000191: Control Components July 25, 2026 209 /652



Control Valve Flow Characteristics: Core Concepts |

Flow characteristic represents the relationship between the
percentage of valve opening (stem travel) and the relative flow rate
through the valve.
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Control Valve Flow Characteristics: Core Concepts |l

@ Mathematical flow equation: Q@ = C, \/ SG, where C, is the

flow coefficient and SG is the fluid's specific gravity.

@ Inherent Flow Characteristic: The flow vs. travel relationship
under laboratory conditions with a constant pressure drop
(Pyaive = Constant) across the valve.

@ Installed Flow Characteristic: The actual flow vs. travel
relationship in service, where pressure drop across the valve
varies due to series piping resistance and pump curves.

@ Proper matching of the inherent characteristic is required to
keep the overall loop gain constant across all operating loads.
v
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Types of Inherent Flow Characteristics |

Valve plugs are machined to specific profiles to produce distinct

inherent flow behaviors: Quick Opening, Linear, or Equal
Percentage.
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Types of Inherent Flow Characteristics |l

Key Points

o Linear: Flow rate is directly proportional to stem travel:

ddiv = k. Used when the valve pressure drop is a major part of

system pressure drop.

@ Equal Percentage: Equal increments of stem travel yield equal
percentage changes in the current flow rate: % = kC,. Used
when system pressure drop shifts significantly with flow.

@ Quick Opening: Provides large flow rates at small openings,
reaching full capacity rapidly. Typically used for on-off,
emergency shutdown, or bypass service.

@ Hyperbolic and Modified Parabolic: Intermediate
characteristics selected to linearize specific non-linear process
loops.
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Inherent Flow Characteristics Curves |
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Inherent Flow Characteristics Curves I

Key Points
@ Quick Opening: Rapid flow rise initially, flattens out around 50
@ Linear: Straight line relationship, maintaining constant valve
gain (K, = constant).
@ Equal Percentage: Exponential profile. At low openings, flow
increases slowly; at high openings, flow increases rapidly.
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Inherent vs. Installed Characteristics |

Piping friction and system components reduce the pressure drop
across the control valve as the flow rate increases, distorting the
inherent flow curve.

@ Defined by the valve pressure drop ratio: Pgr = APA:% at
otal system

design flow rate.

o If Pr = 1.0, the installed characteristic is identical to the
inherent characteristic.

@ As Pg drops below 0.3, a linear valve acts like a quick-opening
valve, risking system instability at high flow.
@ Under the same conditions, an equal percentage valve shifts

toward a linear response in service, compensating for the line
losses.

v

GTU Course Presentation DI103000191: Control Components July 25, 2026 216 / 652



Valve Plug Design & Selection Guide |

Guidelines for selecting the correct inherent characteristic based on
process dynamics and line resistance.

Key Points
@ Select Linear if: The valve handles more than 70
o Select Equal Percentage if: The valve handles less than 30

@ Select Quick Opening if: Rapid relief or emergency isolation
(safety interlocks) is required.

@ Rangeability: Equal percentage valves typically offer the widest
rangeability (30:1 to 50:1), maintaining sensitivity at low flow
ranges.
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Inherent vs. Installed Characteristics |

The flow behavior of a control valve is characterized in two distinct
states: inherent (isolated testing) and installed (operational piping
system).

Key Points

@ Inherent characteristics represent the flow rate vs. valve stroke
under a constant pressure drop (AP) across the valve body.

@ Installed characteristics represent the actual flow rate vs. valve
stroke when the valve operates within a complete process loop.

@ Piping friction losses and pump curve profiles cause the
pressure drop across the valve to change as the flow rate varies.
@ Understanding this deviation is critical: an inherently

non-linear valve can behave linearly when installed, and vice
versa.
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Linear Characteristics: Definition and Math |

The linear characteristic maintains a direct, constant mathematical
relationship between the physical position of the valve plug and the
resulting flow capacity.

Key Points

@ Governed by the fundamental differential equation: dC, / dh
= k (where h is relative stem travel, 0 < h < 1).

o Integrating the relationship yields: C,(h) =
(Cv7max - Cv,min)h + Cv,min-

@ For an ideal control valve with zero leakage, the flow equation
simplifies to a direct ratio: Q/Qmax = h.

@ The valve gain (change in flow divided by change in stem
displacement) remains completely constant across the entire
operating range.

W
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Linear Valve Applications |

Linear control valves are selected for process loops where the
system pressure drop remains relatively stable, ensuring the
installed behavior matches the inherent characteristic.

GTU Course Presentation DI103000191: Control Components July 25, 2026 220 /652



Linear Valve Applications Il

@ Commonly applied in liquid level control loops where the static
head of the discharge or feed vessel is constant.

@ ldeal for flow control loops when the valve pressure drop
dominates the system (AP, e/ APiotas > 0.5).

@ Used in steam header pressure regulation where the upstream
and downstream pressures are tightly managed by separate
controls.

@ Preferred in three-way mixing or diverting services, ensuring
that the combined total flow remains constant as the ports
actuate.
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Equal Percentage and Quick Opening Characteristics

Alternative inherent characteristics are designed to compensate for
piping friction or to provide rapid, full-capacity on-off isolation.
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Equal Percentage and Quick Opening Characteristics

@ Equal Percentage: Defined by dC, / dh = n C,, which
integrates to the exponential relationship: C,(h) =
Cv,min : en~h_

@ Equal increments of valve travel produce equal percentage
changes in the existing flow coefficient: (dC, / C,) / dh = n.

@ Equal Percentage is selected when the valve pressure drop
decreases significantly as the flow rate increases (high friction
piping).

@ Quick Opening: Provides maximum flow rate change at very
low travel, reaching approximately 90
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Flow Characteristics Curves |

Flow (%)
A
100
uick Opening
75
2>
4\(\2'
50 v
25
Equal %
0 s Travel (%)
0 25 50 75 100

GTU Course Presentation DI103000191: Control Components July 25, 2026 224 / 652



Flow Characteristics Curves I

@ The graph plots Valve Travel (0-100

@ Linear curve shows a constant slope, maintaining a uniform
gain throughout the entire stroke length.

@ Equal Percentage curve bows downward, providing fine control
at low flow rates and high capacity at high openings.

@ Quick Opening curve rises sharply, making it ideal for on-off,
emergency shutdown, and safety relief applications.
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Valve Selection Guidelines |

Selecting the correct valve characteristic is critical to keeping the
overall control loop gain constant across all operating conditions.

@ If the piping system has high friction losses (low pressure drop
ratio Pg j 0.3), select an Equal Percentage valve.

@ The installed behavior of an Equal Percentage valve in a
high-friction system shifts toward a linear profile.

o If the valve pressure drop is constant (independent of flow rate,
Pr i 0.5), select a Linear valve to maintain constant loop gain.

@ For temperature loops (inherently slow and non-linear), Equal
Percentage valves are almost universally preferred to maintain
stability.
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Control Valve Maintenance and Failure Modes |

Proactive diagnostic testing and physical maintenance are required
to address common mechanical issues in harsh process
environments.
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Control Valve Maintenance and Failure Modes Il

o Seat Leakage: Classified under ANSI/FCI 70-2 (Class | to VI).
Class IV is standard metal-to-metal; Class VI is bubble-tight
soft seats.

e Stiction (Static Friction): Causes the valve stem to stick and
jump, resulting in limit-cycle oscillations around the controller
setpoint.

@ Erosion & Cavitation: High velocity and local vapor bubble
collapse damage the plug and seat; mitigated by hardened trim
or multi-stage cages.

@ Actuator Failures: Diaphragm rupture, cylinder seal
degradation, or spring fatigue prevent accurate
pressure-to-stroke conversion.
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Calibration Procedure of Control Valve |

Calibration aligns the valve positioner and actuator linkages to
ensure that the physical stroke corresponds precisely to the
controller's demand signal.
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Calibration Procedure of Control Valve Il

@ Verify mechanical integrity: Inspect the mounting alignment,
feedback linkage arm, and input air supply pressure.

@ Zero Adjustment: Apply the minimum input signal (4.00 mA
or 3.0 psi) and adjust the zero screw until the plug just seats
securely.

@ Span Adjustment: Apply the maximum input signal (20.00 mA
or 15.0 psi) and adjust the span screw until the stem travel
aligns with the 100

@ Linearity Check: Perform a 5-point upscale and downscale
verification (4, 8, 12, 16, 20 mA) to measure hysteresis and
repeatability errors.

GTU Course Presentation DI103000191: Control Components July 25, 2026 230 /652



Valve Positioner Feedback Loop |
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Valve Positioner Feedback Loop I

Key Points

@ The valve positioner acts as a high-gain local feedback
controller directly mounted on the actuator assembly.

@ |t compares the target signal from the control system with the
physical stem position feedback from the mechanical linkage.

@ Directly corrects for stem stiction, packing gland friction, and
dynamic process forces acting on the valve plug.

@ Significantly decreases the loop response time and reduces
hysteresis to within the industry standard limit of less than 0.5
v
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Introduction to Pneumatic Systems |

Pneumatic systems utilize compressed air as the working fluid to
transmit and control energy. Air must be conditioned before use to
prevent component failure.

@ Primary advantages: Abundant source material, high safety
(non-flammable), simple transport, and overload safety.

o Key limitations: Compressibility leads to non-uniform piston
speeds, low force capability compared to hydraulics (typically
limited to 20-30 kN at standard 6 bar pressures), and noise
from exhaust air.

e Air quality requirements (ISO 8573-1): Filtration, regulation,
and lubrication (if required by seal types) are vital.
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Air Preparation: FRL Unit Construction |

The FRL unit (Filter-Regulator-Lubricator) is the first line of
defense for pneumatic components. Modern systems often use
non-lubricated valves and cylinders, making the 'L’ optional.

Key Points
o Filter: Utilizes centrifugal action via deflector vanes to force
water/dirt particles outward, followed by a sintered bronze or
porous plastic element (typically 5 to 40 micron rating).

@ Regulator: A diaphragm-operated force-balance mechanism
that maintains a constant downstream pressure despite
upstream pressure fluctuations or changes in flow rate.

@ Lubricator: Uses the Venturi effect to create a pressure drop
that draws oil from the reservoir, atomizing it into a fine mist
(micro-fog) carried by the air stream to reduce friction.
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Construction of a Diaphragm-Type Pressure

Regulator |

Screw
Spring
Diaphragm
Inlet (P}) Odtlet (P7)
& s
Poppet
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Construction of a Diaphragm-Type Pressure

Regulator |l

@ Adjusting Screw: Compresses the main regulating spring to set
the desired downstream pressure (reference force).

@ Diaphragm: Acts as the sensing element, balancing the force
of the regulating spring against the downstream pressure
acting on its underside.

@ Poppet Valve: Driven by the diaphragm stem. If downstream
pressure rises above setpoint, the diaphragm moves upward,
allowing the poppet to close the inlet orifice.

@ Relieving Feature: Self-relieving regulators have a small
exhaust vent in the center of the diaphragm to dump excess
downstream pressure.
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Pneumatic Actuators: Cylinders |

Pneumatic cylinders convert pressure energy into linear mechanical
force and motion. Construction features determine their operating
characteristics.
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Pneumatic Actuators: Cylinders Il

Key Points
@ Single-Acting Cylinder (SAC): Compressed air is applied to
only one side of the piston. The return stroke is accomplished
by a mechanical spring, gravity, or an external load.

@ Double-Acting Cylinder (DAC): Air pressure is applied
alternately to both sides of the piston to produce force during
both extension and retraction.

@ Piston Seals: Typically U-cup or O-ring elastomeric seals (NBR
or Viton) that prevent bypass leakage while maintaining low
sliding friction.

@ Cushioning: Adjustable air cushions at the end of the stroke
decelerate the piston to prevent metal-on-metal impact and
damage.

GTU Course Presentation DI103000191: Control Components July 25, 2026 238 /652



Construction of a Double-Acting Cylinder |
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Construction of a Double-Acting Cylinder Il

@ Cylinder Barrel: Drawn steel, brass, or anodized aluminum
tubing with a highly polished inner surface to minimize seal
wear.

@ Piston and Rod: The piston (usually aluminum or steel) holds
the dynamic seals and wear ring. The rod (ground and
hard-chrome plated steel) transmits the force.

@ Tie Rod Construction: Holds the end caps securely against the
cylinder barrel using high-tensile steel rods.

@ End Cushioning: A needle valve restricts the exhaust air flow
just before the piston reaches the end cap, creating a
high-pressure air pocket that dampens the impact.
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Directional Control Valves (DCVs) |

DCVs route compressed air to start, stop, or change the direction
of air flow in a circuit. They are defined by the number of ports
and switching positions.

GTU Course Presentation DI103000191: Control Components July 25, 2026 241 /652



Directional Control Valves (DCVs) Il

Key Points

@ Ports and Positions: Described as '"Number of Ports / Number
of Positions’ (e.g., 3/2-way, 5/2-way, 5/3-way).

@ Spool Construction: A sliding cylindrical metal shaft with
lands (raised sections) and grooves (narrowed sections) that
block or connect internal passages.

@ Poppet Construction: A disc or cone moves axially against a
seat to seal the port. Poppet valves offer zero-leakage, fast
response, but require higher actuation forces.

@ Exhaust Ports: Typically threaded to accept silencers
(mufflers) to reduce acoustic noise levels.
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Spool vs. Poppet Valve Design |

The mechanical construction of the internal sealing elements
governs valve response time, leakage rate, and cost.
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Spool vs. Poppet Valve Design Il

Key Points

o Leakage: Spool valves exhibit slight bypass leakage due to
clearance fits, whereas poppet valves offer tight elastomeric
seal-to-metal seating for zero-leakage operation.

@ Actuation Force: Poppet valves must overcome internal air
pressure to open, requiring higher force. Spool valves are
balanced, requiring only friction-overcoming force.

@ Crossover (Overlap): Spool valves can be designed with
underlap (open transition) or overlap (closed transition).
Poppet valves are inherently non-overlapping.

o Dirt Sensitivity: Spool valves are sensitive to particulate
contamination which can cause jamming or seal shearing,
while poppet valves tend to be self-cleaning.
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Valve Actuation and Return Mechanisms |

The method of shifting a valve spool or poppet is chosen based on
system control requirements (manual, mechanical, electrical, or
pneumatic).
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Valve Actuation and Return Mechanisms ||

Key Points

@ Manual Actuation: Pushbuttons, hand levers, foot pedals
(ideal for direct human operator control).

@ Mechanical Actuation: Plungers, roller levers, one-way rollers
(used to sense cylinder position or limit travel).

@ Solenoid (Electrical) Actuation: An electromagnetic coil pulls
an armature to shift the spool directly, or pilots a small control
air signal (solenoid-pilot).

@ Pneumatic (Air-Pilot) Actuation: Shifts the spool using a
remote pilot pressure signal, enabling safe operation in
hazardous or explosive environments.

@ Return Mechanisms: Mechanical springs (spring-return) or
air-pilots are used to return the valve to its default
non-actuated state.
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Flow Control and Special Function Valves |

Secondary control components manage air flow rates, pressure
levels, and logical operations within pneumatic logic circuits.
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Flow Control and Special Function Valves Il

@ Throttle Valve: Restricts flow in both directions to adjust
actuator velocity.

@ One-Way Flow Control Valve: Combines a throttle valve and a
non-return (check) valve in parallel, allowing free flow in one
direction and metered flow in the opposite.

@ Shuttle Valve (OR Logic): Has two inlet ports and one outlet.
Pressure at either inlet routes flow to the outlet, preventing
backflow into the opposite inlet.

@ Dual-Pressure Valve (AND Logic): Requires pressure at both
inlet ports to produce a signal at the outlet port; widely used
for two-hand safety control.

@ Quick Exhaust Valve: Mounted directly to cylinder ports, it
dumps exhaust air directly to the atmosphere rather than
routing it back through long lines to the DCV, increasing

piston speed.
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Overview of Pneumatic Signal Transmission &

Transducers |

Pneumatic control systems rely on standardized pressure ranges
(typically 3-15 psi or 0.2-1.0 bar) to transmit control signals and
drive physical elements.
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Overview of Pneumatic Signal Transmission &

Transducers |l

@ High reliability in hazardous or explosive environments
(inherently spark-free)

@ Significant force generation capability using compressed air
systems

@ Signal conversion is achieved via Current-to-Pressure (I/P)
converters converting 4-20mA to 3-15 psi

@ Integration of flapper-nozzle systems for mechanical
displacement amplification
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Working Model of a Pneumatic Diaphragm Actuator |

Pin (3-15 psi)].

é Flexible Diaphragm ;

Range Springs flator Stem

To Valve Plug
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Working Model of a Pneumatic Diaphragm Actuator

@ Shows direct-acting actuator where pressure increases stem
downwards motion

e Opposing range springs determine the operating range (e.g.
3-15 psi benchmark)

@ Diaphragm effective area determines the generated force: F =
P*A

@ Stem displacement is directly proportional to applied pressure
under static equilibrium
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Double-Acting Piston Actuators and Working

Applications |

Double-acting piston actuators utilize air pressure on both sides of
a sliding piston, allowing for significantly higher forces and longer
stroke lengths compared to diaphragm designs.
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Double-Acting Piston Actuators and Working

Applications I

@ Eliminates the spring return mechanism, saving space and
weight in high-thrust applications

@ Requires a double-acting positioner to modulate pressure
differential across the piston

@ Commonly used in large-bore isolation valves, dampers, and
high-pressure steam control

@ Inherent capability for high-speed operation and handling
heavy frictional loads
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Flapper-Nozzle Systems: Physics & Characteristic

Curves |

The flapper-nozzle system acts as a highly sensitive
displacement-to-pressure transducer, converting minute
displacements (micrometer range) to proportional pressure changes.
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Flapper-Nozzle Systems: Physics & Characteristic

Curves |l

@ Nozzle backpressure (Pn) is governed by flow equilibrium
through the inlet restriction and nozzle exit

@ Very high gain device: a flapper movement of 0.05 mm can
swing output from 3 to 15 psi

@ Non-linear characteristic curve requires negative feedback or
integration with a booster relay

@ Sensitivity is determined by ratio of restriction orifice diameter
to nozzle diameter
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Flapper-Nozzle Mechanism Schematic |

Flapper

Orifice +Force

Supply Ps !

Output P,
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Flapper-Nozzle Mechanism Schematic Il

Key Points

@ Air supply Ps passes through fixed restriction orifice into
nozzle chamber

@ Flapper restricts air venting from nozzle, modulating output
pressure Po

e Gap distance x must be kept very small (typically 0.002 to
0.02 inches)

@ Output Po is sent to a pneumatic relay to increase volume and
speed of response

v
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Pneumatic Volume Booster Relays |

Pneumatic relays (or boosters) are force-balance devices that

increase the air volume delivery rate to speed up actuator response,

while maintaining a 1:1 pressure ratio.

@ Solves the dynamic lag issue of transmitting 3-15 psi signals

over long physical lines

@ Continuous bleed types vent air to atmosphere during pressure

reduction but consume air constantly

@ Non-bleed (diaphragm-operated) relays only consume air

during active pressure transitions

@ Provides power amplification (flow rate boost) without

modifying the signal voltage/pressure value
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Valve Positioners: Principle and Closed-Loop

Working |

A valve positioner acts as a local controller for the valve stem
position, comparing the input control signal with the actual valve
stem position feedback.
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Valve Positioners: Principle and Closed-Loop

Working Il

o Eliminates errors caused by valve stem friction, packing
hysteresis, and process line fluid dynamics

@ Implements negative feedback loop: Stem Position -
Mechanical Linkage -; Positioner Valve

@ Enables split-ranging of valves (e.g. one valve strokes 3-9 psi,
the second strokes 9-15 psi)

o Essential for high-precision flow control, heavy sludges, or
high-viscosity applications
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Application Case Study 1: Split-Range Heat

Exchanger Control |

In temperature control of chemical reactors, two valves (heating
steam and cooling water) are controlled by a single pneumatic
controller using split-ranging.
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Application Case Study 1: Split-Range Heat
Exchanger Control Il

Key Points

@ Single 3-15 psi controller signal splits to two separate control
valve positioners

@ Steam control valve: Fail-Closed (FC), operates from 3 psi
(fully open) to 9 psi (fully closed)

@ Cooling water control valve: Fail-Open (FO), operates from 9
psi (fully closed) to 15 psi (fully open)

@ Prevents simultaneous heating and cooling, minimizing energy
wastage and thermal stress
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Application Case Study 2: Compressor Anti-Surge

Control Loops |

Anti-surge systems protect centrifugal compressors from flow

reversal damage by quickly opening a bypass recycle valve when
flow drops below critical limits.
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Application Case Study 2: Compressor Anti-Surge

Control Loops Il

@ Requires high-speed, large-capacity pneumatic actuators with
quick exhaust valves

@ Bypass valve must open in less than 1.0 to 1.5 seconds upon
detection of surge limit

@ Pneumatic volume booster relays are integrated to bypass the
positioner during surge events

e A fail-safe configuration (normally open, fail to open on air
loss) is mandatory for safety
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Pneumatic Signal Conversion & Flapper Nozzle

System |

Pneumatic control loops rely on translating microscopic physical
displacements into standard pressure signals (typically 0.2 to 1.0
bar or 3 to 15 psi). The flapper nozzle assembly acts as the
foundational displacement-to-pressure transducer.

