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Industrial Control Sensors: Types, Specifications, Applications, and Real-World Use

(for Engineering Students)
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Introduction to Industrial Control Sensors

Industrial control sensors are devices that convert physical process variables (temperature, pressure, flow,

level, position, etc.) into signals that control systems (PLCs, DCS, PACs, SCADA) can interpret and act upon.

Role of Sensors in Automation

The process (e.g., mixing tank, heat exchanger, pump) has variables to be controlled: temperature, pressure, flow,
speed, position.

Sensors measure these variables and provide signals (analog, digital, or fieldbus) to the control system.

The controller (PLC or DCS) compares measurements to setpoints and computes control actions.

Final control elements (valves, drives, heaters, pumps) receive control signals and adjust the process. Sensors

are the foundation of this loop; if they are inaccurate, misapplied, or unreliable, no control strategy can perform

well.

Common terms used in sensor specifications:

These signal formats are important because they determine how sensors connect to PLC or DCS input modules

and what accuracy and noise immunity can be achieved.

Range: Minimum and maximum value the sensor can measure (e.g., 0-10 bar, —=50 to 250 °C).

Accuracy: Closeness of the measured value to the true value, often expressed as +% of span or +% of reading.

Precision: Repeatability or consistency of repeated measurements under the same conditions.

Repeatability: Ability to return the same reading for the same input.

Resolution: Smallest change in input that produces a detectable change in output.

Linearity: How closely the sensor’s output follows a straight line over its range.

Hysteresis: Difference in output when approaching a given input from increasing vs. decreasing directions.

Response time: Time required for the sensor output to reach a specified percentage (e.g., 63% or 90%) of its final
value after a step change in input.

Drift: Slow change in sensor output independent of input, over time and conditions.
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Common Signal Types

Discrete (binary) signals: ON/OFF open/closed, present/absent, typically 24 VDC.

Analog current: Most common in industry is 4-20 mA, representing a process range (e.g., 4 mA =0°C, 20 mA =
200 °C).

Analog voltage: Typical ranges: 0-5V,0-10V, £10 V.

Frequency/pulse: Used for flow meters, encoders, speed sensors.

Digital networks: HART, Modbus, Profibus, Foundation Fieldbus, Ethernet/IP, Profinet, etc.

Fundamentals of Sensor Selection

Selecting a sensor is not just choosing a type; it's matching performance, environment, and integration

requirements to the application.

Application-Driven Requirements

Key questions:

e Whatis the process variable? (Temperature, pressure, flow, level, position, vibration, etc.)
e Whatrange is required? (Min, max, normal operating range.)

e What accuracy is needed? (Process safety vs. efficiency vs. quality.)

e Whatis the environment?

e Temperature extremes

e Vibration and shock

e Moisture, dust, chemicals, corrosion

e Explosion risk (hazardous areas)

e Whatis the medium? (Water, steam, oil, chemicals, food product, air, slurry.)

e Mechanical constraints: Available mounting, space, pipe/tank sizes.

e Response time: Is the process slow (e.g., large tank temperature) or fast (high-speed machine)?

e Maintenance and calibration: How often can the plant tolerate shutdown or service?

Electrical and Integration Constraints

PLC - Programmable Logic Controller, DCS - Distributed Control System. It is a computerized control
system used to monitor and control an entire industrial process by distributing control functions
among multiple controllers located throughout a plant, rather than relying on a single central

controller.
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PLC or DCS input types available:
e Analog: current or voltage?
e RTD/thermocouple modules?
e High-speed counters for pulses/encoders?
e Power supply available (24 VDC, 120 VAC, etc.).
e Need for galvanic isolation.
e Distance between sensor and PLC (affects signal type and cable).

e Need for digital communication (HART, Modbus, Ethernet).

Reliability and Lifecycle

Expected sensor life vs. cost.
Protection ratings: IP65, IP67, NEMA enclosures, washdown resistance for food plants.
Certifications: CE, UL, ATEX/IECEx, 3-A/FDA for food, SIL (Safety Integrity Level) for safety loops.Input

Types: Digital
describe the characteristics of a digital input to a plc, including voltage, 0 or 24 vdc, sinking or sourcing,

cable shielding, and testing methods

A digital input (DI) on a PLC is an input that detects one of two electrical states: ON (logic 1) or OFF
(logic 0). Unlike analog inputs, which measure a continuously varying signal (such as 4-20 mA or 0-10

V), digital inputs simply determine whether a voltage is present within a specified range.

Digital inputs are the most common interface between a PLC and field devices such as push buttons,
limit switches, proximity sensors, photoelectric sensors, float switches, relay contacts, and auxiliary

contacts on motor starters.

Characteristics of a PLC Digital Input

1. Operating Voltage

Most industrial PLCs use 24 VDC digital inputs, although 120 VAC and 230 VAC input modules are also

available for certain applications.

Typical 24 VDC input specifications
Parameter Typical Value
Nominal Voltage 24 VDC

Input ON Voltage 15-30 VDC
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Input OFF Voltage 0-5VDC
Input Current 3-10 mA
Input Impedance 2-10 kQ
Isolation 500-2500 VAC between field and logic

Although the nominal voltage is 24 VDC(, the PLC typically recognizes any voltage above approximately
15 VDC as ON and any voltage below about 5 VDC as OFF. The range between these values provides noise

immunity.

2. Logic States: A digital input has only two states.

Voltage PLC State
oV OFF (0)
24V ON (1)

3. Sinking and Sourcing Inputs

One of the most important concepts in industrial controls is understanding current flow.
Sinking Input

A sinking PLC input provides a path to 0 V (DC Common).

The field device must provide +24 V. The sensor is sourcing current.

Sourcing Input

A sourcing PLC input provides +24 V internally.

The field device switches the connection to 0 V. The sensor is sinking current.

PNP vs NPN Sensors

This relationship is often summarized as follows:

Sensor Type PLC Input Type
PNP (Sourcing) Sinking Input
NPN (Sinking) Sourcing Input

A common rule is:
Sourcing devices connect to sinking inputs, and sinking devices connect to sourcing inputs.

In North America and Europe, PNP sensors with sinking PLC inputs are the most common configuration



Sensors Summary July 6, 2026 Page 8

because they switch the positive supply, making troubleshooting easier and reducing the likelihood of

unintended activation from accidental grounding.

5. Input Filtering

Electrical noise can cause false input transitions. Most PLCs include configurable input filters. Filtering

suppresses brief voltage spikes and contact bounce.

Typical filter settings:

Application Filter Time
High-speed counters 0.1-1ms
Proximity sensors 2-5ms
Pushbuttons 10-20 ms

Mechanical limit switches 10-50 ms

Using a Multimeter

Measure the voltage between the PLC input terminal and DC common.

Measured Voltage Expected PLC State

oV OFF

~24V ON

For example, if a pushbutton is pressed but only 8 V is measured, the PLC may not recognize the input as

ON. This could indicate excessive voltage drop, a poor connection, or a failing sensor.

Checking the PLC Status LEDs
Most PLC input modules have an LED for each input.

LED Meaning
OFF Inputnot energized
ON Input energized

If the LED is OFF while 24 V is measured at the input, the module may be faulty or wired incorrectly.

PLC Software Monitoring
Programming software (such as those used with AutomationDirect BRX, CLICK, or Productivity PLCs)
allows you to monitor input status in real time. This is useful for verifying that a physical input is being

detected and that the program is responding as expected.
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Simulating an Input

A common troubleshooting technique is to temporarily apply +24 V (or 0 V, depending on the input
type) to the input terminal using a jumper wire. If the PLC input turns ON, the PLC is functioning
correctly, and the issue is likely in the field device or wiring. This should only be done with a clear

understanding of the circuit and following appropriate safety procedures.

Typical Industrial Wiring Example
Proximity Sensor
Brown - +24V
Blue -0V
Black - PLC Input X0
PLC Common (0 V)

When the sensor detects a target, it switches the signal line, the PLC input changes state, and the PLC
program can react by starting a motor, opening a valve, generating an alarm, or performing another
control action.

Summary

Digital PLC inputs provide a simple and reliable method for detecting discrete field signals. Most
industrial systems use 24 VDC inputs that interpret voltages near 0 V as OFF and 24 V as ON.
Understanding sinking versus sourcing, proper cable selection and shielding, and effective testing
techniques is essential for designing, installing, and troubleshooting industrial control systems. Proper
wiring practices, electrical isolation, and noise mitigation ensure dependable operation even in harsh

industrial environments.
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Proximity and Presence Sensors

Photoelectric Sensors

Photoelectric sensors are among the most widely used sensors in industrial automation. They detect the
presence, absence, position, or movement of an object using a beam of light rather than physical
contact. Because they are non-contact devices, photoelectric sensors can detect objects at much greater
distances than proximity switches and are capable of sensing nearly any material, including metal,

plastic, glass, wood, paper, and liquids.

