IOT APPLICATIONS IN ELECTRICAL ENGINEERING

UNIT-I

SENSORS

What is Internet of Things (10T)?

e Internet of Things is an emerging paradigm of internet connected things that allows
the physical objects or things to connect, interact and communicate with one another
similar to the way humans talk through web in today’s environment.

e It connects systems, sensors and actuator instruments to the broader internet.

What is a Sensor.

e Sensors are devices or instruments that detect and respond to changes in an
environment or system.

e They measure physical quantities such as temperature, pressure, light, humidity,
motion, and chemical composition, converting these measurements into signals that
can be readable format, often digital, for analysis or monitoring.

e Sensors are integral to various applications, including industrial automation, medical
devices, environmental monitoring, consumer electronics, and automotive systems.

Terminology or Key characteristics of sensors include

Sensitivity

Range

Precision
Accuracy
Resolution

Offset

Linearity
Response Time
Dynamic Linearity

Sensitivity
e The sensitivity of the sensor is defined as, the minimum input of physical parameter
that will create a detectable output change.
e Insome sensors, the sensitivity is defined as the input parameter change required
producing a standardized output change.
Range
e The range of the sensor is the span between the minimum and maximum values that

the sensor can accurately measure.
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Precision

e Precision describes a measurement system—that is, how good it is at giving the same
result every time it measures the same thing.
e In other words, if exactly the same value were measured a number of times, an ideal
sensor would output exactly the same value every time.
Accuracy
e Accuracy describes a particular measurement—that is, how close it is to the true
value.
e In other words, accuracy of the sensor is the maximum difference that will exist
between the actual value and the indicated value at the output of the sensor.
Resolution
e The smallest change in the input that the sensor can detect.
e This specification is the smallest detectable incremental change of input parameter
that can be detected in the output signal.
Offset

e The offset error of a sensor is defined as the output that will exist when it should be
zero or, alternatively, the difference between the actual output value and the specified
output value under some particular set of conditions.

e In the case of sensors, an offset error means the sensor shows a small reading when
there should be none.

Linearity

e The extent to which the output of the sensor is directly proportional to the input across
the sensor's range.

e The linearity of the sensor is an expression of the extent to which the actual measured

curve of a sensor departs from the ideal curve.
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Response Time

e Sensors do not change output state immediately when an input parameter change
occurs.
e The response time can be defined as the time required for a sensor output to change
from its previous state to a final settled value.
Dynamic Linearity
e The dynamic linearity of the sensor is a measure of its ability to follow rapid changes
in the input parameter.

Classification of Sensors

e Sensors play a crucial role in modern technology by enabling automated systems to
interact intelligently with their environment.

e Sensors can be classified in various ways based on different criteria such as the type
of measurement, operating principle, application, and output signal.

1. Based on the Type of Measurement

e Temperature Sensors: Thermocouples, thermistors, RTDs (Resistance Temperature
Detectors), infrared sensors.

e Pressure Sensors: Strain gauge sensors, piezoelectric sensors, capacitive sensors.

e Light Sensors: Photodiodes, phototransistors, LDRs (Light Dependent Resistors).

e Motion Sensors: Accelerometers, gyroscopes, PIR (Passive Infrared) sensors.

o Proximity Sensors: Inductive, capacitive, optical, ultrasonic sensors.

e Chemical Sensors: pH sensors, gas sensors, biosensors.



o Position Sensors: Potentiometers, LVDTs (Linear Variable Differential

Transformers), encoders.
2. Based on the Operating Principle

o Electrochemical Sensors: Measure chemical changes (e.g., pH sensors, gas sensors).

o Optical Sensors: Use light to detect changes (e.g., photodiodes, CCD cameras).

« Resistive Sensors: Change resistance in response to environmental changes (e.g.,
thermistors, strain gauges).

o Capacitive Sensors: Change capacitance with varying conditions (e.g., touch sensors,
humidity sensors).

e Inductive Sensors: Measure changes in inductance (e.g., proximity sensors, metal
detectors).

e Piezoelectric Sensors: Generate electrical charge in response to mechanical stress

(e.g., accelerometers, microphones).
3. Based on the Application

e Industrial Sensors: Used in automation and manufacturing (e.g., pressure sensors,
flow sensors).

e Medical Sensors: Used in healthcare (e.g., heart rate monitors, glucose sensors).

e Environmental Sensors: Monitor environmental conditions (e.g., temperature,
humidity, air quality sensors).

e Automotive Sensors: Used in vehicles (e.g., 0Xygen sensors, tire pressure sensors).

e Consumer Electronics Sensors: Found in gadgets (e.g., accelerometers in

smartphones, proximity sensors).
4. Based on the Output Signal

e Analog Sensors: Produce a continuous output signal that is proportional to the
measured quantity (e.g., thermocouples, potentiometers).
« Digital Sensors: Produce discrete output signals, typically in binary form (e.g., digital

temperature sensors, rotary encoders).

5. Based on the Power Supply



o Active Sensors: Require an external power source to operate (e.g., thermistors,
photodiodes).
o Passive Sensors: Do not require an external power source and generate output

directly from the measured quantity (e.g., thermocouples, piezoelectric sensors).

Temperature Sensors

e Temperature sensors are devices that measure temperature by converting thermal
energy into a readable signal.

e They are essential in a wide range of applications, including industrial processes,
environmental monitoring, medical devices, and consumer electronics. Here are some

common types of temperature sensors:

1. Resistance Temperature Detectors (RTDs)

e A resistance temperature detector (also known as a Resistance Thermometer or
RTD), changes the resistance of the RTD element with temperature.

e RTDs are used in the form of thin films, wire wound, or coil. They are generally made
of metals such as platinum, nickel, or nickel-copper alloys.

e These metals have positive temperature co-efficient. Also, the resistance-temperature

characteristics of these materials are approximately linear.

Construction
e The resistance temperature detector is constructed by wounding the resistance wire on
a mica base.
e The wire is wound like a helical coil on the support to reduce the inductance effect.
The terminals (Leads) are brought out of the pipe.
e The coil is protected by a stainless-steel case.

e The structural view of a wire wound RTD is shown in the figure.
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Principle:
e Resistance Temperature Detectors (RTD) operates on the principle that the electrical
resistance of certain materials, particularly metals, changes with temperature.
e Resistance thermometers or resistance temperature detector works on the principle of
positive temperature coefficient of resistance i.e. as temperature increases, resistance

offered by thermometer also increases.

e The variation of resistance R with temperature t can be represented by the equation,

R, = Ry(1 + a At)

Where a is the temperature co-efficient at to and Ro is the resistance at to.

RTD Diagram :
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" Construction of a Resistance temperature detector (RTD)

e Figure shows the construction of an RTD. It has a resistor element connected to a

Wheatstone bridge.



e The element and the connection leads are insulated and protected by a sheath. A small
amount of current is continuously passing through the coil.

e As the temperature changes the resistance of the coil changes which is detected at the
Wheatstone bridge.

Applications:

e Industrial Processes: Used in process control systems for accurate temperature
measurement.

o Laboratory Measurements: Preferred in scientific research for high precision.

« HVAC Systems: Monitor and control heating, ventilation, and air conditioning.

Thermistors

What are the differences between RTD and Thermister

e The Thermistor and the RTD both are the temperatures measuring device.

e The major difference between the RTD and the Thermistor is that the RTD is made of
metal, whereas the semiconductor material is used for Thermistor.

e The RTD is made of pure metal like platinum, nickel, etc., which has a positive
temperature coefficient. The positive temperature coefficient means their resistance
increases with the temperature, which is the main function of RTD. The RTD is used
for measuring the large variation in temperature.

e Asthe Thermistor is made of semiconductor material, they have both the negative and
positive temperature coefficient. But most of them thermistor have a negative
temperature coefficient, i.e., their resistance decreases with the increases in
temperature.

e The negative temperature coefficient can be large enough for several percentage
increases in temperature because of the Thermistor can detect the small changes in
temperature.

e The thermistor is used for measuring the small range of temperature (between -55°C
and + 114°C) whereas the RTD measures the temperature up to 850°C.

e The characteristic graph between resistance and temperature of the RTD is linear
whereas that of thermistor it is nonlinear.

e The thermistor gives a quick response to the small changes, whereas the response time
of the RTD is slow.

e The accuracy of the RTD is low as compared to the thermistor.



The thermistor has a negative temperature coefficient because of which they can
detect even the smallest change in temperature.

Types of thermistors

A thermistor is a special type of resistor whose resistance changes with the change in its body

temperature. These are of two types:

PTC Thermistor
NTC Thermistor

NTC Thermistor:

Negative Temperature Coefficient (NTC) thermistor is made up of semiconductor
material having a negative temperature coefficient of resistance like manganese,
nickel, cobalt, copper, iron, and uranium, therefore, their resistance decreases with the
increase in body temperature.

They are made from semiconductor materials with conductivity between electrical

and non-electrical conductors.

PTC Thermistor:

Positive Temperature Coefficient (PTC) thermistor, is made up of a material having a
positive temperature coefficient of resistance.
PTCR properties are generally semiconducting materials like titanate ceramics,

including barium titanate, lead titanate and strontium titanate.

In the case of a material having a positive temperature coefficient of resistance, the

resistance of the material increases with an increase with its body temperature.

NTC Thermistor Working Principle

The working principle of the NTC thermistor is mainly dependent on the ambient
temperature.

Once the thermistor’s temperature enhances then its resistance will be decreased. For
every 1-degree centigrade rise of temperature, 5% resistance will be decreased.

When a component heats up, electrons are loosened from the lattice atoms. As
temperature increases, resistance decreases and thermistor transfers electricity easily

and effectively.
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e Thermistor is an electronic component whose resistance is highly dependent on
temperature so if we send a constant current through the thermistor and then measure
the voltage drop across it, we can thus determine its resistance at a particular

temperature.

e The working principle of a thermistor is that its resistance is dependent on its

temperature. We can measure the resistance of a thermistor using an ohmmeter.
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The thermistor temperature characteristic curve

Construction of Thermistor

The circuit symbol for a thermistor is shown below:

Or
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Thermistor Types

The different types of the thermistor are shown in the figure below.

e The thermistor is made with the sintered mixture of metallic oxides like manganese,

cobalt, nickel, cobalt, copper, iron, uranium, etc. It is available in the form of the

bead, rod and disc.
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Application Areas of Thermistors

PTC Type Thermistors

. As a current-limiting device for circuit protection.

. As timers in the degaussing coil circuit of most RT displays

. As heaters in the automotive industry provide additional heat inside the cabin with a diesel

engine or heat diesel in cold climates before engine injection.

In crystal oscillators for temperature compensation, medical equipment temperature

control, and industrial automation.
. To prevent current hogging in electronic circuits
. To prevent thermal runaway in electronic circuits
. An electrically actuated wax motor provides the heat necessary to expand the wax

In temperature-compensated synthesizer voltage-controlled oscillators

NTC Type Thermistors

. As a thermometer for low-temperature measurements
. To monitor the temperature of an incubator
. As an inrush current limiter device in power supply circuits

In the food handling and processing industry, for food storage systems and food

preparation

Point Sensing to achieve high accuracy for specific points, such as laser diode die

For measurement of the temperature profile inside the sealed captivity of a convective
. Thermistor Probe Assemblies offer protection for the sensor in harsh environments

. Throughout the consumer appliance industry for measuring temperature



Difference between NTC Thermistor and PTC Thermistor

NTC Thermistor

PTC Thermistor

In NTC thermistor, the term “NTC” stands for
negative temperature co-efficient.

In PTC thermistor, the term “PTC” stands for positive
temperature co-efficient.

In this thermistor, when the temperature
increases the resistance will be decreased.

In this thermistor, when the temperature increases the
resistance will be increased.

The materials used to make NTC thermistors
are; cobalt, oxides of nickel, manganese,
copper, etc.

The material used to make a PTC thermistor is barium
titanate.

These are used in the measurement & control of
temperature-based applications.

These are used to protect different circuits from high
temperatures.

These are applicable for temperature ranges
from -55°C to 200°C.

These are applicable for temperature ranges from 0°C
to 200°C.

An example is the SMD KT series NTC
thermistor designed by ATC Semitec Limited.

An example is; SMD PTC thermistors designed by
ATC Semitec Limited.

Piezoelectric sensors

A Piezoelectric Sensor requires no external voltage or current source; they are able to

generate an output signal from the strain applied.

This makes them a popular choice for many applications. The use of them is growing

significantly throughout different industries and they are sometimes incorporated into

other sensors.

“Piezo” i1s Greek for “press” or

“squeeze” so a piezoelectric sensor effectively

measures compression using the piezoelectric effect.

Piezoelectric sensors are devices
changes in pressure, acceleration,

into an electrical charge.

that utilize the piezoelectric effect to measure

temperature, strain, or force by converting them

How Does a Piezoelectric Sensor Works?

A piezoelectric sensor sends a signal when it sustains a physical force, which might

be pressing, pushing, or changing temperature.




e Piezoelectric sensors generate an output signal directly from applied stress, requiring
no external voltage.

e A piezoelectric material attaches to a metal diaphragm that sustains the pressure to be
measured.

e Mechanical force applies to the metal diaphragm via pressure, deforming it slightly.
This stress generates an electrical charge across the piezo material.

e The resulting electrical charges can be measured as a voltage, and professionals

process them using signal processing.

Compressing Produces
Electricity

How Does a Piezoelectric Sensor Works?
Applications of Piezoelectric Sensors
Here are some common applications for piezoelectric sensors:
1. Security Alarms
e Piezoelectric sensors like accelerometers in alarm systems are hypersensitive and
can detect vibrations from knocking or moving, setting off security alarms.
2. Smartphones
e Certain smartphones contain piezoelectric touch sensors that are highly sensitive.
e The physical force of touching or typing on your phone screen triggers an electric
charge across the piezoelectric sensor materials, indicating the proper command.
3. Musical Instruments
e Instruments like electric guitars, violins, pianos and even vocal microphones use
piezoelectric sensors.

4. Medical Equipment
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e Piezoelectric sensors in pacemakers, stethoscopes and ultrasounds are hypersensitive
and allow medical practitioners to monitor the heart rate and activity level of someone
who has a pacemaker, measure a patient’s pulse while under anesthetic and hear a
baby’s heartbeat with fetal heart monitoring.
e Ultrasonic medical equipment contains piezoelectric transducers, which create sound
waves that can be transferred into the body when coupled to someone’s skin.
5. Smart Watches
e You can also use piezoelectric sensors in smartwatches. Piezoelectric sensors can
detect and process vibrations from heartbeats and other movements to detect when
people are active or inactive.
e This detection is useful for health monitoring because it helps doctors acquire useful
data for patient health.
6. Aerospace Applications
e Aerospace companies use piezoelectric pressure sensors in various applications, like
measuring turbulence, engine combustion, and various dynamic pressures.
7. Accelerometer Sensors
e Accelerometer sensors are a type of piezoelectric sensor.
e Various industries like automotive, security, military and industrial use piezo
accelerometer sensors to measure vibrations, detect movements and monitor shock

pulse in motor bearings.
Humidity Sensors.

e Humidity is defined as the amount of water vapour present in the surrounding air.

e This water content in the air is a key factor in the wellness of mankind.

e Humidity plays a vital role in various applications, including industrial processes,
agriculture, meteorology, and indoor climate control.

e As such, accurate measurement of humidity is essential for maintaining optimal
conditions in these sectors.

e Technically, the device used to measure the humidity of the atmosphere is called

Hygrometer.
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Humidity Sensors — Classification

Humidity Sensors or Hygrometers can be classified based on the type of humidity it
is used for measuring i.e.Absolute Humidity (AH) sensors or Relative Humidity (RH)
sensors.