July 25, 2026 266 / 652
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Pneumatic Signal Conversion & Flapper Nozzle
System ||

Key Points

@ Converts mechanical inputs (from bellows, Bourdon tubes, or
diaphragms) into proportional pneumatic signals.

@ Functions as a extremely high-gain mechanical-pneumatic
amplifier.

@ Forms the core sensing mechanism of pneumatic transmitters,
controllers, and valve positioners.

o Consists of a tiny fixed orifice, a discharge nozzle, and a
movable baffle (flapper) facing the nozzle tip.

GTU Course Presentation DI103000191: Control Components July 25, 2026 267 / 652



Principle of Operation of Flapper Nozzle |

Orifice (d1) l_
Ps (Supply) X

P, (Output to Relay/Bellows)

L Nozzle (d2)

x4

4 Flapper 4

Input Force
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Principle of Operation of Flapper Nozzle Il

o Constant pressure air supply (Ps, typically 1.4 bar / 20 psi)
enters the system through a restricted orifice.

@ Air discharges to atmosphere through the nozzle gap (x), or
goes to the output port (Py).

@ Closing the gap (x — 0) restricts escaping air, raising P, to
equal supply pressure Ps.

@ Opening the gap (x increases) allows air to exhaust freely,
dropping P, to minimum exhaust level.
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Mathematical Modeling & Pressure Relationships |

The characteristics of a flapper nozzle are derived using

compressible fluid dynamics and mass balance equations across the
restriction orifice and the nozzle exit.
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Mathematical Modeling & Pressure Relationships ||

@ At steady state, mass flow rate through the restriction orifice
equals the mass flow rate escaping through the nozzle.

@ Theoretical output pressure relationship:
P, =~ Ps/[1 + C(An/A,)?], where A, is nozzle area and A, is
orifice area.

o Effective escape area of the nozzle is modeled as a cylinder:
Ae = wd,x, where d, is nozzle diameter and x is displacement.

@ Output pressure P, is highly non-linear with respect to x
across the full range of motion.

@ High linearity is maintained over a very narrow range (typically
0.02 mm to 0.08 mm).

W
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Sensitivity, Gain, and Limits |

Designing high-performance pneumatic systems requires operating
within the linear zone of the flapper nozzle characteristic curve
while optimizing sensitivity.
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Sensitivity, Gain, and Limits Il

@ Pneumatic gain (K, = dP,/dx) is extremely high; minute
displacements vyield full output span.

@ Minimum output pressure is limited by nozzle-to-orifice
diameter ratios; typical orifice diameter is 0.2 mm and nozzle
is 0.8 mm.

@ Flapper movement must be extremely small to prevent physical
contact (flapper sticking) and maintain dynamic speed.

@ Hysteresis and dynamic lag are caused by downstream
pneumatic capacitance (tubing volume and actuator bellows).

@ Nozzle back-pressure exerts a force (F = P, - A,) back onto
the flapper, which must be countered by the input actuator.

W
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Limitations & Solutions: Pneumatic Relays |

A raw flapper nozzle cannot drive physical control valve actuators
due to its low volume flow capability and high output impedance.
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Limitations & Solutions: Pneumatic Relays Il

Key Points

@ Very low air delivery capacity: drawing air from the output
immediately drops the back-pressure (P,).

@ High steady-state air consumption: continuous air venting
through the nozzle is inefficient.

@ Susceptible to dirt particles in the air supply which can plug
the tiny restriction orifice.

@ Solution: Integrate a Pneumatic Relay (volume booster) to
isolate the nozzle and provide massive flow rates.

@ The relay uses a double-diaphragm pilot valve to supply and
exhaust large air volumes to the final control element.
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Introduction to Air Preparation (FRL) |

Pneumatic instrumentation requires highly conditioned, stable, and
clean compressed air. The Filter-Regulator-Lubricator (FRL) unit is
the gateway device installed at the input of every pneumatic circuit.

@ Raw compressed air contains contaminants: water condensate,
compressor oil, scale, rust, and dust particles.

o Contaminants clog the flapper nozzle restriction (0.2 mm) and
degrade precision elastomer seals.

@ The FRL unit performs three sequential functions: mechanical
filtering, pressure regulation, and component lubrication.

@ Ensures long-term calibration stability and prevents premature
failure of instrumentation components.
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Air Filter & Lubricator Mechanics |

The Filter removes solid particles and liquid droplets, while the
Lubricator introduces atomized oil to reduce friction in moving
parts.
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Air Filter & Lubricator Mechanics |l

o Filter uses directional louvers to create a centrifugal spin,
forcing liquid water and heavy particles to the bowl| walls.

@ Air then passes through a sintered bronze or fiber filter
element (5 to 50 micron rating) to trap fine solids.

@ Lubricator works on the venturi principle, creating a pressure
drop that draws oil and atomizes it into a fine mist (1 to 2
microns).

o Note: Lubricated air must *never* be supplied to flapper
nozzles or pneumatic controllers, as oil deposits clog the
orifices.
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The Pressure Regulator |

Adjustment Screw
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Control Spring
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Valve Plug
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The Pressure Regulator Il

@ Maintains a constant downstream pressure (P,) despite
fluctuations in supply pressure (P;) or flow demand.

@ Force balance design: matches the compression force of the
control spring against the outlet pressure force on the
diaphragm.

@ Under-pressure scenario: Spring pushes diaphragm down,
opening the valve plug to increase flow and pressure.

@ Over-pressure scenario: Outlet pressure pushes diaphragm up
against the spring, restricting the valve plug orifice.

@ Provides the highly stable, regulated air supply needed for
precise flapper-nozzle calibration.
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Summary: Integrated Pneumatic Control Circuit |

Practical industrial pneumatic control is achieved by combining
clean air preparation, precise displacement measurement, and high
flow power amplification.

@ The FRL unit conditions the air supply to ensure debris-free
and pressure-regulated operation.

@ The flapper nozzle transduces micrometer mechanical inputs
into proportional pilot pressure signals.

@ The pneumatic relay boosts pilot pressure flow rates to move
heavy actuators rapidly.

@ Understanding these components is essential for designing
pneumatic transmitters, positioners, and controllers.
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Review of Volume Booster Fundamentals |

A pneumatic volume booster acts as a 1:1 flow amplifier, accepting
a low-volume control signal and reproducing it as a high-volume
output to speed up actuator response.
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Review of Volume Booster Fundamentals Il

Key Points

@ Replicates pressure signals with high fidelity, reducing
transmission lag.

@ Supplies large volumetric flow rates directly from a dedicated
air supply header.

@ Provides quick exhaust functionality by venting actuator air
directly to the atmosphere.

@ Ensures minimal pressure differential between input and output
chambers under static conditions.

@ Key component in bridging the flow gap between
high-precision positioners and large-volume actuator cylinders.

v
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Force Balance Mechanism & Operation |

Operation is dictated by a force balance across a diaphragm

assembly, where signal pressure forces are balanced by feedback
pressure forces.
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Force Balance Mechanism & Operation |l

Key Points

@ Signal pressure acts on the upper diaphragm, creating
downward force (Fj, = Pj, - Ag).

@ Output pressure acts on the lower feedback diaphragm,
creating upward force (Four = Pout - Af).

@ A ratio of 1:1 implies Ay = Af. Other ratios are achieved by
varying the effective diaphragm areas.

@ Any imbalance in forces causes stem displacement, opening
either the supply valve or the exhaust seat.

@ Design balance is critical to prevent supply pressure sensitivity,
often using a pressure-balanced plug design.
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Cross-Sectional Schematic |

Signal In (Pip) —>| Signal Chamber (Pj,) |

Pilot Diaphragm

Stem

Output (Poyt)

Supply (Psyp) «——— Supply Plug

Return Spring
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Cross-Sectional Schematic Il

Key Points

@ Pilot diaphragm separates input signal P;, from the output
chamber.

@ Stem moves downward under high P;, to push the supply plug
away from the supply seats.

@ High-pressure supply air flows through the opened port to raise
output pressure Poy:.

@ Return spring provides closure force when signal pressure drops
or balances output pressure.

@ Exhaust path opens through the hollow stem center if output
pressure exceeds input pressure.
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Dynamic Mathematical Modeling |

Dynamic modeling describes the booster behavior by coupling
mechanical motion with pneumatic orifice flow equations.
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Dynamic Mathematical Modeling Il

@ Dynamic equation of stem:
mx + cx + kx = Ag(Pin — Pout) — Fspring. neglecting small
Coulomb friction.

@ Supply valve mass flow rate (choked): gs = CysNPsyp\/M/T
for Pout/Psup < 0.528, yielding constant sonic flow.

@ Supply valve mass flow rate (unchoked):

gs = CVSNPsup\/]- - (WV for subsonic conditions.

@ Exhaust mass flow rate g, is similarly modeled using exhaust
seat Cv and pressure difference to atmosphere.

@ Actuator pressure rate:

RT P.. .
dpact/dt = W\I/act (qs - qe) - anctt Aacthiston (thermOdynam|C

state change).

.
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Stability Challenges in Positioner-Actuator Systems |

Adding a high-volume booster directly into a closed-loop control
system causes destabilizing phase shifts and excessive loop gain.
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Stability Challenges in Positioner-Actuator Systems Il

o Positioners employ internal high-gain spool valves or
nozzle-flappers designed to control small pilot volumes.

@ Direct booster action introduces high flow gain, converting
tiny positioner pressure adjustments into huge cylinder flows.

@ Resulting phase lag in output pressure response leads to
critical loop oscillations (limit cycles).

@ The valve actuator system dynamically overshoots its target,
reverses direction, and overshoots again.

@ This continuous oscillation causes severe wear on packing,
stem, and internal trim components.
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Adjustable Bypass Needle Valve Tuning |

Incorporating a bypass needle valve around the booster introduces
dynamic frequency separation, ensuring stability and speed.
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Adjustable Bypass Needle Valve Tuning Il

@ The bypass valve acts as a parallel pneumatic restrictor
connecting positioner output directly to the actuator.

@ Small signal changes flow exclusively through the bypass,
keeping the booster pilot pressure differential low.

@ Booster deadband (designed in via spring preloads) prevents
booster activation during minor setpoint tracking.

@ Large transient steps build a rapid pressure differential, forcing
the booster diaphragms to open.

@ Fine-tuning the bypass needle valve adjusts system damping:
too open degrades transient speed, too closed causes limit
cycles.
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Pneumatic Integration Loop |

Positioner

P, sig

Controller

GTU Course Presentation

Nesgl Vol

Pact

Booster

DI103000191: Control Components

Pneumatic
Actuator

July 25, 2026

204 / 652



Pneumatic Integration Loop I

o Positioner output pressure (Pg;g) supplies both the booster
signal port and the bypass valve inlet.

@ The needle valve restricts direct flow but bypasses the booster
for low-amplitude control changes.

@ During rapid transients, flow passes through both the bypass
and the booster for maximum stroke velocity.

@ The integrated loop acts as a hybrid system: high-bandwidth
for large errors, low-bandwidth for small errors.

o Correct configuration maintains high steady-state accuracy
without sacrificing high-speed safety response.
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Applications in Safety Instrumented Systems (SIS) |

Volume boosters are indispensable for safety-critical loops requiring
fast action and high reliability under severe conditions.
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Applications in Safety Instrumented Systems (SIS) I

Key Points

@ Anti-surge valves require stroke times under 1.5 seconds to
protect turbo-compressors from aerodynamic surge.

@ Emergency Shutdown (ESD) valves utilize boosters to dump
actuator air rapidly during emergency trips.

o Partial Stroke Testing (PST) uses the bypass valve to run small
diagnostic motions without triggering full booster operation.

@ Mechanical design works reliably under extreme temperatures
(-40 to +80 degrees C) where electronics fail.

@ Integrates with solenoid valves (SOVs) and quick exhaust
valves (QEVs) for redundant safety venting path architectures.

v
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Performance Testing & ISA Standard Compliance |

Performance of booster-equipped systems is certified through
systematic step testing to comply with international standards.
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Performance Testing & ISA Standard Compliance Il

Key Points

@ ISA-75.25.01 standard governs dynamic testing procedures for
pneumatic control valves.

@ Key measured parameters include Dead Time (T,), T86
Response Time, Overshoot, and Settling Time.

@ System must be tested with 1%, 2%, 5%, and 20% steps to
verify that stability is maintained across all amplitudes.

@ A robust design should yield less than 10% overshoot and a
settling time under 2 seconds for a 10% step.

@ Supply pressure drop during testing must be monitored to
ensure the air header volume is sized correctly.
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Introduction to Pneumatic Relays |

Pneumatic relays serve as power amplifiers in instrument air
systems. They receive a low-flow signal (typically from a
flapper-nozzle sensor) and output a high-flow signal at the same or
scaled pressure to drive control valves and positioners.

Key Points

@ Provides volume amplification to minimize pneumatic
transmission lag.

@ Matches low-power sensors (flapper-nozzle) to high-power
actuators.

@ Input signals usually range from 0.1 to 0.4 bar (1.5 to 6 psi).

@ Output signals typically standard 0.2 to 1.0 bar (3 to 15 psi)
or up to 6 bar (90 psi) for power relays.
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Bleed-Type Relays: Principles of Operation |

Bleed-type (continuous-bleed) relays consume air continuously
under all operating states. A nozzle vents air to the atmosphere,
and the flapper’s proximity determines the output backpressure.

Key Points

@ Simple design with minimal moving parts and no sliding seals.

e Continuous consumption of instrument air (typically 0.1 to 0.5
scfm) even at steady state.

@ Fast response time with zero deadband because flow is always
active.

@ Commonly used in highly sensitive analog controllers and
transmitters.
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Bleed-Type Relay Schematic |
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Bleed-Type Relay Schematic Il

Key Points

@ The schematic shows the continuous exhaust (bleed) path
through the nozzle to the atmosphere.

@ Diaphragm motion balances input signal force against output
pressure feedback.

@ Restrictor creates a pressure drop, allowing the nozzle-flapper
distance to control output pressure.
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Non-Bleed Type Relays: Principles of Operation |

Non-bleed (dead-end) relays are designed to eliminate steady-state
air consumption. They use a double-acting plug or double-seat
valve arrangement to shut off both supply and exhaust when the
system is in equilibrium.

Key Points
@ No continuous air bleed to the atmosphere during steady-state
conditions.

@ Significantly lower air consumption over time, leading to lower
operating costs.

@ Features a small mechanical deadband where neither the
supply nor exhaust valve is open.

@ Slightly slower response than bleed types due to the initial
travel across the deadband. )
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Non-Bleed Type Relay Schematic |
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Non-Bleed Type Relay Schematic Il

Key Points

@ The double-seat plug controls both supply admission and
exhaust discharge.

@ In steady state, the plug is in the neutral position: both supply
and exhaust ports are sealed.

@ An increase in input signal moves the diaphragm down,
opening the supply port; a decrease opens the exhaust port.
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Direct-Acting Relays: Principles & Logic |

A direct-acting relay is configured so that its output pressure
increases as its input signal pressure increases. This is the baseline
configuration for most standard control applications.

@ Input-Output relation is direct: P,ut rises proportionally with
P,-n.

@ Input pressure acts on the top of the control diaphragm,
pushing the assembly downward to open the supply port.

@ Commonly used to interface with direct-acting controllers and
air-to-open control valves.

@ Default fail state is usually 'exhaust output’ upon loss of input
signal pressure.
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Reverse-Acting Relays: Principles & Logic |

A reverse-acting relay inverts the signal logic: an increase in input
signal pressure causes a corresponding decrease in output pressure.
This is essential for specific control loop behaviors and safety
defaults.

GTU Course Presentation DI103000191: Control Components July 25, 2026 308 /652



Reverse-Acting Relays: Principles & Logic Il

@ Input-Output relation is inverse: P,ut drops proportionally as
P;n rises.
@ Input pressure acts on the bottom of a diaphragm or inside a

bellows to push the assembly upward, closing the supply and
opening the exhaust.

e Enables control action inversion directly at the valve/actuator
level rather than in the controller.

o Default fail state is usually 'maximum output pressure’ (full
supply) upon loss of input signal pressure.
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Engineering Comparison: Bleed vs. Non-Bleed |

Selecting between bleed and non-bleed pneumatic relays requires
analyzing several critical engineering trade-offs:

@ Energy Efficiency: Non-bleed relays consume up to 90

@ Sensitivity: Bleed relays respond instantly to minute flapper
changes; non-bleed relays have a minor deadband to prevent
chatter.

@ Maintenance: Bleed relays are simpler and self-purging;
non-bleed relays have multiple seat seals that are sensitive to
dirt and wear.

@ Cost: Bleed relays are cheaper to manufacture; non-bleed
relays have higher initial cost but lower lifecycle cost.
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Summary and Design Considerations |

Summary of key design parameters for pneumatic loop integration:

Key Points

@ Specify Bleed type for low-lag transmitters, small volume

chambers, and highly dynamic loops.

@ Specify Non-bleed type for high-volume control valve

actuators, battery/solar-powered remote systems, and large

plants.

o Direct/Reverse acting selection must match the fail-safe design
requirement (fail-open vs. fail-closed) of the final control

element.

@ Ensure instrument-grade clean, dry, and oil-free air to prevent

plug sticking and orifice clogging in all relays.

GTU Course Presentation DI103000191: Control Components

July 25, 2026

311 /652



What is a Gear Tooth? |

In mechanical engineering and control systems, a gear tooth is a
specially profiled projection on a gear wheel designed to engage

with corresponding projections on another gear to transmit force
and motion without slipping.

@ A gear tooth is not just a block; its shape is mathematically
defined (usually as an involute or cycloid curve) to ensure
constant angular velocity ratio.

@ The primary function of the tooth profile is to maintain a
constant conjugate action during meshing.

@ Proper design of tooth profiles reduces wear, noise, and
vibration while maximizing load-carrying capacity in precision
positioning systems.
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Anatomy of a Gear Tooth |

Understanding the anatomical parts of a gear tooth is crucial for
specifying and manufacturing gears. The tooth is divided into
sections relative to the pitch circle.

Key Points

@ Addendum: The radial distance from the pitch circle to the
outermost tip (addendum circle) of the tooth.

@ Dedendum: The radial distance from the pitch circle to the
bottom of the tooth space (dedendum circle).

@ Working Depth: The depth of engagement of two gears, which
is equal to the sum of their addendums.

o Clearance: The radial distance by which the dedendum of a
gear exceeds the addendum of its mating gear to prevent
bottoming out.

v
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Diagram: Gear Tooth Geometry |
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The Pitch Circle |

The pitch circle is the most critical reference circle in gear design.
It is the imaginary circle on which all design calculations are based
and along which the gears act as if they were pure rolling cylinders
in contact.

Key Points

@ Pitch Diameter (D): The diameter of the pitch circle. When
specifying gear size, it is always the pitch diameter that is
referenced, not the outer diameter.

@ Pitch Point P: The point of tangency of the two pitch circles
of mating gears on the line of centers.

@ The linear velocity of both gears is identical at the pitch point,
ensuring a slip-free velocity transmission model.
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Circular Pitch |

Circular Pitch (pc) is the distance measured along the

circumference of the pitch circle from a point on one tooth to the

corresponding point on the adjacent tooth.

e Formula: p. = 7D \where D is the pitch diameter and N is the

N
number of teeth.

@ For two gears to mesh properly, they must have the same
circular pitch (pe1 = pe2)-

@ Circular pitch comprises both the tooth thickness and the
width of space measured along the pitch circle arc.

317 /652
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Diagram: Meshing Gears and Pitch Point |
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Diagram: Meshing Gears and Pitch Point [l
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Diametral Pitch and Module |

Depending on the system of measurement (Imperial vs. Metric),
different terminology is used to describe gear tooth size and spacing
relative to the diameter.

@ Diametral Pitch (Py): The number of teeth per inch of pitch
diameter (Py = Dirﬁ:lhes). Used primarily in the US Customary
System.

@ Module (m): The ratio of the pitch diameter to the number of
teeth, expressed in millimeters (m = %) Used globally in
the Metric system.

@ Mathematical Relationship: Circular Pitch and Diametral Pitch
are related by p. x Py = 7.

25.4

@ Module and Diametral Pitch are inversely related: m = P

v
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Standard Gear Tooth Proportions |

To ensure interchangeability, standard gear tooth systems (such as
the AGMA or ISO systems) define standard proportions for the
tooth dimensions based on the module (m) or diametral pitch (Py).

Key Points
e Standard Addendum: h, = 1.0 x m (or 1/Py).

e Standard Dedendum: hf = 1.25 x m (or 1.25/Py), which
includes clearance.

@ Clearance (¢): ¢ =0.25 x m (or 0.25/Py) to prevent
interference at the root.

@ Tooth Thickness: t = & = T assuming zero backlash.
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Summary and Key Takeaways |

A deep understanding of gear terminology, tooth definition, and
pitch metrics is crucial for designing precision servo drives and
mechanical controllers.

Key Points

e Mating gears MUST have the same Module (m) or Diametral
Pitch (P4) to mesh properly.

@ The pitch circle represents the equivalent friction wheels that
would transmit the same angular velocity ratio.