Photoelectric Sensor Types:

Through beam: emitter and receiver separate; high reliability.
Retroreflective: emitter and receiver in one housing, reflector on other side.
Diffuse: reflected light off target; simplest mechanical installation.

Used extensively for:

Conveyor line detection.

Object counting.

Box presence in packaging, bottle detection in filling.

Real world issues: dust, misalignment, ambient light, shiny surfaces.

Applications include:
e Conveyor systems
e Packaging machinery
e Palletizers
e Robotics
e Assembly lines

e Warehouse automation
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Material handling

Bottle filling equipment

Food processing

Label verification

Operating Principle
e A photoelectric sensor consists of:
e A light source (usually an infrared or visible red LED)
e Areceiver (photodiode or phototransistor)
e Signal processing electronics
¢ An output transistor (PNP or NPN)

e The sensor determines whether an object is present by detecting changes in the light reaching

the receiver.

Operating Voltage

Most industrial photoelectric sensors operate from 10-30 VDC, with 24 VDC being the standard

supply voltage in industrial control systems.

Typical specifications include:

Parameter Typical Value
Supply Voltage 10-30 VDC
Nominal Voltage 24 VDC
Current Consumption 20-50 mA
Output Current 100-300 mA

Reverse Polarity Protection Yes

Short Circuit Protection Yes
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PNP and NPN Outputs
Photoelectric sensors typically have transistor outputs that interface directly with PLC digital inputs.

PNP (Sourcing Output): A PNP sensor supplies +24 V to the PLC input when activated. Used with
Sinking PLC inputs

NPN (Sinking Output): An NPN sensor switches the output to 0 V. Used with Sourcing PLC inputs

Types of Photoelectric Sensors
Through-Beam (Emitter/Receiver Pair)
e The transmitter and receiver are separate devices mounted opposite each other.
e Detection occurs when the object blocks the light beam.
e Characteristics
e Typical sensing distance:
o 5t050m
o Some industrial models exceed 100 m
e Advantages
o Longest sensing distance
o Highest reliability
o Best for dirty environments
o Detects very small objects
o Excellent for transparent materials with proper models
e Disadvantages
o Requires wiring to two devices
o Precise alignment needed
o Higher installation cost

e Typical applications
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(@)

Conveyor counting
o Pallet detection

o Warehouse systems
o Large machinery

o Safety monitoring (non-safety applications)

Retroreflective Sensors: The transmitter and receiver are housed together. A reflector returns the beam.

Detection occurs when an object interrupts the reflected beam.

Sensor ---------- > Reflector

Object blocks beam

e Characteristics

o Typical sensing distance:

o 05tol0m

o Advantages

o Only one powered device

o Easier installation

o Good sensing distance

o Lower cost than through-beam
e Disadvantages

o Requires reflector

o Reflector can become dirty

o Shiny objects may cause false reflections unless polarized models are used
e Typical applications

o Carton detection
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o Conveyor systems
o Packaging equipment

o Pallet transport

Diffuse Reflective Sensors
The transmitter and receiver are housed together. The object reflects light back to the receiver. No

reflector is required.

Sensor ---> Object
Object reflects light
Characteristics
o Typical sensing distance: 50 mm to 2 m
e Advantages
o Simplest installation
o Lowest installation cost
o No reflector needed
o Compact design
e Disadvantages
o Shortest sensing distance
o Performance depends on:
o Object color
o Surface finish
o Shape
o Reflectivity
o Black objects are harder to detect than white objects.

e Typical applications
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o Part presence
o Bottle detection
o Product positioning

o Packaging lines
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Background Suppression Sensors:
These are advanced diffuse sensors. Instead of measuring reflected light intensity, they determine the

distance to the object using optical geometry.

e Advantages
o Detects dark and light objects equally well
o Ignores background
o Better accuracy
o Less affected by surface color

e Applications
o Robotics
o Automated assembly

o Precision positioning

Convergent (Fixed Focus) Sensors:

The sensor is focused on one specific distance. Objects outside the focal point are ignored.
e Applications
o Small parts
o Printed circuit boards

o Electronics assembly

Fiber Optic Sensors

e The amplifier remains in the control cabinet.

e Flexible fiber optic cables carry the light.
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e Extremely small sensing head

e High temperature capability

e Tight spaces
e Fast response

Applications

e Semiconductor manufacturing

e Electronics

e Medical devices

Typical Sensing Distance
Sensor Type
Through-Beam
Retroreflective

Diftuse

Background Suppression
Fiber Optic

Fork Sensor

Light Sources

Typical Range
.5-50 m (or more)
0.5-10m

50 mm—2 m

50 mm-2 m

1 mm-2 m

Slot width dependent

e Most industrial sensors use:

Visible red LED

Laser diode

Infrared

Infrared LED (most common)

Page 17
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Advantages
e Longrange
e Good contamination tolerance
e Low cost
e Red LED
Advantages
e Beam visible during alignment
e Easier installation
e Laser
e Very small beam
e Long distance
e High precision
Applications
e Small parts
e Distance measurement
e Robotics
Response Time” Typical response:
Sensor . Response Time
Standard 1-5ms

High-Speed .100-500 ps

High-speed sensors can count thousands of parts per second.

Page 18
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Environmental Ratings: Most industrial sensors are rated:

e P65
e [P66
o [P67

e Washdown food processing sensors are often: [IP69K
Housing materials include:

e ABS plastic

e Stainless steel

e Nickel-plated brass

e Polycarbonate

Advantages

e Long sensing distances

e Non-contact operation

e High reliability

e No mechanical wear

e Detects almost any material

e Fast response

e High switching frequency

e Excellent repeatability

e Wide variety of sensing methods
Disadvantages

e Lens contamination from dust, oil, or water can reduce performance.

e Misalignment can cause missed detections, especially with through-beam and retroreflective

SENsors.
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e Highly reflective, transparent, or very dark objects may require specialized sensor models.

e Ambient sunlight or intense artificial lighting can interfere with some sensors if they are not

properly filtered.

¢ Installation cost can be higher than that of simple mechanical limit switches.

Testing Methods
e Check the Status LED

o Most photoelectric sensors include indicator LEDs:

o Power LED confirms the sensor is powered.

o Output LED indicates when the sensor has detected an object and changed state.
e Measure Supply Voltage

o Using a digital multimeter:

o Measure between the brown (+24 V) and blue (0 V) wires.

o A healthy sensor should typically have 24 VDC (or another voltage within its rated

operating range).
o Measure the Output
e For a PNP sensor:
o Object detected — approximately +24 V on the black output wire.
o No object — approximately 0 V (or open, depending on the output configuration).
e For an NPN sensor:
o Object detected — output switches to 0 V.

o No object — the output is open or pulled high by the PLC input circuit.

e Monitor the PLC Input
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Most PLC programming software provides live input status. Confirm that the PLC input changes state
when the sensor detects or loses the target. If the sensor's output LED changes but the PLC input does

not, the issue may be incorrect wiring, incompatible PNP/NPN selection, or a faulty input module.

Summary

Photoelectric sensors are versatile, non-contact devices used throughout industrial automation to detect
objects quickly and reliably. Through-beam (emitter/receiver pair) sensors provide the longest sensing
distances and greatest reliability, retroreflective sensors offer a good balance of range and installation
simplicity, and diffuse sensors are the easiest to install because they require no reflector. Specialized
designs such as background suppression, fiber optic, and fork sensors address applications requiring

precise target discrimination, operation in confined spaces, or high-speed detection.

Understanding operating voltage, PNP versus NPN outputs, sensing distance, packaging styles,
environmental ratings, and proper testing methods enables engineers and technicians to select the most

appropriate sensor for each industrial application and to troubleshoot problems efficiently.
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Inductive Proximity Sensors:

Detect presence of metal target within a few millimeters to a few centimeters. Used in manufacturing

for part detection, end of travel, indexing, counting.

Advantages:
e Sealed, robust, long life.
¢ Immune to non metallic materials.
Disadvantages:
e Limited range.
¢ Only metal detected; range depends strongly on material.

Capacitive Proximity Sensors:

Detect changes in capacitance; can see metals and non metals (liquids, plastics, powders).
Used for:

e Non contact level detection in bins (grain, plastic pellets).

e Object detection where inductive is not suitable.

e More sensitive to environmental changes (humidity, buildup).
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Vibration and Condition Monitoring Sensors

Purpose: Monitor rotating machines (motors, pumps, fans, turbines) for:
e Imbalance
e Misalignment
e Bearing wear
e Looseness
e Resonance
Sensor Types
e Accelerometers (piezoelectric, MEMS).
e Velocity sensors (integrated from acceleration).

e Displacement probes (eddy current for shaft position).