Absolute humidity is the total amount of water vapor contained in a given volume of
dry air. It is expressed in grams of water vapor per cubic meter of air (g/md).

Relative humidity (RH) refers to the moisture content (i.e., water vapor) of the
atmosphere, expressed as a percentage of the amount of moisture that can be retained
by the atmosphere (moisture-holding capacity) at a given temperature and pressure
without condensation.

Humidity Sensors can also be classified based on the parameter used for measuring
Humidity i.e.

Capacitive Humidity Sensors,

Electrical Conductivity (or Resistive) Humidity Sensors and

Thermal Conductivity Humidity Sensors.

Capacitive Humidity Sensors

Capacitive humidity sensors operate on the principle of capacitance, which is the
ability of a system to store an electrical charge.

The sensor consists of two conductive plates, separated by a hygroscopic dielectric
material.

The dielectric material, typically a polymer or ceramic, exhibits a property known as
relative permittivity (or dielectric constant), which varies with humidity levels.

When the humidity increases, the water molecules are absorbed by the dielectric
material, leading to an increase in its permittivity.

This, in turn, results in a change in the capacitance between the plates, which can be
measured and converted into a humidity reading.

Capacitive humidity sensors are one of the most common and reliable devices for

measuring humidity, due to their excellent performance, stability, and sensitivity
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Applications of Capacitive Humidity Sensors

Due to their high accuracy, stability, and versatility, capacitive humidity sensors are used in a

wide range of applications, such as:

Industrial processes: In industries like pharmaceuticals, food and beverage, and electronics
manufacturing, maintaining precise humidity levels is critical for product quality and safety.
Agriculture: Accurate measurement of humidity is essential for monitoring soil moisture,
greenhouse conditions, and livestock environments to ensure optimal growth and health.
Meteorology: Humidity sensors play a significant role in weather forecasting and climate
research, providing valuable data for atmospheric studies and prediction models.

Indoor climate control: These sensors are commonly used in HVAC systems to monitor and

maintain comfortable humidity levels in residential, commercial, and industrial buildings.
Factors Affecting Capacitive Humidity Sensor Performance

While capacitive humidity sensors offer numerous advantages, certain factors can impact
their performance and accuracy. Some of these factors include:
Temperature: Temperature changes can cause variations in the capacitance of the sensor,

leading to inaccurate humidity readings.



To mitigate this, many capacitive humidity sensors incorporate temperature compensation
mechanisms to ensure accurate measurements across a wide temperature range.
Contamination: Although capacitive sensors are generally resistant to contamination,
exposure to certain chemicals or aggressive environments may affect the dielectric material
and alter the sensor’s performance.

Regular maintenance and cleaning, as well as selecting appropriate materials for specific
applications, can help prevent contamination-related issues.

Electromagnetic interference (EMI): Capacitive sensors can be susceptible to EMI, which
may cause inaccurate readings.

Proper shielding and grounding techniques can help minimize the impact of EMI on sensor

performance.

Resistive Humidity Sensors (Electrical Conductivity Sensors)

Resistive Humidity Sensors are another important type of Humidity Sensors that measure the
resistance (impedance) or electrical conductivity. The principle behind resistive humidity
sensors is the fact that the conductivity in non — metallic conductors is dependent on their

water content.

Working of Resistive Humidity Sensors

e Arresistive humidity sensor is a device that measures relative humidity by converting
the changes in the electrical resistance of a hygroscopic material into a measurable
output signal.

e The sensor consists of a hygroscopic material, typically a ceramic or polymer,
deposited on a substrate.

e When exposed to humidity, the material absorbs water molecules, causing its
electrical resistance to change.

e This change in resistance is then converted into a proportional output signal, which is

used to determine the relative humidity level.
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Applications of Resistive Humidity Sensors
Resistive humidity sensors are used in various applications due to their cost-effectiveness,

simplicity, and versatility. Some common applications include:

Industrial process control: In industries such as pharmaceuticals, food processing, and
textiles, maintaining precise humidity levels is crucial for product quality and process
efficiency.

Agriculture: Accurate humidity measurement is essential for monitoring and controlling the
growth conditions in greenhouses and for predicting crop yields.

Environmental monitoring: Resistive humidity sensors are used in weather stations, air
quality monitoring systems, and other environmental monitoring applications to measure
humidity levels and track changes in climate patterns.

Building automation: Maintaining optimal humidity levels in buildings helps improve

occupant comfort, prevents mold growth, and reduces energy consumption.

Thermal Conductivity Humidity Sensors

e Thermal Conductivity Humidity Sensors are also known as Absolute Humidity (AH)

Sensors as they measure the Absolute Humidity.

e Thermal Conductivity Humidity Sensors measure the thermal conductivity of both dry
air as well as air with water vapor. The difference between the individual thermal

conductivities can be related to absolute humidity.



Working of Thermal Conductivity Humidity Sensors

e The best component to accomplish thermal conductivity-based humidity sensor is
thermistor.

e Thermal conductivity humidity sensors operate based on the principle that the thermal
conductivity of a gas mixture varies with its water vapor content.

e The sensor consists of two elements: a temperature-sensitive resistor and a humidity-
sensitive resistor.

e Both elements are typically made from materials with high temperature coefficients of
resistance, such as platinum or nickel.

e The temperature-sensitive resistor, also known as the reference resistor, is maintained
at a constant temperature above ambient.

e The humidity-sensitive resistor, on the other hand, is exposed to the surrounding
atmosphere and experiences a change in temperature as the humidity of the
environment changes.

e Since the thermal conductivity of water vapor is different from that of dry air, the heat
transfer properties of the surrounding air are affected by the humidity level.

e As the humidity increases, the temperature of the humidity-sensitive resistor
decreases due to the increased thermal conductivity of the air.

e This change in temperature results in a change in resistance, which can be measured

and calibrated to provide a quantitative measurement of the humidity level
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Advantages of Thermal Conductivity Humidity Sensors

Thermal conductivity humidity sensors offer several advantages over other types of humidity
sensors. Some of these advantages include:

Stability: These sensors exhibit long-term stability, as their performance is not significantly
impacted by aging or contamination, unlike other sensor types such as capacitive or resistive
humidity sensors.

Fast response time: Thermal conductivity sensors have a relatively fast response time,

making them suitable for applications requiring quick and accurate humidity measurements.

Wide operating range: These sensors can operate over a wide range of humidity levels,

from very low to very high concentrations, without losing accuracy.

Low power consumption: The power requirements of thermal conductivity sensors are

generally low, making them ideal for battery-powered devices and remote applications.
Disadvantage of Thermal Conductivity Humidity Sensors

e Exposure to any gas with thermal properties different than Nitrogen might affect

reading measurement.
Applications of Thermal Conductivity Humidity Sensors

Thermal conductivity humidity sensors have various potential applications across different

industries. Some of these applications include:

e Environmental monitoring, such as weather stations and air quality monitoring
systems.
e Greenhouse and agricultural control systems for optimal plant growth and yield.

e Industrial processes requiring precise humidity control, such as semiconductor

manufacturing and pharmaceutical production.
e Building automation systems for maintaining comfortable indoor air quality
Moisture Sensors

e The main function of soil moisture sensors is to measure the moisture content in the

soil .


https://www.niubol.com/All-products/Soil-Moisture-Sensor.html

Types of Moisture sensors are capacitive moisture sensors, Resistive Moisture Sensor.
Time Domain Reflectometry (TDR) moisture Sensors.
Capacitive Moisture Sensors
e The sensor measures the soil moisture levels by capacitive sensing.
e Capacitive moisture sensor works by measuring the changes in capacitance caused by
the changes in the dielectric.
e |t does not measure moisture directly; instead it measures the ions that are dissolved
in the moisture.
e Capacitive measuring basically measures the dielectric that is formed by the soil and
the water is the most important factor that affects the dielectric.

Electrodes

Dielectric Material

e Capacitance soil moisture sensors utilize the correlation between the soil's dielectric
constant and the soil moisture content.

e When the sensor is inserted into the soil, it interacts with the water molecules in the
soil and changes its capacitance value depending on the amount of water.

e This capacitance value is then converted into a voltage or current signal for further

processing and recording.

Resistive Soil Moisture Sensor
e Resistive soil moisture sensors, on the other hand, measure moisture content based on

the electrical conductivity of the soil.

e When moisture is present, the electrical conductivity of the soil increases, which

changes the resistance value of the sensor.
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e This resistance value is also converted into a recordable voltage or current signal.

Kesistive soil moisture sensor moaule

e The sensor consists of two probes which are used to measure the volumetric content
of water. The two probes allow the current to pass through the soil and then it gets the

resistance value to measure the moisture value.

e When there is more water, the soil will conduct more electricity which means that

there will be less resistance. Therefore, the moisture level will be higher.

e Dry soil conducts electricity poorly, so when there will be less water, then the soil
will conduct less electricity which means that there will be more resistance.

Therefore, the moisture level will be lower.

Time Domain Reflectometry (TDR) for soil moisture measurement
e Time Domain Reflectometry (TDR) calculates volumetric soil moisture content by
measuring dielectric properties.

e This short piece sets out to explain the fundamental science behind the measurement.



e The technique is based upon cable testing technology, with a broad-band
Electromagnetic step pulse generated and propagated along a coaxial cable.

e At the end of the cable stainless steel rods (waveguides) are inserted into the ground.
The time of travel of the EM wave is determined by the apparent dielectric (Ka) of the

medium (in this case soil).
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Applications of moisture sensors.

e Agriculture: Monitoring soil moisture for optimal irrigation.

e Construction: Ensuring proper moisture levels in concrete, wood, and other building
materials.

e Food Industry: Monitoring moisture content in food products to maintain quality and
shelf life.

e Environmental Monitoring: Tracking moisture levels in ecosystems and during
environmental remediation.

e Consumer Electronics: Detecting water damage in devices like smartphones and

laptops.
Advantages:
e Precision and Accuracy: Modern sensors provide high accuracy and repeatability.

¢ Real-time Monitoring: Allows for continuous monitoring and immediate response to
changes.



Versatility: Can be used in a wide range of applications and environments.
Integration: Easily integrated with other systems and IoT devices for automated
monitoring and control.

Disadvantages:

Cost: High-precision sensors can be expensive.

Maintenance: Some sensors require regular calibration and maintenance.
Environmental Sensitivity: Certain types of sensors may be affected by temperature,
pressure, or other environmental factors.

Pressure and force sensors.

Pressure and force sensors are devices that measure the amount of pressure or force
applied to them.

These sensors are used in a wide range of applications, from industrial machinery to
medical devices, automotive systems, and consumer electronics. Here's an overview

of pressure and force sensors:

Pressure sensors

Strain Gauge (Piezoresistive) pressure sensors

A strain gauge pressure sensor is a device that measures pressure by converting the
mechanical deformation experienced by a material into an electrical signal.
This type of sensor is widely used across various industries and applications,

including automotive, aerospace, medical, and industrial automation

Working principle

At the core of a strain gauge pressure sensor is a strain gauge, a thin, flexible material
that changes its electrical resistance when it undergoes mechanical deformation.

The strain gauge is typically made from a metal, such as constantan or nichrome, or a
semiconductor material, like polysilicon or amorphous metal.

It is bonded to a diaphragm or another structure that deforms when subjected to
pressure.

As the diaphragm experiences pressure, it deforms and causes the strain gauge to

change its shape as well.



e This change in shape leads to a change in electrical resistance, which can be measured
using a Wheatstone bridge circuit.

e The output voltage from the Wheatstone bridge is proportional to the amount of strain
experienced by the gauge, and thus to the pressure applied to the diaphragm.

There are three separate effects that contribute to the change in resistance of a conductor.
These are:

The resistance of a conductor is proportional to its length so stretching increases the
resistance

As the conductor is stretched, its cross-sectional area is reduced, which also increases the
resistance

The inherent resistivity of some materials increases when it is stretched
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Benefits of Strain Gauge Pressure Sensors

Strain gauge pressure sensors offer several advantages that make them popular choices for
various applications:

High accuracy: These sensors can achieve high levels of accuracy, typically within 0.1% to
0.5% of the full-scale pressure range. This allows for precise pressure measurements in
critical applications.

Wide pressure range: Strain gauge pressure sensors can measure pressures ranging from
very low to extremely high levels, making them suitable for diverse applications.

Good temperature stability: With proper compensation techniques, these sensors can
maintain accuracy over a wide temperature range, allowing for their use in environments with
significant temperature fluctuations.



Long-term stability: Strain gauge pressure sensors exhibit excellent long-term stability,
ensuring consistent performance over time.

Applications of Strain Gauge Pressure Sensors

Strain gauge pressure sensors are utilized in a wide range of industries and applications:
Automotive: Strain gauge pressure sensors are used in various automotive systems, such as
tire pressure monitoring, brake fluid pressure measurement, and engine oil pressure
monitoring.

Aerospace: These sensors play a crucial role in monitoring cabin pressure, fuel tank pressure,
and hydraulic system pressure in aircraft and spacecraft.

Medical: In the medical field, strain gauge pressure sensors are employed in devices like
blood pressure monitors, respiratory equipment, and infusion pumps to ensure accurate and
reliable pressure measurements.

Industrial automation: Strain gauge pressure sensors are commonly used for process
control, monitoring pressure in pipelines, and ensuring the safe operation of equipment in

manufacturing facilities.
Capacitive pressure sensors

e A capacitive pressure sensor is a type of sensor that utilizes the change in capacitance
to measure pressure.

e It is based on the principle that the capacitance of a capacitor is directly proportional
to the distance between the conductive plates and inversely proportional to the area of
the plates.

e When a pressure is applied to the sensor, it results in a change in the distance between

the plates, thus altering the capacitance.



e Capacitive pressure sensors generally consist of two parallel conductive plates
separated by a dielectric material. One plate is fixed, while the other is flexible,

usually made of a thin metal diaphragm or a piezoelectric material.

e The dielectric material can be air, vacuum, or a solid insulating material such as glass,
ceramic, or polymer. When pressure is applied to the flexible plate, it deforms,

changing the distance between the plates, which in turn changes the capacitance.

Working principle

e As the pressure applied to the sensor increases, the distance between the conductive
plates decreases, causing the capacitance to increase.

e Conversely, when the pressure decreases, the distance between the plates increases,
and the capacitance decreases.

e The change in capacitance is then converted into an electrical signal, which can be

measured and correlated to the applied pressure.

Insulated . : "t Capacitor
standoffs ; NG ... AN 0 ... ... plates
4 5
Pressure ... RO . . .: -
bellows Pressure
port
\L :
o ()

Advantages of Capacitive Pressure Sensors

e High sensitivity: Capacitive pressure sensors can detect very small changes in
pressure due to their high sensitivity.
e Wide pressure range: These sensors can measure a wide range of pressures, making

them suitable for various applications.