@ Designers must balance tooth strength (which increases with
larger modules) against resolution and backlash control (which
improve with smaller, more numerous teeth).
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Gear Tooth Geometry & Whole Depth |
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Gear Tooth Geometry & Whole Depth Il

e Addendum (h,) is the radial distance from the pitch circle to
the top land, standardly equal to module (m).

@ Dedendum (hr) is the radial distance from the pitch circle to
the bottom land, typically 1.25m to allow clearance.

@ Whole Depth (h: = h, + hf) represents the total depth of a
tooth space, equal to 2.25m for standard 20-degree full-depth
teeth.

@ Working Depth (h,, = 2m) is the depth of engagement of two
mating gears, equal to the sum of their addenda.

@ Clearance (c = hf — h, = 0.25m) is the radial distance between
the top land of a gear and the bottom land of its mate.

W
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Whole Depth Calculations |

Whole Depth (h¢) represents the total radial height of a gear tooth
from top land to bottom land. For standard metric modules:
hy = hy+hf =m+125m=225m

For diametral pitch (Py) systems:
b, — 225
t — Py
Where m is the module and Py is the diametral pitch.
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Whole Depth Calculations Il

Key Points

@ Whole depth is measured using a gear tooth caliper or optical
comparator in precision instrument manufacturing.

@ Underestimating whole depth causes bottoming interference,
leading to severe binding, heat generation, and component
failure.

@ For stub teeth systems (e.g., 20-degree stub), the whole depth
is reduced to 1.8m (h, = 0.8m, hf = 1.0m) to increase tooth
strength.

@ In high-precision control systems, whole depth tolerance is
tightly maintained within micrometers to control backlash.
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Line of Action & Pressure Angle |

The Law of Gearing states that the common normal to the tooth
profiles at the point of contact must always pass through the Pitch
Point P. This common normal is the Line of Action. The angle
between this line and the common tangent to the pitch circles is
the Pressure Angle (¢).

GTU Course Presentation DI103000191: Control Components July 25, 2026 327 /652



Line of Action & Pressure Angle Il

@ The pressure angle (¢) is typically standardized at 20° or 14.5°
for industrial control applications.

@ A higher pressure angle (25°) increases tooth strength but
increases radial separation forces, putting higher loads on
bearings.

@ The base circle radius is related to the pitch circle radius by:
rp = rcos(¢).

@ Contact between two involute teeth occurs exclusively along
the line of action, tangent to both base circles.
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Path of Contact Mechanics |
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Path of Contact Mechanics Il

Key Points
@ The Path of Contact (AB) is the portion of the Line of Action
along which the mating tooth profiles remain in contact.

@ Path of Approach (AP) is the segment from the initial point of
contact (A) to the Pitch Point P.

@ Path of Recess (PB) is the segment from the Pitch Point P to
the final point of contact (B).

@ Point A is the intersection of the addendum circle of the driven
gear with the Line of Action.

@ Point B is the intersection of the addendum circle of the driver
gear with the Line of Action.

v
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Path & Arc of Contact Equations |

Let R, and r, be addendum radii of gear and pinion; R and r be
pitch radii; and ¢ be pressure angle.

Path of Approach (AP) = \/R2 — R?cos? ¢ — Rsin ¢

Path of Recess (PB) = /r2 — r?cos?¢ — rsin¢

Total Path of Contact (g) = AP + PB Arc of Contact (g;) = -£

cos ¢
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Path & Arc of Contact Equations Il

Key Points

@ The Arc of Contact represents the distance traveled by a point
on the pitch circle from the start to the end of engagement.

@ Arc of Contact is always larger than the Path of Contact
because of the division by cos ¢ (since cos¢ < 1).

@ Calculations must ensure that points A and B lie within the
tangency points E and F to avoid interference.

@ If A lies to the left of E or B lies to the right of F, the
involute profile is undercut, reducing strength.
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Contact Ratio Definition & Formula |

The Contact Ratio (m,) is defined as the ratio of the Arc of
Contact to the Circular Pitch (pc). It represents the average

number of teeth in contact during engagement.
m. — Arc of Contact __ 8 _ AP+PB
. = Arcof Contact AP+PB

Pc ™m TmM cos ¢
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Contact Ratio Definition & Formula Il

o Circular pitch (pc) is the distance along the pitch circle
between corresponding points of adjacent teeth (p. = mm).

@ A contact ratio of 1.0 means exactly one pair of teeth is in
contact at all times, which is the absolute theoretical
minimum.

@ For continuous and smooth power transmission, the contact
ratio must be strictly greater than 1.0 (typically mc > 1.4).

o If mc < 1, there will be periods of no tooth contact, leading to
severe backlash, impact loading, and gear damage.

v

GTU Course Presentation DI103000191: Control Components July 25, 2026 334 /652



Physical Interpretation of Contact Ratio |

Consider a gear pair with a contact ratio m. = 1.6:

- For 60- For the remaining 40

This load sharing improves reliability and reduces individual tooth
stress.
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Physical Interpretation of Contact Ratio Il

Key Points

@ Load sharing directly influences the bending fatigue life of gear
teeth in servo-actuators and control drives.

@ Transition from double-tooth contact to single-tooth contact
causes periodic stiffness variations, exciting vibrations.

@ High contact ratio (HCR) gears (mc > 2.0) ensure that at
least two pairs of teeth are always in contact, minimizing noise.

@ HCR gears are widely used in critical instrumentation systems

such as aerospace controls, printing presses, and medical
scanners.
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Design Parameters & Contact Ratio |

To maximize contact ratio (m¢) and improve transmission
smoothness, designers can adjust several key parameters:

1. **Increase Addendum**: Longer teeth extend the path of
contact. 2. **Decrease Pressure Angle**: Lowers cos ¢, increasing
the arc of contact. 3. **Increase Number of Teeth**: Larger teeth
count reduces tooth curvature, extending engagement.
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Design Parameters & Contact Ratio Il

@ Lowering pressure angle to 14.5° increases contact ratio but
increases susceptibility to interference and undercutting.

@ Increasing the module while keeping diameter constant reduces
the number of teeth, thereby decreasing the contact ratio.

@ Modifying addendum heights (e.g., long-addendum pinion and
short-addendum gear) can optimize contact ratio and avoid
interference.

@ In precision control feedback systems, micro-gearboxes
optimize contact ratio to minimize transmission error (TE) and
jitter.

v

GTU Course Presentation DI103000191: Control Components July 25, 2026 338 /652



Contact Ratio in Control Systems |

In high-performance control systems, gear train design must
balance efficiency, backlash, and dynamic response. Contact ratio is
a key parameter that affects loop stability:

- High contact ratio reduces gear mesh stiffness variations. -
Smooth stiffness transitions eliminate high-frequency gear-mesh
harmonics. - Reduced noise improves sensor readings near gear
assemblies.
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Contact Ratio in Control Systems Il

Key Points
@ Precision gear pumps in hydraulic control systems use high
contact ratios to minimize pressure pulsation and flow ripples.
@ In robotic joint actuators (e.g., harmonic drives or planetary
gearsets), high contact ratio ensures high torsional rigidity.
@ In optical encoders and positioning systems, contact ratio
optimization minimizes transmission angular error.

@ Design Checklist: Ensure m. > 1.4, check for zero interference,
verify whole depth clearances, and minimize backlash.

v

GTU Course Presentation DI103000191: Control Components July 25, 2026 340 /652



Fundamental Gear Tooth Anatomy |

The physical performance of control system gears relies on precise
geometric definitions. Gear teeth are designed using standardized
reference circles to ensure conjugate action and avoid interference.

@ Pitch Circle: The theoretical circle where meshing gears roll
without slipping.

@ Addendum Circle: The outermost boundary defining the tips
of the gear teeth.

@ Dedendum Circle: The root circle defining the bottom of the
tooth spaces.

@ Working Depth: The depth of engagement between two
mating gears, equal to the sum of their addenda.
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The Addendum ($h_a$) |

The radial distance from the pitch circle to the addendum circle
(tooth tip). It determines the height of the tooth above the pitch
circle.

@ For standard 20-degree full-depth involute gears, the
addendum is equal to the module (m): h, = 1.0 * m.

@ For stub tooth systems, the addendum is reduced to 0.8 * m
to increase tooth strength and reduce interference.

@ In English units, the addendum is the reciprocal of the
diametral pitch (Py): hy = 1/Py4.

@ Altering the addendum (addendum modification or profile
shift) helps optimize contact ratios and balance sliding
velocities. )
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Visualizing Addendum and Dedendum Circles |
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Visualizing Addendum and Dedendum Circles Il

Key Points

e Standard Involute Tooth Proportions: Addendum (h,) is the
radial height above the pitch circle.

e Dedendum (h¢) is the radial depth below the pitch circle.
@ Whole Depth (h;) is the sum of addendum and dedendum:
he = hy + hs.

@ The clearance (c) is the difference: ¢ = hf - h,.
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The Dedendum ($h_f$) |

The radial distance from the pitch circle to the bottom of the tooth
space (root circle). It must always be larger than the addendum to
prevent the tip of the mating gear from colliding with the root.

o Standard Dedendum: In standard 20-degree full-depth gear
systems, hf = 1.25 % m or 1.157 * m.

@ The additional 0.25 * m (or 0.157 * m) is explicitly allocated
for clearance.

@ In stub tooth systems, the dedendum is typically 1.0 * m,
keeping the system compact.

@ Stress Concentration: The transition from the dedendum to

the root circle utilizes a fillet radius to minimize bending stress
concentrations.

v
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Radial Clearance ($c9) |

Clearance is the radial space between the top of a tooth of one gear
and the bottom of the mating tooth space of the engaging gear.
Without clearance, minor manufacturing deviations would cause
binding.

o Mathematical definition: ¢ = h¢ - h, (for mating gears of
equal addendum /dedendum standards).

@ Standard Value: For a 20-degree full-depth system, clearance
¢ =0.25% m (or 0.157 * m in older standards).

@ Function: Allows passage of lubricants, accommodates thermal
expansion, and absorbs small manufacturing errors.

o Clearance prevents tip-to-root interference, which causes
severe gear noise, heat, and structural failure.

W
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Visualizing Clearance in Meshing Gears |
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Visualizing Clearance in Meshing Gears |l

@ The clearance (c) is the physical distance between the tip of
Gear 1 and the bottom of the tooth space of Gear 2.

@ Pitch Line: The theoretical line of contact where pure rolling
occurs.

@ Interference occurs if the tip of Gear 1 penetrates past the root
line of Gear 2.

o Fillet radii at the corners of Gear 2's root space prevent stress
concentrations and cracks.
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Mathematical Design Formulas |

Precision gear design in control components requires the calculation
of pitch, addendum, dedendum, and clearance parameters based on
system modules or diametral pitches.

e Module (m): m = D / N (where D is pitch diameter, N is
number of teeth).

e Standard Addendum (h,): h, = 1.0 % m.

o Standard Dedendum (hf): hf = 1.25 % m.

e Standard Clearance (c): ¢ = 0.25 % m.

e Working Depth (hy): hy, = 2.0 % m.

e Whole Depth (ht): hy = hy + hf = 2.25 % m.
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Consequences of Inadequate Clearance |

In control engineering, gears are often used in high-precision servo
systems, encoders, and actuators. Insufficient clearance leads to
catastrophic failure modes in these systems.
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Consequences of Inadequate Clearance I

Key Points

o Interference Binding: Mechanical jamming due to physical
contact between the tip of one tooth and the root fillet of the
mating tooth.

@ Thermal Expansion: Operational friction increases gear
temperature, causing teeth to expand radially and close the
clearance gap.

@ Noise and Vibration: Lack of clearance causes metal-on-metal
scraping, leading to high-frequency acoustic noise and gear
train vibrations.

@ Lubrication Failure: The clearance space acts as a reservoir
and conduit for grease/oil. Blocking it causes dry contact,
high friction, and rapid wear.
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Summary: Precision and Reliability |

Proper selection of addendum, dedendum, and clearance is critical
for the durability, accuracy, and efficiency of gears in control system
applications.

@ Clearance is the vital buffer zone that accommodates thermal,
manufacturing, and dynamic variations.

e Standard tooth proportions (e.g., AGMA standards) provide a
reliable baseline for general and control gear design.

@ For high-precision applications like anti-backlash gear trains,
clearances must be carefully calculated and maintained.

@ Professor's Tip: Always check the root fillet geometry and
clearance margins when designing high-speed control actuators.
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Fundamentals of Gear Kinematics |

Gears are precision-engineered, toothed mechanical components
used to transmit power and rotary motion. Unlike friction disks,
gears provide a positive drive, preventing slippage and maintaining
a strict, predictable relationship between driver and driven shafts.

Key Points

@ Gears act as mechanical transducers in control systems,
altering speed, torque, and rotational direction.

@ Precision in positioning applications (like servomechanisms)
relies on the slip-free contact of mating teeth.

@ The geometry of the teeth must satisfy the fundamental
kinematic condition known as conjugate action.
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The Concept of the Pitch Circle |

The pitch circle is the foundational imaginary circle of a gear that
rolls without slipping when in contact with the pitch circle of a
mating gear. It serves as the reference interface for all geometric
definitions, kinematics, and tooth spacing calculations.

Key Points

o Pitch Diameter (D) is the diameter of this imaginary pitch
circle, which determines the gear's kinematic size.

@ The linear velocity of two mating gears is equal at their pitch
point: v =wi xrn = wy * .

@ While the pitch circle is physically invisible, it is the basis for
defining the velocity ratio: m, = wy / wp = No/Ny = D/ D;s.
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Circular Pitch: Spacing the Teeth |

Circular pitch (p) is the arc distance measured along the
circumference of the pitch circle from a point on one tooth to the
corresponding point on the next. It is mathematically defined as: p
= (m * D) / N, where D is the pitch diameter and N is the number
of teeth.

@ For two gears to mesh properly, they must have the exact
same circular pitch (p1 = p2).

@ Circular pitch consists of tooth thickness plus the width of the
space between adjacent teeth.

@ Because of the transcendental value of 7, circular pitch yields
non-integer dimensions, which complicates tooling.
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Mating Gear Geometry & Pitch Point |
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Mating Gear Geometry & Pitch Point Il

Key Points

@ The pitch point (P) is the point of tangency between the two
pitch circles along the line of centers.

@ The Line of Action (representing the direction of contact
force) passes through the pitch point P at all times.

@ The pressure angle (¢) is the angle between the Line of Action
and the common tangent to the pitch circles.

v
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Diametral Pitch and Module Systems |

To standardize gear manufacturing and eliminate 7 from
calculations, engineers use the Diametral Pitch (P) in the Imperial
system and the Module (m) in the Metric system. Diametral Pitch
is defined as P = N / D (teeth per inch), while Module is defined
asm = D / N (millimeters of pitch diameter per tooth).

Key Points

@ The relationship between circular pitch and these systems is: p
*P=mandp=m*m.

@ The Module and Diametral Pitch are reciprocally related: P *
m = 25.4 (when m is in millimeters).

@ Two mating gears must share the exact same Module or
Diametral Pitch to mesh correctly without interference.
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The Kinematic Need for Two Gears |

A single gear is kinematically incomplete; it cannot transmit power
or alter velocity without a second mating member. The '2 Gear
Need' is fundamental to achieving mechanical transformation,
direction change, and torque conversion.

@ Velocity and Torque Conversion: Mating two gears with
different teeth numbers (N; and N) scales angular velocity
and torque proportionally.

@ Rotational Direction: A pair of external meshing gears reverses
the direction of rotation (clockwise to counter-clockwise).

@ Force Transmission Path: The tooth profiles of both gears

create a dynamic boundary that guides the transfer of normal
forces along the line of action.
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The Fundamental Law of Gearing |

The fundamental law of gearing dictates that for a constant angular
velocity ratio, the common normal to the tooth profiles at their
point of contact must always pass through the pitch point (P). If
this law is violated, the output gear will suffer angular acceleration
changes, leading to noise, wear, and vibration.

Key Points

@ Conjugate profiles are tooth shapes that satisfy this law.
Involute curves are the industry standard for conjugate action.

@ An involute profile is generated by tracing the end of a taut
string unwrapped from a cylinder called the base circle.

@ Involute gears have the unique advantage of tolerating slight
variations in center distance without losing their constant
velocity ratio.
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Detailed Tooth Geometry & Nomenclature |
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Detailed Tooth Geometry & Nomenclature |l

@ Addendum (a) is the radial height of a tooth above the pitch
circle. (Standard: a =1 * m).

@ Dedendum (b) is the radial depth of a tooth below the pitch
circle. (Standard: b = 1.25 * m).

@ Clearance is the amount by which the dedendum of a gear

exceeds the addendum of its mating gear to prevent bottoming
out.

v
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Gearing Parameters in Control Systems |

In precision control instrumentation (e.g., servo drives, rotary
encoders, valve actuators), pitch selection is a critical trade-off
between mechanical resolution, torque capability, and backlash
minimization.
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Gearing Parameters in Control Systems ||

o Fine-Pitch Gears: High diametral pitch (or low module)
provides higher resolution and smoother contact, ideal for
sensor drives.

o Coarse-Pitch Gears: Low diametral pitch (or high module)
offers larger tooth thickness, allowing higher torque
transmission.

@ Backlash Control: Minimizing backlash (the play between

mating teeth) is crucial in feedback control loops to prevent
hunting, instability, and limit cycles.
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Fundamental Gear Geometry and Mathematical

Relations |

To model and analyze gear trains, instrumentation engineers must
understand standardized geometric parameters. The primary metric
is the Module (m), which represents the ratio of the pitch diameter
to the number of teeth. It determines physical tooth size and
ensures compatibility between meshing gear teeth.
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Fundamental Gear Geometry and Mathematical
Relations |l

@ Module formula: m = D / N (in millimeters), where D is pitch
circle diameter and N is tooth count.

e Circular Pitch (p): p = pi * m, defining the distance along the
pitch circle from a point on one tooth to the corresponding
point on the next.

@ Diametral Pitch (Pd): Pd = N / D (in inches), serving as the
imperial equivalent to the metric module.

o Base Circle: Db = D * cos(phi), from which the involute curve
of the gear tooth profile is mathematically generated.

v
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Spur Gears: Kinematics and Meshing Mechanics |

Spur gears are the simplest and most common type of gear,
featuring straight teeth cut parallel to the axis of rotation. They
transmit power between parallel shafts. As the driver gear rotates,
its tooth profile rolls and slides against the driven tooth profile
along a defined path called the line of action.
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Spur Gears: Kinematics and Meshing Mechanics ||

Key Points
@ Straight-cut teeth parallel to the shaft eliminate axial thrust
forces, simplifying bearing selection.
@ Involute tooth profile satisfies the fundamental law of gearing,
maintaining a constant velocity ratio.

o Contact begins at the root of the driver (tip of the driven) and
ends at the tip of the driver (root of the driven).

@ A contact ratio of 1.4 to 1.6 is typically targeted, ensuring at
least one pair of teeth is fully engaged at all times.
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Spur Gear Meshing Geometry and Line of Action |
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Spur Gear Meshing Geometry and Line of Action Il
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Spur Gear Meshing Geometry and Line of Action Il

Key Points

@ Pitch circles are imaginary friction discs that roll together
without slipping at Pitch Point P.

@ The Line of Action passes through the pitch point and is
tangent to both base circles.

@ Pressure angle (phi), usually 20 degrees, is the angle between
the Line of Action and the common tangent.

@ Tooth contact force is transmitted purely along this Line of
Action, inducing radial and tangential components.
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Spur Gears: Design Criteria and the Lewis Equation |

Designing spur gears requires evaluating the bending strength at
the root of the tooth. Under load, each gear tooth acts as a
cantilever beam. The Lewis bending equation is the classical
analytical method used to determine the maximum bending stress
at the tooth root fillet.
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Spur Gears: Design Criteria and the Lewis Equation [l

@ Lewis Bending Equation: Wt = sigma * b * m * Y, where Wt
is the tangential load and b is the face width.

o Lewis Form Factor (Y) is a dimensionless parameter dependent
solely on the tooth profile design and number of teeth.

@ Allowable bending stress (sigma) depends on material
properties, heat treatment, and target fatigue life.

e Dynamic effects are calculated using velocity factors (Cv) to
account for impact loads at high pitch line velocities.
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Rack and Pinion: Kinematics of Linear Conversion |

A rack and pinion mechanism is a special case of spur gearing
where one gear has an infinite pitch radius, transforming into a flat,
straight bar called the rack. This mechanism converts the
rotational motion of the pinion into linear translation of the rack, or
vice versa, with high efficiency.
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Rack and Pinion: Kinematics of Linear Conversion |l

Key Points
@ Pinion rotational displacement theta produces linear rack
translation x = r * theta, where r is the pinion pitch radius.
@ Linear velocity of the rack is directly proportional to pinion
angular velocity: v = omega * r.
@ The rack teeth have flat, straight flanks with a profile angle
equivalent to the pinion's pressure angle.

@ Backlash in control systems is mitigated using split pinions,
dual-path pinion drives, or electronic preload.
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Schematic Analysis of a Rack and Pinion System |
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Schematic Analysis of a Rack and Pinion System I

Key Points

@ The pitch line of the rack acts tangent to the pitch circle of
the pinion during operation.

@ Unlike curved involute profiles, rack teeth flanks are flat,
angled at the pressure angle (phi).

@ Linear travel resolution is governed by the pinion's circular
pitch and angular control feedback.

