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Preface 

    Measurement is the silent partner of every successful engineering endeavor. 
Whether we are tracing the subtle drift of a thermocouple in a solar-thermal array or 
reconciling the millivolt whisper of a strain gauge with the thundering compressors 
of a refinery, reliable data remain the only common language across disciplines and 
scales. These lecture notes, spanning roughly two hundred pages, were assembled to 
give senior engineering students a pragmatic yet conceptually coherent pathway 
from first principles to field-ready instrumentation, with a deliberate emphasis on 
energy and renewable-power applications. 

    Readers will encounter not only the expected discussions of accuracy, precision, 
and uncertainty, but also candid reflections on why even a well-calibrated sensor can 
betray our expectations once it is bolted to a vibrating pipeline or deployed beneath 
the desert sun. 

    Throughout the text, priority is given to approaches that foster resourcefulness 
rather than rote procedure. A compact treatment of metrological concepts is followed 
by step-by-step explorations of temperature, pressure, flow, electrical, and chemical 
measurements, each anchored in laboratory exercises that can be reproduced with 
modest equipment. Signal conditioning, data acquisition, and calibration practices 
are woven into every topic, reflecting the reality that instrumentation is a system, 
never a stand-alone component. Wherever possible, examples are drawn from 
photovoltaic monitoring, concentrated-solar heat transfer loops, battery-storage 
balance-of-plant, and other sectors where precise measurements underpin both 
safety and efficiency. 

    The notes also acknowledge their own limitations. Industrial standards evolve, 
sensor technologies mature, and the energy landscape itself is in rapid transition. 
Students and practitioners are therefore encouraged to treat this document as a 
foundation rather than a finish line, an invitation to consult the latest datasheets, 
standards, and field reports that inevitably supersede any printed page. 

    Finally, a word of gratitude is due to the colleagues, students, and industry mentors 
whose questions, prototypes, and occasional mis-wired circuits shaped every 
revision. Their willingness to share both successes and setbacks reminds us that 
measurement is as much a community practice as it is a technical skill. It is my hope 
that these pages will help readers cultivate not only competence with instruments, 
but also the professional humility that turns raw data into trusted knowledge. 
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1. Introduction to Measurement Systems 
 

1.1 Role of Measurement in Industry 

    Measurement is the foundation of control and improvement in engineering 
processes. As Lord Kelvin famously stated, “To measure is to know… If you cannot 
measure it, you cannot improve it.”. In industrial settings, especially in energy 
systems, reliable measurements are critical for safety, efficiency, and optimization. 
For example, modern power plants and solar energy facilities rely on sensors to 
monitor temperatures, pressures, flow rates, and electrical outputs continuously. 
These measurements enable automatic control systems to prevent overheating, 
overpressure, or other unsafe conditions, and they allow engineers to fine-tune 
operations for maximum efficiency. In solar photovoltaic (PV) plants, measuring 
solar irradiance and module output helps maintain a high performance ratio and 
quickly detect issues like shading or equipment faults. Accurate data from solar 
energy meters (pyranometers) is “indispensable” for quantifying the sun’s energy 
on a surface and optimizing PV plant performance. 

 

Figure 1: Solar Irradiance Measurement 

    Historically, advances in measurement have driven technological progress. The 
invention of devices like the mercury barometer by Torricelli in 1643 (for pressure) 
and early thermometers in the 17th century enabled scientists and engineers to 
understand and control new phenomena. Standardization of units (such as the 
adoption of the SI system) and the establishment of national metrology institutes 
created a global framework so that measurements in one country are compatible with 
those elsewhere. In the context of renewable energy, systematic measurement of 
solar radiation began in the 19th century, allowing the development of solar 
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collectors and PV cells. Today, “you can’t manage what you don’t measure” holds 
especially true for energy systems: only through precise measurement can we 
improve solar panel efficiencies, ensure solar thermal plants operate at peak output, 
and meet safety and regulatory requirements in industrial operations. 

 

1.2 Key Terminology and Metrology Concepts 

 

Measurand 

    The specific quantity intended to be measured. For instance, in a solar context the 
measurand might be temperature of a thermal fluid, solar irradiance on a panel, or 
current from a PV array. A clear definition of the measurand (including conditions 
under which it is measured) is important; for example, defining whether 
“temperature” refers to fluid bulk temperature or surface temperature matters for 
correct measurement. 