Applications
e Predictive maintenance programs.
e Continuous monitoring in critical machinery (compressors, turbines).
e Portable data collection for periodic checks.
Practical Issues
e Mounting location and orientation are critical.
e Frequency range must cover machine fault frequencies.
e Cables should be shielded; often require signal conditioners.

e Data often goes to specialized vibration analyzers, but 4-20 mA vibration transmitters go
directly to PLCs for basic alarms.
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Vision Systems and Machine Vision

Components
e Industrial camera (area or line scan).
e Lens (focal length, aperture, depth of field).
e Lighting (backlight, ring, bar lights, structured light).
e Image processing hardware/software.
e [/O for triggering, strobes, and PLC communication.

Capabilities
e Pattern recognition and part identification.
e Measurement (dimensions, angles, positions).
OCR/OCYV (reading and verifying codes and text).
e Defect detection (scratches, dents, contamination).
e Color inspection, label verification.
Applications
e Manufacturing: assembly verification, pick and place guidance.
e Food: seal integrity, fill level, label presence and correctness.
e Packaging: barcode reading, label orientation.
PLC Integration
e Discrete outputs for pass/fail.
e Ethernet (Modbus TCP, Ethernet/IP, Profinet) for detailed results.

e Trigger input from PLC or encoder to synchronize with line motion.

Page 24
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Gas and Chemical Sensors

Sensor Technologies
e FElectrochemical cells: toxic gases (CO, H:S, Cl.), Os.
e NDIR (Non Dispersive Infrared): CO-, hydrocarbons.
e Catalytic bead: combustible gas detection (LEL levels).
e Metal oxide semiconductor: general VOCs, leaks.

e Photoionization detectors (PID): VOC monitoring at low ppm.

Industrial Uses
e Safety monitoring: gas leaks, confined space entry, boiler rooms.
e Environmental compliance: emissions and air quality.

e Process control: Oz in combustion control, CO: in food packaging, chlorine in water

disinfection.
Real World Constraints
e Cross sensitivity to other gases.
e Sensor poisoning (e.g., silicones on catalytic beads).
e Need for regular bump tests and calibration.

e Often require explosion proof or intrinsically safe design.
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Signal Conditioning and Transmitters

Why Signal Conditioning? Most raw sensors produce signals that are not directly compatible with
PLC inputs. Signal conditioning and transmitters adapt these signals to standardized formats and

improve measurement quality.
Functions of Signal Conditioning
e Amplification: boosting small signals (e.g., mV from thermocouples) to usable levels.

e Linearization: converting non linear sensor outputs (e.g., thermocouples, thermistors) to linear

values.
e Filtering: reducing noise and smoothing fast transients.

e [solation: galvanic isolation between sensor and PLC to prevent ground loops and improve

safety.
e (Conversion: changing from one signal type to another (e.g., RTD or thermocouple to 4-20 mA).
4-20 mA Transmitters
e Many industrial sensors come with or connect to 4-20 mA transmitters:

e Thermocouples and RTDs: head mounted transmitters convert temperature to standardized

current loops.
e Pressure, flow, level: smart transmitters integrate sensor, conditioning, and output electronics.

e Vibration: some accelerometers integrate electronics to provide a 4-20 mA proportional to

overall vibration level.
Advantages:
e Robust against noise over long cable runs.
e Simple scaling and easy detection of line breaks (current <4 mA indicates fault).

e Two wire loop power simplifies wiring.
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Digital and “Smart” Transmitters

Smart transmitters incorporate microprocessors and communication interfaces:
e HART over 4-20 mA lines: analog measurement plus digital configuration and diagnostics.
e Purely digital buses: Foundation Fieldbus, Profibus PA, Modbus, Ethernet based protocols.
Benefits:
e Remote configuration and calibration.
e Access to multiple variables (e.g., pressure + temperature + diagnostics).

e Enhanced diagnostics for predictive maintenance (e.g., sensor health, wiring faults).
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Safety Devices in Industrial Control Systems

Safety devices are designed to protect personnel from injury and, secondarily, to protect machinery
from damage. Unlike standard control devices, safety devices are engineered so that a single failure
does not result in the loss of the safety function. This philosophy is known as fail-safe design and is the

foundation of modern industrial safety systems.
Examples of safety devices include:

e Emergency stop (E-stop) pushbuttons

Safety light curtains

e Safety laser scanners

e Safety interlock switches
e Safety gate switches

e Safety mats

e Two-hand control stations
e Rope pull switches

e Enabling switches

e Safety relays

e Safety PLCs

The performance requirements for these devices are defined by standards such as ISO 13849, IEC

62061, and IEC 61508, which establish safety performance levels and system architectures.

What Makes a Safety Device Different?

e A standard limit switch simply tells the PLC whether a door is open or closed. If its contacts

weld shut, the PLC may falsely believe the door is closed.
e A safety-rated device is designed to detect faults such as:
e Broken wires

e Welded contacts
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Internal component failures

e Short circuits between channels

e Loss of power

e Internal processor failures (in electronic safety devices)

e When a fault is detected, the device transitions to a safe state and prevents machine operation

until the fault is corrected.

Safety Light Curtains

e A light curtain creates an invisible barrier using multiple parallel infrared light beams between a

transmitter and a receiver.

e [fany beam is interrupted by a hand, arm, or other object, the light curtain immediately signals

the safety system to stop hazardous machine motion.

e Unlike mechanical guards, a light curtain allows operators to load and unload parts without

opening a gate, improving productivity while maintaining protection.

Components of a Light Curtain System
e Transmitter

e Receiver

Safety relay or safety PLC

Safety contactors

Machine control system

The transmitter continuously emits infrared beams, while the receiver monitors each beam

independently.

Resolution: Resolution determines the smallest object that can be detected. Typical resolutions include:



Sensors Summary July 6, 2026 Page 30

Resolution  Typical Application

14 mm Finger protection
20 mm Hand protection
30 mm Hand protection
40 mm Arm protection
70 mm Body detection

Smaller beam spacing provides better protection but usually reduces maximum sensing range.

Operating Distance: Typical sensing ranges are:
Type Distance

Compact 0.3-6m

Standard 0.3-10 m

Long-range Up to 20 m

Response Time: Modern light curtains typically respond within:5-30 milliseconds
The total machine stopping time must include:

e Light curtain response time

e Safety relay response time

e Contactor opening time

e Machine stopping time

This total stopping time is used to calculate the minimum installation distance between the light curtain

and the hazard so that a person cannot reach the danger before the machine stops.
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Muting and Blanking: Some applications require objects to pass through the protective field without

stopping the machine.

Muting:
e Temporarily disables the light curtain under controlled conditions.
e Example: A pallet passes through a conveyor opening while the machine continues operating.

e Muting requires additional sensors and strict logic to ensure only intended objects bypass the

protection.

Blanking
e Allows one or more specific beams to remain blocked continuously.
e Applications include:
o Conveyor supports
o Machine fixtures
o Fixed brackets extending through the light curtain

Safety Relay: A safety relay is a specialized control device that monitors safety inputs and safely
removes power from hazardous motion. Unlike a standard control relay, a safety relay continuously

checks the integrity of the safety circuit.
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Typical inputs include:
e Emergency stop buttons
e Light curtains
e (ate switches
e Safety mats

e Two-hand controls

Outputs typically control:
e Motor contactors
e Servo drive Safe Torque Off (STO) inputs
e Hydraulic valves
e Pneumatic dump valves
Functions of a Safety Relay: A safety relay performs several critical functions:

e Monitors redundant safety channels

Detects short circuits between channels
e Detects welded contacts

e Verifies contactors actually opened

e Prevents automatic restart after a fault

e Requires a manual reset after safety devices are restored (when applicable)

Redundant Outputs: One of the defining features of safety devices is redundancy. Rather than relying

on a single output, safety devices use two independent outputs, often labeled:
e OSSDI (Output Signal Switching Device 1)

e OSSD2 (Output Signal Switching Device 2)
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Both outputs must be in the correct state before the safety relay allows machine operation.