@ Rack and pinion drives maintain high mechanical stiffness over
long transmission distances.
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Applications of Rack and Pinion in Control Systems |

Due to their direct mechanical coupling, rack and pinion
mechanisms are widely used in automated positioning and vehicle
steering systems. They provide mechanical advantage and zero-slip
characteristics required for closed-loop control feedback loops.

@ Automotive Steering: Pinion converts steering wheel rotation
into linear tie-rod movement to turn wheels.

@ CNC Machinery: Utilized for high-speed gantry travel
exceeding ball screw length limits (over 3 meters).

@ Robotic Actuators: Integrates rotary brushless motors with
racks to form robust, heavy-duty linear actuators.

@ Physical Instrumentation: Dial indicators translate microscopic
linear probe movement to dial needle rotation.

v
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Helical Gears: Geometry and Helix Angle Mechanics |

Helical gears feature teeth cut at an angle to the shaft axis, known
as the helix angle (beta). Unlike spur gears, which engage instantly
across the entire tooth face, helical gear teeth engage progressively.
This gradual contact profile yields quieter operation and higher

load-carrying capacity.
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Helical Gears: Geometry and Helix Angle Mechanics
I

Key Points

@ Helix Angle (beta) typically ranges from 15 to 30 degrees to
balance load distribution and thrust force.

o Gradual engagement reduces noise, vibration, and peak impact
stresses (ideal for high-speed operations).

@ Total contact ratio is increased by adding face contact ratio to
the transverse profile contact ratio.

@ Requires helical tooth geometry calculations: Circular Pitch
(pt) and Normal Pitch (pn) related by pn = pt * cos(beta).
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Helical Gears: Force Distribution and Applications |

The angled teeth of helical gears introduce a three-dimensional
force distribution during operation. This includes tangential, radial,
and axial components. Understanding the axial thrust component is
critical when designing shafts, housings, and bearing systems.

@ Axial Thrust Force (Fx): Fx = Wt * tan(beta), pushing the
gear axially along the shaft.

@ Deep-groove ball bearings or tapered roller bearings are
required to absorb the induced axial thrust.

@ Double Helical (Herringbone) gears cancel axial thrust forces
by joining opposite helices together.

@ Applications: Heavy-duty automotive gearboxes, marine
propulsion drives, and high-speed industrial turbines.

W
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The Helical Gear & Axial Thrust Challenge |

Helical gears offer smoother and quieter operation compared to
spur gears because of gradual tooth engagement. However, the
helix angle introduces a significant axial force component along the
gear shaft.

@ Helical teeth are cut at an angle (helix angle beta) to the gear
axis.

o Gradual engagement reduces impact stress and dynamic
loading, allowing higher speeds.

@ Axial thrust force F, = F; * tan(beta) must be absorbed by
thrust bearings.

@ Thrust bearings increase system friction, size, cost, and power
dissipation, which is undesirable in precise control components.
v
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Herringbone Gear: The Double Helical Solution |

A herringbone gear is a specific type of double helical gear that
combines two helical faces of opposite hand (left and right) joined
together without a central groove. This design completely cancels
out the net axial thrust.

Key Points

@ Opposing helix angles generate equal and opposite axial forces,
resulting in zero net axial thrust on the shaft.

@ Eliminates the need for expensive thrust bearings, simplifying
housing and bearing design.

@ Provides extremely smooth, quiet, and high-torque
transmission under high-speed control applications.

@ Requires precise manufacturing alignment to ensure equal load
sharing between the two halves.

v
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Axial Thrust Cancellation Diagram |
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Axial Thrust Cancellation Diagram Il

Key Points
o Left diagram shows how a single helical gear generates an
unbalanced axial force F.
@ Right diagram displays the opposing helix hands in a single
herringbone gear shell.
@ The opposing axial forces F,1 and F,2 balance internally
within the gear body.

@ Result: zero external thrust load on the shaft bearings,
maximizing system efficiency.
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Manufacturing Challenges & Solutions |

Classic double helical gears have a central relief groove to allow
tool runout during hobbing. True herringbone gears are joined at
the center without a groove, making manufacturing highly complex.

Key Points

@ Sykes gear shaping method uses reciprocating cutters that slice
up to the center line to create continuous V-teeth.

@ Modern CNC multi-axis milling enables precise machining of
continuous herringbone teeth from solid blanks.

@ Slight axial float (play) must be allowed in one of the shafts to
let the gears self-align axially.

@ High cost of manufacturing restricts their use to critical,
high-power, or heavy-duty control applications (e.g., large
pumps, turbines).

W
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Bevel Gears: Intersecting Shafts |

Bevel gears are cone-shaped gears designed to transmit power
between intersecting shafts, typically at a 90-degree angle, though
other angles are possible. They are essential for changing the
direction of drive in compact control mechanisms.

Key Points

@ Pitch surfaces are cones (pitch cones) rather than cylinders.

@ Straight Bevel Gears: Teeth are straight lines pointing toward
the apex of the cone. Simple but noisy at high speeds.

@ Spiral Bevel Gears: Curved teeth cut at an angle. Provides
gradual engagement, smoother, and quieter operation.

@ Zerol Bevel Gears: Curved teeth but with zero spiral angle;
combines features of straight and spiral bevel gears.
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Bevel Gear Geometry Diagram |
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Bevel Gear Geometry Diagram I

Key Points
@ The pitch cones of the pinion and gear meet at a common
apex point (O).
@ The pitch angles 7, and -, dictate the speed ratio: tan(v,) =
wg /[ wp = Np / Ne.
@ Proper alignment is critical; axial displacement of either shaft
alters the backlash and contact pattern.

o Widely used in differential drives, hand drills, and mechanical
control linkages.
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Worm Gear Systems: High Reduction &

Non-Intersecting |

A worm gear system consists of a worm (a screw-like cylinder)
meshing with a worm wheel (gear). It is used to transmit power

between non-intersecting, perpendicular shafts, offering massive
speed reductions in a single stage.
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Worm Gear Systems: High Reduction &

Non-Intersecting |l

@ The worm acts as a single or multi-thread screw, driving the
worm wheel (gear).

@ Speed ratio i = N, heel / Nstarts, where Nstarts is the
number of threads on the worm (usually 1, 2, or 4).

o Offers massive gear reduction (e.g., 50:1 or 100:1) in an
extremely compact footprint.

@ High sliding contact leads to significant friction, lower
efficiency, and heat generation, requiring specialized
lubrication.
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Self-Locking & Control Applications |

One of the most valuable features of a worm gear drive in control
engineering is self-locking. This occurs when the lead angle of the
worm is smaller than the friction angle of the meshing surfaces.

Key Points

@ Self-locking prevents the worm wheel from driving the worm
(backdriving is impossible).

@ Critical for safety-critical control systems: acts as an
automatic brake when power is cut (e.g., elevators, cranes,
valve actuators).

@ The condition for self-locking: Lead angle lambda j arctan(f),
where f is the coefficient of static friction.

@ Frictional heating requires housings made of materials with
high thermal conductivity, often with cooling fins.

v
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Comparative Analysis for System Design |

Choosing the right gear type depends on shaft orientation, load

capacity, speed, space constraints, and the need for self-locking or
noise minimization.
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Comparative Analysis for System Design Il

Key Points

@ Herringbone: Parallel shafts, ultra-high load, quiet, no axial
thrust, high cost. Best for high-speed continuous drives.

@ Bevel (Straight/Spiral): Intersecting shafts (90 degrees),
moderate to high speed. ldeal for changing torque direction in
mechanical linkages.

@ Worm Gear: Non-intersecting perpendicular shafts, low
efficiency, self-locking, huge reduction ratios. Essential for
positioning actuators and lifting mechanisms.

@ Engineering trade-offs involve balancing mechanical efficiency,
backlash limits, size, weight, and manufacturing cost.
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Fundamentals of Gear Meshing |

Understanding the basic interface between two meshed gears.

@ Gears transmit rotational motion and power via interlocking
teeth.

@ The pitch circle represents the theoretical boundary where
rolling contact occurs without slipping.

@ The module (m) or diametral pitch (P4) must be identical for
two gears to mesh: m = D/N.

@ Linear velocity at the pitch point is identical for both mating
gears: Vv = w1 *xn = w2 * rn.

GTU Course Presentation DI103000191: Control Components July 25, 2026 395 / 652



Velocity and Gear Speed Ratios |
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Velocity and Gear Speed Ratios |l

Key Points

@ The angular velocity ratio is inversely proportional to the pitch
radii: wy/wy = r/n.

@ Since the number of teeth N is directly proportional to pitch
diameter (D = m * N), the gear ratio (i) is:
= wl/wg = N2/N]_.

@ A smaller driver gear (pinion) meshing with a larger driven
gear results in speed reduction.

@ Direction of rotation is reversed in a simple external gear pair.
v
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Torque Relationship in Gears |

Power transmission and torque conversion in meshed gears.

Key Points

@ Assuming a lossless system (100

@ Mechanical power is the product of torque (T) and angular

velocity (w): P =T * w.

@ Therefore, Ty * w1 = T * wp, which yields T5/T1 = w1 /wo.

@ Substituting the gear ratio: Tp/T1 = No/Ny = 2/

@ Torque is directly proportional to the number of teeth and
pitch radius; speed reduction yields torque multiplication.
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Efficiency and Real-world Torque |

Accounting for friction and mechanical losses in control gears.

Key Points

@ In practice, gear mesh efficiency (n)islessthanl.0(typically90

@ Real-world output torque: T = T7 % (Na/Ny) % 7.

@ Losses arise from sliding friction between tooth profiles,
bearing friction, and windage/lubricant churning.

@ High gear ratios in multi-stage gearboxes dramatically
compound efficiency losses.

@ Precise instrumentation systems must account for efficiency to
prevent actuator saturation.
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Introduction to Backlash |

Defining backlash and its physical manifestation in gear meshes.

@ Backlash is the clearance or play between mating gear teeth,
measured along the pitch circle.

o Mathematically, it is the difference between the tooth space
width of one gear and the tooth thickness of the mating gear.

@ A small amount of backlash is physically necessary to prevent
jamming, accommodate thermal expansion, and allow
lubrication.

@ Excessive backlash leads to lost motion, impact loading, and
measurement errors in control systems.
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Backlash Phenomenon |l

Key Points

@ The diagram illustrates the space clearance between a driving
tooth of Gear 2 and the teeth of Gear 1.

@ When motion reverses, the driver must rotate through the
backlash angle before contact is re-established.

@ Total backlash As is the sum of the left and right clearances
when the tooth is perfectly centered.

@ Backlash is highly non-linear and operates as a dead-band
characteristic in control theory.
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Effects of Backlash on Control Systems |

The impact of backlash on stability, accuracy, and closed-loop
control.

Key Points

@ Backlash introduces a non-linear dead-band (lost motion) into
the system.

@ In closed-loop feedback control, it causes phase lag and
limit-cycle oscillations.

@ Position errors: the output sensor might register a different
position than the actual mechanical load.

@ |t degrades the frequency response of servo systems and
reduces the gain margin.

@ Impact forces when crossing the dead-band can cause
mechanical wear and audible noise.

v
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Mechanical Solutions to Backlash |

Hardware-based design modifications to eliminate or minimize
backlash.

GTU Course Presentation DI103000191: Control Components July 25, 2026 404 / 652



Mechanical Solutions to Backlash Il

@ Dual-gear paths (split-gear design): two gears loaded against
each other with a spring.

@ Anti-backlash gears: utilizing scissor gears where halves are
spring-biased in opposite directions.

@ Adjustable center distance: moving the shaft axes closer to
minimize clearances (risk of binding).

@ Use of high-precision gear profiles (e.g., ground involute teeth
with tight tolerances).

@ Alternative mechanisms: replacing gears with timing belts,
lead screws, or harmonic drives (zero-backlash).
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Control /Software Solutions to Backlash |

Algorithmic and software-based compensation techniques in control
systems.

Key Points

@ Backlash compensation algorithms: adding a step command
when reversing the direction of motion.

@ Dual-loop control: using encoders on both the motor shaft and
the load shaft to measure lost motion.

@ State estimation: designing observers (e.g., Kalman filters) to
estimate load position despite backlash.

@ Adaptive control and fuzzy logic controller designs that adjust
control gains dynamically.

@ Bi-directional preloading: applying a bias torque to keep teeth
in continuous contact.

v
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What is a Synchro? |

A synchro is a rotary variable transformer used for transmitting
angular position information electrically.

Key Points
@ Operates on the principle of electromagnetic induction
between a primary winding and secondary windings.
e Commonly referred to as Selsyns (Self-Synchronizing systems)
or Autosyns.
@ Used extensively in control systems, radar antenna positioning,
navigation systems, and servo loops.

@ Converts mechanical shaft angle input into a set of
three-phase electrical voltages (analogous to the angle).
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Major Structural Components |

A standard synchro resembles a small AC motor, consisting of a
stationary member (stator) and a rotating member (rotor).

@ Stator: Laminated silicon steel core with slotted internal
periphery housing three star-connected windings.

@ Rotor: Salient-pole (dumbbell shape) or non-salient (drum
shape) core carrying a single-phase winding.

@ Slip Rings and Brushes: Used to feed single-phase AC
excitation to the rotor winding without restricting rotation.

@ Housing and Bearings: High-precision stainless steel housing
and ball bearings to minimize friction and axial play.
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Stator Winding Configuration |

The stator houses three separate coils spaced 120 degrees apart in
space.

Key Points

@ Stator windings are designated as S1, S2, and S3.

@ Although connected in a star (Y) configuration, the voltages
are not standard 3-phase utility voltages; they are in-phase but
vary in magnitude.

@ Windings are wound in slots of laminated steel to reduce eddy
current losses.

@ The common junction of the star connection is internal and
typically not brought out to the terminal board.
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Electrical Schematic of a Synchro |

Synchro Electrical & Mechanical Schematic
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Electrical Schematic of a Synchro Il

Key Points

@ Rotor terminals R1 and R2 are energized with a single-phase
AC reference voltage, typically 115V / 400Hz or 26V / 400Hz.

@ Stator terminals S1, S2, and S3 are spaced 120 degrees apart
around the stator core.

@ The coupling between the rotor and each stator coil is
proportional to the cosine of the angle between their magnetic
axes. y
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Rotor Types: Salient vs. Non-Salient |

The rotor can be classified into two distinct types based on
construction: Salient Pole (Dumbbell) and Non-Salient Pole
(Drum/Cylindrical).
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Rotor Types: Salient vs. Non-Salient Il

@ Salient Pole Rotor: Features a dumbbell-shaped core with
winding wound around the central neck. Used primarily in
synchro transmitters and receivers where saliency improves
torque characteristics.

@ Non-Salient Pole (Cylindrical) Rotor: Laminated cylindrical
core containing slots on its outer periphery to house the
winding. Used in Synchro Control Transformers (CT) to
prevent magnetic anisotropy.

o High permeability silicon steel laminations are used to
minimize hysteresis and eddy current losses under high
frequency excitation (400 Hz).

@ Dynamic balancing is applied to the rotor assembly to
eliminate mechanical vibration during high-speed rotation.
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Electrical Interface: Slip Rings & Brushes |

Since the rotor rotates continuously, a reliable electrical contact is
required to excite the rotor winding.

Key Points

@ Two slip rings are mounted concentrically on the rotor shaft,
insulated from each other and from the shaft.

@ Brushes, typically made of silver-graphite or gold-alloy wire,
press against the slip rings under spring tension.

@ This design ensures low contact resistance, minimal electrical
noise, and high reliability over millions of rotations.

@ In brushless synchros, a rotary transformer is used instead to
couple AC power to the rotor, eliminating friction and wear.

W
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Rotor Core Geometries |

Rotor Core Configurations

Salient Pole (Dumbbell) Cylindrical (Non-Salient)
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Rotor Core Geometries ||

Key Points

@ Left: The salient-pole rotor concentrates the magnetic flux
along a single axis (d-axis).

@ Right: The cylindrical rotor has distributed windings to ensure
uniform reluctance regardless of rotor angle.

@ Cylindrical rotors are critical in Control Transformers (CTs) to
ensure the output voltage varies linearly with the sine/cosine
of the angle.
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Magnetic Circuit and Materials |

The performance of a synchro depends heavily on its magnetic
material properties and construction quality.
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Magnetic Circuit and Materials |l

Key Points

@ Laminations: Stator and rotor cores are built from thin
(typically 0.35 mm) laminations of high-permeability silicon
steel or nickel-iron alloys (e.g., Mu-metal).

@ Inter-lamination Insulation: An oxide coating or thin varnish
layer separates laminations to block eddy current pathways.

@ Skewed Slots: Stator slots are often slightly skewed relative to
the shaft axis to reduce slot-harmonics and ensure smooth
angular output.

@ Air Gap: A very small, uniform radial air gap (0.05 mm to 0.1
mm) maximizes coupling efficiency and minimizes reluctance

variations.
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Synchro Specifications & Summary |

A summary of key construction details and operational parameters
of standard synchros.

@ Operating Frequency: Usually 400 Hz for aerospace/military
application (allows smaller size) and 50/60 Hz for industrial
applications.

@ Excitation Voltages: Commonly 115V for 400 Hz systems, and
26V for compact systems.

@ Accuracy: High-precision control synchros can achieve angular
accuracies of up to 10 minutes of arc.

@ Robustness: The simple, rugged electromagnetic design
ensures excellent thermal stability and radiation hardness
compared to optical encoders.

W
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Introduction to Synchros |

A Synchro is an electromagnetic transducer that converts the
angular position of a shaft into an electrical signal, or vice-versa,
utilizing variable mutual inductance.

@ Operates on the physical principle of a rotating transformer
with variable coupling.

@ Typically consists of a rotor and a stator, resembling a small
AC motor.

@ Commonly used in pairs (Transmitter and Receiver/Control
Transformer) for remote angular transmission.

@ Essential in servomechanisms where high accuracy position
feedback and error detection are required.
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Constructional Details of Synchro Transmitter (TX) |

The Synchro Transmitter (TX) is designed to generate stator
voltages that correspond to the physical angle of its rotor shaft.
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Constructional Details of Synchro Transmitter (TX) Il

@ Stator: Composed of high-permeability laminated silicon steel
slots housing three star-connected windings (S1, S2, S3)
physically separated by 120 degrees.

@ Rotor: Dumbbell-shaped (salient pole) structure carrying a
single winding (R1, R2) energized by an external AC excitation
source.

@ Slip Rings: Two slip rings and brushes transfer the AC
reference excitation voltage to the rotating coil.

@ Magnetic Field: The AC excitation produces a pulsating
magnetic field along the rotor axis, which induces voltages in
the stator windings.
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Working Principle & Stator Voltages of TX |

The voltage induced in each stator winding depends on the cosine
of the angle between the rotor axis and the respective stator
winding axis.
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Working Principle & Stator Voltages of TX Il

@ Let the rotor excitation voltage be: e/ (t) = V. sin(wct).
@ With rotor angle 6 defined relative to the axis of the S2 stator
winding, the induced voltages are:
@ vsi1(t) = KV,sin(wct) cos(f + 120°) and
vsa(t) = KV, sin(wct) cos(6).
@ vs3(t) = KV, sin(wct)cos(f — 120°).
@ The terminal-to-terminal voltages are:
vsi_s2(t) = V3KV, sin(0 + 240°) sin(wct).
o vso_s3(t) = V3KV, sin(f — 120°) sin(wct) and
vsa_s1(t) = V3KV, sin(#) sin(wet).
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Synchro Transmitter Schematic |
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Synchro Transmitter Schematic ||

Key Points

@ Stator windings S1, S2, and S3 are connected in a star
configuration spaced 120 degrees apart.

@ The single-phase rotor winding is excited by an AC supply
represented by V,(t).

@ The rotor angle 6 is measured relative to the vertical S2 stator
reference axis.

4
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Synchro Control Transformer (CT) |

The Control Transformer (CT) acts as the comparator in the
position control system, receiving stator voltages from the TX.

@ Stator: Stator windings of the CT are wound with high
impedance to limit the current drawn from the Transmitter,
preventing loading errors.

@ Rotor: Unlike the TX rotor, the CT rotor is cylindrical

(smooth-drum type) to prevent 'magnetic locking’ or cogging,
ensuring even reluctance.

@ No Excitation: The rotor winding of the CT is not externally
excited; it acts strictly as an output sensor.

@ Output Terminal: The voltage induced in the CT rotor winding
serves directly as the error signal in the closed-loop system.
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Synchro Pair as an Error Detector |

By interconnecting the stators of a Transmitter (TX) and a Control
Transformer (CT), the pair functions as an electromechanical
comparator.

Key Points
@ The TX rotor is connected to the input command shaft (6,)
and is excited by an AC reference voltage.
@ The CT rotor is connected to the output controlled shaft (6.)
and is connected to a high-impedance amplifier.

@ The three stator windings of the TX are connected
wire-for-wire to the stator windings of the CT (S1 to S1, S2 to
S2, S3 to S3).

@ Stator currents in the CT establish a magnetic field oriented at
the same angle 6, as the TX rotor.

W
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Error Detector Connection Diagram |

| Stator Connections

ormer (CT)
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Error Detector Connection Diagram Il

@ The Transmitter rotor is excited by reference voltage e,(t),
while the Control Transformer rotor provides the error output
ee(t).