Low power consumption: Capacitive pressure sensors require minimal power to
operate, which is advantageous in battery-powered devices.
Resistance to harsh environments: The sensors are resistant to high temperatures,

humidity, and corrosive environments.

Applications of Capacitive Pressure Sensors

Capacitive pressure sensors find applications in a variety of industries, such as:

1.

Automotive: They are used to monitor tire pressure, fuel level, and engine oil
pressure.

Medical: In blood pressure monitoring, ventilators, and infusion pumps.
Aerospace: To measure altitude, cabin pressure, and engine oil pressure.
Industrial: For process control, leak detection, and hydraulic systems.

Piezoelectric Pressure Sensors

Piezoelectric pressure sensors work by measuring the voltage generated across a
piezoelectric element when pressure is applied to it.

The piezoelectric material is usually a crystal, such as quartz, that is placed between
two metal plates.

When pressure is applied to the metal diaphragm, it deforms slightly, which stresses
the piezoelectric material and generates an electrical charge across it.

The charge is proportional to the applied pressure, and a charge amplifier can convert
it into a voltage signal that is easy to measure.

The output voltage is then proportional to the force applied.

Principles of Piezoelectric Pressure Sensors

The term “piezoelectric” is derived from the Greek words “piezo,” meaning pressure,
and “electric,” referring to electricity.

Piezoelectric materials exhibit a specific property where they produce an electric
charge when subjected to mechanical stress, such as pressure or force.

This phenomenon, known as the piezoelectric effect, was first discovered in 1880 by
the Curie brothers, Pierre and Jacques.

Piezoelectric pressure sensors consist of a piezoelectric material, usually a crystal or
ceramic, that is sandwiched between two electrodes.

When pressure is applied to the sensor, the piezoelectric material deforms, causing a

voltage difference across the electrodes.



e This voltage can then be measured and correlated to the applied pressure.
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Applications of Piezoelectric Pressure Sensors

Piezoelectric pressure sensors are employed in a variety of industries and applications, such
as:

o Automotive: They are used in monitoring engine performance, tire pressure, and
fluid pressure in braking systems.
o Aerospace: Piezoelectric sensors play a crucial role in measuring air pressure, cabin
pressure, and fuel pressure in aircraft systems.
e Industrial processes: These sensors are used to monitor fluid pressure in pipes,
tanks, and reactors, ensuring safe and efficient operations.
e Medical: Piezoelectric pressure sensors are utilized in blood pressure monitoring,
respiratory therapy devices, and intracranial pressure monitoring.
e Environmental monitoring: They are employed in measuring atmospheric pressure,
ocean depth, and groundwater pressure for various research and monitoring purposes.
Advantages and disadvantages
There are several advantages to using piezoelectric pressure sensors in various applications,

including:



High sensitivity: Piezoelectric materials can generate significant electrical signals in
response to small mechanical forces, allowing for the detection of minute pressure
changes.

Wide dynamic range: These sensors can measure pressures over a wide range, from
a few millibars to several hundred atmospheres, making them suitable for numerous
applications.

Fast response time: Due to their low mass and high stiffness, piezoelectric sensors
can respond to pressure changes rapidly, making them ideal for dynamic and transient
pressure measurements.

Excellent stability: Piezoelectric materials are inherently stable and do not exhibit
significant drift over time, ensuring long-term measurement accuracy.

Resistance to harsh environments: Piezoelectric sensors can operate in extreme
temperatures, pressures, and corrosive environments, making them suitable for use in

challenging conditions.

Force Sensors

Force sensors are transducers that transform mechanical input forces like weight,
tension, compression, torque, strain, stress, or pressure into an electrical output
signal whose value can be used to represent the force's magnitude.

The force imparted to an object can be measured with the use of a force sensor.

The applied force can be determined by measuring how much the resistance values of force-
sensing resistors vary.

Force-Sensing Resistors are used to design the majority of force sensors.

A force-sensing resistor's operation is based on the contact resistance property.

In force-sensing resistors, a conductive polymer sheet changes resistance when force

is predictably applied to its surface.

By observing the amount of change in the resistance values of force-sensing

resistors, the applied force can be calculated.

Types of Force Sensors

A strain gauge Force sensor
Capacitive Force Sensor

Piezoelectric Force Sensor



Piezoresistive Force Sensor

Strain gauge Force sensor

A strain gauge sensor uses elastic deformation of the strain gauge to convert an
applied force to an electrical signal.

When an external force is applied on an object, due to which there is a deformation
occurs in the shape of the object.

This deformation in the shape is both compressive or tensile is called strain, and it is
measured by the strain gauge.

When an object deforms within the limit of elasticity, either it becomes narrower and
longer or it become shorter and broadens. As a result of it, there is a change in
resistance end-to-end.

The strain gauge is sensitive to that small changes occur in the geometry of an object.
By measuring the change in resistance of an object, the amount of induced stress can

be calculated.

Strain Gauge force sensor working principle

Strain gauge bridge circuit shows the measured stress by the degree of discrepancy,
and uses a voltmeter in the centre of the bridge to provide an accurate measurement of
that imbalance.

In this circuit, R1 and R3are the ratio arms equal to each other, and R2 is the rheostat
arm has a value equal to the strain gage resistance.

When the gauge is unstrained, the bridge is balanced, and voltmeter shows zero value.
As there is a change in resistance of strain gauge, the bridge gets unbalanced and

producing an indication at the voltmeter.


https://www.iqsdirectory.com/articles/load-cell/strain-gauge.html
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Advantages

Excellent linear and hysteresis behaviour and a high level of accuracy.

By connecting the strain gauges to the Wheatstone bridge circuit, very good temperature
compensation is achieved.

Possibility of measuring static and dynamic loads.

High vibration resistance of the strain gauges and high fatigue strength are achieved by
choosing appropriate materials for the sensor body.

Outstanding long-term stability.

Disadvantages

The model is non-linear.

It is quite sensitive to temperature.

It needs to be calibrated frequently.

Applying strain gauges requires human labor. To arrange them in their right locations, it costs

time and money. One of their biggest weaknesses is this.

Capacitive Force Sensor

e Capacitive force sensors operate based on the principle of capacitance, which is the
ability of a system to store an electrical charge.

e A capacitive sensor typically consists of two conductive plates separated by a
dielectric material.

e When a force is applied to the sensor, the distance between the plates changes,
altering the capacitance value.

e This change in capacitance is then measured and translated into a force reading.



The working principle of capacitive force sensors is based on the capacitance equation:
C=(*A)/d

Where:

C is the capacitance,

g is the permittivity of the dielectric material,

A is the overlapping area of the conductive plates, and

d is the distance between the conductive plates.

When a force is applied to the sensor, the distance between the conductive plates (d) changes,

causing a change in capacitance (C). This change in capacitance is proportional to the applied

force and can be measured using various techniques, such as frequency shift, voltage change,

or current change

Piezoelectric Force Sensor

e Piezoelectric force sensors are devices that convert mechanical force or pressure into

electrical signals.

e They rely on the piezoelectric effect, a phenomenon where certain materials produce

an electrical charge when subjected to mechanical stress.

e This charge is proportional to the applied force, allowing the sensor to measure the

magnitude of the force with high accuracy.

e Piezoelectric materials commonly used in these sensors include crystals, ceramics,

and polymers.

Working

e At the heart of a piezoelectric force sensor is a piezoelectric element, typically

sandwiched between two conductive electrodes.

e When a force is applied to the sensor, the piezoelectric element undergoes mechanical

deformation, causing a change in its electric polarization.

e This, in turn, generates an electric charge across the electrodes, which can be

measured and converted into a voltage signal.

e The signal is then amplified and processed to determine the magnitude of the applied

force.



Piezoelectric Force Sensor
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Piezoelectric Sensor Advantages

The frequency response of the piezoelectric transducer is favorable.
It is a compact object.

Due to its compact size, it is simple to handle.

Its construction is robust

There is barely any phase change.

High natural frequency as a result of high stiffness

Large capacity for loading

Resilience under heavy cyclic loading

Wide measurement window

Exceptionally small design

Piezoelectric Sensor Disadvantages

It is sensitive to high temperatures.

Some crystals disintegrate in highly humid environments because they are water soluble.
The piezoelectric sensor is only suitable for dynamic measurement; static conditions are not
appropriate for its use.

Because the device only requires a modest electric charge to work, the electrical interface

requires high piezoelectric cable.



o Because the piezoelectric transducer's output is low, an external electronic circuit must be

connected.

Piezoresistive Force Sensor

Force sensors of the resistive type vary their resistance and also produce the necessary
output while monitoring various environmental factors including force, strain, and
pressure.

A force-sensing substance that can either be directly manufactured on the sensor or
joined to the sensor is utilized in a strain gauge.

A resistive force sensor detecting technique involves the resistive element being
deformed against the substrate when an external force is applied to the sensor.

The conductive material on the substrate comes into touch with the active area when
air from the spacer aperture is forced through the air vent in the tail.

As a result, conduction is feasible and the material's resistance reduces.

Force sensors of the resistive type vary their resistance and also produce the necessary
output while monitoring various environmental factors including force, strain, and

pressure.
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Piezoresistive Sensor Advantages

e Itsbuild is incredibly flexible and thin.

o It makes advantage of low-cost electronics.



It is easily accessible and adaptable.

It weighs very little.

It operates with very little power.
Piezoresistive Sensor Disadvantages

Its precision is lower than that of other sensors.
User calibration is necessary.

Applications of Force Sensors

e Industrial Automation: Robotics, machinery control, and assembly line monitoring.
e Medical Devices: Prosthetics, surgical instruments, and patient monitoring.

e Automotive: Crash sensors, suspension systems, and braking systems.

e Consumer Electronics: Touch screens, game controllers, and virtual reality devices.

e Aerospace: Structural health monitoring, control systems, and load testing.

Tactile Sensors

e A Tactile sensor is nothing but a touch sensor.

e Tactile sensor is most commonly used by us in our day-to-day activities.

e A number of day-to-day activities like touch screens of mobile phones, biometric
security systems, pressure measurement, force measurement, robotics and many more
use this sensor.

e |t provides information about the object which has made contact with the sensor. The
information can be in the form of the shape of the object, size of the object or even the
type of the material.

e This sensor is sensitive to the touch, pressure or any force on its surface.

e This sensor is commonly sensing the above-mentioned characteristics in the form of
electrical parameters like capacitance or resistance

Construction of a Tactile Sensor

e Tactile sensor consists of basic electronics components like capacitors, piezo resistors
or optical light source and optical light detectors.
e Use of above-mentioned components depends on the type of the sensor which is being

used.



e These basic electronics components are used in large numbers to form one sensor.
These basic electronic components are laid in the form of arrays like several rows and
columns.

e Then an associated circuit is used in conjunction with these basic electronic
components for further processing of the data which is captured by capacitor, piezo
resistors or optical light source and optical light detector.
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How does a Tactile Sensor work?

e Tactile sensors work on the basic principles of electronics like capacitance change,
resistivity change and change in intensity of light due to foreign body interference.

e The change in capacitance, resistance or light intensity is detected by the use of this
sensor. Then this change is used to form a virtual image.

e The virtual image contains information like how much pressure is exerted from
foreign body interference on all points it has made contact with the sensor, how is the
shape of the foreign body, what is the size of the foreign body.

e For sensing the foreign body interference, an array or say multiple rows and columns
containing the basic components is used.

e The foreign body makes contact with these components. Now after contact, there is

change in electrical parameters which is input for the associated circuits.



e The associated circuits then create a virtual image as shown for a fingerprint sensor
output. Creation of this kind of virtual image or getting data from the foreign body is
the primary purpose of the sensor.

Types of Tactile Sensors
As discussed, there are different types based on the components required to construct them.
Three main types of tactile sensors are

1. Capacitive Tactile Sensor

2. Piezoresistive Tactile Sensor

3. Optical Tactile Sensor

Let us have a detailed look on working of different types

Capacitive Tactile Sensor

e Capacitive tactile sensor (as shown in the above fig) is one of the most famous
amongst all the sensors available today in the market.

e Change in capacitance is used to detect the touch, pressure or force being measured.
Change in touch, pressure or force creates a change in distance between the capacitor
plates.

e Now as any of the mentioned quantity changes, there is change observed in the
distance between the capacitor plates which creates change in capacitance change.

C=¢g xgx(A+d)
Where
C = Capacitance of the plate



€0 = Free space permittivity

&r = Relative permittivity

A = Area of the plates

d = Distance between the two plates

Here, the area as well as both free space permittivity and relative permittivity remains
constant.

Only distance between the capacitor plates change when any pressure, force or touch
is there on the sensor surface.

An array of capacitors is used to make a capacitive tactile sensor which is shown in
the figure. Each capacitor is identified by a distinct location on rows and columns.
Whenever any touch, pressure or force is sensed by a capacitor via change in
capacitance, the associated circuit with the capacitive tactile sensor identifies the
location of the capacitor.

Now by further processing, a virtual image for this touch, pressure or force on the
surface is created using these associated circuits and further processing is done. The
associated circuit varies depending upon the end user requirements. The response of

this sensor is a bit slow compared to other sensors available today.

Piezoresistive Tactile Sensor

The piezoresistive tactile sensor makes full use of the electrical properties of
monocrystalline silicon material to detect pressure.

The sensor consists of a diaphragm pressed against the object by force and an
electrical circuit connected to the diaphragm.

When pressure is applied to the diaphragm, the electrical resistance changes according
to how much force is applied.

The higher the pressure, the greater the resistance will be. In addition, when an object
is pressed against this type of sensor, changes in its electrical resistance can also be
detected.
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UNIT-11
Occupancy and Motion detectors

The occupancy sensors detect the presence of people (and sometimes animals) in a
monitored area.

Motion detectors respond only to moving objects.

A distinction between the two is that the occupancy sensors produce signals
whenever an object is stationary or not, while the motion detectors are selectively
sensitive to moving objects.

The applications of these sensors include security, surveillance, energy management
(electric lights control), personal safety, friendly home appliances, point-of-sale

advertisements, interactive toys, novelty products, etc.

Capacitive Occupancy Detectors

Principle: Capacitive occupancy detectors work by detecting changes in the electrical
capacitance of a space.

Capacitance is the ability of a system to store an electrical charge, and it can change
when a person or object enters the detection zone.

The sensor generates an electric field and monitors the capacitance of that field.

When a human body or object with different dielectric properties enters this field, it

alters the capacitance, which the sensor detects as a change in the environment.

capacitance s capacitance
meter : meter :
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Figure 1 depicts basic circuit, capacitance between the test plate and earth is equal to
value C1.

In the time when any person moves in the vicinity of the plate, it builds two additional
capacitors; One between plate and body (Ca) and the other capacitor between body
and earth (Cb).

Hence the resulting total capacitor between plate and earth will become larger by AC.