 

Sensor and Transducer 

    A sensor is the element of a measurement system that directly responds to the 
measurand, while a transducer converts energy from one form to another to carry 
the measurement signal. In practice, the terms are often used interchangeably. A 
simple sensor example is a liquid-in-glass thermometer, where the liquid expansion 
directly indicates temperature (measurand). In many cases, the sensor’s raw output 
is not easily readable (e.g. a change in resistance of a strain gauge). A transducer 
typically combines the sensing element with a variable conversion element that 
turns the raw signal into a more useful form (such as a voltage). For example, a 
strain-gauge pressure sensor converts the strain (from pressure) into an electrical 
resistance change, which a bridge circuit transducer then converts into a voltage 
signal. Transmitters are transducers with added signal conditioning to transmit the 
signal over distance. In summary, sensors/transducers connect the physical world to 
instrumentation by producing signals (electrical, pneumatic, optical, etc.) 
representative of the measurand. 

 

Calibration 

    The process of comparing an instrument’s output to a known reference value (a 
standard) and adjusting or recording its deviation. Calibration establishes the 
relationship between the instrument’s indication and the true value of the measurand. 
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The result is a calibration factor or curve, and often an uncertainty estimate for the 
instrument. Regular calibration is necessary because instruments can drift over time 
or may have initial biases. The primary reasons for performing calibrations are to 
ensure traceability to standards, maintain consistency with other measurements, 
determine the instrument’s accuracy, and establish confidence in its reliability. For 
example, a pyranometer used in a solar farm is calibrated (perhaps annually) against 
a reference sensor so that its readings of solar irradiance (W/m²) remain accurate 
within specifications. 

Traceability 

    In metrology, traceability is the property of a measurement whereby its results can 
be related to references (usually national or international standards) through an 
unbroken chain of calibrations. Think of this as a “paper trail” for accuracy: for a 
thermometer reading to be trusted, it should be calibrated against a higher-standard 
thermometer, which in turn might be calibrated against a primary standard 
maintained by a national metrology institute. This traceability chain forms a 
hierarchy often depicted as a pyramid. At the top are primary standards (realizing 
units as defined by the International System of Units). Below them are secondary 
standards (calibrated against primary standards), and then working standards and 
field instruments calibrated against those. Metrological hierarchy refers to this 
tiered structure of standards: primary (highest accuracy, e.g. a national standard for 
temperature), secondary (laboratory reference thermometers calibrated to primary), 
and working standards (shop-floor or field instruments calibrated to secondary). 

    Every calibration step contributes a known uncertainty, so traceability not only 
ties measurements to fundamental units but also provides an uncertainty estimate at 
each level. In industry, traceability is crucial for quality assurance, for instance, the 
temperature measurements in a solar thermal plant’s control system should be 
traceable to national temperature standards to ensure they are trustworthy for 
operational decisions. 
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Figure 2: Metrology traceability pyramid 

 

Standards 

    A measurement standard (or etalon) is an object, instrument, or system that 
defines or reproduces the unit of a measurand to a high accuracy. Examples include: 
a high-precision platinum resistance thermometer serving as a temperature standard, 
or a set of gauge blocks of known length for dimensional calibration. As noted, 
standards come in different levels. A primary standard realises the unit directly (e.g. 
the triple point of water cell for 273.16 K, defining the kelvin). A secondary standard 
is calibrated against the primary, for example, a lab’s reference thermocouple 
calibrated at fixed points. A working standard is what everyday instruments are 
calibrated against in the field or factory. In solar energy, one might encounter a 
standard solar cell or reference cell used to calibrate irradiance sensors, or standard 
solutions used to calibrate pH meters for coolant water quality control. Standards 
ensure everyone “measures the same yardstick” and are the backbone of consistency 
in engineering measurements worldwide. 

    In summary, metrology (the science of measurement) provides a common 
language (units, standards) and framework (traceability, calibration hierarchy) so 
that measurements are meaningful and comparable, whether you are assessing the 
output of a single solar panel or operating a large industrial energy system. 
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Figure 3: Elements of measuring system 

1.3 Overview of Measurement Instruments for Key Quantities 

    Industrial measurement employs a vast array of instruments. Here we outline the 
major types for measuring temperature, pressure, flow, voltage, current, and 
chemical composition, noting their principles and specific roles in solar thermal and 
photovoltaic systems. 