@ Stator windings S1, S2, and S3 are linked between the devices,
ensuring magnetic field alignment.

@ The difference in physical angles 6, (TX rotor) and 6. (CT
rotor) determines the induced voltage in the CT rotor.
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Mathematical Analysis of the Error Voltage |

The output error voltage is derived from the geometric relationship
between the CT rotor axis and the stator-induced magnetic field.
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Mathematical Analysis of the Error Voltage Il

@ The magnetic field vector generated in the CT stator has an
orientation angle of 6, relative to its reference axis.

@ The CT rotor winding is aligned at angle 6.

@ The output voltage e(t) is proportional to the projection of
the magnetic field onto the CT rotor winding.

@ By design, the zero reference (null) of the CT is offset by 90
degrees: eq(t) = K Ve sin(wct) cos(90° — (6, — 6.)).

@ This yields: e.(t) = K Vcsin(f, — 6.) sin(wct).

@ For small error angles, sin(0, — 6.) ~ (6, — 0.) in radians,
resulting in a linear relationship: e.(t) ~ Ks(8, — ) sin(wct). )
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Applications & Dynamic Behavior |

The error detector output serves as a control input to restore
equilibrium in high-performance position servomechanisms.
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Applications & Dynamic Behavior Il

@ Phase Sensitivity: The phase of the error voltage e.(t) relative
to the reference excitation indicates the direction of
misalignment.

@ Null Position: When 6, = 6., the output voltage is zero,
representing the target alignment condition.

@ Amplification & Correction: The error voltage is fed to an AC
servo amplifier, which drives an AC servo motor.

@ Closed-Loop Action: The motor physically rotates the load and
the CT rotor until the error is reduced to zero (null).

@ Key Applications: Radar antenna tracking systems, naval gun
fire control, missile guidance tracking, and heavy industrial
valve positioning.
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What is a Servo Motor? |

A servo motor is a rotary or linear actuator that allows for precise
control of angular or linear position, velocity, and acceleration.
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What is a Servo Motor? I

@ Operates fundamentally on closed-loop control feedback
mechanisms where a sensor (encoder or resolver) reports shaft
position.

@ Differs from standard induction or synchronous motors by

having high torque-to-inertia ratios, allowing rapid acceleration
and deceleration.

o Key performance metrics include linearity of torque-speed
characteristics, transfer function predictability, and minimal
electrical /mechanical time constants.

@ Commonly employed in robotics, CNC machinery, automated
manufacturing, and aerospace control surfaces.
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Broad Classification of Servo Motors |

Servo motors are broadly categorized based on the nature of the

electrical supply required for their operation: AC Servo Motors and
DC Servo Motors.
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Broad Classification of Servo Motors I

Key Points

@ AC Servo Motors: Typically classified into Two-Phase AC
motors (for low power) and Three-Phase Synchronous motors
(for high power/brushless).

@ DC Servo Motors: Classified into Armature-Controlled,
Field-Controlled, and Permanent Magnet DC (PMDC) or
Brushless DC (BLDC) motors.

o Key Selection Parameters: Duty cycle, peak torque
requirements, speed-torque profile, feedback resolution, and
environmental operating conditions.

@ AC systems are preferred for maintenance-free operation (no
brushes) and high reliability, whereas DC systems offer
excellent torque at low speeds.
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Two-Phase AC Servo Motor: Operating Principle |

The two-phase AC servo motor is widely used in low-power control
systems (typically up to a few watts) due to its simple construction
and high reliability.

o Consists of a stator with two distinct windings displaced by 90
electrical degrees in space.

@ Reference Winding: Connected to a constant AC voltage
source (V;).

e Control Winding: Connected to a variable control voltage (V,)
supplied by a servo amplifier, 90 degrees out of phase with V.

@ The phase difference creates a rotating magnetic field which
induces eddy currents in the rotor, generating torque.
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Schematic Diagram: Two-Phase AC Servo M

V, sin(wt + 90°)

Two-Phase AC Servo:

- Winding space shift: 90°

- Winding phase shift: 90°

- Reversing V. polarity reverses
rotation.

— Common Ground
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Schematic Diagram: Two-Phase AC Servo Motor I

@ Diagram shows the spatial arrangement of the Reference and
Control windings around the rotor.

@ The control voltage V. is variable in magnitude and phase
polarity, allowing speed and direction control.

@ A phase-shifting capacitor is often placed in series with the
reference winding if a single-phase supply is used.
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Rotor Construction in AC Servo Motors |

To achieve low inertia and high acceleration, AC servo motors

employ specialized rotor designs rather than standard industrial
squirrel-cage rotors.
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Rotor Construction in AC Servo Motors Il

@ Squirrel-Cage Rotor: Made of aluminum/copper conductors
inside iron laminations. Designed with high resistance to
ensure linear torque-speed curves.

@ Drag-Cup Rotor: A thin cup of non-magnetic conducting
material (like copper/aluminum) rotates in the air gap
between a stationary inner stator core and an outer stator.

@ Drag-cup advantages: Extremely low rotor inertia, smooth
rotation, minimal cogging, and highly sensitive response to
control inputs.

@ High-resistance rotor prevents 'single-phasing’, a condition
where the motor continues to run on only the reference
winding once started.
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Torque-Speed Profile and Design Requirements |

The torque-speed curve of a control servo motor must be highly

linear and have a negative slope (damping) to prevent hunting and
ensure stability.
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Torque-Speed Profile and Design Requirements Il

Key Points

@ Unlike standard induction motors which have a peak torque at
slip s < 1, AC servo motors have peak torque at zero speed
(slips=1).

@ High rotor resistance (R,) shifts the peak torque point to the
negative speed region, resulting in a linear negative slope in
the operating range.

@ The negative slope provides inherent electromagnetic damping
(D = —0T /0w), stabilizing the feedback loop.

@ Linearity allows the motor transfer function to be modeled as a
linear second-order system.

o
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Armature-Controlled DC Servo Motor Model |

Mechanical Load:
Inertia J

Friction B
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Armature-Controlled DC Servo Motor Model 1l

Key Points

@ In armature-controlled configuration, the field current is held
constant while control voltage e,(t) is applied to the armature.

@ The developed torque T,,(t) = K:iy(t) is directly proportional
to the armature current.

@ The back EMF ep(t) = Kpwm(t) opposes the applied voltage
and provides inherent damping.

@ This configuration features a smaller electrical time constant
than field-controlled motors, allowing faster dynamic response.
v
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Field-Controlled and PMDC Servo Motors |

Alternative DC servo configurations present different advantages
depending on the control system requirements.
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Field-Controlled and PMDC Servo Motors Il

o Field-Controlled DC Motor: Armature current is kept constant;
control voltage is applied to the field winding. It has a larger
time constant due to high field inductance.

@ Permanent Magnet DC (PMDC) Motor: Field excitation is
replaced by permanent magnets, eliminating field copper losses
and simplifying motor design.

@ Brushless DC (BLDC) Motor: Replaces mechanical
commutator and brushes with electronic commutation (hall
effect sensors/inverters).

@ BLDC advantages: High efficiency, minimal maintenance,

lower EMI, and superior thermal dissipation as windings are on
the stator.
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AC vs. DC Servo Motors: Technical Summary |

A comparative summary highlights the selection trade-offs between
AC and DC servo motors for control applications.
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AC vs. DC Servo Motors: Technical Summary |l

Key Points

@ Inertia and Weight: AC servo motors generally have lower
inertia and weight per unit power compared to brushed DC
servo motors.

e Maintenance: AC (and brushless DC) servo motors have high
reliability and zero brush maintenance; brushed DC motors
suffer from brush wear and arc noise.

@ Speed-Torque Characteristics: DC motors offer high starting
torque and excellent low-speed performance, whereas AC
motors are better suited for high-speed regulation.

@ Complexity: DC systems have simpler drive electronics,
whereas AC servo systems require complex vector control
(FOC) or variable frequency drives.
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Introduction to AC Servo Motors |

AC Servo Motors are specialized two-phase induction motors
designed specifically for control applications, acting as the final
control element in closed-loop systems.

@ Used to convert electrical control signals (typically voltage)
into mechanical angular velocity or position.

@ Engineered with low rotor inertia to achieve high acceleration
rates and rapid response to transient control commands.

@ Unlike standard power induction motors, AC servo motors
operate with a highly linear torque-speed characteristic.

@ Typically run on a two-phase AC supply, where one phase is
the reference and the other is the control phase.
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Constructional Features |

The physical design of an AC servo motor focuses on minimizing
rotor inertia and preventing cogging or single-phasing.
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Constructional Features Il

@ Stator features two windings distributed in space by 90
electrical degrees: the Reference Winding and the Control
Winding.

@ Rotor designs include Squirrel Cage (high resistance, thin
copper/aluminum bars to minimize inertia) and Drag Cup.

@ The Drag Cup rotor consists of a thin cup of non-magnetic
conductive material (aluminum/copper) rotating around a
stationary iron core, reducing inertia to the absolute minimum.

@ High rotor resistance (R) to reactance (X) ratio (R/X ji 1) is
critical to ensure a negative slope in the torque-speed curve
across the entire operating range.

GTU Course Presentation DI103000191: Control Components July 25, 2026 454 / 652



Schematic Diagram of a Two-Phase AC Servo Motor

Reference Phase (Vr)

Control Phase (Vc)
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Schematic Diagram of a Two-Phase AC Servo Motor

@ The reference winding is energized by a constant sinusoidal
voltage, Vr.

@ The control winding is energized by a control voltage, Vc,
which is 90 degrees out of phase with the reference voltage.

@ The magnitude of the control voltage Vc varies directly with
the error signal in the control loop.

@ Reversing the phase angle from +90 degrees to -90 degrees
reverses the direction of the rotating magnetic field, reversing
motor rotation.
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Principle of Operation |

The working of an AC servo motor relies on generating a rotating

magnetic field and inducing currents in the rotor, producing control
torque.
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Principle of Operation Il

Key Points

@ Reference winding is continuously excited with a constant AC
reference voltage: vyer(t) = Vi, * sin(wt).

@ Control winding is supplied with a variable amplitude voltage
ve(t) = V¢« sin(wt £ 90°) in quadrature with the reference
voltage.

@ The 90-degree temporal phase shift combined with the
90-degree spatial distribution of the windings produces a
rotating stator magnetic field.

@ This field cuts the rotor conductors, inducing electromotive
force (EMF) and generating eddy currents in the rotor.

@ Interaction of the rotor currents and stator field generates
electromagnetic torque in the direction of the rotating field.
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Role of Rotor Resistance and the R/X Ratio |

The ratio of rotor resistance (R) to rotor reactance (X) is

design-engineered to be very high compared to standard induction
motors.
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Role of Rotor Resistance and the R/X Ratio Il

Key Points

@ In conventional AC induction motors, the torque-speed curve
peaks and then drops, which can cause instability in
closed-loop systems.

@ By designing a high R/X ratio (high rotor resistance), the slip
at which maximum torque occurs is pushed well beyond the
operating range.

@ This shift results in a strictly decreasing torque-speed
characteristic with a negative slope, providing inherent
damping (viscous friction effect).

@ A negative torque-speed slope ensures stable closed-loop
control: if speed increases, motor torque drops, naturally
counteracting the speed surge.
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Torque-Speed Characteristics Diagram |

Torque (T)

Linear cyryes dyg e high R

-

66 d
- Speadd(N)

GTU Course Presentation DI103000191: Control Components July 25, 2026 461 / 652



Torque-Speed Characteristics Diagram |l

@ Torque-speed curves are nearly linear and parallel for varying
control voltages Vc.

@ The stall torque (torque at zero speed) is directly proportional
to the magnitude of the control voltage Vc.

@ No-load speed also increases linearly with the control voltage,
enabling precise velocity control.
@ Crucially, if the control voltage drops to zero, the torque drops

to zero or becomes negative, preventing the motor from
running on a single phase ('single-phasing’).
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e Single-Phasing Phenomenon |

Single-phasing occurs when a two-phase motor continues to run
even after the control voltage has been reduced to zero.

GTU Course Presentation DI103000191: Control Components July 25, 2026 463 / 652



The Single-Phasing Phenomenon I

o If a standard low-resistance induction motor is running and one
phase is disconnected, it continues to run in the same direction
due to unbalanced forward and backward fields.

@ In control systems, this is a critical failure mode: the motor
must stop immediately when the control signal Vc is zero.

@ An AC servo motor avoids single-phasing because the high
rotor resistance (R) ensures that the net torque produced by
the single phase is negative (braking torque) at all non-zero
speeds.

@ As soon as Vc = 0, the forward and backward components of
the pulsating field create a net negative torque, forcing the
motor to halt.
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Mathematical Modeling and Transfer Function |

For control system design, the AC servo motor is modeled as a

linear transfer function mapping control voltage to rotor position or
speed.
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Mathematical Modeling and Transfer Function Il

@ Motor torque T is linearized as: T = K. * V. — Ky % dt, where

K¢ is torque constant and Ky is motor damping constant.

@ Equating torque to rotor dynamics: T = J- % +f- dt, where

J is rotor inertia and f is viscous friction coefficient.
° Th2is yields the differential equation:
JEY + (f + Kg) % = Kc V.

@ Taking Laplace transforms with zero initial conditions, the
O(s) Km

motor transfer function is: Ve(s) = smerD)’ where Kip = 5~

(motor gain) and 7, = %Kd (motor time constant).

Kc
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Applications in Control and Instrumentation |

AC Servo Motors are preferred in low-power high-precision control
loops, feedback systems, and instrument servomechanisms.

@ Widely applied in radar antenna positioning systems, satellite
tracking, and automated industrial pointing devices.

@ Used in instrument servo systems, valve actuators, process
control loops, and speed control systems.

@ Commonly integrated with synchros or resolvers to form robust
analog position-control feedback systems.

@ Selected over DC servo motors in environments where brush
sparking presents explosion hazards or where high maintenance
is unacceptable.
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Basic Operating Principle |

DC servo motors are high-performance actuators designed for
precise speed and position control in closed-loop systems.

Key Points

@ Operate on the principle of Lorentz force: F = B - - L, where
current-carrying armature conductors interact with a magnetic
field.

@ Require high torque-to-inertia ratio for rapid acceleration and
deceleration.

e Equipped with feedback devices (encoders or tachogenerators)
to feed velocity and position data back to the controller.

@ Characterized by linear torque-speed curves and fast response
times.
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Armature-Controlled Schematic |

s (t) T(t), 6(fhoad
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Armature-Controlled Schematic Il

Key Points

@ Armature circuit is driven by a variable control voltage source
es(t).

@ Rotor contains armature resistance R, and inductance L; in
series.

@ A constant field current /¢ produces a fixed magnetic flux.

@ Back EMF e,(t) acts as internal feedback opposing the input
voltage.
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Armature-Controlled Motor Equations |

The dynamic behavior of the armature-controlled DC servo motor is
described by electrical and mechanical differential equations.

o Electrical loop equation: e,(t) = Raix(t) + L, dij,(tt) + ep(t)

@ Back EMF is proportional to angular velocity:
ep(t) = Kp dﬁlt), where K}, is the back EMF constant.

e Motor torque is proportional to armature current:
T(t) = K:ia(t), where K; is the motor torque constant.

@ Mechanical system dynamics: T(t) = J%ot(f—) Bd?j&t), where

J is the rotor/load moment of inertia and B is the viscous
friction coefficient.
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Armature-Controlled Transfer Function |

Taking the Laplace transform of the governing equations yields the
s-domain relations and transfer function.

Key Points

o Electrical s-domain: E;(s) = (R, + sL,)/s(s) + Ep(s) and
Ep(s) = KpsO(s)
@ Mechanical s-domain: T(s) = (Js? 4 Bs)O(s) = K;l.(s)

@ Combined transfer function: 2((55)) = s[(Ra+sLa)(.ll(st+B)+Kth]

@ Under negligible armature inductance (L, ~ 0), the transfer
function simplifies to a first-order system with an integrator:
O(s) K where motor gain K, = Ra%t’(th and

RaJ

) — __RAm
Ei(s) s(Tms+1)’
mechanical time constant 7,,, = RBLKR,
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Field-Controlled Schematic |

R L
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Field-Controlled Schematic Il

Key Points

e Field circuit is driven by a variable control voltage source ef(t).

@ Field coil has resistance Rf and inductance L¢ in series.

@ Armature current is kept constant using a constant current
generator (iy(t) = 1,).

@ Rotor output torque is controlled by varying the field current

/f(t).
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Field-Controlled Motor Equations |

In field-controlled DC servo motors, control voltage is applied to
the field winding while the armature current is kept constant.

o Field loop equation: ef(t) = Rrif(t) + Lr— d'f(t)

@ Motor torque is proportional to the product of flux and
armature current. Since flux is proportional to field current
o(t) o ir(t) and armature current is constant (/,):

T(t) = Kirir(t), where Kyr is the torque constant.

d<o(t do(t
20(t) | gablt)

@ No back EMF feedback loop is present in the field circuit,
making it an open-loop electrical system with no internal
electrical damping.

@ Mechanical system equations: T(t) = J
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Field-Controlled Transfer Function |

Laplace analysis of the field-controlled motor demonstrates its
uncoupled field-mechanical structure.

o Field s-domain: Ef(s) = (Rf + sL¢)l¢(s)

@ Mechanical s-domain: T(s) = (Js? + Bs)O(s) = Kirl¢(s)
O(s) _ Kif
Ef(s) = s(R¢+sLf)(Js+B)

@ Normalized transfer function representation:
/ . .
g(é)) = S(Tfs+STT, 71y Where field time constant 77 = L¢/R¢

and motor mechanical time constant 7}, = J/B.

@ Combined transfer function:
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Comparison of DC Servo Motor Types |

Key system performance metrics differ significantly between
armature and field control paradigms.
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Comparison of DC Servo Motor Types Il

@ Dynamic Response: Armature-controlled motors react faster
due to a smaller electrical time constant (L,/R, < L¢/R¢).

o Efficiency: Field-controlled motors operate at lower power
levels in the control circuit, but armature control is more
efficient overall under variable loads.

@ Back EMF Damping: Armature control has intrinsic back EMF
damping (K}p) which stabilizes the system; field control lacks
this internal negative feedback loop.

@ Cost & Complexity: Armature control requires a larger variable
power supply for the armature circuit, while field control
requires a constant armature current source.
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Torque-Speed Curve & Applications |

The linear torque-speed drop characterizes DC servo motors,
making them highly predictable control elements.

@ Torque-speed relation for armature control:
T — &ea _ KiKp
a

f 2w, showing negative slope (inherent
damping).
@ The stall torque Ts = Kie,/R, represents maximum torque at
zero speed.

@ No-load speed wg = e,/ K}, represents maximum velocity at
zero external torque load.

o Widely applied in high-precision positioning: CNC machine
tools, robotic manipulators, aerospace tracking systems, and
high-response control valves.

v
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Introduction to Stepper Motors |

An electromechanical device that translates digital electrical pulses
into precise, discrete angular movements called steps.

Key Points

@ Operates natively in an open-loop configuration, eliminating
the need for expensive encoder feedback loops.

@ Step Angle (beta) defines the angular rotation per pulse,
governed by the formula: beta = (Ns - Nr) * 360 / (Ns * Nr)
degrees, where Ns is stator phases/poles and Nr is rotor teeth.

@ High holding torque enables the motor to hold its position
firmly without moving when DC excitation is maintained.
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Taxonomy of Stepper Motors |

Classification of stepper motors is primarily based on the rotor
construction and the mechanism used to generate torque.

Key Points

@ Variable Reluctance (VR): Utilizes a soft iron multi-toothed
rotor. Operates purely on minimizing magnetic reluctance.

@ Permanent Magnet (PM): Utilizes a permanent magnet rotor
with alternating radially magnetized poles. Operates on
attraction/repulsion.

@ Hybrid (HB): Combines the structural characteristics of VR
and PM motors to achieve small step angles and high torque.

v
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Variable Reluctance (VR) Stepper Motor |

The VR stepper motor operates on the principle that a magnetic
circuit will always configure itself to present minimum reluctance to
the magnetic flux.

@ Stator construction features salient poles wound with
concentrated excitation coils grouped in phases.

@ Rotor is constructed from high-permeability, laminated
soft-iron steel sheets containing teeth but no windings or
permanent magnets.

@ Has zero detent torque when the stator coils are de-energized,
as there is no source of residual magnetic field in the rotor.
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VR Stepper Motor Cross-Section |

VR Stepper Motor Cross-Section
Stator: 6-poles, Rotor: 4-teeth
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VR Stepper Motor Cross-Section |l

Key Points
@ Stator has 6 salient poles with phase windings A, B, and C.
@ Rotor has 4 teeth spaced at 90-degree intervals.

o Energizing phase A aligns rotor teeth 1 and 3 with stator pole
A. Energizing phase B next rotates the rotor by 30 degrees
counter-clockwise. )

484 / 652
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Permanent Magnet (PM) Stepper Motor |

The PM stepper motor utilizes electromagnetic interaction between
the stator field and the permanent magnet poles of the rotor.

@ Rotor consists of a cylindrical permanent magnet with multiple
pairs of alternating North and South poles magnetized radially.

@ The stator poles are typically un-toothed but may feature
claws (can-stack construction) to increase pole density.