C=Cl+AC
This type of sensor is referred as capacitive occupancy sensor.
Being a conductive medium with a high dielectric constant, a human body develops a
coupling capacitance to its surroundings.
These capacitances Ca and Cb greatly depends on factors such as human body size,
their clothing, carrying materials, type of surrounding objects, weather etc.
The coupling capacitance will change due to movement of the persons in the target
area.
This will help the system discriminates static objects compare to the moving objects.
Here all the objects form some degree of a capacitive coupling with respect to one

another.

Inductive occupancy detectors

Inductive occupancy detectors are devices used to detect the presence of objects or

people within a specific area using inductive technology.
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How Inductive Occupancy Detectors Work:

e Inductive occupancy detectors rely on changes in inductance to detect the presence of
objects.

e They use an inductive sensor, which is essentially a coil of wire that creates an
electromagnetic field.

e When a conductive object (like a person or metal) enters the electromagnetic field of

the coil, it causes a change in the inductance of the coil.

e This change is due to the object's impact on the electromagnetic field.

e The detector processes the changes in inductance to determine if there is an object
within the sensing range. If the change exceeds a predefined threshold, the detector

triggers an output signal, indicating occupancy.
Applications:

Building Automation:

e Inductive occupancy detectors are used in smart building systems to automate
lighting, HVAC, and other systems based on room occupancy.

e They help improve energy efficiency by ensuring that systems are only active when
needed.

Industrial Settings:

e Inindustrial environments, these detectors can monitor machine areas or workspaces
to ensure safety and operational efficiency. They help in detecting the presence of
workers or objects near machines.

Parking Lots and Garages:

e They can be used to monitor parking spaces and determine availability by detecting

the presence of vehicles.
Security Systems:
e In security applications, inductive detectors can be used to detect unauthorized access

to restricted areas or to monitor specific zones for movement.

Magnetic Occupancy Detectors



e The magnetic sensor working principle is based on the type of sensor element used.
Any type of magnetic sensor works with the magnetic field of the Earth.

e Magnetic field type sensors use an internal magnet or permanent magnet to detect
electromagnetic fields directly. The built-in magnetic sensor detects iron and
generates an analog or digital output signal.

e A simple magnetic sensor can detect the moving ferrous.

e When an iron object is moved close to the coil or wire wound on a permanent magnet,
then the magnetic flux through the coil changes and generates the voltage at the

terminals of the coil.
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e Consider the coiled magnetic sensor, where the coil is used as a simple sensor element
to understand the working of a magnetic sensor.

e When the magnet is brought closer to the coil, the coil’s magnetic flux density will
increase.

e This results in creating the opposite forces in the form of an induced current and
electromotive force (EMF).

e When the movement of the coil stops, the change in the magnetic flux density also
stops, and the induced EMF and current stop.

e Observe the induced EMF and the induced current, to determine the ratio of the

change in density and direction of the magnetic flux.

Potentiometric position sensors



Potentiometric position sensors are resistance-based devices that combine a stationary
resistive track with a wiper attached to the object whose position needs to be sensed.
Movement of the object moves the wiper along the track.

The object’s position is measured with a fixed dc voltage using the track and wiper to
form a voltage divider network to measure either linear or rotary motion (Figure 1).
Potentiometric sensors are low cost but typically have low accuracy and repeatability.
The most commonly used of all the “Position Sensors”, is the potentiometer because it
is an inexpensive and easy to use position sensor.

It uses a wiper contact linked to a mechanical shaft that can be either angular
(rotational) or linear (slider type) in its movement along a track.

This movement causes the resistance value between the wiper/slider and the two end
connections to change giving an electrical signal output that has a proportional
relationship between the actual wiper position on the resistive track and its resistance
value. In other words, resistance is proportional to physical position.

Potentiometers come in a wide range of designs and sizes such as the commonly
available round rotational type or the longer and flat linear slider types.

When used as a position sensor the moveable object is connected directly to the
rotational shaft or slider of the potentiometer.

A DC reference voltage is applied across the two outer fixed connections forming the
resistive element.

The output voltage signal is taken from the wiper terminal of the sliding contact as
shown below.

This configuration produces a potential or voltage divider type circuit output which is
proportional to the shaft position.

Then for example, if you apply a voltage of say 10v across the resistive element of the
potentiometer the maximum output voltage would be equal to the supply voltage at 10
volts, with the minimum output voltage equal to 0 volts.

Then the potentiometer wiper will vary the output signal from 0 to 10 volts, with 5

volts indicating that the wiper or slider is at its half-way or centre position.



Angular and Linear Position Sensors

Rotary
- . Potentiometers, multi-turn or single,
Potentiometer Wire-wound or carbon composite

e The output signal (Voit) from the potentiometer is taken from the centre wiper
connection as it moves along the resistive track, and is proportional to the angular

position of the shaft.
Potentiometric Displacement Sensors

¢ If a body that moves from one point to another point in a straight line, then the length
between those two points is called displacement.

e The circuit diagram of resistive transducer, which is used to measure displacement is
shown in below figure.

e The above circuit consists of a potentiometer and a voltage source, VS

e We can say that these two are connected in parallel with respect to the points A & B.
Potentiometer has a sliding contact, which can be varied.

e So, the point C is a variable one. In above circuit, the output voltage, Vo,is measured
across the points A & C.

e Connect the potentiometer as a “voltage divider”.

e Apply a known voltage to resistor ends.

e Attach the contact to the moving object of interest.

e The output voltage at the contact is proportional to the displacement.

e Potentiometric sensors are resistive and can be read by applying a current and

measuring the voltage drop across the resistor
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Mathematically, the relation between the voltages and distances can be represented as

Voo AC

Vs AB
Therefore, we should connect the body whose displacement is to be measured to the

sliding contact. So, whenever the body moves in a straight line, the point C also

varies. Due to this, the output voltage, Vo, also changes accordingly.

Level measurement by potentiometric method

What is a level sensor?

A potentiometric level sensor isa device that measures the level of a fluid by
detecting changes in the voltage ratio between a sensor probe and a metal tank wall.
The measuring principle of potentiometric level sensors operates on the alternation of
the voltage ratio between sensor probe and metal tank wall.

The fluid's electrical conductivity and capacity generate an electrical flux field.

Here, the sensor probe acts as voltage divider at which the conductivity/capacity ratio
is subject to alteration according to filling level.

The voltage ratio is proportional to the filling level. Simply, the system of probe and
fluid can be considered a potentiometer where alterations in the filling level can be
compared to turning a standard potentiometer.

The liquid which is to be measured could be stored in a vessel. The liquid level is the

position of a liquid surface above or below a reference point.


https://www.baumer.com/c/35486

e Level sensors are required for many industrial applications and they are inevitable in
fluid systems.

Basic Concept of Level Mesurement
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The output voltage is given by,
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Measurement of displacement using capacitive detectors

e Capacitive displacement sensors measure changes in position by measuring the

change in capacitance between a sensor plate and a target surface.

e They work by applying a voltage to the sensor's two plates to create an electric field,

and then measuring the change in capacitance between the plates and the target

Working Principle of Capacitive detector:

e The working principle of capacitive sensor is based on the capacitance of parallel

plate capacitor.



e The capacitance (C) of a parallel plate capacitor with plate area A separated by
distance d is given as below.

C=E0ErA /d aeenenn...... 1)

e Where €o and €&r are the permittivity of free space and the relative permittivity of the
dielectric material of capacitor.
e The capacitive transducer is mostly used for the measurement of linear displacement.
For this purpose, following effects are utilized:
o Change in capacitance due to change in overlapping area of plate

o Change in capacitance due to change in separation between the plates.
Detector using change in area of Plate:

e As we know that, capacitance of parallel plate capacitor is directly proportional to the
area of plate; therefore, this property can be employed to measure the displacement.

e Above all, the response of such type of sensor will be linear which simply means that
physical change will have a linear relation with the measured capacitance.

e For the measurement of displacement using capacitive detector, one plate of parallel
plate capacitor is kept fixed while the other plate is allowed to displace.

e Anelementary diagram of this detector is shown in figure below.
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e Let us assume that the width of plate is W and the length at any time t is X. Thus, the

area of plates of parallel plate capacitor so formed at time t will be (WX).



Therefore, the capacitance at any time t is given as below.
C=[Eolr(WX)/d] - (2)

From the above expression, it is clear that the displacement X is directly proportional
to capacitance C.

Hence, measurement of capacitance will directly tell us the magnitude of
displacement.

Thus, physical quantity displacement is converted into electrical quantity capacitance
which is the required function of a sensor.

Capacitive Sensors Using Change in Distance between the Plates:

A Capacitive Sensors can also be designed to respond to linear displacement by
attaching one of the plates of capacitor to the moving object and keeping the other
plate fixed.

When the object moves, the distance between the plate changes and hence the
capacitance changes.

The variation of capacitance with separation between the plates is evident from (1). It
can easily be seen from (1) that capacitance is inversely proportional to the distance
between the plates.

An elementary diagram of a capacitive transducer utilizing principle of change of
capacitance with change in distance between the plates is shown in figure below.

The separation between the plate is x at any time t. Hence, capacitance is given as

C=EA/Kx
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Inductive displacement detector

e Inductive sensor may be either of the self-generating or the passive type.

e The self-generating type utilizes the basic electrical generator principle, i.e. a motion
between a conductor and magnetic field induces a voltage in the conductor (generator
action).

e This relative motion between the field and the conductor is supplied by changes in the

measured.

e An inductive electromechanical detector is a device that converts physical motion

(position change) into a change in inductance.

e Inductive detectors are mainly used for the measurement of displacement. The

displacement to be measured is arranged to cause variation in any of two variables

1. Number of turns
2. Permeability of the magnetic material or magnetic circuits

Change in self-Inductance with Numbers of Turns:

Nz,uo‘u,_A
]



Where
L = Inductance in Henrys
N = The number of turns in the inductor cail
= Relative permeability
HMo= Permeability of free space in henrys/m (Hm)
A = Cross-sectional area in square metres (m2)
| = Length of the conductor that makes up the coil in metres (m).

Displacement Wiper —
Output
(a) (b)
Fig (a) Linear inductive sensor Fig (b) Angular inductive sensor

Figure. (a) is an air cored sensor for measurement of linear displacement

Figure. (b) is an iron cored coil used for the measurement of angular displacement.
The output may be caused by a change in the number of turns.

Figures shows sensor used for, the measurement of displacement of linear and
angular movement respectively.

In both cases, as the number of turns are changed, the self-inductance and the output

also changes.

Sensor Working on the Principle of Change in Self Inductance with Change in
Permeability:

Figure 2: shows an Inductive sensor which works on the principle of the variation of
permeability causing a change in self-inductance.

The iron core is surrounded by a winding. If the iron core is inside the winding, its
permeability is increased, and so is the inductance.

When the iron core is moved out of the winding, the permeability decreases, resulting
in a reduction of the self-inductance of the coil. This detector can be used for

measuring displacement.
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Fig: 2. Inductive displacement detector which works on the principle of the variation of
permeability

Measurement of Linear Velocity Using Velocity detectors

The speed (how fast is object moving) and direction of motion of an object or rate of
displacement covered by an object travelling along a straight path is known as the
Linear Velocity.

Most of the linear velocity sensors work on the principle of electromagnetic induction
to measure the velocity.

Based upon this principle, the velocity for measuring the linear velocity can be

classified as follows,

Electromagnetic type velocity detector

Based upon the way of applying the principle of electromagnetic induction, the
electromagnetic sensors can be classified into the following,

Moving coil type or electrodynamic velocity detector

Moving magnet type velocity detector

Proximity type velocity detector.

The electromagnetic detectors work on the principle that a voltage is produced in the
coil due to a change of flux linkages resulting from a change in reluctance.

As the rate of change of flux is directly proportional to the rate of change of

reluctance, the voltage generated is directly proportional to the rate of change of

reluctance i.e., d¢ dR o dR
— O e = —_—
dt ©dr % ar

¢ = Flux

R = Reluctance

e, = output voltage



e As reluctance is a function of the length of the air gap, the voltage €, is directly

proportional to the rate of change of the air gap reluctance (i.e., velocity).
1. Electrodynamic or Moving Coil Type Velocity detector

e In this type of sensor, the magnet is fixed and the coil moves in the magnetic field,
thereby resulting in the generation of voltage in the coil according to the

electromagnetic induction principle.
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Electrodynamic Velocity detector

e The electrodynamic detector consists of a fixed permanent magnet having an annular
space between the poles as shown above.

e The coil is wound on a hollow cylinder. The hollow cylinder made up of a
nonmagnetic material, is attached to the object whose velocity is to be measured.

e When the object moves the coil cylinder moves in the annular space of the fixed
magnet and a voltage is generated in the coil due to the change of flux. Therefore, the

voltage generated is proportional to the velocity of the object.

Advantages of Moving Coil Type Velocity sensor:

e |t has a closed magnet circuit.
e The air gap is maintained constant.
e The effects of stray magnetic fields are reduced.

e These are highly stable devices even though temperature varies.

2. Moving Magnet Type Velocity detector

e This type of detector makes use of a permanent magnet in the form of a rod. This rod

is coupled to the object whose velocity is to be measured.



e The coil is so arranged that it surrounds the magnet during its motion as shown below.
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Moving Magnet Type Velocity detector

e When the object moves, the motion of the rod causes a change in flux due to a change
in the air gap and a voltage is induced in the coil.

e This voltage is directly proportional to the velocity of the moving object.

e The direction of motion of the object can also be determined from the polarity of the

output voltage.

Advantages of Moving Coil Type Velocity detector

e |t doesn't have any mechanical contacts. So, it requires less maintenance.
e The velocity and output voltage are linearly proportional.

e Manufacturing cost is low.

Disadvantages of Moving Coil Type Velocity detector:

e Its performance is affected by the stray magnetic field.
It has a limited frequency response.

w

. Proximity Type Velocity sensor

e This method is a non-contact type method of measuring velocity.
e So, it is required that the object whose velocity is to be measured is made up of a
ferromagnetic material.

e The figure below shows the schematic of a proximity-type velocity sensor
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e The coil is wound directly on a permanent magnet.

e The ferromagnetic object whose velocity is to be measured is placed near the poles of
the permanent magnet.

¢ Due to the motion of the object with respect to the magnet, there is a change in flux ®
linking the coil, and a voltage is generated in the coil.

e This voltage is directly proportional to the rate of change of flux (i.e., d®/dx) and

hence the air gap between the face of the magnet and the ferromagnetic body.

Piezoelectric accelerometers

e Piezoelectric accelerometers rely on a piezoelectric material — typically a quartz
crystal or polycrystalline ceramic material — to sense changes in acceleration.

e The piezoelectric effect refers to the accumulation of an electrical charge in a material
due to mechanical stress.

e Piezoelectric accelerometers use some type of piezoelectric material in close
proximity to a solid mass.

e When acceleration forces are applied to the device, the material responds to the
compression or strain provided by the mass.

e Due to Newton's second law of motion (F=ma), the change in electric charge within
the material is equal to the acceleration force acting against it, rendering the
accelerometer an effective measurement device.

e Leads connected to the piezoelectric material then transmit the difference in charge
and relay it to a signal conditioner or an amplifier to make the signal suitable for

display or recording.
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Capacitive accelerometers

Capacitive  accelerometers, sometimes known as capacitive mass-spring
accelerometers, are semiconductor sensing devices.