 

Temperature Instruments 

    Temperature is commonly measured by exploiting physical properties that change 
with temperature. Thermocouples are widely used temperature sensors consisting 
of two dissimilar metal wires joined at a junction; they generate a small voltage 
proportional to the temperature difference (Seebeck effect). Thermocouples can 
cover a broad range (from cryogenic to >1000 °C depending on type) and are robust, 
which is why solar-thermal plants use them extensively to monitor heat-transfer fluid 
temperatures and receiver tube temperatures. For example, Type K (Ni-Cr/Ni-Al) 
thermocouples might monitor a molten salt loop at 550 °C. Resistance 
Temperature Detectors (RTDs) use the principle that a metal’s electrical resistance 
increases with temperature in a precise way. A platinum RTD, for instance, provides 
very accurate and stable readings over -200 °C to ~600 °C. RTDs have higher 
accuracy and repeatability than thermocouples and are increasingly used in 
industrial applications below about 600 °C. In a PV power plant, RTDs might 
measure the ambient air temperature or panel back-surface temperature (important 
because PV efficiency drops as temperature rises). Thermistors are another resistor-
based sensor, using ceramics or semiconductors that exhibit large resistance changes 
with temperature. They are very sensitive in a limited range (commonly used for 
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electronic device temperature or battery packs). A thermistor might, for example, 
monitor battery temperatures in a solar-plus-storage system to prevent overheating. 
Finally, non-contact infrared (IR) thermometers/pyrometers detect thermal 
radiation; these are used to measure surface temperatures (like a PV module’s glass 
temperature or a solar furnace target) without touching the object. In summary, 
temperature instruments in solar applications ensure components operate within safe 
limits and help evaluate performance (since temperature directly affects efficiency 
and material longevity). 

 

Figure 4: Thermocouple 

 

Pressure Instruments 

    Mechanical pressure gauges such as Bourdon tube gauges and manometers 
provide local pressure readings. A Bourdon gauge uses a curled metal tube that 
flexes as pressure changes, moving a dial, useful for monitoring, say, the 
pressurization of a solar thermal heat transfer fluid loop. U-tube manometers use 
liquid columns to measure pressure differences (based on fluid height) and, while 
simple and accurate, are mostly seen in laboratory settings or calibration, not 
practical for remote or electronic monitoring. Modern industrial systems favor 
electronic pressure transducers. The most common are piezoresistive strain-
gauge transducers: a thin diaphragm with bonded strain gauges that deform under 
pressure, changing resistance and producing an electrical signal (often via a 
Wheatstone bridge). These are general-purpose pressure sensors found in pumps, 
pipelines, and tanks, for example, measuring the pressure of oil in a concentrating 
solar power (CSP) plant’s piping or the wind pressure on a solar tracker. They cover 
vacuum up to very high pressures (thousands of bar) by appropriate design. Another 
type, piezoelectric pressure sensors, uses crystals like quartz that produce an 
electric charge under pressure. These excel at dynamic pressure measurements (fast-
changing pressures), though they cannot measure static (steady) pressure directly. In 
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a solar context, a piezoelectric sensor might be used in research to measure acoustic 
pressure fluctuations or in detecting mechanical vibrations. There are also 
capacitive pressure sensors (measuring pressure via change in capacitance of a 
diaphragm) and optical pressure sensors (using fiber Bragg gratings or 
interferometry for special cases such as very high temperature environments). For 
most solar energy facilities, pressure instruments ensure that fluids (like water, 
steam, oil, or gas) remain within design limits, for instance, preventing an over-
pressure in a solar steam generator or monitoring the hydraulic pressure in a solar 
tracker’s actuator. 

 

Figure 5: Pressure Measurement Device 

 