Light Curtain

Why Two Outputs? Suppose a light curtain had only one output. If the output transistor failed shorted
(stuck ON):

e The machine would continue operating
e The light curtain would appear normal
e Personnel could be seriously injured
With redundant outputs:
e Two separate electronic circuits independently monitor the protective field.
¢ Both channels must agree before the safety relay energizes.

e [f either channel indicates a fault or the channels disagree, the relay de-energizes and stops the
machine. This greatly reduces the probability that a single component failure could defeat the

safety function.
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Cross Monitoring: Safety relays continuously compare the redundant channels.
Example:
e Normal operation:
o OSSD1=0ON

o OSSD2=ON

e Beam interrupted:
o OSSDI1 =OFF

o OSSD2 = OFF

e Fault condition:
o OSSDI1=0ON

o OSSD2 = OFF

e This mismatch indicates a fault, such as:
o Failed output transistor
o Broken wire
o Short circuit

o Internal electronics failure

The safety relay recognizes the inconsistency and immediately removes power from the machine.

External Device Monitoring (EDM): A safety relay often verifies that the devices it controls have

actually switched off. For example:
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The relay monitors auxiliary contacts on the safety contactors. If a contactor welds shut and fails to
open when commanded, the auxiliary contact does not change state. The relay detects this discrepancy

and prevents the machine from restarting until the fault is corrected.

Safety Contactors: Safety relays generally do not remove motor power directly. Instead, they control

two safety-rated contactors wired in series.

Motor

e [f one contactor welds closed, the second contactor can still interrupt power. The safety relay

monitors both contactors to verify proper operation before allowing another machine start.

Reset Circuits: Following an emergency stop or light curtain interruption, machines often require a

manual reset. Typical sequence:
e Hazard is cleared.
e Light curtain beams are restored.
e Safety relay confirms all channels are healthy.
e Operator presses a reset pushbutton.
e Safety relay re-enables the safety outputs.

e Machine can then be started through the normal start command.

This prevents unexpected automatic restart when someone is still in the hazardous area.

Safety PLCs: Larger or more complex systems may use a Safety PLC instead of individual safety

relays.
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Advantages include:
e Monitoring many safety devices
e Flexible programming
e Distributed safety I/O
e Safety communication networks (such as CIP Safety or PROFIsafe)
e Integrated diagnostics

e Easier expansion and maintenance

Even though the logic is programmable, Safety PLCs are designed with redundant processors, self-

diagnostics, and certified software to meet stringent safety standards.

Comparison: Standard Relay vs. Safety Relay

Feature Standard Relay Safety Relay
Single output Yes No

Redundant outputs No Yes
Self-diagnostics No Yes
Cross-channel monitoring No Yes
Welded-contact detection No Yes

External device monitoring No Yes

Manual reset capability Optional Standard feature

Certified for personnel safety No Yes
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Advantages of Redundancy

e Redundancy is fundamental to functional safety because it improves reliability and fault

detection:
e Single-fault tolerance: A failure in one channel does not eliminate the safety function.

e Continuous diagnostics: Independent channels are constantly compared to detect

inconsistencies.

e Fault detection: Problems such as broken wires, short circuits, welded contacts, or failed output

transistors are identified before they create a hazardous condition.

e Fail-safe operation: Most safety devices are designed so that a detected fault causes outputs to

de-energize, bringing the machine to a safe state.

e Higher safety performance: Redundant architectures are essential for achieving higher
Performance Levels (PL d and PL e) under ISO 13849 and higher Safety Integrity Levels (SIL)
under IEC 62061 and IEC 61508.

Typical Safety System Example

Consider an automated robotic cell with a conveyor and robot arm. The system may include:
e A 14 mm resolution light curtain protecting the loading station.
e A dual-channel emergency stop circuit.

e A safety relay that monitors the light curtain's two OSSD outputs, the E-stop channels, and

feedback contacts from two safety contactors.

e Two safety contactors wired in series to remove power to the robot controller and conveyor

drives.

e A manual reset pushbutton located outside the hazard zone.

If an operator reaches through the light curtain, any beam interruption causes both OSSD outputs to
switch OFF. The safety relay immediately de-energizes both contactors, removing power to the

hazardous motion. Before the machine can restart, the operator must clear the protected area, the safety



Sensors Summary July 6, 2026 Page 38

relay must verify that both contactors opened correctly and that all safety channels are healthy, and then
the operator must intentionally press the reset button. This layered approach significantly reduces the
likelihood that a single hardware failure or wiring fault could expose personnel to dangerous machine

motion.
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Analog Inputs:

An analog input (AI) on a PLC measures a continuously varying electrical signal that represents a
physical process variable. Unlike a digital input, which can only detect ON or OFF states, an analog input
can measure thousands of values across a range, allowing the PLC to monitor and control variables such

as temperature, pressure, flow, level, position, and speed.

Most industrial PLC analog inputs convert the incoming electrical signal into a digital value using an
Analog-to-Digital Converter (ADC). The PLC program then scales this value into engineering units (e.g.,

psi, °F, gallons per minute, or percent).
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Characteristics of a PLC Analog Input

Typical Input Types

The two most common analog input standards in industrial automation are:

The vast majority of industrial process instrumentation uses either 0-10 VDC or 4-20 mA.
0-10 VDC Analog Inputs

0-10 Vdc Analog Inputs

A voltage transmitter outputs a voltage proportional to the measured variable.

Example:

0% ov
25% 25V
50% 5V
75% 7.5V
100% 10V

The PLC measures the voltage and converts it into the corresponding engineering value.

Advantages of 0-10 V Signals

Simple wiring

Only two or three conductors are required.

Inexpensive sensors

Voltage-output sensors generally cost less than loop-powered current transmitters.
High input impedance

PLC analog inputs draw very little current, minimizing loading effects.

Good for short distances

Excellent choice when sensors are located close to the control panel.

Drawbacks of 0-10 V Signals

Sensitive to electrical noise

Voltage signals are easily affected by electromagnetic interference (EMI) from:
Variable Frequency Drives (VFDs)

Motors

Contactors

Welding equipment
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Power cables

Voltage drop
Long cable runs introduce resistance, causing voltage loss and measurement errors.

Ground loops
Differences in ground potential between the sensor and PLC can distort the measured signal.
Limited cable length: Most manufacturers recommend keeping 0-10 V signal cables under

approximately 100-200 feet (30-60 m), depending on the environment and cable quality.

4-20 mA Analog Inputs

A current transmitter regulates the current flowing in a loop. The current is proportional to the
measured variable.

Example:

Pressure Current
0 psi 4 mA
25psi 8mA

50 psi 12 mA
75 psi 16 mA
100 psi 20 mA

Why Does the Signal Start at 4 mA? The 4 mA value is called the live zero.

Advantages include:
Distinguishes a valid zero measurement (4 mA) from a wiring failure (0 mA)
Allows two-wire transmitters to power their internal electronics from the current loop

Simplifies fault detection

Example:

Current Interpretation
0 mA Broken wire or failed transmitter
4 mA Process at minimum value

20 mA Process at maximum value
>20.5 mA Sensor fault (often)

<3.8 mA Sensor fault (often)
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Advantages of 4-20 mA Signals

Excellent noise immunity

Current loops are far less susceptible to EMI than voltage signals.

Long cable distances

Signals can travel hundreds or even thousands of feet with minimal accuracy loss.
Minimal effect from voltage drop

Because the transmitter regulates current, normal wiring resistance has little effect as long as sufficient
supply voltage remains.

Fault detection
A 0 mA reading usually indicates:

Broken wire

Blown fuse

Failed transmitter
Power supply failure

Most industrial process transmitters use 4-20 mA because of its reliability and compatibility.

PLC Resolution

The PLC's ADC determines how finely it can measure the analog signal.

Resolution Number of Values

10-bit 1,024
12-bit 4,096
16-bit 65,536

Higher resolution enables the PLC to detect smaller changes in the measured variable, which is important in

applications requiring precise control.

Testing Methods

1. Measure the Signal

For a 0-10 V sensor:
e Set a digital multimeter to DC volts.
e Measure between the signal and common terminals.

e Compare the measured voltage with the expected process value.

For a 4-20 mA transmitter:

e Measure current by placing the meter in series with the loop, or
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e Measure the voltage across the PLC's precision input resistor (if applicable) and calculate the
current.

For example, with a 250 Q resistor:
e 4mAx250Q=1.0V
e 20mAx250Q=5.0V

2. Check PLC Diagnostics

Many PLCs display the raw analog input count (e.g., 0-4095 for a 12-bit converter) and the scaled
engineering value. Comparing both helps determine whether the issue is with the sensor, wiring,

scaling, or PLC configuration.

3. Use a Loop Calibrator: A process loop calibrator can simulate standard analog signals:

e 4-20mA
e 0-10V
e RTDs

e Thermocouples

This allows technicians to verify the PLC analog input independently of the field sensor and is one of the

most effective troubleshooting methods.