They consist of a silicon mass attached to four tethers, which collectively act as a
spring system.

When force is applied to one end of the mass, it moves and stretches the spring; the
displacement of the mass therefore represents the measured acceleration.

The displacement itself is measured using three capacitor plates: two fixed ones and a
separate plate — located between the two fixed plates — which is attached to the
mass.

The inner capacitor moves with the mass, registering a change in capacitance relative
to the fixed plates; this change is conditioned into a suitable output voltage to display
or record acceleration data.

Because the sensor's capacitance changes in relation to both fixed plates, these sensors

can also output the direction of the acceleration.

Tethers with

fixed ends . ¥
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. » Acceleration
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Capacitive accelerometer

Flow sensors



In the industrial sector, the measurement of water or gas flow is a very significant
process for controlling different processes as well as for the machinery for the best
levels of performance & efficiency.

So, flow can be defined as the volume (or) area for each unit time at which point a
substance moves throughout a specified cross-section & is characterized at precise
pressures & temperatures.

The sensor used to measure flow is known as a flow sensor. So, flow measurement is
crucial in different industries like chemical & petroleum.

The flow sensor working principle is based on Bernoulli’s principle. This principle
states that the drop of pressure across the meter is simply proportional to the square of
the rate of flow.

The most common way to determine the measurement of a flow is by using the

pressure drop across the cross-section of the pipe.

Electromagnetic velocity flow sensors

Velocity flow sensors are used for detecting the liquid flow speed by simply
determining the fluid’s velocity flowing throughout the sensor.

The electromagnetic flow meter is a device used for measuring the flow of the liquid
when it passes through the pipeline.

Or we can say that the electromagnetic flowmeter uses for measuring the flow rate of
the electrically conducting fluid.

The electrically conductive liquid means the liquid allows the current to pass through
it.
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Working Principle of Electromagnetic Flow sensor

e The electromagnetic flow meter works on the principle of Faraday’s Law of
electromagnetic induction.

e This law states that when the conductive liquid passes through the magnetic field, the
voltage induces across the conductor.

e The magnitude of the voltage is directly proportional to the velocity, length of the

conductor and the strength of the magnetic field.
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e The magnetic field is generated by the coil which is mounted on the external metallic
body of the pipe.
e The liquid acts as a conductor and when passes through the magnetic field induce the

voltage across the coil.



e The magnitude of the voltage depends on the velocity of the liquid.
Construction of Electromagnetic Flow Meter

e The electromagnetic flow meter consists the electrically insulated pipe made of fibre.
Electrodes placed opposite to each other, magnetic coil placed on the pipe for
generating the magnetic field etc.

e The insulated pipe carries the liquid whose flow needs to be measured.
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e The electromagnet is placed around the insulated pipe. This electromagnet induces the

magnetic field around the pipe.
e The arrangement is similar to the conductor moving in the magnetic field.
e The voltage is induced across the coil because of the flow of the liquid.

e The induces voltage is expressed as,

E = Blv volt

Where, v — velocity of conductor (flow); m/s
| — length of conductor = diameter of pipe ;m
B = flux X density; wbh/m2

e |If the magnetic field around the pipe remains constant than the generating voltage is
proportional to the velocity of the fluid.

Advantages of Electromagnetic Flow Meter

e The output voltage of the electromagnetic flow meter is proportional to the flow rate

of the liquid.



The output is uninfluenced by the varying characteristic of liquid like viscosity,
pressure, temperature etc.

The electromagnetic flow meter can measure the flow of slurries, greasy, and can
handle the corrosive fluid liquids.

It is used as a bidirectional meter.

The extremely low flow rate can also be measured by the electromagnetic flow meter.

Disadvantages of Electromagnetic Flow Meter

e The electromagnetic flow meter has low accuracy.
e Itis heavy and extremely large in size.

Acoustic Sensor Definition

Acoustic Sensor is a device that converts sound waves into electrical signals for
analysis and processing.

These sensors convert acoustic energy into an electrical signal, allowing for the
analysis and evaluation of a range of phenomena.

Understanding how they work is crucial for innovative engineering applications.

For instance, acoustic sensors are employed in medical ultrasound devices, which
deploy sound waves to create images of organs inside the body. They are essential in

diagnosing various medical conditions.

1. Acoustic Resistive Microphones

Resistive microphones, also known as carbon button microphones, work on the
principle of varying electrical resistance.

They typically consist of a diaphragm and a carbon granule or conductive material.
When sound waves hit the diaphragm, it moves, compressing or decompressing the
carbon granules.

This changes the electrical resistance, which is then converted into an audio signal.

The microphone has an inbuilt diaphragm. Whenever sound waves hit the diaphragm,

magnets vibrate and at the same time coil induces the current.
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Applications

Used in older communication devices and some consumer electronics.
Still found in some low-cost or vintage audio equipment.

2. Piezoelectric acoustic Sensors

An acoustic sensor isa device that detects and measures sound waves in the
environment, and converts them into electrical signals for analysis and processing.
When a sound wave impinges on the sensor, it creates vibrations in the piezoelectric

material, leading to a proportional electric charge.

The piezoelectric effect can be used for the design of simple microphones.

A piezoelectric crystal is a direct converter of a mechanical stress into an electric
charge.

The most frequently used material for the sensor is a piezoelectric ceramic, which can
operate up to a very high frequency limit.

This is the reason why piezoelectric sensors are used for the transduction of ultrasonic
waves.

Still, even for the audible range, the piezoelectric microphones are used quite
extensively.

Piezoelectric microphone consists of a piezoelectric ceramic disk with two electrodes
deposited on each side.

The electrodes are connected to wires either by electrically conductive epoxy or by
soldering.

Because the output impedance of such a microphone is very large, a high-input-
impedance amplifier is required. Piezoelectric films [polyvinylidene fluoride (PVDF)
and copolymers] were used for many years as very efficient acoustic pickups in

musical instruments.
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Piezoelectric microphone.

Applications

e Commonly used in various industrial applications, such as vibration monitoring,
machinery diagnostics, and acoustic emission testing.
e Found in some musical instruments, such as electric guitars, where they pick up

vibrations from the strings.

3. Acoustic Photo resistors (LDRS).

e Photoresistors, or Light Dependent Resistors (LDRS), are not acoustic sensors per se.
Instead, they are light sensors that change their resistance based on the amount of
light falling on them.

e However, they can be part of optical sound detection systems. For instance, they
might be used in systems where sound-induced vibrations are converted to light

signals, which are then detected by an LDR.
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Basic concepts of MEMS design

MEMS (Micro-Electro-Mechanical Systems) beam and diaphragm mechanics are
crucial for understanding the behaviour of micro-scale structures used in various
applications, including sensors, actuators, and micro fluidics. Here’s a high-level

overview:

MEMS Beams

Typically, thin and long compared to their width and height.

Beam Mechanics: Behaviour is governed by principles of beam theory, such as
Euler-Bernoulli beam theory or Timoshenko beam theory, depending on the beam'’s
aspect ratio and thickness.

Bending Deformation: Governed by Euler-Bernoulli beam theory for thin beams.
The bending stress and deflection are given by: Deflection:

3
Deflection: y(m) = %

Stress: o = % where F' is the applied force, L is the length of the beam, E is Young's

modulus, I is the moment of inertia, M is the bending moment, and ¥ is the distance from

the neutral axis.

Vibration Analysis: Natural frequencies and mode shapes can be determined using

solutions to the beam's differential equations. For example:First mode frequency:

a2
¢ First mode frequency: f; = %«/ % where [ is the first mode constant, p is the density,

and A is the cross-sectional area.

MEMS Diaphragms

Thin, flexible membranes supported around their edges or on a frame.

Diaphragm Mechanics: Governed by membrane theory and plate theory. For thin
diaphragms, the mechanics can be approximated by considering the diaphragm as a
membrane under uniform or non-uniform pressure.

Membrane Theory: For thin diaphragms, the mechanics can be modeled by

assuming the diaphragm behaves like a membrane under tension.



¢ Deflection: w(r) = % (1 - ;—Z) where P is the applied pressure, R is the radius of the

diaphragm, and D is the flexural rigidity.

e Plate Theory: For thicker diaphragms, Kirchhoff-Love plate theory may be used,

which accounts for bending and stretching.

* Bending Stress: 0 = MT‘E where M is the bending moment and I is the moment of inertia

of the cross-section.

Design Considerations

e Material Properties: Young’s modulus, Poisson’s ratio, and thickness are critical in
determining the mechanical response of MEMS beams and diaphragms.

e Scaling Effects: At the micro-scale, surface effects, residual stress, and
manufacturing imperfections can significantly influence mechanical behaviour.

e Fabrication Techniques: Techniques such as photolithography, etching, and
deposition are used to create MEMS structures. Understanding these processes is
essential for accurate modeling and design.

e Actuation and Sensing: MEMS devices often rely on electrostatic, piezoelectric, or
thermal actuation mechanisms, and their interaction with the mechanical structure
needs to be carefully considered.

Electrostatic actuation and fabrication

e MEMS (Micro-Electro-Mechanical Systems) electrostatic actuation and fabrication
are critical components of MEMS technology, enabling the creation and control of
micro-scale mechanical systems. Here’s a detailed overview:

Electrostatic Actuation
Principle of Operation:

e Electrostatic actuation relies on the principle of electrostatic forces to move or control
MEMS structures.

e When a voltage is applied between two conductive plates (electrodes), an electrostatic
force is generated that can cause movement or deformation of a mechanical
component.

Types of Electrostatic Actuators:

Parallel Plate Actuator:



Consists of two parallel conductive plates separated by a small gap. Applying a voltage
between the plates creates an electrostatic force that attracts them together.

Electrostatic forces are used as the driving forces for many actuators. Accurate as-
sessment of electrostatic forces is an essential part of the design of many micromo-
tors and actuators. A review of the fundamentals of electrostatics is thus necessary in
order to use this important power source effectively in the design of microactuators.

Coulomb’s Law Electrostatic force F is defined as the electrical force of repul-
sion or attraction induced by an electric field E. As we have learned from physics, an
electric field E exists in a field carrying positive and negative electric charges.
Charles Augustin Coulomb (1736-1806) discovered this phenomenon and postulated
the mathematical formula for determining the magnitude of the force F between two

charged particles.

y
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Figure 1 Two particles in an electric field.

With reference to Figure 1 where two charged particles A and B are in an
electric field, the induced electrostatic force, according to Coulomb, can be ex-
pressed as:

F=_199 (1)



Electrostatic Forces in Parallel Plates Figure 2. represents two charged
plates separated by a dielectric material (i.e., an electric insulating material) with a
gap d. The plates become electrically charged when an electromotive force (emf), or
voltage, is applied to the plates. This action will induce capacitance in the charged
plates, which can be expressed as

i i i I
C = e,€ i 2.
where A is the area of the plates and e, is the relative permittivity. '

Figure 2, | Electric potential in two parallel plates.

One may imagine that the difference in electric charge between the top and bot-
tom plates in Figure 2.. ' can be maintained as long as a voltage is applied to the sys-
tem. However, the charges that are stored in either plate can be discharged instantly
by short circuiting the plates with a conductor. One may thus realize that an electric
potential does exist in the situation illustrated in Figure 2. . The energy associated
with this electric potential can be expressed as:

=1 _&&WLV?
U 2CV °d

A negative sign is attached in Equation (" 3) because there is a loss of the potential
energy with increasing applied voltage.

The associated electrostatic force that is normal to the plates (in the d direction)
can thus be derived from the potential energy expressed in Equation (~ 4-) as:

3
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Fig.3.Parallel plate capacitor for the electrostatic actuation

e A conventional method is the parallel plate actuation in which the top moving plate
has a certain polarity, and the bottom fixed plate has an opposite polarity (Fig. 3).

e The displacement and vibration of the moving plate depend on the voltage difference
between the two plates.

e When the polarity of the charges is similar, there will be a repulsive displacement
between the fixed and moving plates, but when the two plates have different charges,
the moving plate will be attracted to the fixed plate.

e Actuation results when the type of charges on the moving plate are changed

periodically

Comb Drive Actuator:

R
I Up Un Un Up U aca

()
U

Anchor Movable

\ plate

Fig.4.Schematic of the electrostatic comb-drive configurations



Comb-drives actuators consist of two comb sets of interdigitated finger structures
(Fig. 4).

They are commonly placed in the same parallel plate to the substrate where one comb
finger is fixed, and the other is connected to flexible structures (e.g., springs) to move
toward and away from the fixed plate.

When a different voltage is applied between the movable comb and fixed comb
fingers, the electrostatic force of the fringe fields attracts the two combs together by a
fixed external sinusoidal force.

Commonly, parallel plate capacitors are stronger than comb-drive actuators per unit
area because they have a greater overlap capacitance between the fixed and moving
plate of the actuator.

However, designers prefer to comb actuators due to these two main reasons: it
produces a larger displacement (a few tens of micrometers are available), and the
force is relatively not related to the displacement.

Composed of interdigitated comb-like structures where adjacent comb fingers are
driven by applying a voltage, causing lateral motion.

Displacement is Proportional to the voltage applied and the geometry of the comb
structures.

Electrostatic Spring uses electrostatic forces to change the effective stiffness of a
mechanical spring, allowing for fine-tuned, adjustments in mechanical resonance and

actuation.

MEMS Fabrication Techniques.

Surface Micromachining:

Involves the deposition and patterning of thin films on the substrate surface. This is
used for creating movable parts such as beams or diaphragms.

The first step involves the deposition of the temporary layer (an oxide layer or a
nitride layer) on the silicon substrate using a low-pressure chemical vapor deposition
technique. This layer is the sacrificial layer and provides electrical isolation.

The second step involves the deposition of the spacer layer which can be a

phosphosilicate glass, used to provide a structural base.
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The third step involves subsequent etching of the layer using the dry etching
technique. Dry etching technique can be reactive ion etching where the surface to be
etched is subjected to accelerating ions of the gas or vapor phase etching.

The fourth step involves the chemical deposition of phosphorus-doped polysilicon to
form the structural layer.

The fifth step involves dry etching or removal of the structural layer to reveal the
underlying layers.

The 6th step involves the removal of the oxide layer and the spacer layer to form the
required structure.

Bulk Micromachining:

Involves etching into the bulk of the substrate material to create structures. This can
be used to form deep features and cavities.

Stepl: The first step involves the circuit design and drawing of the circuit either on a
paper or on using software like PSpice or Proteus.

Step 2: Substrate preparation: Start with a single silicon crystal that is typically
500-700 um thick.
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Bulk Micromachining Technique Involving Photolithography

e Step 3: The third step involves photolithography. In this step, a thin film of insulating
material like Silicon Dioxide is coated over the silicon substrate, and over this, an
organic layer, sensitive to ultraviolet rays is deposited using spin coating technique.

e The photolithographic mask is then placed in contact with the organic layer. The
whole wafer is then subjected to UV radiation, allowing the pattern mask to be
transferred to the organic layer. The radiation either strengthens the photoresistor
weakens it.

e The uncovered oxide on the exposed photo resist is removed using Hydrochloric acid.
The remaining photo resist is removed using hot Sulphuric acid and the resultant is an
oxide pattern on the substrate, which is used as a mask.

e Step 4: The fourth step involves the removal of the unused silicon or etching. It
involves the removal of a bulk of the substrate either using wet etching or dry etching.

e In wet etching, the substrate is immersed in a liquid solution of a chemical etchant,
which etches out or removes the exposed substrate either equally in all
directions(isotropic etchant) or a particular direction(anisotropic etchant). Popularly
used etchants are HNA (Hydrofluoric acid, Nitric acid, and Acetic acid) and
KOH(Potassium Hydroxide).