Flow Instruments 

    Flow measurement is crucial in any system moving fluids (liquids or gases). A 
variety of flowmeters are used, each suited to different fluid types and conditions. 
Differential pressure (DP) flowmeters are among the most widely used in industry. 
They introduce a constriction in the pipe (like an orifice plate, Venturi tube, or flow 
nozzle) which creates a pressure drop related to the flow rate (by Bernoulli’s 
principle). By measuring the upstream vs. downstream pressure, flow can be 
inferred. These devices have no moving parts but do cause some pressure loss. In a 
solar thermal plant, an orifice plate might measure the flow of heat transfer oil, 
enabling calculation of thermal power being transferred (since power = mass flow × 
specific heat × temperature rise). Turbine flowmeters use a small propeller or 
turbine placed in the flow; the rotational speed (sensed by a pickup coil) is 
proportional to flow velocity. They provide good accuracy for clean liquids or gases. 
For example, a turbine meter might measure the feedwater flow into a solar steam 
boiler or the hydrogen gas flow in a solar-to-hydrogen fuel system. Ultrasonic 
flowmeters are non-invasive devices that clamp onto the outside of a pipe or have 
inline transducers. They send ultrasonic pulses and measure transit time difference 
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between upstream and downstream directions (for clean fluids) or Doppler shift off 
particles/bubbles (for dirty fluids). Ultrasonic meters are great for large pipes or 
when penetrating the pipe is undesirable; e.g. measuring flow in a large solar thermal 
plant’s molten salt pipeline without having to cut into it. Vortex flowmeters utilize 
the vortex shedding principle: a bluff body in the flow causes vortices at a frequency 
proportional to flow rate, detected by a sensor. They are robust with no moving parts 
and can handle liquids, gases, and steam; a vortex meter might monitor the flow of 
steam in a solar thermal power plant or airflow in a cooling system. Other types 
include electromagnetic flowmeters (for conductive liquids, using Faraday’s law 
of induction), rotameters (variable area flowmeters with a float in a tapered tube), 
and advanced mass flowmeters like Coriolis meters (directly measuring mass flow 
via Coriolis forces, useful in high-accuracy applications or where fluid density 
changes). In solar facilities, flow measurements enable energy calculations (for 
thermal energy flows), ensure coolant or refrigerant circulation in thermal systems 
is within spec, and even monitor the fuel flow in backup generators. Precise flow 
control is also vital for solar fuel generation processes (e.g. feeding reactant gases at 
controlled rates).  

 

Figure 6: Different types of flow meters [*picture by RealPars] 

Each flow instrument type balances accuracy, range, and suitability to the fluid; 
engineers choose based on the application’s needs (for instance, DP meters for high-
temperature fluids, ultrasonic for large diameter pipes, etc.). 
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Electrical Instruments (Voltage, Current, Power) 

    Electrical measurements in solar engineering are primarily concerned with 
voltages, currents, resistance, and power in circuits. The fundamental tool is the 
voltmeter for voltage and ammeter for current; today these are usually combined 
as digital multimeters (DMMs) that can measure voltage, current, and resistance. 
In industrial settings, transducers are often used to convert high voltages or currents 
into a safe, standardized signal (like 4-20 mA or 0-10 V) for monitoring. For 
example, a solar farm might use hall-effect current sensors or shunt resistors to 
measure the DC current from PV arrays. A Hall-effect sensor outputs a voltage 
proportional to current (by sensing the magnetic field around a conductor) and is 
useful for non-intrusive measurement of large currents (tens to hundreds of amps) 
such as those in PV string combiners or battery connections. Voltage transformers 
and dividers are used to step-down high voltages (like the output of a string of panels 
or an inverter) to measurable levels. Oscilloscopes are instruments that graph 
voltage (and sometimes current via probes) over time at high speed; they are used in 
power electronics (like solar inverters) to observe waveforms, switching transients, 
or high-frequency behavior that a DMM cannot capture. In a photovoltaic system’s 
context, routine measurements include checking each panel’s open-circuit voltage 
and short-circuit current (for quality control), using IV-curve tracers to characterize 
panel performance, and employing power analyzers to measure AC output quality 
of inverters (voltage, current, phase, frequency, harmonics, etc.). Data acquisition 
(DAQ) systems and SCADA monitors in solar plants aggregate readings from many 
sensors: they rely on accurate voltage/current transducers to log power output, detect 
faults, and report performance to operators. In summary, electrical instrumentation, 
from a handheld multimeter to a plant-wide monitoring system, is the nervous 
system of a PV installation, ensuring that generation and distribution of solar power 
are monitored, controlled, and optimized. Accurate electrical measurements also 
feed into efficiency calculations (comparing electrical output to solar input) and into 
protective systems (tripping breakers if currents are too high, etc.). 