4. Inspect Wiring: Look for:

¢ Loose terminals

e (Corrosion

e Damaged insulation
e Moisture ingress

e Incorrect polarity

e Broken shields

e Poor grounding

Many analog measurement problems stem from installation issues rather than faulty sensors.
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Characteristics of a PLC Analog Input

Typical Input Types

The two most common analog input standards in industrial automation are:

Signal Type Typical Range Common Use

Voltage 0-10 VDC Short-distance sensors and laboratory equipment
Current 4-20 mA Industrial process control

Current 0-20 mA Older industrial systems

Voltage +10 VDC Motion control and servo systems

Voltage 1-5 VDC Derived from 4-20 mA with a 250 Q resistor
Resistance RTD Temperature measurement

Millivolts ~ Thermocouple High-temperature measurement

The vast majority of industrial process instrumentation uses either 0-10 VDC or 4-20 mA.

Comparison of 0-10 Vand 4-20 mA

Characteristic 0-10 VDC 4-20 mA

Noise immunity Fair Excellent

Long cable runs Poor to fair Excellent

Effect of voltage drop Significant Minimal
Ground-loop susceptibility Higher Lower

Fault detection Limited Excellent (live zero)
Wiring complexity Simple Moderate

Sensor cost Generally lower Generally higher

Industrial popularity Moderate Very high
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0-10 VDC Analog Inputs

A voltage transmitter outputs a voltage proportional to the measured variable.

Example:

Tank Level Output Voltage
0% ov

25% 25V

50% 5V

75% 7.5V

100% 10V

The PLC measures the voltage and converts it into the corresponding engineering value.

Advantages of 0—10 V Signals
e Simple wiring: Only two or three conductors are required.
e Inexpensive sensors: Voltage-output sensors generally cost less than loop-powered current
transmitters.
e High input impedance: PLC analog inputs draw very little current, minimizing loading effects.

e Good for short distances: Excellent choice when sensors are located close to the control panel.

Drawbacks of 0-10 V Signals
e Sensitive to electrical noise
e Voltage signals are easily affected by electromagnetic interference (EMI) from:
o Variable Frequency Drives (VFDs)
o Motors
o Contactors
o Welding equipment
o Power cables
e Voltage drop
e Long cable runs introduce resistance, causing voltage loss and measurement errors.
e Ground loops
e Differences in ground potential between the sensor and PLC can distort the measured signal.

e Limited cable length
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Most manufacturers recommend keeping 0—10 V signal cables under approximately 100-200 feet

(30-60 m), depending on the environment and cable quality.

4-20 mA Analog Inputs
A current transmitter regulates the current flowing in a loop. The current is proportional to the
measured variable.

Example:

Pressure Current
0 psi 4 mA
25psi 8mA

50 psi 12 mA
75 psi 16 mA
100 psi 20 mA

Example meanings of 4-20 mA readings:

Current Interpretation
0 mA Broken wire or failed transmitter
4 mA Process at minimum value

20 mA Process at maximum value
>20.5 mA Sensor fault (often)
<3.8 mA Sensor fault (often)

The PLC measures the loop current rather than voltage.

Why Does the Signal Start at 4 mA? The 4 mA value is called the live zero.

Advantages include:
e Distinguishes a valid zero measurement (4 mA) from a wiring failure (0 mA)
e Allows two-wire transmitters to power their internal electronics from the current loop

e Simplifies fault detection

Advantages of 4-20 mA Signals
e Excellent noise immunity
e Current loops are far less susceptible to EMI than voltage signals.
e Long cable distances

e Signals can travel hundreds or even thousands of feet with minimal accuracy loss.
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e Minimal effect from voltage drop
e Because the transmitter regulates current, normal wiring resistance has little effect as long as
sufficient supply voltage remains.
Fault detection: A 0 mA reading usually indicates:
e Broken wire
e Blown fuse
e Failed transmitter

e Power supply failure
Industry standard: Most industrial process transmitters use 4-20 mA because of its reliability and

compatibility.

Drawbacks of 4-20 mA Signals
e Slightly more complex wiring
e Loop-powered transmitters require proper loop design and power budgeting.
e Higher transmitter cost
e Current-output transmitters are often more expensive than basic voltage-output sensors.
e Power supply requirements
e The loop must have enough voltage to overcome the transmitter's operating requirements plus

wiring and input resistance.
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Testing Methods
1. Measure the Signal
For a 0—10 V sensor:
e Set a digital multimeter to DC volts.
e Measure between the signal and common terminals.
e Compare the measured voltage with the expected process value.
For a 4-20 mA transmitter:
e Measure current by placing the meter in series with the loop, or
e Measure the voltage across the PLC's precision input resistor (if applicable) and calculate the
current.
o For example, with a 250 Q resistor:
o 4mAx250Q=10V
o 20mAx250Q=50V

2. Check PLC Diagnostics

Many PLCs display the raw analog input count (e.g., 04095 for a 12-bit converter) and the scaled
engineering value. Comparing both helps determine whether the issue is with the sensor, wiring,

scaling, or PLC configuration.

3. Use a Loop Calibrator

A process loop calibrator can simulate standard analog signals:

. 4-20 mA

. 0-10V

. RTDs

. Thermocouples

This allows technicians to verify the PLC analog input independently of the field sensor and is one of

the most effective troubleshooting methods.
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4. Inspect Wiring: Look for:

. Loose terminals

. Corrosion

. Damaged insulation
. Moisture ingress

. Incorrect polarity

. Broken shields

. Poor grounding

Many analog measurement problems stem from installation issues rather than faulty sensors.

Cable Selection and Shielding
Analog signals require careful wiring to maintain accuracy.
Recommended cable:
e Twisted pair
e Shielded
e 18-22 AWG stranded conductors
e The cable shield should typically be connected to earth ground at one end only, usually at the
control panel. This minimizes ground-loop currents while still providing effective shielding
against EML
Best practices include:
e Keep analog and power cables in separate conduits or cable trays.
e [f they must cross, do so at approximately 90°.
e Avoid running analog cables alongside VFD motor leads or high-current conductors.
6. Cable Selection and Shielding
Proper cable selection is essential for reliable operation. Standard Dry Contacts Examples:
e Pushbuttons
e Selector switches
e Relay contacts
Typical use:
e 18 AWG stranded wire
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e Unshielded cable
e Two conductors

e Electronic Sensors

Examples:
e Proximity sensors

e Photoelectric sensors
e Laser sensors
Typically use:

e 3-conductor cable
o Brown=+24V
o Blue=0V
o Black = Signal
o Shielded Cable

Cable shield helps reduce electromagnetic interference (EMI) that could cause false input signals.
Shielded cable is recommended when cables are:

Near VFD motor cables

Near servo drives

Near high-current conductors

Longer than approximately 50-100 feet (15-30 m)
Installed in electrically noisy environments

Proper Shield Grounding

The shield should generally be connected to earth ground at one end only—typically at the control
panel. Grounding both ends can create a ground loop, allowing unwanted currents to flow in the shield

and introducing electrical noise.

7. Good installation practices include:

e Separating power and signal wiring

e Crossing power cables at 90° when possible

e Using twisted-pair, shielded cable where appropriate
e Ensure proper grounding and bonding
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8. Cable testing methods include visual inspection. Check for:

Damaged wires
Loose terminals
Corrosion
Broken insulation
Incorrect wiring

Summary

Analog PLC inputs enable precise measurement and control of continuously varying process variables.

While 0-10 VDC signals are simple and economical for short-distance applications, 420 mA current

loops have become the industrial standard because they offer superior noise immunity, support long

cable runs, provide built-in fault detection through the live-zero concept, and maintain measurement

accuracy despite normal wiring resistance. Proper sensor selection, shielded cable installation,

grounding practices, and systematic testing with multimeters or loop calibrators are essential for

achieving reliable, accurate measurements in industrial control systems.

Common Analog Sensors

Pressure Transmitters
Measure:

Hydraulic pressure
Pneumatic pressure
Water pressure

Gas pressure

Level Transmitters Measure:

Tank level
Sump level

Fuel level

Technologies include:

Ultrasonic

Radar

Guided wave radar
Hydrostatic pressure

Capacitance

Typical outputs:
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e 4-20mA
e (0-10VDC

Flow Transmitters Measure:
e Water flow
e Chemical flow
e Air flow
e Steam flow
Typical outputs:
e 4-20mA

e Pulse plus analog

Temperature Sensors

Main Types

Thermocouples (TC)

Principle: Two dissimilar metals joined at one end form a junction. When the junction temperature

differs from the reference end, a small voltage is generated (Seebeck effect).
Common types:

CType K (NiCr—NiAl): =200 to 1260 °C, general purpose.

[Type J (Fe—CuNi): —40 to 750 °C.

1Type T (Cu—CuNi): =200 to 350 °C.

[Type N, R, S, B for higher temperatures and noble metal applications.