@ Exhibits a significant detent torque when unenergized, which is
useful for holding load position without consuming power.
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Hybrid Stepper Motor: Construction |

Designed to provide very small step angles (typically 1.8 or 0.9
degrees) with high holding and dynamic torque.

@ Rotor consists of an axially magnetized cylindrical permanent
magnet sandwiched between two soft-iron multi-toothed end
caps.

@ The two end caps (commonly having 50 teeth each) are offset
from each other by exactly half of a tooth pitch (3.6 degrees
for a 50-tooth cap).

@ This configuration results in one end cap acting entirely as a
North pole, and the opposite end cap acting as a South pole. )
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Hybrid Rotor Structure (Axial View) |

Rotor Shaft

oooo
Axial Sandwich Construction
Showing tooth offset of Cap A and Cap B
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Hybrid Rotor Structure (Axial View) I

Key Points
@ The permanent magnet at the core polarizes Cap A as North
and Cap B as South.
@ Teeth on Cap A and Cap B are mechanically offset by
half-tooth pitch.
@ This structural offset enables high resolution stepping when
winding polarities are switched.
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Comparative Performance Analysis |

Choosing the appropriate stepper motor requires analyzing the key
trade-offs between VR, PM, and Hybrid configurations.

Key Points

@ Step Angle: Hybrid offers the smallest step angles (0.9 to 1.8
degrees), while PM has the largest (7.5 to 90 degrees).

@ Torque Capacity: Hybrid motors deliver the highest holding
torque per unit volume due to their optimized flux paths.

@ Detent Torque: Absent in VR (zero residual magnetism), but

present in PM and Hybrid motors (which can hold load
positions when unpowered).
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Review Questions & Summary |

A firm understanding of classification and construction is essential
for designing high-performance digital motion control systems.

@ Explain the fundamental mechanism by which a Variable
Reluctance stepper motor generates mechanical torque.

@ Why does a Permanent Magnet stepper motor exhibit detent
torque, and how is it useful in positioning applications?

@ Describe the purpose of the half-tooth mechanical
displacement between the two rotor caps of a Hybrid stepper
motor.
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Introduction to Permanent Magnet Motors |

Overview of permanent magnet technology in control applications,
replacing traditional electromagnetic field windings with
high-coercivity permanent magnets.

o Eliminates field copper losses (/12Ry), significantly improving
operating efficiency.
o Constructed using high-energy-product permanent magnet

materials such as Alnico, Ferrites, or Samarium-Cobalt (SmCo)
and Neodymium-Iron-Boron (NdFeB).

e Offers a high torque-to-inertia and high power-to-weight ratio,
critical for precision servo and control systems.

@ Reduced overall motor volume and weight compared to
electromagnetic field excitation motors.

v
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Working Principle of PMDC Motors |

Analysis of the electromagnetic interaction and commutation
system within a Permanent Magnet DC Motor.
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Working Principle of PMDC Motors Il

Key Points

@ Lorentz Force Principle: Current-carrying conductors in the
rotor armature experience a force F = B - | - L when exposed
to the stator’'s magnetic field.

@ Mechanical Commutation: Carbon brushes and segment
split-rings dynamically reverse the direction of armature
current to maintain unidirectional torque.

@ Linear torque-current relationship: Electromagnetic torque is
given by T, = K; - ® - [;, where flux ® is constant, making
torque directly proportional to armature current /,.

@ Back Electromotive Force (EMF): E, = Ke - ® - wpy, is
generated in the rotating armature, opposing the applied
voltage and providing self-regulation.
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PMDC Motor Equivalent Circuit & Mathematical

Modeling |

0]
Permanent Magnet ---
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PMDC Motor Equivalent Circuit & Mathematical

Modeling Il

@ Armature electrical dynamics:

Va(t) = Ralu(t) + L, dlf’j(tt) + Ep(t), where R, is armature

resistance and L, is leakage inductance.

@ Rotational mechanical dynamics:

Te(t) = Jd“’st(t) + Bmwm(t) + Ti(t), where J is rotor inertia
and B, is viscous friction coefficient.

@ Transfer function from terminal voltage V,(s) to speed wp(s)
demonstrates a second-order system response, typically
simplified to first-order when electrical time constant
Te = La/ R, is negligible.
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Torque-Speed Characteristics of PMDC Motors |

Study of the linear speed-torque profile under constant armature
voltage, outlining critical operating parameters.

. A
o Steady-state speed relation: w,, = K6~ (K, ¢)2 Te. Under
constant flux, the speed decreases linearly as torque increases.

@ No-Load Speed (wp): The theoretical maximum speed at zero
external torque, where Ep =~ V.

o Stall Torque (Ts): The maximum torque produced when the
rotor is locked (wp, = 0), yielding I, = V,/R,.
@ Speed regulation is superior to series DC motors and behaves

identically to an ideally shunt-wound DC motor with constant
field excitation.

GTU Course Presentation DI103000191: Control Components July 25, 2026 496 / 652



Permanent Magnet (PM) Stepper Motors: Design &

Construction |

Structural and material configuration of PM stepper motors,

highlighting the distinction between wound stator and magnetized
rotor.
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Permanent Magnet (PM) Stepper Motors: Design &

Construction I

@ Stator construction: Laminated iron core with salient poles
wound with phase coils (commonly 2 or 4 phases).

@ Rotor design: Utilizes a smooth cylindrical permanent magnet
with alternating radially magnetized North and South poles.

@ Step angle definition: The angular displacement per input
pulse, defined as 05 = ,\3,6(;\, or 05 = 360P, where g is phases

and P is pole pairs.

@ No teeth on the rotor, unlike variable reluctance (VR) or
hybrid stepper motors, which limits the step resolution
(typically 45° to 90°).
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Working Principle of PM Stepper Motors |

2-Phase Permanent Magnet
Stepper Motor Cross-Section
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Working Principle of PM Stepper Motors ||

Key Points

@ Magnetic Attraction and Repulsion: Aligning rotor magnetic
poles with stator electromagnetic poles excited by sequential
DC pulses.

o Detent Torque (Resting Torque): The torque required to
rotate the motor when windings are unenergized, caused by
the permanent magnet rotor aligning with stator poles.

@ Dynamic holding torque: The maximum static torque the
motor can withstand without slipping when windings are
energized with rated DC.

@ Directional control: Reversing the sequence of phase excitation
reverses the direction of rotor rotation (clockwise or
counter-clockwise).
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Drive Configurations & Excitation Modes |

Techniques for driving PM stepper motors using electronic switches
and current control schemes.
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Drive Configurations & Excitation Modes Il

@ Unipolar Drive: Uses center-tapped windings, simplifying driver
circuitry (requiring only 4 transistors) as current flows in one
direction.

@ Bipolar Drive: Requires H-bridge drivers (8 transistors total) to
reverse current flow through the entire winding, yielding higher
torque per unit volume.

@ Wave Drive (Single-Phase-On): Energizing one phase at a
time; low power consumption but lower torque.

@ Full-Step Drive (Two-Phase-On): Energizing two phases
simultaneously; increases holding torque by roughly 41

o Half-Step Drive: Alternates between one-phase-on and

two-phases-on, doubling the step resolution (e.g., from 90° to
45°).
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Control & Driver ICs for PM Motors |

Interfacing permanent magnet motors with microcontrollers using
dedicated power electronics and feedback loops.
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Control & Driver ICs for PM Motors I

@ Pulse Width Modulation (PWM): Used to regulate average
armature voltage in PMDC motors, control speed, and limit
start-up current.

o H-Bridge Drivers (e.g., L298N, L293D): Monolithic integrated
circuits allowing bidirectional voltage control for PMDC and
PM stepper motors.

@ Microstepping Drives: Modulating phase currents
sinusoidal-cosinusoidally to achieve extremely fine step
resolutions and smooth low-speed operation.

@ Closed-loop feedback: Incorporating optical encoders, Hall
effect sensors, or resolver systems to convert PMDC motors
into high-performance servo actuators.
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Industrial Applications and Selection Criteria |

Strategic implementation of PMDC and PM stepper motors across
diverse automation and consumer systems.
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Industrial Applications and Selection Criteria Il

e PMDC Applications: Automotive actuators (wipers, power
windows), battery-operated toys, portable medical pumps, and
small robotic mobile bases.

@ PM Stepper Applications: Computer peripherals (floppy drives,
old printers), valve positioning controls, security camera
pan-tilt units, and medical analyzers.

@ Selection Criteria: Choosing based on torque density, speed
range, brush wear tolerances, resolution constraints, and
system power budget.

@ Demagnetization Hazard: Excessive armature reaction or high

temperature can permanently demagnetize magnets, requiring
careful design margins.
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Variable Reluctance (VR) Stepper Motors: Core

Principles |

Operating principle and stator-rotor magnetic circuit behavior in
VR motors.
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Variable Reluctance (VR) Stepper Motors: Core

Principles Il

@ The operation of a Variable Reluctance (VR) stepper motor is
based on the magnetic principle that an unmagnetized
ferromagnetic rotor will align itself to minimize the reluctance
of the magnetic path.

@ The rotor is constructed from laminated soft iron or silicon
steel, featuring salient teeth with high magnetic permeability
and extremely low residual magnetism (retentivity).

@ When a specific stator phase winding is energized with direct
current, it establishes a local magnetic field, producing a
torque that pulls the nearest rotor teeth into alignment with
the energized stator poles.

@ Unlike permanent magnet stepper motors, the rotor of a VR
motor contains no permanent magnets and carries no electrical

windings, which simplifies mechanical construction and reduces
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6/4 Variable Reluctance Stepper Motor Construction
I
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6/4 Variable Reluctance Stepper Motor Construction

@ The diagram represents a classic 3-phase, 6-stator-pole,
4-rotor-tooth (6/4) VR stepper motor configuration.

@ The stator poles are wound in pairs: Phase A (A and A’),
Phase B (B and B'), and Phase C (C and C’) to create
opposite magnetic poles when energized.

@ The step angle (6s) is mathematically determined by the
formula: 0 = 225 |Ns — N |, which yields (360 / 24) * 2 =
30° per step.

@ Exciting the phases in a sequential pattern (A — B — C — A)
results in step-wise counter-clockwise rotation of 30°.

W
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Variable Reluctance: Torque-Speed and Operating

Modes |

Understanding the dynamic performance, drive requirements, and
limits of VR motors.
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Variable Reluctance: Torque-Speed and Operating

Modes Il

@ Detent Torque: VR stepper motors have zero detent torque
when the stator coils are unpowered, allowing the motor shaft
to spin freely without magnetic resistance.

@ Pull-in Torque: Represents the maximum torque at which a
motor can start, stop, or reverse synchronously without losing
steps, limited by rotor inertia and electrical time constant
(L/R).

@ Pull-out Torque: The maximum torque the motor can output
at a steady speed without falling out of synchronization with
the control pulses.

@ Microstepping can be applied to VR motors by modulating the
currents through multiple phase windings, creating
intermediate reluctance minima to achieve sub-step resolution.

_ V.

= = - = = aNella
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Multi-stack Variable Reluctance Stepper Motors |

Overcoming step-angle limitations via axial multi-stack motor
designs.
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Multi-stack Variable Reluctance Stepper Motors ||

Key Points

@ In a single-stack VR motor, reducing the step angle requires
increasing the number of stator poles and rotor teeth, which is
limited by spatial constraints and flux leakage.

o Multi-stack VR motors resolve this by dividing the motor
axially into multiple magnetically isolated sections (stacks)
along a common rotor shaft.

@ Each stack consists of its own stator yoke and ring of rotor
teeth. While the rotor teeth across all stacks are mechanically
aligned, the stator poles of adjacent stacks are offset by an

angle equal to the step angle.
@ For a multi-stack motor with 'm’ stacks and 'NN,’ rotor teeth,
the step angle is given by 6s = 399" enabling step angles as

- mxN,’
small as 1.8° or 0.9°.
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Hybrid Stepper Motors (HSM): Introduction &

Design |

Merging Permanent Magnet and Variable Reluctance technologies
for optimal motion control.
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Hybrid Stepper Motors (HSM): Introduction &

Design |l

@ The Hybrid Stepper Motor (HSM) combines the high torque
capability of Permanent Magnet (PM) motors with the small
step-angle resolution of Variable Reluctance (VR) motors.

@ The stator of an HSM features salient poles with micro-teeth
machined onto their faces, energized by two or more phase
windings.

@ The rotor contains an axial, cylindrically shaped permanent
magnet sandwiched between two soft-iron cups (end-caps)
that form the rotor poles.

@ One end-cap is magnetized as a North pole, while the other is
magnetized as a South pole, creating a highly concentrated
axial-to-radial flux path.
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Axial Construction of a Hybrid Stepper Motor |

Stator Back Iron

oononQ oonQo

N|S

Magnet]

oooo ooo

Rotor N-Cap Rotor S-Cap
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Axial Construction of a Hybrid Stepper Motor Il

@ The cross-section illustrates the central permanent magnet
magnetized axially, forcing magnetic flux outward through the
toothed rotor caps.

@ The teeth on the N-cap and S-cap are physically offset from
each other by exactly half a tooth pitch (7 / N, radians).

@ Stator poles are fitted with multi-tooth pole faces, allowing
simultaneous magnetic interaction with the rotor teeth across
the air gap.

@ When the stator coils are energized, the magnetic flux
circulates through the stator yoke and back iron, completing
the path through the permanent magnet.
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Operating Principle of Hybrid Stepper Motors |

Magnetic path control and phase excitation sequences for HSM.
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Operating Principle of Hybrid Stepper Motors Il

@ Operation relies on both electromagnetic attraction/repulsion
from the stator poles and variable reluctance torque from the
toothed structure.

@ When a stator phase is energized, it creates local North and
South electromagnetic poles on the stator teeth.

@ The rotor N-cap teeth align with the stator South
electromagnetic poles, while the rotor S-cap teeth align with
the stator North electromagnetic poles.

@ Because of the physical half-tooth offset between the rotor
caps, when one set of teeth is fully aligned, the other set is
misaligned. Energizing the next phase shifts alignment, driving
the shaft forward.

v
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Mathematical Analysis of Step Angle in Hybrid

Motors |

Formulas and calculations defining the angular resolution of hybrid
motors.
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Mathematical Analysis of Step Angle in Hybrid

Motors |l

@ The step angle (6s) of a hybrid stepper motor is given by the
equation: 0s; = 312?\(/1' where 'm’ is the number of phases

(typically 4 for a 2-phase bi-directional motor) and 'N,’ is the
number of teeth on one rotor end-cap.

@ Example calculation: A standard industrial hybrid stepper
motor has 50 rotor teeth and a 2-phase stator (yielding 4
360°

electrical states). Thus, 05 = 250 — 1.8° per step.

o Half-stepping is achieved by alternating excitation between one
phase and two phases (A — AB — B — BC...), resulting in
400 steps per revolution (0.9° per step).

@ The step accuracy of hybrid motors is generally within £3% to
+5% of the step angle, and this error is non-cumulative since
it is mechanically bound to the physical tooth pitches.

= N
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Variable Reluctance vs. Hybrid Stepper Motors |

Key parameter comparisons for control component selection.
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Variable Reluctance vs. Hybrid Stepper Motors |l

@ Torque density: Hybrid stepper motors offer significantly
higher holding and running torque per unit volume compared
to VR motors due to the permanent magnet flux.

@ Detent Torque: VR motors have no detent torque (allowing
free hand rotation when powered off). Hybrid motors have a
moderate detent torque which helps hold positions when the
system is unpowered.

@ Inductance and Speed: VR motors generally have lower
winding inductance, permitting better high-speed operation.
Hybrid motors excel at lower speeds with higher precision
positioning.

@ Applications: VR motors are utilized in low-cost, light-duty
applications like retail labeling. Hybrid motors are the industry
standard for CNC machines, 3D printers, and precision

industrial actuators.
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Introduction to Relays and Galvanic Isolation |

An electrical relay is an electrically operated switch that allows a
low-power control signal to switch a high-power load circuit while
providing complete galvanic isolation.
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Introduction to Relays and Galvanic Isolation Il

Key Points

@ Galvanic Isolation: Physically separates input and output
electrical circuits, protecting microcontrollers from
high-voltage spikes and noise.

@ Input Signal: Low-power control circuit (e.g., 5V/12V DC,
typically drawing less than 100mA of current).

@ Output Circuit: High-power load circuit (e.g., 230V AC,
capable of switching currents from 2A up to 30A or more).

@ Historical Context: Invented by Joseph Henry in 1835 as an
amplifier for telegraph signals, now vital for industrial
automation systems.
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Taxonomy of Relay Classifications |

Relays are categorized based on their actuation mechanism,
electrical contact layouts, control signal type, and application
requirements.
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Taxonomy of Relay Classifications |l

@ By Actuation Principle: Electromechanical Relays (EMR),
Solid-State Relays (SSR), Reed Relays, and
Thermal/Bimetallic Relays.

e By Contact Configuration: Single Pole Single Throw (SPST),
Single Pole Double Throw (SPDT), Double Pole Double
Throw (DPDT), and multi-pole variations.

e By Control Input: DC-excited coils (requiring flyback diode
protection) and AC-excited coils (incorporating shading rings
to eliminate vibration).

@ By Enclosure Design: Open-frame, dust-proof plastic cover,
hermetically sealed (for hazardous environments), and
epoxy-sealed units.

GTU Course Presentation DI103000191: Control Components July 25, 2026 528 /652



Construction of an Electromechanical Relay |

Cgl\/b— NC
Iron Cole—
g &— NO
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Coil Term 2 —— = ©
(=1 < '\/\/\/— Spring
"
B
Coil Term 1 ———=
Pivot
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Construction of an Electromechanical Relay Il

Key Points

o Electromagnetic Coil: Copper winding around a stationary
soft-iron core that generates magnetic flux when energized.

@ Hinged Armature: A pivot-mounted magnetic element
attracted to the iron core, shifting when the magnetic field
overcomes the spring force.

@ Restoring Spring: Pulls the armature back to its de-energized
resting position when coil current is removed.

@ Switched Contacts: High-conductivity metallic contacts
(COM, NC, NO) that open or close the circuit during
armature displacement.
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Electromechanical Relay (EMR) Working Principle |

EMR operation relies on electromagnetic induction and mechanical
force balance. The input control current governs the mechanical
contact states.
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Electromechanical Relay (EMR) Working Principle

Key Points

@ De-energized Phase: Coil current is zero. The restoring spring
exerts dominant force, holding the COM contact firmly against
the NC contact.

@ Magnetic Field Generation: Energizing the coil creates
magnetic flux density (B) in the core, producing an
electromagnetic attraction force.

@ Armature Motion: The attraction force pulls the armature
toward the core pole face, stretching the spring and shifting
the COM contact.

@ Energized Phase: COM contact detaches from the NC contact
and presses against the NO contact, completing the
high-power load circuit.
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Relay Contact Configurations and Form Types |

SPST-NO SPST-NC
(Form A) (Form B)
DPDT
SPDT — NC1
— NC CO :
coms™ \ — NO1
— NO _o— NC2
(Form C) co
— NO2
(2 Form C)
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Relay Contact Configurations and Form Types Il

@ Form A (SPST-NO): Single-Pole Single-Throw Normally Open
contact configuration. Closes when the coil is energized.

@ Form B (SPST-NC): Single-Pole Single-Throw Normally
Closed contact configuration. Opens when the coil is
energized.

e Form C (SPDT): Single-Pole Double-Throw contact
configuration. Switches the COM path from NC to NO
contact.

@ Multi-Pole Relays: Relays like DPDT (Double Pole Double
Throw) control two isolated power paths simultaneously via
mechanical ganging.
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Coil Electrical Specifications |

Relay coils are characterized by specific thermal, voltage, and
current parameters required for reliable magnetic actuation.

@ Nominal Coil Voltage: The voltage at which the coil is
designed to continuously operate (e.g., 5VDC, 12VDC,
24VDC, 110VAQ).

@ Pick-up (Must-Operate) Voltage: The minimum coil voltage
at which the relay armature is pulled in (typically 70-80

@ Drop-out (Must-Release) Voltage: The voltage level below
which the armature releases (typically 10-20

@ Coil Resistance and Power: Coil resistance determines the
current draw (/ = V/R) and power dissipation (P = V2/R),
affecting driver design.

v
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Transient Protection and Coil Driving |

Driving relay coils requires specialized protective circuit components
to manage inductive kickback and avoid control circuit damage.
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Transient Protection and Coil Driving Il

Key Points

@ Inductive Flyback: When coil current is interrupted, the
collapsing magnetic field generates a reverse voltage spike
(V = —L9) that can destroy driving transistors.

o Flyback Diode (Freewheeling Diode): Connected in
reverse-parallel across the DC coil to provide a safe discharge
path for the recirculating current.

@ AC Coil Shading Ring: A short-circuited copper band on the
core pole face. It creates a phase-shifted magnetic flux to
prevent EMR chatter at AC zero-crossings.

@ Transistor Drivers: Low-power microcontrollers utilize NPN
BJTs, N-channel MOSFETSs, or Darlington arrays (e.g.,
ULN2003) to switch the higher coil current.
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Electromechanical Relays: Advantages and

Limitations |

Evaluating EMR characteristics helps in deciding between

mechanical switches and solid-state alternatives for control system
integration.
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Electromechanical Relays: Advantages and

Limitations Il

@ Isolation Capability: EMRs provide excellent physical
separation, with contact-to-coil isolation resistance often
exceeding 1000 MQ.