 

Figure 7: Electrical Measurement Devices 



13 

 

Chemical Composition Sensors 

    Energy systems often involve monitoring the composition of fluids (gases or 
liquids) for performance, safety, or environmental compliance. In solar applications, 
this might include gas sensors, pH and conductivity sensors, and other analyzers: 

 Gas concentration sensors: These detect specific gas species and quantify 
their concentration. Common types include NDIR (Non-Dispersive 
Infrared) sensors for gases like CO₂ (which absorb infrared light at 
characteristic wavelengths, the sensor measures the absorption proportional 
to concentration), and electrochemical cells for gases like O₂, CO, H₂S, etc., 
which generate a current by a redox reaction proportional to gas 
concentration. In a solar-thermal power tower using molten salt storage, one 
might have O₂ sensors in the stack or CO₂ analyzers to monitor combustion 
emissions if a backup burner is used. In PV manufacturing or recycling 
facilities, gas sensors might monitor for toxic fumes (e.g. silane or phosphine 
used in making solar cells). In the broader energy industry, gas analyzers 
ensure emissions (NOx, SO₂, CO) are within environmental limits; These are 
critical for any solar-hybrid plant that has a fuel-based component. 

 

Figure 8: Structure of NDIR (Non-Dispersive Infrared) Gas Sensor 

 pH meters: A pH meter measures the hydrogen-ion activity in a solution, 
indicating its acidity or alkalinity. In energy systems, pH control is important 
for water quality, for example, solar thermal plants using water/steam (as in a 
CSP Rankine cycle) require close pH control of the boiler water to prevent 
corrosion or scaling. A pH sensor (a glass electrode and reference electrode) 
might be installed in the water treatment loop feeding a steam generator. 
Similarly, if a solar farm uses wet cleaning for panels or uses coolant fluids, 
pH measurement ensures the fluids remain within safe chemical limits. 
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Figure 9: Simple pH meter 

 Conductivity (ion concentration) sensors: These measure the electrical 
conductance of a liquid, which correlates with the concentration of dissolved 
ionic species (salts, etc.). In a power plant, conductivity meters are used 
alongside pH meters to monitor feedwater purity, high conductivity indicates 
contamination that could cause corrosion or deposits. In solar thermal 
systems, maintaining low conductivity in heat transfer fluids or thermal 
storage media can be important (to avoid electrochemical corrosion in molten 
salts, for instance). For PV operations, conductivity of water used for module 
cleaning might be monitored if ultra-pure water is required to avoid deposits. 

 Other analytical instruments: In specialized contexts, one might encounter 
spectrometers (for detailed composition analysis via light spectra), gas 
chromatographs or mass spectrometers (for fuel gas analysis, e.g. 
measuring hydrogen purity in a solar fuel production lab), and oxygen probes 
in high-temperature furnaces (to control atmosphere). Environmental sensors 
also fall in this category, e.g. dust or particulate sensors measuring soiling 
levels on PV panels, or weather station sensors measuring humidity and 
pollutants that might affect solar collection. 
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    In all, these chemical and environmental sensors ensure that the supporting fluids 
and conditions in energy systems are optimal. For solar applications, this can mean 
monitoring the chemical stability of a thermal fluid (pH/conductivity to detect 
degradation), ensuring environmental compliance (emission sensors in any fossil 
backup systems), and tracking factors that influence performance (like the clarity of 
the atmosphere or the presence of dust and pollutants which can be inferred from 
local air quality measurements). 

    Each instrument and sensor plays a defined role in the overall system, and together 
they allow engineers to measure, monitor, and control the solar energy conversion 
process with confidence. 
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2. Measurement Accuracy and Uncertainty 
 

2.1 Precision, Accuracy, Resolution, Repeatability 

    When evaluating measurements, it’s important to distinguish several related 
concepts: accuracy, precision, resolution, and repeatability. These terms describe 
different aspects of measurement quality. 

 Accuracy refers to how close a measured value is to the true or accepted value 
of the measurand. An accurate measurement system has little systematic error 
or bias. For example, if a thermocouple thermometer reads 100.0°C when the 
true temperature is 100.0°C, it is very accurate. In practice, accuracy is often 
quantified as an error (difference from true value) or as a percentage of full-scale 
or reading. High accuracy is crucial in solar applications when comparing 
measured performance to theoretical predictions or standards, e.g. when an 
irradiance sensor must be accurate within ±1% to ensure fair performance 
evaluation of a PV plant. 