Output:
e Millivolt signal measured by a thermocouple input module

e Or converted to 4—20 mA with a transmitter

Advantages:
e Wide temperature range (very low to very high).

e Robust, inexpensive, fast response.
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e Simple construction, many sheath options.

Disadvantages:
e Lower accuracy than RTDs in common ranges.
e Output is low-level (mV), susceptible to noise.

e Requires cold junction compensation (CJC).

Typical industrial applications:
e Furnaces, ovens, kilns in manufacturing.
e Exhaust gas monitoring.
e Heat treatment processes.

e Food processing (e.g., cooking, baking) where ranges are moderate to high.

The THMJ-C04-03 is an AutomationDirect ProSense Type J thermocouple designed for industrial
process temperature measurement. It is intended for applications requiring a rugged probe with a
connection head for wiring directly into a PLC temperature module, temperature controller, or

transmitter.
Overall Evaluation

The THMJ-C04-03 is a solid choice when you need a durable industrial temperature sensor for
moderate-to-high temperatures. Its ungrounded junction offers good immunity to electrical noise,
making it suitable for electrically noisy environments such as those with VFDs and large motors. Its
spring-loaded probe and sealed connection head are designed for reliable, long-term process

measurements. The primary limitations are the lower maximum temperature and reduced longevity at
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sustained high temperatures compared with Type K thermocouples, as well as lower inherent accuracy

than RTDs for precision measurements.
Specifications
e Parameter
e Specification
e Sensor Type Type J Thermocouple
e Temperature Range32°F to 1330°F (0°C to 721°C)
e Accuracy Standard Limits of Error (ANSI Type J)
e Junction: Ungrounded
e Probe Diameterl/4 in (6.35 mm)
e Insertion Length4 in
e Sheath Material: Stainless Steel
e Process Connectionl/2 in Male NPT
e (Connection Head: Aluminum screw-cover terminal head
e Probe Construction: Spring-loaded
e Environmental Rating: IP66 / NEMA 4X
¢ Insulation: Magnesium Oxide (MgO)

e Intended Use: Thermowells or direct immersion where appropriate

Advantages

e Excellent for Medium-Temperature Processes: Type J thermocouples provide good accuracy

from room temperature up to approximately 700°C (1300°F).
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Typical applications include:
e Plastic extruders
¢ Injection molding machines
e Heat treating
e Ovens
e Industrial dryers
e Packaging equipment
e Food processing

e Steam systems

Rugged Mechanical Construction: The stainless-steel sheath provides protection against:
e Vibration

e Mechanical shock

e Oil
e Dirt
e Moisture

e Industrial environments

The IP66 / NEMA 4X connection head protects the terminal block from water spray and dust, making it

suitable for factory environments.
Benefits include:

e Excellent electrical isolation

e Reduced electrical noise

e Less susceptible to ground loops

e Safer when connected to PLC analog modules
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Disadvantages

1. Limited Temperature Range Compared to Type K

Maximum temperature:

e Type J: approximately 1330°F (721°C)

e Type K: approximately 1700°F (927°C)

For furnaces or kilns operating above 1300°F, a Type K thermocouple is usually a better choice.

2. Iron Oxidation

Type J thermocouples use an iron positive leg. At elevated temperatures:
e iron oxidizes
e accuracy degrades

e sensor life decreases

This makes Type J less suitable than Type K for prolonged high-temperature service.

3. Slower Response Than Exposed Junction Sensors

Because the sensing junction is enclosed within:
e stainless sheath

e MgO insulation

its response time is slower than an exposed-junction thermocouple.
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Typical industrial control applications, however, prioritize durability over maximum speed.

Requires Thermocouple-Compatible Wiring

¢ To maintain accuracy, extension wiring must be compatible with Type J thermocouples.

e Using standard copper wire all the way to the sensor creates additional junctions and introduces

temperature errors unless the measurement device performs proper cold-junction compensation.

5. Lower Accuracy Than RTDs
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Resistance Temperature Detectors (RTDs)

Principle: Metal resistance changes predictably with temperature. Platinum is common; “PT100” = 100
Qat 0 °C.

Outputs:
. Resistance measured by a dedicated RTD input

. Or converted to 4-20 mA using a temperature transmitter

Features:
e High accuracy and good stability.
e Nearly linear response over moderate ranges (—200 to 600 °C).
e Common elements: PT100, PT1000.
Wiring configurations:
e 2-wire: simplest, but most error due to lead resistance.
e 3-wire: compensates for lead resistance in one leg; widely used.
e 4-wire: best accuracy; used in high-precision applications.
Advantages:
e High accuracy and repeatability.
e .Good long-term stability.
e .Preferred for HVAC, water systems, moderate temperature food processing.
e .Disadvantages:
e .More expensive than thermocouples.
e .Less suitable for very high temperatures (>600 °C).
e _Example RTD spec:
e _Element: PT100, Class A.

e _.Range: —50...250 °C.
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e Accuracy: +(0.15 + 0.002[t|) °C.

e Output: resistance, typically wired to RTD input module or transmitter.
Real world use:

e HVAC: room and duct sensors, chilled water, hot water.

e Water treatment: process water temperature.

e Food: tank temperatures, CIP (Clean in Place) loops (with hygienic fittings).

Thermistors
Principle: Ceramic or polymer resistors with strong, non linear resistance change vs. temperature

(usually NTC — Negative Temperature Coefficient).
Pros:

e Very sensitive in a narrow range.

e .Low cost, small size.
Cons:

e Narrow temperature range.

e Highly non linear (requires linearization).

e Less stable over time vs. RTDs.

Used in some HVAC room sensors, small devices, and consumer equipment where cost is critical and

range is modest.
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Infrared (IR) temperature sensors/pyrometers

Principle: Detect infrared radiation from a surface; temperature is inferred using emissivity models.
Pros:

e Non contact measurement.

e Very fast response.

e Can measure moving or very hot objects.

Cons:
e Sensitive to surface emissivity and contamination.
e Requires clear line of sight.
e Usually more expensive.
Applications:
e High speed manufacturing lines (e.g., metal strip, glass).
e Food baking lines (surface temperature of product).

e HVAC: duct surface or equipment spot checks (often handheld).

e Each type has tradeoffs in cost, range, accuracy, and robustness.

Pressure Sensors and Transmitters

Types of Pressure Measurements

e Gauge pressure: relative to ambient atmospheric pressure (e.g., 0...10 bar g).

e Absolute pressure: relative to vacuum.

e Differential pressure: difference between two points (e.g., across a filter or orifice plate).
Sensing Principles: Most industrial pressure transmitters use:

e Strain gauge (piezoresistive) sensing element bonded to a diaphragm.
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Capacitive diaphragms.

Piezoelectric for dynamic pressure (vibration, pulsation).

Typical Specifications: Example industrial pressure transmitter:

Range: 0...10 bar g.

Output: 4-20 mA, 2 wire loop powered.

Accuracy: +0.25% of span.

Overpressure rating: 2x full scale.

Process connection: 74" NPT, or sanitary clamp in food.

Wetted materials: stainless steel.

Applications

Water and wastewater:
Pump discharge pressure.
Filter differential pressure.
Level via hydrostatic pressure.
HVAC:
o Chilled water and hot water loops.
o Differential pressure across air filters or coils (often low pressure differential).
Manufacturing:
o Hydraulic and pneumatic systems.
o Reactor and vessel pressure control.
Food:

o Pasteurizer pressure, CIP lines, beverage filling.
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Flow Sensors and Meters

Common Flow Measurement Methods
o Differential Pressure (DP): orifice plates, venturi tubes, flow nozzles.
e Turbine flow meters.
¢ Electromagnetic (mag) flow meters.
e Ultrasonic (clamp on or in line; transit time or Doppler).
e Vortex shedding meters.
e (oriolis mass flow meters.

e Thermal mass flow meters.

Examples and Applications
e DP Flow (Orifice Plate + DP Transmitter)
o Uses pressure drop across restriction; flow o V(AP).
o Common for steam, gases, and some liquids.
o Requires straight pipe runs; causes significant pressure drop.
e Turbine Flow Meters
o Rotating turbine in pipe; speed proportional to flow.
o Pulse output (Hz) to PLC.
o Good for clean, low viscosity liquids (e.g., water, fuels).
o Moving parts, subject to wear.
e Magnetic (Mag) Flow Meters

o Based on Faraday’s law; conductive liquid moving through magnetic field induces

voltage proportional to velocity.
o No moving parts, minimal pressure drop.

o Suitable for conductive fluids: water, wastewater, some food slurries.
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o Common in water treatment and food (with sanitary liners).
e Example magmeter spec:

o Range: 0...1000 m*/h.

o Accuracy: +0.5% of reading.

o Output: 4-20 mA + pulses.

o Liner: PTFE; Electrodes: stainless steel or Hastelloy.

e Ultrasonic Flow
o Clamp on or in line, transit time or Doppler.
o Non intrusive (clamp on), good for temporary measurements.

o Used in large water mains, HVAC chilled water, some clean liquids.

e Vortex Flow Meters
o Bluff body creates vortices; vortex frequency « velocity.
o Suitable for steam, liquids, gases.

o Robust, relatively low maintenance.

e Coriolis Mass Flow
» Measures mass flow directly via Coriolis forces.
* High accuracy; can also give density and temperature.