@ Low Contact Resistance: When closed, contacts have very low
resistance (sub-ohm levels), resulting in negligible voltage drop
and power loss.

@ Mechanical Wear: Contact pitting, oxide build-up, and fatigue
in the spring limit operational life to around 10° to 107 cycles.

@ Chatter & Response Time: Switching takes 5ms to 25ms,
accompanied by contact bounce and audible noise, which
limits high-frequency applications.

v
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Relay Selection and Applications |

Selecting a relay for industrial designs involves assessing electrical
loads, contact life, safety, and operating environment.

GTU Course Presentation DI103000191: Control Components July 25, 2026 540 / 652



Relay Selection and Applications Il

@ Load Characteristics: Consider AC vs. DC, continuous
operating currents, and inrush currents caused by inductive or
capacitive loads.

o Safety Relays: Force-guided contacts prevent the NC and NO
contacts from closing simultaneously, ensuring safety in
emergency stop circuits.

@ Industrial Automation: EMRs interface PLC outputs to control
larger contactors, motors, solenoid valves, and indicator panels.

@ Automotive Applications: Standard plug-in relays switch
high-current automotive systems like headlights, radiator fans,
and fuel pumps.
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Introduction to Reed Relays |

A Reed Relay is an electromagnetic relay that operates using an
externally applied magnetic field. It consists of a reed switch
enclosed within an electromagnetic coil, providing high speed and
excellent isolation.
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Introduction to Reed Relays Il

@ Magnetic Actuation: When current flows through the outer
coil, it generates a magnetic field that magnetizes the internal
reeds.

@ Hermetic Seal: The contacts are sealed in a glass envelope
with an inert gas (e.g., nitrogen or helium) to prevent
oxidation.

@ Response Time: Operating times range from 0.2 ms to 1 ms,
significantly faster than conventional electromechanical relays.

@ Isolation: Offers high open-circuit isolation resistance, typically
around 102 ohms.
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Reed Relay Construction |

Glass Envelope
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Reed Relay Construction Il

Key Points

@ Glass Envelope: Maintains an inert atmosphere around
contacts to prevent contamination.

@ Ferromagnetic Reeds: Overlapping metal blades made of
nickel-iron alloy that respond to magnetic forces.

o Contact Plating: Sputtered with noble metals like rhodium or
ruthenium for low contact resistance and high wear resistance.

@ Coil: Copper winding that provides the axial magnetic field to
pull the reeds together.
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Contact Configurations of Reed Relays |

Reed switch contacts are classified by standard industrial forms
depending on their switching behavior under the influence of a
magnetic field.

e Form A (SPST-NO): Normally Open configuration; contacts
close when the magnetic field is applied.

e Form B (SPST-NC): Normally Closed configuration; contacts
open when magnetized.

e Form C (SPDT): Single Pole Double Throw; toggles a common
reed between normally closed and normally open terminals.

@ Dry Circuit Performance: Highly reliable at
microvolt/microampere levels due to lack of oxidation.
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Solid State Relays (SSR) - Working Principle |

Solid State Relays are electronic switching devices that do not
contain moving parts. They perform high-speed switching using
optical isolation and power semiconductor switches.
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Solid State Relays (SSR) - Working Principle I

Key Points

@ Opto-Coupling: Internal LED converts the control signal to
infrared light, which triggers a photodiode array.

@ Electrical Isolation: Achieves galvanic isolation up to 4000
Vrms between the low-voltage control circuit and high-voltage
AC mains.

@ Semiconductor Qutput: Uses TRIACs, SCR pairs, or power
MOSFETSs to switch load currents.

@ Zero-Crossing switching: Minimizes inrush current and
electromagnetic interference (EMI) by switching AC loads only
near the OV cross-over point.

o
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Solid State Relay Architecture |

+VDC Control
GND Input

Opto-
Isolator

Power |
Z[e)ro—Cross_) Switching
etector (TRIAC/SCRY
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Solid State Relay Architecture Il

Key Points

@ Control Input: Low-power DC signal that activates the internal
opto-isolator LED.

@ Opto-Isolator Stage: Provides complete electrical separation
between control and load circuits.

@ Zero-Cross Detector: Synchronizes switching with the AC
voltage zero crossing to limit thermal and electrical stress.

@ Snubber Network: Often integrated in parallel with the output
switch to prevent false triggering from high dv/dt transients.

v
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SSR vs. Electromechanical Relays (EMR) |

A comparative analysis of operational parameters between
solid-state and electromechanical relay technologies.
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SSR vs. Electromechanical Relays (EMR) I

@ Switching Speed: SSRs switch in microseconds; EMRs require
milliseconds due to physical armature motion.

@ Thermal Dissipation: SSRs have a forward voltage drop
( 1-1.5V) causing heat generation, requiring heat sinks. EMRs
have negligible contact resistance and generate minimal heat.

o Off-State Leakage: SSRs exhibit microampere to milliampere
leakage current. EMRs provide a complete physical air gap
with zero leakage.

@ Mechanical Life: SSRs have no moving parts, offering a
virtually infinite operating life, whereas EMRs degrade due to
contact wear and arcing.
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Industrial Switches: Classification |

Switches are manual or automatic control elements that open,
close, or redirect electrical circuits. They are classified based on
internal contacts, poles, throws, and mechanism of operation.

@ Poles & Throws: SPST (Single Pole Single Throw), SPDT
(Single Pole Double Throw), DPST, and DPDT.

@ Actuation Mechanisms: Toggle, push-button, rotary, rocker,
slide, keylock, and industrial limit switches.

e Contact Action: Momentary action (spring return to default
state) versus Maintained action (latches in position).

@ Environmental Protection: Classified by NEMA or IP ratings
(e.g., IP67 for dust-tight and water-immersion resistance).
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Switch Construction and Contact Physics |

The reliability of physical switches depends heavily on materials,
mechanism design, and mitigation of contact degradation.

@ Contact Bounce: Elastic collision of contacts during closure
generates transient electrical noise, requiring hardware RC
filters or software debouncing.

@ Contact Materials: Gold plating is used for low-energy signals
(dry circuits) to prevent oxide film formation; Silver-Nickel or
Silver-Cadmium Oxide is used for high-current applications.

@ Wiping Action: Design feature where contacts slide across
each other during actuation to rub off oxide build-ups.

@ Arc Suppression: Blowout magnets or snubbers are employed
in high-voltage DC switches to extinguish electrical arcs.

v

GTU Course Presentation DI103000191: Control Components July 25, 2026 554 /652



Summary & Review Questions |

A recap of key concepts regarding safety and control components
used for switching in industrial automation systems.

@ ldentify the primary advantage of a Reed Relay over a
standard Electromechanical Relay regarding signal integrity.

@ Explain the function of Zero-Crossing detection in AC Solid
State Relays.

@ Define contact bounce, and identify why gold plating is
preferred for dry-circuit switching.

@ Summarize the key differences in thermal management
between SSRs and EMRs.
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Introduction to Toggle Switches |

A toggle switch is a mechanical switch controlled by a lever or
rocking mechanism to open or close an electrical circuit.

@ Actuated by moving a lever back and forth to open/close
contacts.

@ Widely used in industrial control panels, safety interlocks, and
test equipment.

@ Available in various poles (number of circuits controlled) and
throws (number of positions/connections).

@ Provides clear tactile and visual feedback of the switch status. |
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Single Pole Single Throw (SPST) Toggle Switch |

The SPST switch is the simplest toggle switch configuration,
functioning as a basic ON-OFF switch.

o Consists of a single input terminal (Pole) and a single output
terminal (Throw).

@ Controls one electrical path in one circuit.

@ Two positions: OPEN (OFF) where contacts are disconnected,
and CLOSED (ON) where contacts touch.

@ Commonly used for simple power control, lighting circuits, and
basic safety isolate functions.
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SPST Switch Circuit Diagram |

OFF Posjtion

<+

.—
Pole Throw

@ Shows a single pole (P) moving between an open state and a
single throw (T) terminal.

@ In the open position, the circuit impedance is infinite (air gap).

@ In the closed position, the contact resistance is typically under
50 milliohms.

@ Represented schematically as a simple lever contact.
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Single Pole Double Throw (SPDT) Toggle Switch |

The SPDT toggle switch routes a single input to one of two
different output paths.

o Consists of one input terminal (Pole) and two output terminals
(Throws).

@ Can be configured as ON-ON (two active positions) or
ON-OFF-ON (with a center-off position).

@ Commonly used for select functions (e.g., switching between
manual and automatic control mode).

@ Often called a changeover switch or diverter switch.
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SPDT Switch Circuit Diagram |

—P—o/
T e
Key Points

@ Pole (P) switches connection between Throw 1 (T1) and
Throw 2 (T2).

@ No current flows to either terminal in a center-off
configuration (if present).

@ Enables steering of a single control signal to alternative
circuits.

@ Essential for dual-state status indication and control
redirection.

v
>

= o =
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Double Pole Single Throw (DPST) Toggle Switch |

The DPST switch is equivalent to two isolated SPST switches
operated by a single mechanical toggle.

@ Has four terminals: two inputs (Poles) and two outputs
(Throws).

@ Controls two independent circuits simultaneously with a single
actuator.

@ Commonly used for safety isolation to disconnect both the live
(phase) and neutral lines.

@ Prevents ground loops and ensures complete circuit isolation
when OFF. J
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DPST Switch Circuit Diagram |

PreT oFi

'Link

o o2

Key Points

@ Shows two parallel poles (P1, P2) mechanically linked (dashed
line) to operate together.

@ Both contacts close or open simultaneously.

@ Maintains strict electrical isolation between the two controlled
circuits.

o Widely utilized in dual-phase industrial power supplies and
safety isolators.
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Industrial & Safety Applications of Toggle Switches |

Toggle switches play a critical role in system safety, power routing,
and mode selection in instrumentation loops.

@ Emergency Isolation: Disconnecting power source poles
simultaneously using DPST/DPDT switches.

@ Control Mode Selection: Switching between Auto, Manual,
and Cascade modes in control loops (SPDT/DPDT).

@ Interlocking Systems: Hardwired override mechanisms to
bypass automated controllers during maintenance.

@ Instrument Calibration: Directing sensing element output to
either a transmitter or a test terminal.
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Selection Criteria for Instrumentation Toggle

Switches |

Selecting the correct toggle switch requires evaluating electrical
ratings, environmental factors, and contact design.

e Contact Rating: Maximum voltage and current capacity (AC
vs. DC load ratings).

@ Contact Resistance: Typically j 10 milliohms to prevent signal
attenuation in low-voltage instrumentation.

@ Ingress Protection (IP Rating): Sealed toggles (e.g., IP67) for
explosive or wet process environments.

o Mechanical & Electrical Life: Rated cycles (often 50,000+
operations) for reliable long-term safety isolation.
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Double Pole Double Throw (DPDT) Switch

Fundamentals |

A DPDT switch consists of two independent poles, each containing
a single-pole double-throw switch configuration controlled by a
single shared mechanical actuator.
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Double Pole Double Throw (DPDT) Switch

Fundamentals Il

e Contains 6 terminals: 2 Commons (C1, C2), 2 Normally
Closed (NC1, NC2), and 2 Normally Open (NO1, NO2).

@ Mechanically ganged: both poles toggle simultaneously,
preventing out-of-sync switching states.

@ Enables controlling two separate circuits operating at different
voltages or signal types.

@ Commonly used to switch between two power sources or
reverse the polarity of a DC motor feed.
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DPDT Switch Schematic & Terminal Configuration |

oNCl1
Cle—T
! oNO1
' Mechanical Link

ONC2
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oNQO2
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DPDT Switch Schematic & Terminal Configuration Il

Key Points
@ The schematic illustrates the two separate circuits: Pole 1
(upper) and Pole 2 (lower).
@ The dashed line represents the mechanical link that guarantees
simultaneous contact state transitions.
@ When the switch is in the default state, C1 is connected to
NC1, and C2 to NC2.

@ Actuating the switch moves the levers to connect C1 to NO1,
and C2 to NO2.
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DPDT Applications: H-Bridge Polarity Reversal |

By cross-wiring a DPDT switch, we can construct a mechanical

H-bridge to reverse the current flow direction through a DC load
(e.g., a DC motor).
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DPDT Applications: H-Bridge Polarity Reversal |l

@ Cross-wiring configuration: Connect NO1 to NC2, and NO2 to

NC1.

@ Connect positive DC supply to C1 and negative/GND supply
to C2.

@ The motor terminals are connected across the NC1 and NC2
contacts.

@ Toggling the switch alternates the polarity applied to the
motor terminals, reversing its rotation direction.

@ Provides a simple, robust, and spark-resistant manual motor
control mechanism without active semiconductor elements.
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Push Button Switches: NO/NC and Momentary vs

Latching |

Push buttons are momentary or latching mechanical switches
actuated by a physical plunger or button cap.
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Push Button Switches: NO/NC and Momentary vs

Latching Il

@ Normally Open (NO): Contacts remain open by default.
Pressing the button closes the circuit (makes contact).

@ Normally Closed (NC): Contacts remain closed by default.
Pressing the button breaks the circuit (opens contact).

@ Latching vs Momentary: Momentary buttons return to their
default state when released; latching buttons remain in the
actuated state.

@ Industrial standard diameters: 22mm and 30mm buttons are
typical in control panels for ease of operator interface.

e Emergency Stop (E-Stop) buttons: Typically latching,
mushroom-headed NC contacts that ensure safety shutdown.
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Push Button Interface Circuit & Switch Debouncing |
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Push Button Interface Circuit & Switch Debouncing
I

@ Active-Low Configuration: Pull-up resistor keeps the GPIO
input HIGH when the button is open.

@ Pressing the button connects the input directly to GND,
pulling the signal LOW.

@ Contact Bounce: Mechanical contacts rebound upon closure,
causing transient high/low voltage transitions (typically 1 to 5
ms).

@ Hardware Debouncing: Add an RC filter parallel to the switch
to smooth the rapid voltage oscillations.

@ Software Debouncing: Programmatic verification of state
changes by sampling the pin status over a defined delay
window.
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DIP Switches (Dual In-line Package) |

DIP switches consist of an array of small, independent SPST
switches housed in a standard integrated circuit (IC) package size.
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DIP Switches (Dual In-line Package) Il

Key Points

@ Used to configure configuration parameters, system options, or
binary addresses on PCBs.

@ Standard types: Slide type, Piano key type, and Rotary DIP
switches (providing hexadecimal/decimal values).

@ Pitch size: Usually 0.1 inch (2.54 mm) spacing, fitting
standard breadboards and PCB sockets.

e Typically integrated with pull-up/pull-down resistor networks
(bussed resistor packs) to interface with digital logic.

@ Eliminates the need for manual wire jumpers, facilitating field
configuration of devices by technicians.
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Rotary Switches: Structural Layout & Contacts |

Rotary switches consist of a central spindle (rotor) that rotates to

connect a single input contact (pole) to one of multiple output
contacts (throws).
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Rotary Switches: Structural Layout & Contacts Il

@ Multi-Pole Configuration: Can support multiple poles (e.g.,
2-pole, 3-position or 1-pole, 12-position) in a single compact
housing.

@ Multi-Deck/Wafer Construction: Stacking multiple contact
wafers on a single shaft allows simultaneous switching of
independent circuits.

@ Mechanical Detents: Indexing mechanisms (spring-loaded ball
bearings) provide tactile feedback and lock the switch into
precise positions.

o Break-Before-Make (Non-Shorting): Rotary contacts break
connection with the previous channel before establishing
connection with the next channel.

o Make-Before-Break (Shorting): Contacts briefly bridge
adjacent channels, preventing open circuits during transit
critical for current transformer switching).
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Rotary Switch Applications in Control Systems |

Rotary switches are widely used in instrumentation panels, testing
equipment, and control boards.

@ Range Selection: Used in digital multimeters (DMMs) to
toggle input attenuators, shunt resistors, and active range
circuits.

@ Industrial Selector Switches: Hand-Off-Auto (H-O-A) switches
select the operational mode of industrial pumps, compressors,
or heaters.

@ Signal Multiplexing: Directing different thermocouple or sensor
signals to a single analog display unit or chart recorder.

@ Control Panel Safety: Keylock rotary switches restrict
actuation permissions to authorized maintenance personnel.
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Switch Component Comparison & Selection Criteria |

Selecting the proper switch component depends on the physical

interface requirements, electrical current/voltage ratings, and
switching frequency.
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Switch Component Comparison & Selection Criteria
Il

Key Points

o DPDT: Ideal for power source routing, motor direction control,
and physical phase reversal.

@ Push Button: Best suited for user-triggered events, start/stop
commands, and manual safety overrides.

@ DIP Switch: Ideal for semi-permanent configuration settings,
calibration values, and device network addresses.

@ Rotary Switch: Perfect for multi-state selector dials,
multimeter range changes, and complex multi-circuit wafer
configuration.

o Key engineering parameters: Contact resistance (typically
i50mOhm), contact current rating, dielectric strength, and
operating lifetime (cycles).

v
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Thumbwheel Switches: Operation & BCD Encoding |

Thumbwheel switches are rotary decimal-to-binary input devices.
By manually rotating the wheel, the user selects a decimal digit
(0-9), which mechanically bridges contacts on a printed circuit

board (PCB) to produce a corresponding Binary Coded Decimal
(BCD) signal output.
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Thumbwheel Switches: Operation & BCD Encoding

@ Simplifies operator interface for numerical input (such as timer
preset value) without requiring a full display/keyboard.

@ Reduces PLC digital input consumption by converting decimal
selections into a 4-bit binary equivalent (plus a common line).

o The outputs represent weights: 2° (Pin 1), 2! (Pin 2), 22 (Pin
4), and 23 (Pin 8).

e Can be ganged together (multiplexed) using diodes to form
multi-digit decadic selectors.
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BCD Thumbwheel Switch Schematic |

BCD Thumbwheel Switch Schemat
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BCD Thumbwheel Switch Schematic |l

e Common terminal is connected to the voltage source (e.g.,
+24VDC).

@ Switch mechanism routes input voltage to appropriate
combinations of binary outputs.

@ As shown in the schematic, the internal selector rotates to
physically bridge the Common track to the active bit lines.

@ For example, selecting '5’" bridges C to bit-lines 1 and 4,
producing 01015 on the PLC input modules.
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Limit Switches: Mechanical Lever Type |

Mechanical limit switches detect the physical presence or position
of moving machine parts. They rely on direct physical contact
between the target object and the sensor actuator (roller lever),
converting linear or rotary mechanical displacement into an
electrical contact state change.
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Limit Switches: Mechanical Lever Type Il

Key Points

@ Actuator options include roller lever, adjustable roller lever,
rod, and fork lever, optimized for target travel path.

@ Internal electrical contacts typically feature double-break,
snap-action mechanisms to minimize contact arcing and
response delay.

o Offers high repeatability (often within 0.01 mm) and resistance
to electromagnetic interference (EMI) due to mechanical
contacts.

e Often equipped with positive-opening (direct drive) NC
contacts for safety-critical stop applications.
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Mechanical Roller Lever Limit Switch Design |

Internal contacts actuate
via rotary force on the roller
lever mechanism.

avel
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Mechanical Roller Lever Limit Switch Design |l

Key Points

@ The diagram details the physical interaction: the target moves
horizontally, striking the roller.

@ The lever pivots about the rotary axis, driving a mechanical
plunger inside the housing downward.

@ Normally Closed (NC) contacts break immediately, and
Normally Open (NO) contacts establish a circuit.

@ Overtravel design allows the lever to continue moving slightly
without causing damage to internal electrical components.

GTU Course Presentation DI103000191: Control Components July 25, 2026 589 /652



Limit Switch: Contact Ratings and Industrial

Applications |

Limit switches are robust and can directly interface with high-power
AC circuits without interposing relays. However, physical contact
exposes them to mechanical wear and environmental ingress,
requiring careful selection of sealing ratings (IP65/IP67).

July 25, 2026 590 / 652
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Limit Switch: Contact Ratings and Industrial
Applications I

Key Points

@ Electrical contact rating typically ranges from 120VAC to
600VAC, with thermal currents up to 10 Amperes.

e Commonly applied in conveyor systems (detecting package
alignment), overhead cranes (restricting hook travel), and
safety gates.

@ Major disadvantage is contact bounce, which can introduce
signal noise on high-speed PLC digital inputs.

@ Requires mechanical adjustment to ensure the target actuator
does not exceed the maximum allowed overtravel limit.
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Proximity Switches: Principles of Non-Contact

Sensing |

Proximity switches are solid-state sensors that detect target objects
without mechanical contact. By eliminating moving parts, they
provide rapid switching frequencies, long service life, and high
resistance to dust, moisture, and vibrations.
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Proximity Switches: Principles of Non-Contact

Sensing |

@ Sensing occurs within a localized electromagnetic or
electrostatic field generated at the face of the sensor.

@ Inductive proximity switches detect only metallic targets by
evaluating changes in magnetic field amplitude.

o Capacitive proximity switches detect both conductive and
non-conductive targets by monitoring changes in capacitance.