 Precision refers to the consistency or repeatability of measurements, how close 
repeated measurements are to one another, regardless of the true value. It reflects 
the degree of random error (scatter). A highly precise instrument will give very 
similar results every time under the same conditions. For instance, if a 
pyranometer gives readings of 501, 500, 502 W/m² in constant sunlight (true 
value say ~500 W/m²), it has high precision (small spread). Precision is often 
quantified by the standard deviation of readings. Importantly, an instrument can 
be precise but not accurate if it consistently misses the true value (due to bias). 
This scenario is common if a sensor is well-built (low random noise) but out of 
calibration. In contrast, one that is accurate on average but with large scatter is 
low precision. Engineers desire both high precision and high accuracy for 
reliable measurements. In the context of solar energy, precision matters for 
detecting small changes or trends, e.g. a precision pyranometer can detect minute 
fluctuations in sunlight that might affect output, whereas an imprecise one might 
obscure those fluctuations in noise. 
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Figure 10: Probability density curve - comparison of Accuracy and Precision 

 Resolution is the smallest change in the measurand that an instrument can detect 
or display. It is essentially the instrument’s “fineness” of discrimination. For 
digital instruments, resolution is often determined by the least significant digit 
or bit (for example, a voltmeter that reads to 0.01 V has a resolution of 0.01 V). 
For analog instruments, it can be limited by the smallest scale division or by 
factors like pointer thickness and human estimation. High resolution is needed 
to observe small variations. For example, a data logger might record irradiance 
to 0.1 W/m² resolution. However, resolution alone does not guarantee accuracy. 
An instrument can display many decimal places (fine resolution) but still be 
wrong if not accurate. A practical visual: consider a ruler with millimeter marks 
(resolution = 1 mm) versus one with only centimeter marks (resolution = 10 
mm), the former can resolve smaller differences in length. In solar applications, 
resolution can affect the clarity of data: a temperature sensor with 0.1°C 
resolution will show tiny thermal oscillations that a 1°C-resolution sensor might 
miss. Yet, if the sensor’s accuracy is ±2°C, those decimals might be somewhat 
misleading. Thus, resolution should be commensurate with accuracy and the 
needs of the measurement task. 

 Repeatability is closely related to precision, but specifically denotes the ability 
of the same instrument or method to produce the same results under identical 
conditions over a short timescale. A measurement has good repeatability if, when 
you measure the same quantity multiple times in quick succession (same 
operator, same instrument, same environmental conditions), the readings cluster 
tightly. Reproducibility is a related concept describing agreement under 
changed conditions (different operator, different instrument of same type, or 
longer time interval, etc.). In other words, repeatability = consistency in one 
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setup; reproducibility = consistency across setups. High repeatability implies 
low random error in a controlled scenario. For example, if an irradiance sensor 
is placed under a stable lamp and reads 800.5, 800.7, 800.6 W/m² in successive 
trials, it has excellent repeatability (variation only ~0.02%). If another sensor of 
the same model under the same lamp also reads ~800.6 W/m², the measurement 
is reproducible across instruments. Repeatability is often quantitatively 
expressed as a standard deviation or range in the short-term readings. Many 
instrument datasheets specify “repeatability ±X” separate from accuracy. Good 
repeatability is essential for detecting meaningful changes: e.g. if you measure a 
solar collector’s outlet temperature hourly and each measurement has ±0.1°C 
repeatability, a 1°C rise between hours is significant; but if repeatability were 
±2°C, a 1°C change may be swamped by measurement noise. 

    To illustrate accuracy vs. precision graphically, one often uses a target analogy. 
Imagine four scenarios of a technician measuring the output of a solar cell multiple 
times (the true value is the bullseye):  

    (a) Low accuracy, low precision: readings are scattered and far from true (like 
darts widely dispersed around the target, not near the bullseye), perhaps a poorly 
calibrated irradiance sensor with a lot of noise;  

    (b) High precision, low accuracy: readings are tightly clustered but offset from 
true (like a tight cluster of darts away from the bullseye), this could be a consistently 
biased thermocouple;  

    (c) High accuracy, low precision: readings average to the true value but with a 
large spread (darts all around the bullseye on average, but widely spread), perhaps a 
sensor that’s calibrated on average but has high short-term noise;  

    (d) High precision, high accuracy: readings tightly clustered at the true value (a 
tight cluster on the bullseye), the ideal case. 