Step 5: The fifth step involves the joining of two or more wafers to produce a multi-
layered wafer or a 3 D structure. It can be done using fusion bonding which involves
direct bonding between the layers or using anodic bonding.

Step 6: The 6th step involves assembling and integrating the MEMSs device on the
single silicon chip.

Step 7: The 7th step involves the packaging of the whole assembly to ensure
protection from the outer environment, proper connection to the environment,
minimum electrical interference.

Commonly used packages are metal can package and ceramic window package. The
chips are bonded to the surface either using a wire bonding technique or using flip-
chip technology where the chips are bonded to the surface using an adhesive material
that melts on heating, forming electrical connections between the chip and the

substrate.

Process design of MEMS based sensors and actuators

Designing MEMS-based sensors and actuators involves a multi-disciplinary approach
that integrates mechanical design, material science, electronics, and fabrication
technology.

Here’s a comprehensive guide to the process design of MEMS sensors and actuators:

1. Defining Requirements and Specifications

A. Application Requirements:

Type of Sensor/Actuator: Identify whether the device is a sensor (e.g.,
accelerometer, pressure sensor) or an actuator (e.g., micro-mirror, micro-gripper).
Performance parameters: Define required sensitivity, range, resolution, response

time, and accuracy.

B. Environmental Conditions:

Operating Conditions: Temperature, humidity, and other environmental factors that

might affect the device's performance.

2. Design

A. Mechanical Design:

Structure: Design the mechanical structure of the sensor or actuator, including
beams, diaphragms, or comb drives.
Materials: Choose materials based on mechanical properties (e.qg., silicon for its well-

established MEMS compatibility, or polymers for flexible applications).



B. Electrical Design:

Circuit Design: Develop circuits for signal conditioning, amplification, and
processing. This often involves designing integrated circuits or interface circuitry.
Power Consumption: Analyse and optimize power consumption for battery-operated

or low-power applications.

3. Fabrication Process Design

A. Material Selection:

Substrate Material: Choose materials for the substrate (e.g., silicon, glass, or
polymers).
Structural Layers: Select materials for structural layers (e.g., polysilicon, metal thin

films).

B. Fabrication Steps:

Deposition: Use techniques like chemical vapor deposition (CVD) or physical vapor
deposition (PVD) to create thin films.

Patterning: Employ photolithography to define patterns on the substrate.

Etching: Use wet or dry etching to remove unwanted material and form the
structures.

Bonding: Apply techniques such as anodic bonding, solder bonding, or wafer
bonding if multi-layer structures are involved.

Dicing and Packaging: Dice the wafers into individual devices and package them to

protect the MEMS structures and provide electrical connections.

4. Testing

A. Functional Testing:

Performance Testing: Verify the device’s performance against the specifications. For
sensors, test sensitivity and accuracy. For actuators, test range of motion and actuation
force.

Environmental Testing: Assess the device’s performance under different

environmental conditions (e.g., temperature, humidity).

6. Integration and System Design

A. System Integration:

Interface Design: Develop interfaces to connect the MEMS device with external

systems (e.g., electronics, communication protocols).

B. Reliability



e Lifetime Testing: Evaluate the device’s durability over time and under cyclic loading

conditions.
MEMS based Touch sensor

e MEMS (Micro-Electro-Mechanical Systems) technology enables the development of
a variety of sensors and switches with high precision and miniaturization. Here’s a
detailed overview of different MEMS-based sensors and switches, including touch
sensors, pressure sensors, RF MEMS switches, and electric and magnetic field
Sensors.

e MEMS capacitive touch sensor is shown in fig.

e Aflexible layer is created which acts as a diaphragm that deflects under pressure.

e The sensitive capacitor of the sensor consists of the pressure-sensing diaphragm and
the aluminium electrodes.

e As the most important element, the square pressure-sensing diaphragm with good
mechanical and electrical properties was fabricated with standard photolithography

and wet etching techniques in the silicon substrate.

Pressure
Senseing
diaphrag

#
Silicon Substrate

GLASS PLATE

Insulating laver . Aluminium Electrode

Fig. Schematic of a MEMS capacitive pressure sensor
e The aluminium electrode is sputtered on the bottom glass base by vacuum
evaporation method, and the upper surface of the aluminium electrode is oxidized to
form an aluminium oxide insulation layer to prevent contact between the diaphragm

and the aluminium electrode from forming a short circuit.



e Good sealing performance around the top glass base and the silicon substrate is
ensured by anodic bonding, while the centre of the top glass base is perforated and
connected to the low vacuum end.

MEMS-Based Pressure Sensors

e Micro-Electro-Mechanical Systems (MEMS) pressure sensors have gained immense
popularity in recent years due to their small size, high sensitivity, and low power
consumption.

e These sensors combine the advantages of mechanical and electrical systems, making
them ideal for a wide range of applications, from automotive and aerospace industries
to medical devices and environmental monitoring.

e In this article, we explore the working principle of MEMS pressure sensors, their
types, and their various applications.

Working Principle of MEMS Pressure Sensors

e MEMS pressure sensors measure pressure by detecting the deformation of a
diaphragm, which is a thin, flexible structure made from materials like silicon or
polymers.

e When subjected to pressure, the diaphragm deforms, causing a change in its electrical
properties.

e This change is detected by the sensor’s electronic circuitry, which translates the
deformation into an electrical signal proportional to the applied pressure.

e There are various techniques for measuring diaphragm deformation, including
capacitive, piezo resistive, and piezoelectric sensing.

e Capacitive sensing relies on the change in capacitance between two parallel plates as
the diaphragm deforms.

e Piezo resistive sensing uses semiconductor materials whose resistance changes under
mechanical stress, and piezoelectric sensing involves the generation of an electrical

charge when a material is deformed.
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RF MEMS (Radio Frequency Micro electromechanical Systems) switches

e RF MEMS switches are perfect for portable wireless and low-power, battery-operated
systems because of their tiny size, good linearity, low insertion loss, high isolation,
and exceptionally low power consumption.

e Compared with conventional diode-based RF switches, MEMS switches have
significant advantages in RF performance including higher isolation, lower insertion
loss, and fewer inter modulation products.

e Its centre conductor in the coplanar waveguide (CPW) was actuated through a long
cantilever beam from one side of the switch.

e In this work, we focus on developing a series switch using a CPW structure as shown
in Figure 1. Under applied external bias voltage, the electrostatic force pulls the
cantilever towards the bias pad. The voltage that provides sufficient force that can
turn the switch to an ON state is the actuation voltage. Once the external bias voltage
reduces, the cantilever starts to restore to its initial position and returns to the OFF
state under zero bias. In Figure 2, the switch’s ON/OFF states are presented.

e The switch’s OFF state isolation is provided an air gap between the actuator’s tip and
the CPW section’s tip. When applying external DC bias, the electrostatic force
between the bias pad and the actuator will pull the actuator down and provide an RF

signal path
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Figure 2. The OFF and ON states of the RF MEMS switch under different DC bias conditions.The cantilever to
bias pad gap g and dimple to CPW distance g1 are both marked. (a) The Switch is under OFF state. (b) The
Switch is under ON state

MEMS-Based Electric Field Sensors

. As is shown in Figure 1, EFSs based on MEMS processing technology

consist of a driving part, a sensing part and a spring part.



Compared with thermal driving, the electrostatic comb-drive
adopted in the present design has the advantage of lower power
consumption.

The application of a driving voltage can provide the driving force
for shielding electrode movement.

The spring part functions as an amplifier for the displacement of
the shielding electrode, which is beneficial for detection.

The sensing part contains a shielding electrode, which is removable,

and the sensing electrode, which is fixed by an anchor.
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Figure 1. The structure of an electric field sensor based on MEMS technology.
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Figure 2. Schematic of the driving part.

Driving Part

Compared with thermal driving, electrostatic driving has the following characteristics:
the driving current is small, approaching zero; as a consequence the resistance loss is
extremely small; and the structure of the EFS is sufficiently sound to not be broken by
heat. A schematic of the electrostatic driving structure is shown in Figure 2.

When a driving voltage is applied at both ends of the drive electrode, an inducted
charge will be produced at both ends of the electrode. Electrostatic attraction is
induced under the joint action of a positive inducted charge on the positive electrode

and a negative inducted charge on the negative electrode.

Sensing Part

When a conductor is placed in an electric field, an inducted charge is generated on the
surface of the conductor. In the present EFS, multiple capacitors act as sensing

structures. The capacitance of the sensing part is:

C, =n.g, ‘5‘

Where ns represent the number of the sensing capacitors, As represents the effective
area of the sensing electrode, and D represents the distance between the sensing

electrode and the ground. Thus, the inducted charge is:

4
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As a result, the inducted current is:
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Magnetic Field Sensors

MEMS magnetic field sensors measure the strength and direction of magnetic fields
using magneto resistive or Hall Effect principles.

Hall Effect Sensors, use the Hall Effect to generate a voltage proportional to the
magnetic field.

The sensors are fabricated using conventional micro electro mechanical systems
(MEMS) techniques and consist of a P-type silicon substrate, a silicon dioxide
isolation layer, a phosphide-doped cross-shaped detection zone, and gold signal leads.
When placed within a magnetic field, the interaction between the local magnetic field
produced by the working current and the external magnetic field generates a
measurable Hall voltage from which the strength of the external magnetic field is then

derived.

Magnetic Flux

Current

Hall Voltage
Figure 1. Schematic illustration of Hall Effect

As shown in Figure, when a Hall sensor is placed perpendicularly within an external

magnetic field.

The current flowing through the sensor is deflected toward one side of the substrate

and creates an orthogonal voltage (referred to as the Hall voltage) with a magnitude

proportional to both the working current and the strength of the external magnetic

field.

In physics, the Lorentz force is the magnetic force acting on a point charge in the

presence of an electromagnetic field. In particular, a particle of charge g moving with

velocity v in an electric field E and magnetic field B experiences a force of



F=q(E+v xB)

In other words, the electromagnetic force acting on charge g is a combination of a
force in the direction of the electric field E proportional to the magnitude of the field.
And the quantity of the charge, and a force acting on the charge at right angles to the
magnetic field B and charge flow direction proportional to the magnitude of the
electric field, the charge, and the velocity.

Similar formulae can be used to describe the magnetic force acting on a current-

carrying wire or wire loop moving through a magnetic field.
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Syllabus:
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level, and Distribution level, Applications, Metering and monitoring
applications, Standardization and interoperability, smart home.

Internet of things (10T) devices are nonstandard computing hardware -- such
as sensors, actuators or appliances -- that connect wirelessly to a network
and can transmit data.

An electrical grid (or electricity network) is an interconnected network for
electricity delivery from producers to consumers.

Electrical grids consist of power stations, electrical substations to step
voltage up or down, electric power transmission to carry power over long
distances, and finally electric power distribution to customers.

In that last step, voltage is stepped down again to the required service
voltage.

A smart grid is an electrical power distribution infrastructure that provides
two-way communication between the utility provider and customersl. It
employs innovative products and services together with intelligent
monitoring, control, communication, and self-healing technologies in order
t02:

Better facilitate the connection and operation of generators of all sizes and
technologies.

Allow consumers to play a part in optimizing the operation of the system.
Provide consumers with greater information and options for how they use
their supply.

Significantly reduce the environmental impact of the whole electricity

supply system.



e Smart grid technologies refer to the next generation of energy systems that
utilize communications and connectivity to optimize resource usage3.

e 0T facilitates real-time monitoring of the entire grid infrastructure. Sensors
deployed across substations and transmission lines capture data on voltage,
current, and other vital parameters.

e This data is transmitted in real-time, enabling utilities to monitor grid health,
detect abnormalities, and proactively address potential issues.

0T in smart grids
The adoption of 10T in smart grids is driven by several key factors:
* A smart grid is an electrical grid that uses digital technology to monitor and
manage the transport of electricity from all generation sources to meet the

varying electricity demands of end users.
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e Smart grids are an enhancement over traditional power grids by
incorporating a range of technological capabilities, which will be detailed in

the below sections.



Wrapping everything together, here’s how the smart grid operates across all
procedures involved in the regular power cycle intended to manage
electrical resources:

Generate: Smart grids facilitate the integration of diverse generation
sources, including renewables, ensuring a flexible and sustainable energy
supply.

Distribute: They employ advanced communication technologies to
dynamically manage the distribution of electricity, enhancing the reliability
and efficiency of power delivery.

Use: Smart grids enable real-time monitoring and control of energy
consumption, allowing consumers to use electricity more efficiently through
smart appliances and meters.

Control: These grids utilize automated control systems to respond instantly
to changes in energy demand and supply, maintaining grid stability.

Store: Smart grids incorporate energy storage solutions that can store excess
energy during low demand and release it during peak times, optimizing

energy usage.

Driving factors

The integration of loT in smart grids is driven by the need for greater
efficiency, reliability, and sustainability across generation, transmission, and
distribution levels.

By leveraging real-time data and automation, 10T is poised to revolutionize

the energy landscape, enabling a more responsive and resilient grid.

Driving factors at Generation level

Renewable Energy Integration: 10T devices facilitate the integration of
solar, wind, and other renewables variability.
Real-Time Data Analytics: Smart sensors provide real-time data on energy

production and equipment health.



Smart Energy Storage Optimization: 10T devices manage energy storage
systems, optimizing the use of batteries and other storage technologies to
balance supply and demand effectively, and improving overall grid
reliability.

Distributed Generation:loT supports decentralized energy generation (e.g.,
rooftop solar, community wind farms) by managing distributed resources
and ensuring their optimal integration into the grid.

Micro grids: loT facilitates the operation of microgrids, allowing for
localized energy generation and consumption, enhancing resilience and
energy independence.

Electric Vehicle (EV) Integration: 10T supports the integration of EVs into
the grid, enabling vehicle-to-grid (V2G) technology, where EVs can act as
mobile energy storage units.

Smart Appliances and Home Energy Management: loT-enabled
appliances can communicate with the grid to optimize energy use based on

real-time pricing and availability.

Driving factors at Transmission level

Real-Time Monitoring and Data Analytics:10T devices enable continuous
monitoring of transmission lines, transformers, and substations, providing
real-time data for performance analysis and fault detection or overloads.
Smart Substations: Equipped with loT technology, substations can
automate processes, improving operational efficiency and reducing
downtime.

Grid Reliability and Stability: Enhanced monitoring helps detect issues
early, allowing for proactive maintenance and reducing the risk of outages,

thereby improving overall grid reliability.



Load Management and Demand Response:loT solutions enable better
load forecasting and management, allowing transmission systems to adjust
to changing demand dynamically and efficiently.

Cybersecurity Enhancements:With increasing connectivity, 10T provides
tools for monitoring and protecting against cyber threats, ensuring the
integrity of transmission systems.