* More expensive; used in high value chemical and food processes.
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Real World Considerations
e Fluid properties: conductivity, viscosity, solids content, abrasiveness.
e Need for pressure drop vs. energy efficiency.
e Installation constraints: straight run requirements, pipe orientation, partial filling.

e Sanitary requirements in food and beverage.

For water plants: mag meters and ultrasonic are common for large lines; DP or turbine for smaller lines.

Level Measurement

Types

e Hydrostatic / pressure: submersible or externally mounted pressure sensor.

e Float type: mechanical float with switch or transmitter.

e Ultrasonic: non contact, time of flight.

e Radar (guided wave or free space).

e Capacitive: change in capacitance with level.

e Optical: point level detection by light refraction/ reflection.
Continuous vs. Point Level

e Continuous level: analog output representing entire range.

e Point level: discrete output (e.g., high level alarm, pump start/stop).
Typical Applications

e Water / wastewater:

o Tank and wet well level.

o Sump pump control.
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e Food:
o Ingredient tanks, mixing vessels, storage silos (powders, grains).
o Often require hygienic fittings and materials.

e HVAC/ building:

o Chilled water tanks, condensate sumps.

Real World Concerns
o Foam, turbulence, vapors impacting ultrasonic and radar.
o Build up on probes (capacitance, guided wave radar).
o Tank shape and geometry.

o Non linear level vs. volume (horizontal cylindrical or irregular tanks).
o Appropriate process connection to prevent leaks and ensure cleanability (sanitary tri clamp
in food).

o Avoiding overpressure: protect with snubbers or over range capable devices.
o Venting gauge references correctly (no water in vent).

o Temperature effects and material compatibility (corrosive vs non corrosive fluids).
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Position and Motion Sensors

e Encoders (incremental and absolute).

o Incremental encoders: pulses per revolution; position relative to reference.

o Absolute encoders: unique code for each position; retains position after power

loss.

e Outputs: Quadrature (A/B channels) plus index (Z).

For PLCs, usually wired to high speed counter or dedicated encoder input.
Applications:
e Motion control in manufacturing (conveyors, drives, robotics).
e Position feedback for servo systems.

e Slow but precise positioning (valves, dampers, actuators).

Linear and Rotary Position

Potentiometric (resistive)

o Sliding wiper on resistive track; output is a voltage proportional to position.
o Simple and inexpensive but subject to wear.

o Used in some machine adjustments and low cost positioning.

LVDT (Linear Variable Differential Transformer)

o Transformer with movable ferromagnetic core.
o .AC excitation; output proportional to displacement.
o High precision, contactless, long life.

o Used in valves, actuators, turbine control.

Hall effect linear/rotary.
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Position Sensors Examples:
e Linear potentiometers
e Linear Variable Differential Transformers (LVDTs)
e Magnetostrictive position sensors

Typical outputs:

e (0-10V
o 4-20mA
o 10V

Load Cells Measure force or weight.
Output:
e Millivolt signal to a load-cell amplifier

e Amplifier often provides a 4-20 mA or 0-10 V output

Page 67
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Integration with PLCs
Modern industrial control systems frequently use PLCs as central controllers. Sensors must be wired

and configured to interface correctly with PLC input modules.
.13.1 PLC Input Types
Discrete inputs (digital): detect ON/OFF signals from switches, proximity sensors, photoeyes.
Analog inputs (Al):

e Current (primarily 4-20 mA).

e Voltage (0-10 V or others).
Temperature modules:

e Dedicated RTD inputs (2 /3 /4 wire).

e Thermocouple inputs with built in cold junction compensation.
.High speed counters / encoder inputs:

e Accept pulse or quadrature encoder signals for speed and position.
.Communication ports:

e Serial (RS 485, RS 232) or Ethernet for connecting smart transmitters and vision systems.

Scaling and Engineering Units
e Within the PLC program:

e Raw input counts (e.g., 0—4095 for a 12 bit module) are scaled to engineering units (e.g., 0—

100.0 °C).
e Scaling formulas or function blocks are used to convert 4-20 mA or 0—10 V signals.
e Alarm limits, interlocks, and control algorithms use these engineering units.
Practical Wiring Considerations
e Use twisted pair and shielded cables for analog and low level signals.

e Ground shields at one end only (usually PLC side) to avoid ground loops.



Sensors Summary July 6, 2026 Page 69

e Separate sensor wiring from power and motor cables; use cable trays or conduits appropriately.

e Label all terminations clearly and maintain up to date documentation.

Installation, Calibration, and Maintenance

Even the best sensor will not perform properly if installed incorrectly or left unmaintained.
Installation Guidelines
Mechanical:

e Place sensors where they are representative of the process (e.g., away from dead zones in tanks,

elbows in pipes).
e Ensure proper insertion lengths and orientations for flow and level sensors.
e Avoid mechanical stresses (bending, vibration) on sensor housings and cables.
Electrical:
e Observe polarity and wiring diagrams.
e Use appropriate cable types and protective conduits.

e Provide adequate strain relief and environmental sealing.

Calibration
e Calibration aligns the sensor output with known reference standards.
¢ Initial calibration at commissioning ensures correct scaling and performance.

e Periodic calibration schedules depend on application criticality, drift characteristics, and

regulatory requirements.
Calibration procedures:

e Compare sensor output with a known standard (e.g., dry block calibrator for temperature,

pressure calibrator, flow prover).

e Adjust transmitter zero and span or record offsets for software compensation.
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Maintenance and Troubleshooting

Common sensor problems:
e Wiring faults (opens, shorts, loose terminals).
e Mechanical damage or corrosion.
e Buildup on sensing surfaces (e.g., coatings on level probes or flow meters).
e Drift or failure of sensor element.
Troubleshooting steps:
e Visual inspection of sensor and connections.
e Measurement of signal directly at sensor and at PLC input.
e Replacement with a spare or test sensor to isolate component issues.
e Checking calibration records and comparing readings to known process conditions.

Preventive maintenance includes routine inspections, cleaning, verification checks, and calibration, all

documented to support quality and safety systems.
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Industry Specific Case Examples

Water Treatment Plant

Sensors used:
e Level sensors: ultrasonic or radar on tanks and reservoirs; pressure based level for wells.
e Flow meters: mag meters on raw water intake, distribution lines, and chemical dosing.
e Pressure transmitters: monitor pump discharge pressure and filter differential pressure.

e pH and conductivity sensors (beyond this document’s focus but commonly used): for chemical

dosing control.
Real world considerations:
¢ Outdoor climate exposure; enclosures and heating may be needed.
e Redundant level sensors in critical reservoirs.

e Integration to SCADA for remote monitoring and control.

HVAC and Building Automation
Sensors used:
e Temperature: room, duct, and water temperature with RTDs or thermistors.
e Pressure: differential pressure across air filters and coils; static pressure in ducts.
e Flow: flow meters in chilled and hot water loops.
e Humidity and CO:: for indoor air quality and ventilation control.
Real world considerations:
e Trade off between sensor cost and energy savings from precise control.
e Location of temperature and pressure sensors to accurately represent room or duct conditions.

e Maintenance schedules for filter pressure sensors and CO: sensors.
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Food Processing Plant
Sensors used:
e Temperature: RTDs and TCs in cooking, pasteurization, chilling, and freezing.
e Level: hygienic radar or guided wave radar, and capacitive or float switches in tanks.
e Flow: mag meters and Coriolis meters in ingredient lines and CIP systems.
e Vision systems: verify labels, seals, fill levels, and product integrity on packaging lines.
e Proximity and photoelectric sensors: detect containers, packages, and position parts.
Real world considerations:
e Hygienic design and cleanability; use of stainless steel and sanitary fittings.
e Frequent washdowns requiring IP69K rated sensors.

e Traceability and regulatory compliance for food safety.

Future Trends in Industrial Sensing

Industrial sensors are evolving with advances in electronics, communications, and data analytics.
.16.1 Smart and Connected Sensors

Sensors increasingly integrate microcontrollers, self diagnostics, and multi parameter measurement.