@ Outputs are solid-state transistors (NPN or PNP) acting as
electronic switches, or 2-wire AC/DC configurations.
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Inductive Proximity Switches: Operation & Design |

Inductive sensors utilize the Eddy Current Killed Oscillator (ECKO)
principle. An internal oscillator generates a high-frequency AC
current in a coil located at the sensor tip. This coil creates a
dynamic magnetic field. When a metallic object approaches, eddy
currents are induced in it, drawing power from the oscillator.
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Inductive Proximity Switches: Operation & Design Il

@ Oscillator amplitude decreases as the metal target moves
closer, which is monitored by a Schmidt trigger circuit.

@ The trigger circuit switches the output stage (transistor) when
oscillation falls below a predefined threshold.

@ Sensing range depends on the target metal: mild steel is the
reference target (Correction Factor = 1.0); copper and
aluminum have correction factors of 0.3-0.4.

@ Shielded sensors focus the magnetic field forward, allowing
flush mounting in surrounding metals without false triggering.
v
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Capacitive Proximity Switches: Dielectric Detection |

Capacitive sensors operate on the change of electrical capacitance
between the sensor's active electrode and the surrounding space.
The target acts as the second plate of a capacitor. As a target
enters the sensing field, the total capacitance increases, modifying
the feedback loop of an internal RC oscillator.
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Capacitive Proximity Switches: Dielectric Detection Il

o Capacitance varies according to: C = €,69A/d, where ¢, is the
relative dielectric constant of the target.

@ Allows detection of non-metals such as water (¢, ~ 80), glass
(er = 5), and plastics (e, =~ 3).

@ Commonly applied in level detection of bulk solids, granular
materials, and liquids inside non-metallic containers.

@ Vulnerable to environmental factors: humidity, condensation,
or accumulation of material on the sensor face can cause false
trips.
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Comparative Selection Matrix for Control

Components |

Selecting the optimal sensor depends on the target’s physical
properties, distance, environment, and response speed. The table
below highlights critical selection criteria for thumbwheel,
mechanical limit, inductive, and capacitive sensors.
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Comparative Selection Matrix for Control
Components |l

@ Thumbwheel switch: Manual digital values, high reliability,
BCD parallel interface.

@ Mechanical Limit Switch: Heavy physical loads, mechanical
interlocking, target contact required, slow response, high noise
immunity.

@ Inductive Proximity Switch: High-speed metallic target
detection, rugged non-contact, unaffected by dust/moisture.

o Capacitive Proximity Switch: Liquid level detection,
non-metallic target sensing, adjustable sensitivity, susceptible
to moisture. )
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Principles of Optical Safety Devices |

Optical safety devices leverage electromagnetic radiation in the
infrared or visible spectrum to detect the intrusion of personnel or
foreign objects into hazardous zones without physical contact.
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Principles of Optical Safety Devices Il

Key Points

o Utilizes transmitter-receiver pairs operating with modulated
light (typically infrared, 850-950 nm) to prevent ambient light
interference.

o Key performance parameters include response time (typically j
20 ms), resolution (object detection capability down to 14 mm
for finger protection), and safety integrity level (SIL 2/3, PL
d/e).

o Safety-related control systems require dual-channel,
self-monitoring outputs (OSSD: Output Signal Switching
Devices) to detect short circuits, cross-talk, and internal
failures. )
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Safety Component 1: Safety Light Curtains |

Safety light curtains are optoelectronic devices consisting of a
multi-beam transmitter and receiver that create a grid of parallel
infrared beams across a defined sensing area.
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Safety Component 1: Safety Light Curtains Il

Key Points

@ Working Principle: Sequentially pulsed LED transmitters align
with corresponding phototransistors; breaking any beam
de-energizes the OSSD outputs.

@ Resolution Selection: 14 mm for finger detection, 30 mm for
hand detection, and larger spacing (;40 mm) for body or
access detection.

e Key Functions: Muting (temporary automatic suspension of
safety function for material passage using bypass sensors) and
Blanking (floating or fixed bypass of specific beams for
machinery parts).
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Optical Paths and OSSD Logic of a Light Curtain |

_____________________ )
_____________________ )
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_____________________ )

GTU Course Presentation DI103000191: Control Components July 25, 2026 604 / 652



Optical Paths and OSSD Logic of a Light Curtain Il

Key Points

@ The schematic shows the sequential pulsing of IR beams from
Transmitter to Receiver.

@ An interrupting object blocks the light path of beam 3,
causing the receiver channel to drop.

@ The safety relay processes this loss of signal and opens both
OSSD 1 and OSSD 2 semiconductor outputs to stop the
hazard.
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Safety Component 2: Photoelectric Safety Barriers |

Single-beam and multi-beam photoelectric safety barriers provide

perimeter guard monitoring and long-range optical fences up to
several dozen meters.
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Safety Component 2: Photoelectric Safety Barriers |l

@ Three standard configurations: Thru-beam (separate
transmitter and receiver), Retro-reflective (transmitter and
receiver in one housing with a corner-cube reflector), and
Diffuse-reflective (sensing target reflectance).

@ Thru-beam safety barriers offer the highest reliability and
longest range (up to 70m), minimizing susceptibility to dust,
steam, or misalignment.

@ Retro-reflective systems utilize polarizing filters to prevent false
detection of shiny objects, ensuring the light path is broken
only by opaque bodies.
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Safety Component 3: Safety Laser Scanners |

Safety laser scanners are active optoelectronic protective devices
(AOPDDR) that monitor flat surfaces or two-dimensional zones
using Time-of-Flight (ToF) distance measurement.
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Safety Component 3: Safety Laser Scanners Il

Key Points

@ Operating Principle: A rotating mirror deflects a pulsed laser
beam (typically Class 1 laser) over a 275-degree arc,
calculating object coordinates based on round-trip light
reflection time.

o Configurable Zones: Warning Field (triggers alarms or slows
down AGVs) and Safety Field (monitors critical intrusion
zones, causing an immediate machine shutdown).

@ Applications: Collision avoidance for Automated Guided
Vehicles (AGVs), area monitoring around robotic cells, and
dynamic field switching based on vehicle speed.
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Safety Laser Scanner Scanning Geometry |
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Safety Laser Scanner Scanning Geometry Il

Y-axis

Warnipg Zone (Slow)

Laser Pulse

X-axis
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Industrial Alarm Annunciators |

An Alarm Annunciator is a centralized instrument panel that
monitors multiple process plant alarms, presenting visual and

audible alerts to operators according to standardized sequence
behaviors.
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Industrial Alarm Annunciators I

@ Function: Consolidates discrete digital inputs (normally
open/closed field contacts from pressure switches, temp
switches, etc.) into an organized grid of backlit display
windows.

e Standardization: ISA-18.1 (Instrumentation, Systems, and
Automation Society) defines sequences governing window flash
rates, colors, and audible outputs based on alarm transitions.

@ Core Operator Interface: Includes pushbuttons for
Acknowledge (silences horn, stops flashing), Reset (clears
resolved alarm windows), and Test (verifies all lamps and
sounders work).

GTU Course Presentation DI103000191: Control Components July 25, 2026 613 /652



ISA-18.1 Sequence A (Automatic Reset) |

Sequence A, also known as 'Automatic Reset’ or 'Ringback-less’
sequence, is the most common annunciator operational sequence in
industrial control rooms.

GTU Course Presentation DI103000191: Control Components July 25, 2026 614 / 652



ISA-18.1 Sequence A (Automatic Reset) Il

o State 1 (Normal): Visual lamp is OFF, audible horn is OFF.

@ State 2 (Alarm Occurred): Visual lamp flashes rapidly
(120-180 fpm), audible horn sounds. Occurs when field
contact changes state.

o State 3 (Operator Acknowledges): Visual lamp changes to
steady ON, audible horn turns OFF. Indicates operator
awareness of the fault.

o State 4 (Process Returns to Normal): If acknowledged, the
visual lamp turns OFF automatically. If not acknowledged yet,
it remains in flashing state.
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Application Selection Matrix |

Selecting the correct safety or monitoring component depends on
the physical layout, response requirements, and environmental
conditions of the process or machine cell.
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Application Selection Matrix Il

@ Light Curtains: Best for high-speed, repetitive machine access
(e.g., hydraulic presses, assembly lines) where physical gates
reduce operator efficiency.

@ Photoelectric Beams: Ideal for perimeter guarding of large
machine areas, conveyor line entry/exit zones, and warehouse
high-bay racking systems.

@ Laser Scanners: |deal for mobile machinery (AGVs/AMRs) and
complex, non-rectangular hazard fields where physical barriers
are impractical.

@ Annunciators: Crucial for critical utility packages (boiler
drums, turbine lube oil systems, electrical substations) where
hardwired, independent visual alarms are mandatory for plant
safety.
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Fundamentals of Overpressure Protection |

In process piping and pressure vessels, overpressure conditions
represent severe hazards to personnel, environment, and equipment
integrity. Pressure relief devices serve as the critical final layer of
defense.
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Fundamentals of Overpressure Protection Il

Key Points

@ Overpressure is caused by system upsets: utility failures,
thermal expansion, fire exposure, or runaway chemical
reactions.

@ Design standards are strictly governed by ASME Boiler and
Pressure Vessel Code (BPVC) Section | (Boilers) and Section
VIl (Pressure Vessels).

o Key terms include: Set Pressure (activation limit),
Overpressure (rise above set pressure), Accumulation (pressure
rise inside vessel above MAWP), and Blowdown (reseating
differential).

@ The primary design goal is maximum reliability: these devices
must actuate autonomously without external power sources.

v
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Safety Valves vs. Relief Valves: Core Differences |

While both serve as emergency pressure release paths, their internal
geometries, operating dynamics, and fluid states differ completely.

@ Relief Valves are designed for incompressible liquid service.
They feature progressive, proportional opening relative to the
overpressure magnitude.

o Safety Valves are designed for compressible gas, steam, and
vapor service. They feature an instantaneous, full-opening
'pop’ action.

@ Relief valves typically achieve full capacity at 10

@ Reseating mechanics: Relief valves close almost immediately
when pressure drops below setpoint; Safety valves require a
controlled blowdown span.

v
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Direct-Acting Safety Valve Architecture |
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Direct-Acting Safety Valve Architecture |l

Key Points

@ Schematic of a direct-acting, spring-loaded safety valve under
closed, normal operation conditions.

@ The Inlet Nozzle delivers fluid directly underneath the disc,
providing the upward force (Fayid = Pinfet X Aseat)-

@ The helical Spring exerts a constant, adjustable downward
force (Fspring) keeping the disc sealed against the seat.

@ An Adjusting Screw sets the spring compression, defining the
exact mechanical set pressure of the safety valve.
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Mechanics of "Pop Action” (Huddling Chamber) |

The sudden, rapid opening characteristic of safety valves is achieved
by a clever geometric addition to the disc: the Huddling Chamber.
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Mechanics of "Pop Action” (Huddling Chamber) I

@ A huddling chamber is a small annular recess located
immediately downstream of the nozzle seat area.

@ When inlet pressure equals set pressure, the disc lifts slightly
(simmer), allowing gas to escape into the huddling chamber.

@ Because gas is compressible, it expands and acts upon the
larger outer area of the huddling chamber secondary lip.

@ The sudden increase in effective surface area (Acfr) generates a
massive boost in upward force (F = P X Aesr).

@ This extra force snaps the valve disc to a high-lift position,
preventing simmering and ensuring immediate, full-capacity
relief.
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Liquid Relief Valve Operation |

Relief valves function proportionally because liquids do not
experience rapid volume expansion when depressurized.
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Liquid Relief Valve Operation Il

e Without the secondary expansion zone (huddling chamber),
the lift of a liquid relief valve disc is strictly proportional to the
system overpressure.

@ As pressure increases above the spring setpoint, the disc moves
up linearly, creating a variable orifice area.

@ A typical relief valve requires 10

@ Closing operation: As the system pressure drops back to the
set pressure, the spring force steadily reseats the valve.

@ Commonly used on the discharge side of positive displacement
pumps, liquid pipelines, and thermal expansion bypass loops.
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Safety Relief Valves (SRV) |

A Safety Relief Valve (SRV) is an adaptable pressure relief

component certified to handle both compressible and
incompressible fluids.
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Safety Relief Valves (SRV) Il

Key Points

@ Constructed with internal trims that allow dual certification
under ASME code for both gas/vapor and liquid phases.

@ Widely applied in multi-phase processes, chemical reactors,
and hydrocarbon streams where fluid states transition during
upsets.

o Features adjustable rings (nozzle ring and guide ring) to tune
the blowdown and simmer characteristics based on service
fluid.

@ Available in three primary configurations: Conventional
Spring-Loaded, Balanced Bellows, and Pilot-Operated designs.

v
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Balanced Bellows Safety Relief Valve |
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Balanced Bellows Safety Relief Valve Il

Key Points

@ Internal structure of a Balanced Bellows SRV, designed to
eliminate backpressure effects.

@ The Bellows isolates the upper stem guide, spring, and bonnet
cavity from the discharging process fluid.

@ The effective horizontal cross-sectional area of the bellows is
engineered to equal the inlet nozzle seat area
(Abellows = Aseat)-

@ Because the areas match, the opposing forces generated by
downstream backpressure cancel out mathematically
(F backpressure — O)

@ The bonnet is vented to the atmosphere to ensure a stable
reference pressure (Patm) inside the bellows.
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Pilot-Operated Safety Valves (POSVs) |

For high-pressure, large-flow applications, Pilot-Operated Safety
Valves offer high reliability and minimal leakage near set pressure.
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Pilot-Operated Safety Valves (POSVs) |l

@ POSVs decouple the sensing and actuation mechanisms: they
consist of a primary Main Valve and an auxiliary Pilot Valve.

@ Process medium is routed through the pilot valve into a dome
chamber above the main piston/diaphragm.

@ Because the dome area is larger than the lower seat area, the
process pressure itself forces the main valve tightly shut.

@ At the set pressure, the pilot valve actuates, shutting off feed
to the dome and venting the dome pressure to the atmosphere.

@ The unbalanced pressure forces the main piston upward
instantly, delivering extremely fast opening times.

@ Enables systems to operate up to 98
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Standards, Calibration, and Maintenance |

Safety valves are the ultimate safety devices in control loops,

demanding rigorous verification, maintenance, and adherence to
codes.
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Standards, Calibration, and Maintenance |l

Key Points

@ Sizing algorithms are calculated based on API Standard 520,
which defines coefficients for vapor, liquid, and steam phases.

@ API Standard 526 defines standard flange sizes, face-to-face
dimensions, and pressure limits for industrial safety relief
valves.

@ Regular testing protocols mandate inline pop tests (using assist
devices) or bench tests on a calibration stand.

@ API 527 seat tightness standards define allowable bubble
counts for gas service, ensuring minimal product loss.

o Critical failure modes to monitor: spring relaxation, seat

galling, polymer buildup, and valve chatter (vibration from
oversized design).
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Introduction to Rupture Discs |

A rupture disc (bursting disc) is a non-reclosing pressure relief
safety device designed to protect a pressure vessel, piping system,
or process equipment from overpressurization or vacuum conditions
by burst activation at a predetermined differential pressure.

GTU Course Presentation DI103000191: Control Components July 25, 2026 635 /652



Introduction to Rupture Discs Il

Key Points

@ Sacrificial Membrane: Constructed as a thin metal membrane
designed to rupture at a specific pressure limit.

@ Rapid Response: Provides extremely rapid response times
(often less than 2 milliseconds) compared to mechanical relief
valves.

@ Zero Leakage: Ensures absolute isolation of toxic, corrosive, or
flammable process media under normal conditions.

@ Combination System: Frequently installed upstream of
pressure safety valves (PSVs) to protect the valve from
corrosive process fluids.
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Rupture Disc Types and Operating Principles |
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Rupture Disc Types and Operating Principles Il

Key Points

o Forward-Acting: Process pressure acts on the concave side,
loading the metal in tension. Typically operates up to 70-80

@ Reverse-Buckling: Process pressure acts on the convex side,
loading the dome in compression. Resists fatigue and operates
up to 90-95

@ Non-Fragmenting: Reverse-buckling designs require knife
blades, teeth, or score lines to ensure clean opening without
fragmenting.

@ Burst Tolerance: Manufacturing Design Range (MDR) and
temperature-dependent burst tolerance are critical engineering
constraints.
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4 SMART Devices: Core Features |

SMART field devices integrate microprocessors with conventional
analog sensors and actuators, providing enhanced diagnostics,
high-accuracy digital communications, and self-calibration features.
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4 SMART Devices: Core Features Il

@ Dual-Communication Capability: Supports simultaneous
analog 4-20 mA signals and digital process variables over the
same wire loop.

@ Onboard Diagnostics: Monitors device health parameters such
as sensor degradation, electronic faults, and temperature drift.

@ Multivariable Measurement: A single smart transmitter can
measure differential pressure, static pressure, and process
temperature.

@ Remote Configuration: Parameters like zero, span, damping,
and engineering units can be configured remotely via handheld
or DCS systems.
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SMART Communication Protocols and Integration |

The digital interface of SMART devices relies on robust
communication protocols to interface with Distributed Control
Systems (DCS) and Asset Management Systems (AMS).
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SMART Communication Protocols and Integration |l

e HART (Highway Addressable Remote Transducer):
Superimposes a digital frequency-shift keying (FSK) signal
onto the standard 4-20 mA analog signal.

o FOUNDATION Fieldbus: A fully digital, multi-drop serial bus
protocol designed for basic and advanced regulatory control at
the device level.

@ Profibus PA: Tailored for process automation, complying with
IEC 61158 standards, enabling high-speed device-level
communication.

@ Enhanced Accuracy: Digital data transmission eliminates
Digital-to-Analog (D/A) and Analog-to-Digital (A/D)
conversion errors.
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Control Valve Actuators: Principles and Structure |
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Control Valve Actuators: Principles and Structure Il

@ Pneumatic Diaphragm Actuators: Convert air pressure signals
into linear motion via a flexible diaphragm opposed by a range
spring.

@ Direct-Acting: Increased control air pressure pushes the
actuator stem downward (air-to-close or air-to-push-down).

@ Reverse-Acting: Increased control air pressure pushes the
actuator stem upward (air-to-open or air-to-push-up).

@ Spring Rating: The spring rating (e.g., 3-15 psi or 6-30 psi)
defines the pressure range required to achieve full valve travel.

v
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Actuator Types: Pneumatic, Hydraulic, and Electric |

The selection of control valve actuators depends on force
requirements, speed, utility availability, fail-safe modes, and
environmental conditions.
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Actuator Types: Pneumatic, Hydraulic, and Electric Il

@ Pneumatic Actuators: Most common due to low cost, high
reliability, simplicity, and inherent fail-safe configurations
(spring return).

e Piston/Cylinder Actuators: Used for long stroke lengths or
high force requirements, operating at higher air pressures (up
to 150 psi).

@ Hydraulic Actuators: Deliver exceptionally high thrust and fast
response times; preferred for large-diameter high-pressure
valves but high cost.

@ Electric Actuators: Ideal for remote locations lacking
instrument air; utilize electric motors and gear assemblies, but
fail-safe action requires backup power.
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2 Control Valve Positioners: Principles and Feedback

A control valve positioner acts as a high-gain controller that
compares the input control signal (e.g., 4-20 mA) with the actual
valve stem position and adjusts the output air pressure to the
actuator until the position error is zero.
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2 Control Valve Positioners: Principles and Feedback
Il

@ Overcomes Stem Friction: Counteracts packing friction and
hysteresis, which cause valve sticking or sluggish response.

@ Compensates for Process Forces: Minimizes plug displacement
caused by fluctuating pressure drops across the valve trim.

@ Improves Dynamic Response: Increases the speed of response
by providing a higher air flow rate to the actuator.

@ Enables Split-Ranging: Allows a single controller output to

operate multiple control valves in distinct ranges (e.g., 4-12
mA and 12-20 mA).
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3 Digital Control Valves (Smart Positioners) |

Digital control valves utilize microprocessor-based smart positioners
(electro-pneumatic) to perform real-time diagnostic checks, execute
local control algorithms, and optimize valve performance.
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3 Digital Control Valves (Smart Positioners) I

Key Points

@ Online Performance Monitoring: Tracks valve travel, cycles,
friction, spring force, and pneumatic leaks during normal
operation.

@ Dynamic Diagnostic Tests: Conducts Signature Curves (travel
vs. pressure) and Step Response Tests to detect wear before
failure.

o Digital Feedback Sensor: Replaces mechanical feedback
linkages with non-contact magnetic Hall-effect sensors to
eliminate mechanical wear.

@ Adaptive Control: Microprocessor adjusts control parameters
dynamically based on operating point to optimize loop
performance.
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Summary of Advanced Control & Safety Components

Modern industrial process loops require the integration of safety
devices like rupture discs with highly sophisticated smart control
valves to ensure safe, reliable, and optimized plant operation.
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Summary of Advanced Control & Safety Components

@ Rupture discs provide the ultimate safety boundary against
pressure excursions, acting as a passive safety system.

@ Smart transmitters and positioners provide predictive
maintenance insights to prevent unplanned shutdowns.

@ Actuators must be matched to process force requirements and
fail-safe conditions (fail-open, fail-closed, or fail-in-place).

o Digital valves bridge the gap between physical control actions
and digital asset management, forming the backbone of
Industry 4.0.
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