Automation and Control: loT facilitates automation in transmission
operations, allowing for remote control and management of grid
components.

Improved Safety Measures: Enhanced monitoring of transmission

infrastructure can identify safety risks, and improving worker safety.

Driving factors at Distribution level

Grid Resilience and Reliability: 10T applications help identify and isolate
outages quickly, restoring service faster and improving overall reliability.
Enhanced Grid Visibility:loT devices provide real-time monitoring of
distribution networks, allowing utilities to visualize grid performance
Advanced Metering Infrastructure (AMI): Smart meters equipped with
loT capabilities enable two-way communication, facilitating real-time data
exchange between consumers and utilities, and enabling customers to
manage their energy consumption.

Predictive Maintenance: Sensors and analytics help detect potential
failures in distribution equipment, allowing for timely maintenance and
reducing downtime.

Improved Customer Engagement:loT technologies facilitate better
communication with consumers

Enhanced Security: 10T systems can monitor for cyber threats and physical

security breaches, helping to protect critical infrastructure.



Load Balancing and Optimization: Real-time data from loT devices helps
utilities balance loads across the distribution network, reducing congestion
and improving efficiency.

Automated Fault Detection and Restoration:loT enables faster
identification of outages and automated restoration processes, minimizing
service interruptions for customers.

Environmental Monitoring: [0T sensors can monitor environmental
conditions (e.g., weather, pollution), helping utilities adjust operations to

mitigate impacts on the grid.

0T applications in smart grids

Metering and Monitoring Applications:

loT technologies have revolutionized metering and monitoring applications
in smart grids, enhancing operational efficiency and customer engagement.
Here are some key metering and monitoring applications of 10T in smart

grids:

Metering Applications

1. Smart Metering

Real-time Energy Consumption Monitoring: Smart meters provide real-
time data on energy usage, enabling consumers to monitor their
consumption patterns and adjust usage to save costs.

Automated Billing: With accurate data collection, utilities can automate

billing processes, reducing errors and improving customer satisfaction.

2. Remote Meter Reading:

Automated Data Collection: IoT allows for remote reading of meters,
reducing the need for manual visits and minimizing operational costs.
Real-Time Usage Monitoring: Customers can track their energy

consumption in real-time, leading to better energy management.

3. Prepaid Metering:



e Consumer Control: Prepaid smart meters empower consumers to manage
their budgets by allowing them to pay for energy upfront and monitor their
usage accordingly.

Monitoring Applications
1. Grid Health Monitoring:

e Asset Condition Monitoring: 10T sensors provide real-time data on the
condition of transformers, substations, and distribution lines, enabling
predictive maintenance.

e \oltage and Current Monitoring: Continuous monitoring helps ensure the
grid operates within safe parameters, preventing overloads and failures.

2. Load Monitoring:

e Demand Forecasting: 10T devices analyze load patterns and predict future
demand, aiding in efficient resource allocation and grid management.

e Peak Load Management: Utilities can identify peak load times and
implement demand response strategies to alleviate stress on the grid.

3. Distributed Energy Resource (DER) Monitoring:

e Integration of Renewables: 10T facilitates the monitoring and management
of distributed energy resources like solar panels and wind turbines,
optimizing their contribution to the grid.

e Energy Storage Management: 10T devices help manage battery storage
systems, ensuring effective energy distribution during peak demand periods.

4. Environmental Monitoring:

e Weather and Air Quality Sensors: IoT can monitor environmental
conditions that affect energy production and consumption, such as
temperature, humidity, and air quality.

5. Cybersecurity Monitoring:



e Threat Detection: 10T systems can monitor network traffic for anomalies,
providing early warnings of potential cybersecurity threats to grid
infrastructure.

e Intrusion Detection Systems: 10T can enhance the security of smart grids
by monitoring for anomalies and potential cyber threats in real time.

e Automated Response: In case of detected threats, IoT systems can
automatically initiate countermeasures to protect grid infrastructure.

6. Consumer Engagement Tools

e Mobile Apps and Dashboards: Consumers can use loT-enabled apps to
view their energy consumption, set energy-saving goals, and receive tips on
how to reduce usage.

7. Data Analytics and Machine Learning

e Predictive Analytics: 10T data can be analyzed to predict future energy

consumption trends, assisting in strategic planning and resource allocation.
Standardization and interoperability

e Standardization and interoperability are crucial for the successful
deployment of 10T technologies in smart grids.

e They ensure that different devices and systems can communicate effectively
and work together seamlessly. Here’s a breakdown of these concepts and
their importance:

Standardization

e Standardization refers to the establishment of common technical standards
and protocols that devices and systems must adhere to. This facilitates
compatibility and interoperability among various components in a smart
grid.

Key Standards:
e IEC 61850: A standard for communication networks and systems in

substations, focusing on automation and control.



e IEEE 2030.5 (Smart Energy Profile 2.0): A standard for demand response
and distributed energy resource management.
e OpenADR: An open standard for automated demand response that allows
utilities to communicate price signals and load reduction requests.
e Zigbee, LoRaWAN, and NB-IoT: Protocols for wireless communication in
loT devices each suited for specific applications within smart grids.
Benefits:
e Enhanced Compatibility: Ensures that devices from different
manufacturers can work together.
e Cost Reduction: Reduces the need for custom solutions, leading to lower
deployment costs.
e Ease of Integration: Simplifies the integration of new technologies into
existing infrastructure.
Interoperability
o Interoperability refers to the ability of different systems, devices, and
applications to exchange and make use of information. It ensures that
components can work together, regardless of their manufacturer or
technology.
Types of Interoperability:
e Technical Interoperability: Involves the hardware and software
components that enable different systems to connect and communicate.
e Semantic Interoperability: Ensures that data exchanged between systems
Is understood in the same way by all parties, which is essential for effective
decision-making.
Importance:
e Data Sharing: Facilitates seamless data exchange between various
stakeholders, including utilities, consumers, and third-party service

providers.



Enhanced Functionality: Allows for the development of integrated
solutions that combine data from multiple sources for better grid
management.

Scalability: Supports the addition of new technologies and devices without

requiring a complete overhaul of existing systems.

Challenges

Lack of Unified Standards: Different regions and organizations may adopt
varying standards, complicating interoperability efforts.

Legacy Systems: Integrating 10T technologies with existing legacy systems
can be challenging due to differing protocols and technologies.

Security Concerns: Ensuring that interoperability does not compromise
cybersecurity is a significant challenge, as interconnected systems can create

vulnerabilities.

Smart Home

A smart home system can be something that makes our life quite easy.
Starting from energy management where the power controls system in the
AC appliances where we use the thermostat, all this is managed to cut down
the power consumption that's taking place.

A door management system, security management system, water
management system are the part of this as well. Still, these are vital things
that stand out in the smart home system.

The limitation of 10T in smart home application stops where our imagination
stops. Anything that we wish to automate or want to make our life easier can
be a part of smart home, a smartphone system as well.

A key element that allows all of the emerging Smart Grid technologies to
function together is the interactive relationship between the grid operators,

utilities, and you.



e Computerized controls in your home and appliances can be set up to
respond to signals from your energy provider to minimize their energy use at
times when the power grid is under stress from high demand, or even to shift

some of their power use to times when power is available at a lower cost.
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e All devices -- such as lights, thermostats, security systems and appliances --
are controlled by a master home automation controller, often called a smart
home hub.

e This hub is a hardware device that acts as the central point of the smart
home system and can sense, process data and communicate wirelessly.

e [t combines all the disparate apps into a single smart home app that
homeowners can control remotely.

e Examples of smart home hubs include Amazon Echo, Google Home and
Wink Hub. While many smart home products use Wi-Fi and Bluetooth to



connect to the smart home network, others depend on wireless protocols
such as Zigbee or Z-Wave.

Smart home devices can be either programmed to follow specific schedules
or commands or they can be set to respond to voice commands through
home assistants such as Amazon Alexa or Google Assistant.

For example, a smart thermostat can learn the homeowner's habits and

automatically adjust the temperature based on their specific schedule.

Examples of smart home technologies

Smart TVs: These TVs connect to the internet to access content through
applications, such as on-demand video and music. Some smart TVs also
include voice or gesture recognition.

Smart lighting systems: In addition to being able to be controlled remotely
and customized, smart lighting systems can detect when occupants are in the
room and adjust lighting as needed. Smart lightbulbs can also regulate
themselves based on daylight availability.

Smart thermostats: Smart thermostats, such as Google Nest, come with
integrated Wi-Fi, letting users schedule, monitor and remotely control home
temperatures. These devices also learn homeowners' behaviors and
automatically modify settings to provide them with maximum comfort and
efficiency. Smart thermostats can also report energy use and remind users to
change filters.

Smart door locks and garage door openers: Homeowners can use smart
locks and garage-door openers to grant or deny access to visitors. Smart
locks can also detect when residents are near and unlock the doors for them.

Smart security cameras and systems: With smart security cameras and
doorbells, such as Ring, residents can monitor their homes when they're

away. Smart motion sensors can identify the difference between residents,



visitors, pets and burglars and can send notifications to authorities if
suspicious behavior is detected.

e Smart pet and lawn care: Pet care can be automated with connected
feeders. Houseplants and lawns can be watered using connected timers.

e Smart kitchen appliances: Brands such as LG, GE and Samsung offer
smart kitchen appliances of all sorts. These appliances include smart coffee
makers that can brew a fresh cup automatically at a programmed time; smart
refrigerators that keep track of expiration dates, make shopping lists or even
create recipes based on ingredients currently on hand; slow cookers and
toasters; and, in the laundry room, washing machines and dryers.

e Smart household monitors: Household system monitors can, for example,
sense a power surge and turn off appliances, sense water failures or freezing
pipes and turn off the water so the home doesn't flood.

e Smart plugs: These connect to wall sockets to transform simple home
devices, such as lamps and ceiling fans, so they can be controlled remotely
via mobile apps and voice assistants such as Alexa.

Advantages of a smart home include the following:

e Provides assurance: Homeowners can monitor their homes remotely,
countering dangers such as a forgotten coffee maker left on or a front door
left unlocked.

e Accommodates user preferences for convenience: For example, users can
program their garage door to open, the lights to go on, the fireplace to turn
on and their favourite music to play once they arrive home.

e Offers peace of mind: 10T devices enable family members or caregivers to
remotely monitor the health and well-being of seniors, allowing them to

safely remain at home longer, rather than moving to an assisted residence.



Improves efficiency: Instead of leaving the air conditioning on all day, a
smart home system can learn homeowner behaviours to ensure the house is
cooled down by the time they return home.

Saves resources and money: With a smart irrigation system, the lawn is
watered only when needed and with the exact amount of water necessary.
With home automation devices and a smart system setup, energy, water and
other resources are used more efficiently, which helps save both natural
resources and money for the consumer.

Manages tasks: Smart virtual assistants, such as Google Home or Amazon
Echo, can accomplish tasks through speech recognition and voice
commands. For example, homeowners can use voice commands to turn on

music, search the web and control their household smart devices.

Disadvantages of a smart home include the following:

Common disadvantages of a smart home include the following:

Requires a reliable internet connection: An unreliable internet connection
or a network going down in the event of an outage can leave the devices and
gadgets connected to a smart home inoperable.

Perceived complexity: Some people have difficulties or a lack of patience
with technology. Smart home manufacturers and alliances are working on
reducing complexity and improving the user experience to make it enjoyable
and beneficial for users of all technical levels.

Lack of standards: For home automation systems to be truly effective.
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Concept of Internet of Energy

e The concept of the Internet of Energy (IoE) refers to the interconnected
network of energy resources, systems, and consumers enabled by loT
technologies.

e |t expands on the principles of the Internet of Things (loT) by focusing
specifically on energy generation, distribution, consumption, and
management. Here’s an overview of the key aspects of [oE:

Key Components of the Internet of Energy

e Smart Grids: IoE is built on the foundation of smart grids, which utilize
advanced communication and control technologies to improve the efficiency,
reliability, and sustainability of energy distribution.

e Distributed Energy Resources (DERs): The IoE incorporates various DERS,
such as solar panels, wind turbines, and energy storage systems, allowing for
localized energy generation and consumption.

e loT Devices and Sensors: Smart meters, sensors, and connected appliances
collect real-time data on energy usage, production, and grid conditions,
enabling better management and optimization.

e Energy Management Systems: These systems analyze data from various
sources to optimize energy consumption, facilitate demand response, and
manage renewable energy integration.

e Consumer Engagement: IoE empowers consumers by providing them with
tools and information to monitor and control their energy usage, participate in
demand response programs, and adopt energy-efficient practices.

Benefits of the Internet of Energy

e Enhanced Efficiency: IoE enables real-time monitoring and optimization of
energy flows, reducing waste and improving overall system efficiency.

e Increased Reliability: Proactive monitoring and predictive maintenance
capabilities help prevent outages and enhance the resilience of energy
systems.

e Sustainability: By facilitating the integration of renewable energy sources
and promoting energy-efficient practices, IoE supports environmental
sustainability and reduces carbon footprints.



Cost Savings: Improved energy management can lead to significant cost
savings for consumers and utilities alike, through reduced consumption and
optimized pricing strategies.

Decentralization: I0oE promotes a more decentralized energy landscape,
where consumers can generate, store, and share energy, empowering
communities and enhancing energy security.

Challenges

Interoperability: Ensuring that devices and systems from different
manufacturers can communicate and work together effectively is crucial for
the success of IoE.

Cyber security: The increased connectivity of energy systems raises
concerns about potential cyber threats, necessitating robust security measures.
Data Privacy: Collecting and analyzing large amounts of consumer data can
raise privacy concerns, requiring clear policies and protections.

Regulatory Frameworks: The rapid evolution of IoE technologies may
outpace existing regulatory frameworks, necessitating updates to policies
governing energy markets and consumer protection.

Future Directions

Smart Cities: The IoE concept is closely tied to the development of smart
cities, where energy systems are integrated with transportation, water
management, and other urban infrastructures.

Artificial Intelligence: Al and machine learning will enhance the ability to
analyze data, predict usage patterns, and optimize energy management in real-
time.

Block chain Technology: Block chain can facilitate secure transactions and
decentralized energy trading among consumers, enhancing the efficiency and
transparency of energy markets.

Greater Consumer Participation: As awareness and technology improve,
more consumers will actively participate in energy generation and
management, further transforming the energy landscape.

Evaluation of IoE concept

Evaluating the Internet of Energy (IoE) concept involves assessing its
potential benefits, challenges, and overall impact on the energy landscape.
Here’s a comprehensive evaluation:

Benefits



e Enhanced Efficiency: Real-Time Monitoring: IoE facilitates continuous
tracking of energy production, distribution, and consumption, enabling
optimization and reducing waste.

e Automated Demand Response: It allows for automated adjustments in
energy consumption based on real-time grid conditions and pricing.

Increased Reliability and Resilience:

e Predictive Maintenance: Advanced analytics can predict equipment failures
before they occur, minimizing outages and enhancing system reliability.

e Decentralization: A decentralized energy model reduces dependency on
centralized power plants, making the system less vulnerable to large-scale
failures.