Digital interfaces (Ethernet based, IO Link, wireless) enable easier integration and remote

configuration.

Smart sensors can report their own health, expected lifetime, and drift status.

Industrial Internet of Things (I1oT)
e Sensors connect directly or indirectly to cloud platforms and analytics systems.

e Data from many sensors is aggregated to improve predictive maintenance, energy optimization,

and process optimization.

e Edge computing: some processing and analytics shift to local devices near sensors.
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Wireless Sensing

e Wireless sensor networks reduce wiring costs and enable measurements in previously

inaccessible locations.
e Battery powered or energy harvesting devices communicate via industrial wireless protocols.

e Used in retrofit projects and large area monitoring such as tank farms and remote pump stations.

Advanced Materials and Miniaturization

New sensing materials and microfabrication technologies (MEMS) enable smaller, more integrated

SENSOrs.

Improved robustness and performance in harsh environments are expected as materials technology

advances.
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IP Rating

An IP rating (Ingress Protection rating) is an international standard (IEC 60529) used in industrial and
electrical equipment to describe how well an enclosure protects against:

Solid objects (dust, tools, fingers)
Liquids (water, oil spray, immersion)

Itis critical in industrial controls because it tells you how “sealed” a device is in real-world
environments like factories, outdoor panels, washdown areas, and dusty machinery spaces.

An IP rating tells you:
“How well an industrial enclosure keeps dust out and water out.”

In industrial automation, choosing the correct IP rating is about balancing:
environmental protection + cooling + serviceability + cost.

IP Rating Format: An IP rating looks like this:
IP65

1P67

1P20

It has two digits:

First digit = dust/solid protection (0—6)
Second digit = water protection (0-9K)
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First Digit: Solid Protection (0—6)
Level Protection Description

0 No protection

1 Objects >50 mm (hand)

2 Objects >12.5 mm (finger)

3 Objects >2.5 mm (tools, wires)

4 Objects >1 mm (small tools)

5 Dust protected (limited ingress, no harm)
6 Dust tight (no dust ingress at all)

Second Digit: Water Protection (0—9)

Level Protection Description

No protection

Dripping water (vertical)

Dripping water at angle

Spray up to 60°

Splashing water

Water jets (low pressure)

Powerful water jets

Temporary immersion (1m, 30 min)
Continuous immersion (manufacturer
defined)

9 /9K High-pressure, high-temp washdown
(industrial/aggressive cleaning)

0NNk W~ O

Industrial takeaway:
IP5X = “dust resistant”
IP6X = “fully dust sealed”

Why IP Ratings Matter in Industrial Controls
1. Dust protection

Dust can:

Short analog signals

Cause overheating in drives
Damage fans and bearings
2. Water protection

Water can:

Cause short circuits

Corrode terminals

Trigger false inputs

Destroy VFD power sections
3. Washdown environments

Food/pharma plants require:
High-pressure cleaning

Chemical spray resistance
Frequent sanitation cycles

Example in real industrial systems

A PLC inside a control cabinet: [P20-1P30
A field junction box in a factory: IP65

A food processing sensor: [IP67-IP69K
Outdoor VFD enclosure: IP66
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NEMA Ratings

NEMA ratings are a U.S. standard (from the National Electrical Manufacturers Association) that classify
electrical enclosures based on how well they protect equipment from environmental conditions like
dust, water, oil, and corrosive agents.

They are similar in purpose to IP ratings, but NEMA ratings include extra real-world environmental
requirements, not just dust and water.

A NEMA enclosure rating describes protection against:
e Dust and dirt
e Water (rain, hose-down, splashing)
e Ice formation (outdoor use)
e Corrosive agents (chemicals)
¢ Oil and coolant exposure

e Physical damage (in some cases)

Unlike IP ratings, NEMA also considers:
e Gasket aging
e Construction durability
e Ice and corrosion resistance

e Cable entry sealing integrity over time

NEMA 3R — Outdoor Rainproof (most common outdoor panel)
e Similar to NEMA 3 but:
e Less dust protection
e No windblown dust requirement
e Outdoor PLC/VFD enclosures
e Electrical service panels

e Rooftop HVAC controls
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NEMA 4 — Watertight (hose-down)

Use:

Protects against:
Rain, sleet, snow
Windblown dust

Hose-directed water

Washdown environments
Outdoor industrial panels

Water treatment plants

NEMA 4X — Watertight + Corrosion Resistant

Use:

Same as NEMA 4, plus:

Corrosion resistance (stainless steel, fiberglass, coated steel)

Food & beverage plants
Chemical plants
Coastal/outdoor salty environments

Pharmaceutical washdown areas

NEMA 12 — Industrial Dust & Drip Resistant

This is one of the most common industrial ratings.
Protects against:

Dust, lint, fibers

Dripping non-corrosive liquids

Oil and coolant seepage

Page 77
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Use:

Machine shops
CNC equipment panels

Manufacturing floors with oil mist

Quick comparison table

NEMA
1

12

3R

4

4X

7

9

Rough
[ ]

Environment

Indoor

Industrial indoor
Outdoor

Outdoor + washdown
Harsh outdoor/chemical
Hazardous gas

Hazardous dust

equivalence examples:
NEMA 1 = 1P20
NEMA 12 = IP54-1P55
NEMA 4 = IP66

July 6, 2026

Key Protection

generalBasic contact protection
Dust, oil, coolant

Rain, snow

Hose-down water

Water + corrosion

Explosion containment

Dust ignition protection

Page 78

NEMA 4X = IP66-IP67 (plus corrosion resistance) Why NEMA matters in industrial control

systems

In PLC/VFD environments, NEMA ratings determine:

e  Whether moisture can destroy drives

e  Whether dust will cause overheating

e  Whether corrosion will damage terminals

e  Whether outdoor panels survive seasons

e  Whether washdown procedures are safe



Sensors Summary July 6, 2026

For example:

A VFD panel in a machine shop — NEMA 12
A food processing washdown panel — NEMA 4X
An outdoor pump station — NEMA 3R or 4

A hazardous gas refinery area — NEMA 7

Page 79
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Summary

Industrial control sensors are fundamental elements in any automated system, connecting the physical

world to digital control systems. Their correct selection, installation, and maintenance directly impact:
Product quality and consistency.

Energy efficiency and operating costs.

Plant safety and regulatory compliance.

Equipment reliability and uptime.

This document has:

e Described major industrial sensor types (temperature, pressure, flow, level, position, vibration,

proximity, vision, gas).
e Explained core specification concepts (range, accuracy, response time, etc.).

e Related sensor choices to real world applications in manufacturing, water treatment, HVAC, and

food processing.

e Highlighted practical aspects of signal conditioning, PLC integration, calibration, and

maintenance.

e Outlined future trends including smart sensors, 10T, and wireless sensing.

To deepen this content for a given course or project, you can:
e Add detailed spec tables for specific products.

e Insert diagrams showing wiring and installation for chosen PLC families.

e Develop extended case studies for a particular plant (e.g., a full water treatment facility or a

specific food production line).
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Glossary of Key Terms

Accuracy — Maximum difference between measured value and true value, usually expressed as +% of

span or % of reading.

Analog Signal — Continuous electrical signal (e.g., 4-20 mA, 0—10 V) proportional to a measured

variable.

Calibration — Process of comparing a sensor’s reading with a reference standard and adjusting or

recording corrections.

Cold Junction Compensation (CJC) — Compensation method used with thermocouples to account for

temperature at the reference junction.

Differential Pressure (AP) — Pressure difference between two points; used for flow, level, and filter

monitoring.
Drift — Slow change in sensor output over time that is not related to changes in the measured variable.

Hysteresis — Difference in sensor output for the same input when approached from increasing vs.

decreasing directions.
Linearity — How closely a sensor’s response follows a straight line across its range.

LVDT (Linear Variable Differential Transformer) — Contactless linear position sensor based on

transformer coupling.
PLC (Programmable Logic Controller) — Rugged industrial computer used for automation and control.
Range — Minimum and maximum measurable values of a sensor.

Repeatability — Ability of a sensor to produce the same output for the same input under identical

conditions.
Resolution — Smallest input change that causes a detectable output change.

RTD (Resistance Temperature Detector) — Temperature sensor based on resistance change of metals

(typically platinum).
Setpoint (SP) — Desired target value of a process variable in a control system.
Span — Difference between upper and lower range values.

Thermocouple — Temperature sensor made from two dissimilar metals generating a temperature

dependent voltage.
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Transmitter — Device that converts a sensor’s raw signal into a standardized output (e.g., 4-20 mA).

Turndown Ratio — Ratio of maximum measurable flow (or other variable) to minimum flow at which

specified accuracy is maintained.
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