Sustainability:

e Renewable Energy Integration: IoE supports the seamless integration of
renewable energy sources, promoting cleaner energy production and
consumption.

e Energy Sharing: Consumers can share excess energy generated from
renewable sources, fostering a collaborative energy ecosystem.

Cost Savings:

e Optimized Pricing Models: IoE can facilitate dynamic pricing strategies,
encouraging consumers to shift their energy usage to off-peak times, leading
to lower bills.

e Reduced Operational Costs: Utilities can decrease costs related to
maintenance, grid management, and energy losses through optimized
operations.

Consumer Empowerment:

e Greater Control: Consumers gain access to real-time data about their energy
usage, allowing for informed decisions and proactive energy management.

e Participation in Energy Markets: I0E enables consumers to participate in
energy trading, giving them a stake in the energy economy.

Challenges
Interoperability Issues:

e Lack of Standardization: The absence of universal standards can hinder
communication between devices from different manufacturers, complicating
system integration.

e Complex Ecosystem: Integrating various technologies and platforms can be
challenging and may require significant investment.

Cybersecurity Risks:



e Increased Vulnerability: The interconnected nature of IoE makes it
susceptible to cyberattacks, potentially compromising sensitive data and grid
security.

e Data Privacy Concerns: Collecting vast amounts of consumer data raises
privacy issues that need to be addressed through strong policies and
protections.

Regulatory and Policy Challenges:

e Outdated Frameworks: Existing energy regulations may not adequately
address the nuances of IoE, requiring updates to accommodate new
technologies and practices.

e Market Structure: Traditional energy markets may need restructuring to
enable consumer participation and decentralized energy trading.

Initial Investment and Adoption Barriers:

e High Upfront Costs: The initial investment for IoE technologies can be a
barrier for utilities and consumers, despite potential long-term savings.

e Consumer Awareness: Low awareness and understanding of 10E benefits
may hinder widespread adoption.

Overall Impact

e Transformation of Energy Systems:IoE has the potential to fundamentally
change how energy is produced, distributed, and consumed, leading to a more
sustainable and efficient energy ecosystem.

e Support for Smart Cities: The integration of IoE into urban environments
can enhance the efficiency of other sectors, such as transportation and water
management, contributing to the development of smart cities.

e Enhanced Resilience to Climate Change: By promoting renewable energy
and efficient energy usage, I0E can help mitigate the impacts of climate
change and support global sustainability goals.

e New Business Models: IoE will drive the creation of new business models
and services in the energy sector, including energy-as-a-service and peer-to-
peer energy trading platforms.

Vision and motivation of IoE

¢ Vision of the Internet of Energy (IoE): The vision of the Internet of Energy
(IoE) is to create a highly interconnected, efficient, and sustainable energy
ecosystem that seamlessly integrates energy generation, distribution,
consumption, and management. This vision encompasses:



Decentralization: Empowering consumers to generate their own energy
through renewable sources, thereby reducing reliance on centralized power
plants.

Real-Time Data Utilization: Leveraging real-time data from smart devices
and sensors to optimize energy flows, improve decision-making, and enhance
system reliability.

Enhanced Consumer Engagement: Providing consumers with tools and
information to monitor and control their energy usage, enabling informed
choices and participation in energy markets.

Sustainability: Promoting the integration of renewable energy sources and
efficient energy practices to minimize carbon footprints and combat climate
change.

Resilience and Reliability: Building a resilient energy infrastructure that can
adapt to fluctuations in demand and supply, minimizing outages and
disruptions.

Interoperability: Establishing common standards and protocols that enable
seamless communication and integration among diverse energy devices and
systems.

Motivation behind the Internet of Energy
The motivation for developing the Internet of Energy stems from several pressing
needs and opportunities:

Growing Energy Demand: Increasing global energy consumption requires
innovative solutions to ensure adequate supply while minimizing
environmental impacts.

Transition to Renewable Energy: The urgent need to transition to renewable
energy sources is driven by climate change and environmental concerns,
necessitating efficient integration into existing systems.

Technological Advancements: Rapid advancements in loT, data analytics,
and communication technologies create new opportunities for more efficient
energy management and distribution.

Consumer Expectations: Modern consumers expect greater control and
transparency over their energy usage, driving demand for smart home
technologies and user-friendly energy management solutions.

Economic Opportunities: The I0E can create new business models and
markets, such as peer-to-peer energy trading, energy-as-a-service, and
demand response solutions, offering economic benefits to consumers and
utilities.



Regulatory Pressure: Governments and regulatory bodies are increasingly
focusing on sustainability and energy efficiency, pushing for innovations that
align with policy goals.

Urbanization and Smart Cities: As cities grow, there is a need for smarter
energy solutions that can manage increased demand, integrate renewable
sources, and support the development of smart city initiatives.

Architecture of IoE

The Internet of Energy (IoE) is a framework that applies Internet of Things
(1oT) principles to the energy sector, enabling the efficient generation,
transmission, distribution, and usage of energy.

It leverages connectivity, smart devices, data analytics, and advanced
communication protocols to create a highly responsive, intelligent energy
grid. Here's an overview of its architecture:

1. Device Layer

This layer includes smart sensors, meters, and controllers embedded in
energy assets such as solar panels, wind turbines, electric vehicles (EVs),
and home appliances.

Devices collect data related to energy consumption, generation, storage,
and distribution and are often loT-enabled, allowing them to
communicate with other devices and central systems.

This layer acts as the foundation of IoE, providing data from various
sources within the energy ecosystem.

2. Network Layer

This layer connects IoE devices, enabling data exchange across the
network.

Communication happens through various protocols (Wi-Fi, cellular
networks, Zigbee, Bluetooth, LoRaWAN) to ensure that data from smart
devices reaches data centers or cloud-based platforms.

The network layer handles data transfer, security, and protocol
management, connecting remote sensors and controllers with other IoE
components.
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3. Data Management and Processing Layer

« Inthis layer, data collected from energy assets is aggregated, cleaned, and
processed.

« Edge computing is often employed to process data close to the source
(e.g., in local substations or even at the device level), reducing latency
and bandwidth costs for high-priority actions.

o Cloud computing handles more intensive processing, including data
storage, historical analysis, and long-term trend prediction, enabling
centralized management and advanced analytics.

4. Control Layer

« This layer is responsible for data analytics, machine learning, and
artificial intelligence (Al) models that generate insights from processed
data.



It optimizes energy generation and consumption by predicting demand,
identifying potential faults, managing distributed energy resources, and
integrating renewable energy.

Al-driven algorithms enable smart grid capabilities such as load
balancing, demand response, and predictive maintenance for
infrastructure.

5. Application Layer

The application layer provides a user interface for end-users, utility
companies, and grid operators to monitor, control, and interact with the
IoE system.

Applications include smart home energy management systems, real-time
consumption monitoring, EV charging management, and renewable
energy forecasting.

This layer also offers insights and dashboards for system operators to
maintain grid stability, efficiency, and security.

6. Security and Privacy Layer

Security measures protect data transmission, storage, and device
operation across all 10E layers.

It includes authentication, encryption, firewall protection, and intrusion
detection to safeguard against unauthorized access, cyber-attacks, and
data breaches.

Privacy protocols ensure that user and device data is handled in
compliance with regulations like GDPR, securing sensitive information
throughout the IoE network.

Key Components of I0E Architecture:

Distributed Energy Resources (DERs): These include solar panels,
wind farms, and energy storage systems integrated within the IoE to
provide clean, renewable energy.

Smart Grids: IoE enables smart grids that are responsive to demand,
adaptive to different energy sources, and able to manage bi-directional
power flows.

Benefits of IoE Architecture:



o Enhanced Energy Efficiency: IoE helps reduce waste by matching
demand with supply and enabling real-time energy management.

« Reduced Carbon Footprint: Integration of DERs and efficient
management of energy resources reduce dependency on fossil fuels.

« Improved Reliability and Resilience: With predictive maintenance and
fault detection, IoE architecture ensures fewer outages and more reliable
energy delivery.

« Cost Savings: Operational efficiency and optimized asset utilization
reduce energy costs for both providers and consumers.

Energy routines
e The concept of Energy Routines within the Internet of Energy (IoE) refers to
the systematic practices and behaviours that consumers, utilities, and devices
follow to optimize energy consumption, generation, and management.
e These routines leverage 10T technologies to enhance efficiency, sustainability,
and user engagement. Here’s an overview of various energy routines:
1. Smart Home Energy Management
e Automated Scheduling: Devices like smart thermostats and appliances can
be programmed to operate during off-peak hours, aligning usage with lower
energy prices.
e Adaptive Learning: Smart systems can learn user habits and adjust settings
automatically for optimal comfort and efficiency.
e Energy Monitoring: Real-time feedback on energy consumption allows
users to track their usage patterns and make informed decisions.
2. Demand Response Participation
e Load Shifting: Consumers can shift their energy-intensive activities (like
laundry or charging EVs) to times when energy demand is lower, incentivized
by utility programs.
e Incentive-Based Reductions: Utilities may offer financial incentives for
users to reduce their energy consumption during peak demand periods.
3. Renewable Energy Utilization
e Self-Consumption: Homes with solar panels can optimize their energy use
by consuming the energy they generate during the day, reducing reliance on
the grid.
e Battery Storage Management: Smart management of battery storage
systems can ensure that excess energy generated from renewables is stored for
later use, enhancing energy independence.



4. Electric Vehicle (EV) Charging Routines

e Smart Charging: EV chargers can be programmed to charge during off-peak
hours or when renewable energy production is high, reducing costs and
environmental impact.

e Vehicle-to-Grid (V2G) Integration: EVs can discharge stored energy back
to the grid during peak times, providing additional support to the grid and
generating income for the owner.

5. Community Energy Sharing

e Peer-to-Peer Energy Trading: Communities can establish platforms to share
excess energy generated from renewables, allowing participants to buy and
sell energy locally.

e Micro grid Participation: Communities can operate as microgrids,
managing their own energy production and consumption while still being
connected to the larger grid.

6. Industrial Energy Management

e Predictive Maintenance: Industrial facilities can use 10T sensors to monitor
equipment health and schedule maintenance proactively, minimizing
downtime and energy waste.

e Energy Analytics: Data analytics can help industries optimize energy usage
in production processes, reducing costs and improving sustainability.

7. Behavioural Changes and Consumer Engagement

e Gamification: Apps can gamify energy-saving actions, rewarding consumers
for reducing usage or participating in demand response programs.

e Education and Awareness: Providing users with insights into their
consumption habits encourages more sustainable energy behaviours.

Information sensing and processing issues

e The Internet of Energy (IoE) involves the integration of various technologies
for efficient energy management, but it also brings forth several information
sensing and processing issues.

e These challenges can impact the effectiveness of IoE systems. Here’s an
overview of the key issues:

1. Data Collection and Sensor Limitations

e Sensor Accuracy: Inaccurate sensors can lead to erroneous data collection,
which affects decision-making and system optimization.

e Sensor Drift: Over time, sensors may lose calibration, resulting in degraded
performance and unreliable data.



e Coverage and Scalability: Ensuring adequate sensor coverage for extensive
energy networks can be challenging, particularly in remote or distributed
settings.

2. Data Volume and Management

e Big Data Challenges: 10E generates massive amounts of data from various
sources, making storage, processing, and analysis complex and resource-
intensive.

e Data Integration: Integrating data from disparate sources (e.g., smart meters,
sensors, and loT devices) into a cohesive system can be technically
challenging.

e Real-Time Processing: The need for real-time data processing to support
dynamic decision-making requires advanced computing capabilities and
infrastructure.

3. Data Privacy and Security

e Cyber security Risks: Increased connectivity exposes energy systems to
cyber threats, requiring robust security measures to protect sensitive data and
infrastructure.

e Data Privacy: Collecting and analyzing consumer data raises privacy
concerns, necessitating policies to ensure consumer consent and data
protection.

4. Interoperability and Standardization

e Lack of Common Standards: Different devices and systems may use
varying communication protocols, complicating integration and data sharing.

e \endor Lock-In: Proprietary technologies can create barriers to
interoperability, limiting the ability to incorporate diverse devices and
solutions.

5. Information Quality and Reliability

¢ Noise and Anomalies: Sensor data can be affected by noise, leading to
anomalies that may mislead analytics and decision-making.

e Data Latency: Delays in data transmission can hinder timely responses,
particularly in demand response scenarios or emergency situations.

6. Analytical Complexity

e Advanced Analytics Requirements: Extracting meaningful insights from
vast amounts of data often requires sophisticated algorithms and machine
learning techniques, which may not be readily available or affordable for all
entities.



Interpretability: Making sense of complex analytical outputs can be
challenging for end-users, necessitating user-friendly interfaces and clear
visualizations.

7. Decision-Making and Actionability

Actionable Insights: Transforming data into actionable insights is crucial; if
stakeholders cannot easily interpret and act on the information, the benefits of
IoE are diminished.

Coordination among Stakeholders: Effective decision-making often
requires collaboration among multiple stakeholders (e.g., utilities, consumers,
regulators), which can complicate implementation.

Energy internet as smart grid.

The Energy Internet concept, often referred to as the Smart Grid, represents
the integration of advanced communication, control, and computing
technologies into the traditional energy grid.

This transformation aims to create a more efficient, reliable, and sustainable
energy ecosystem. Here’s an overview of how the Energy Internet functions
as a smart grid:

Key Features of the Energy Internet as a Smart Grid

Two-Way Communication: Smart grids facilitate real-time, two-way
communication between utilities and consumers, enabling better data
exchange for improved decision-making and operational efficiency.
Advanced Metering Infrastructure (AMI): Smart meters provide real-time
data on energy consumption, allowing for accurate billing, demand response
participation, and consumer engagement.

Integration of Distributed Energy Resources (DERs): The Energy Internet
supports the integration of renewable energy sources (like solar and wind) and
energy storage systems, enabling decentralized energy generation and
consumption.

Real-Time Monitoring and Control: 10T sensors and devices monitor grid
conditions continuously, allowing for dynamic adjustments to ensure balance
between supply and demand, enhancing grid reliability.

Automated Demand Response: Smart grids can automatically adjust
consumer energy usage in response to grid conditions, helping to manage
peak loads and reduce strain on the system.

Enhanced Energy Management: Advanced analytics and machine learning
optimize energy distribution, identify inefficiencies, and facilitate predictive
maintenance for infrastructure.



Consumer Empowerment: Consumers gain insights into their energy usage
patterns, enabling them to make informed choices about their consumption,
participate in energy markets, and adopt energy-saving practices.

Benefits of the Energy Internet as a Smart Grid

Increased Efficiency: Improved data analytics and real-time monitoring lead
to optimized energy use, reduced waste, and enhanced overall system
performance.

Enhanced Reliability: Proactive monitoring and predictive maintenance
minimize outages and improve the resilience of the energy infrastructure.
Sustainability: Facilitating the integration of renewable energy sources
supports environmental goals and reduces reliance on fossil fuels.

Cost Savings: Optimized operations and demand response strategies can
lower operational costs for utilities and reduce electricity bills for consumers.
Grid Flexibility: A smart grid can adapt to fluctuations in energy supply and
demand, accommodating new technologies and changing consumer
behaviours.
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