    In metrology terms, the ISO defines trueness to denote closeness of the average 
of many measurements to the true value (related to accuracy in sense of no 
systematic error), and precision to denote closeness of each measurement to the 
others (small random error). An accurate measurement system requires both high 
trueness (low bias) and high precision (low scatter). 
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Figure 11: Low accuracy with low and high precision 

    In summary: 

 Accuracy = correctness (freedom from bias). 

 Precision = consistency (freedom from random scatter). 

 Resolution = fineness of measurement increments. 

 Repeatability = ability to replicate results (short-term precision under same 
conditions). 

    All these factors play a role in data quality. For instance, in a solar resource 
assessment campaign, one needs a pyranometer with high resolution (to detect fine 
changes in irradiance), high precision and repeatability (so that real solar 
fluctuations can be distinguished from instrument noise), and high accuracy (so the 
measured irradiance corresponds to true solar input, enabling correct energy yield 
predictions). If any one factor is lacking, the usefulness of the data suffers, e.g. a 
non-repeatable sensor might trigger false alarms, and an inaccurate sensor might 
mislead decisions (such as incorrectly estimating a PV plant’s efficiency). 

 

2.2 Types of Errors and Uncertainty Analysis 

    No measurement is exact, all measurements have errors and uncertainty. It is 
vital for engineers to understand error sources and to quantify the overall uncertainty 
in a measurement. 
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Systematic vs. Random Errors 

    Broadly, errors in measurement are classified as systematic or random. 
Systematic errors (biases) are repeatable, predictable deviations that cause 
measurements to be consistently off in the same direction. These can arise from 
instrument calibration errors, drift, environmental influences that consistently skew 
the reading, or flaws in the measurement method. For example, if a thermometer 
consistently reads 1.5°C high (perhaps due to a zero-offset in the electronics), it has 
a systematic error. Systematic errors affect accuracy/trueness, they shift all 
readings away from the true value. They can often be detected and corrected by 
calibration or comparing with reference standards. In a solar context, if a 
pyranometer is mis-leveled, it might always read low by a few percent (systematic 
bias), until corrected by proper leveling. Random errors, on the other hand, are 
stochastic fluctuations that cause scatter in repeated measurements. They arise from 
noise in electronic circuits, variability in reading conditions, observer estimation, or 
any inherently unpredictable influence. Random errors affect precision, they make 
individual readings vary, even if the average may still be on target. For instance, 
electronic noise might make a current sensor’s output fluctuate by ±0.2% around a 
steady value, or turbulence in fluid flow causes a flowmeter reading to jitter. These 
errors can be characterized statistically (by standard deviation, etc.) but not 
eliminated entirely, though they can be reduced by techniques like averaging 
multiple readings or improving instrument design. 

     It’s important to note that some error sources might have both systematic and 
random components. Environmental factors often do: e.g., ambient temperature 
changes might systematically bias a strain gauge (if not temperature-compensated), 
and also introduce random noise as the environment fluctuates. Instrumental 
causes include things like hysteresis (where the instrument’s response depends on 
previous readings), non-linearity, or wear, which usually create systematic 
deviations; and resolution limitations or internal electrical noise, which appear as 
random variation. Observational and procedural errors (relevant in manual 
measurements), like parallax error reading an analog scale or timing errors with a 
stopwatch, can be systematic (if consistently off in one direction) or random (if 
varying each time). 

 

Uncertainty Analysis 

     Whereas “error” implies a known or assumed true value minus measured value, 
measurement uncertainty is a formal quantification of the doubt about the 
measurement result. Since we seldom know the true value exactly, we express how 
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uncertain we are about the measured value. According to the International 
Vocabulary of Metrology (VIM), uncertainty is “a parameter that characterizes the 
dispersion of values that could reasonably be attributed to the measurand”. In 
practice, one might report a measurement as:  

Y=y±U 

where y is the measured value and U is the expanded uncertainty, often given at a 
95% confidence level (coverage factor k=2). For example, a solar irradiance 
measurement might be stated as 500 W/m² ± 5 W/m² (at k=2, meaning we are ~95% 
confident the true value lies within 495-505 W/m²). 

    The process of determining U is uncertainty analysis, which involves identifying 
all significant sources of uncertainty and combining them. These sources can 
include: 

 Instrument calibration uncertainty: Even after calibration, the reference itself 
has some uncertainty, and the instrument might deviate between calibrations. For 
instance, a thermocouple calibrated to ±1°C introduces that as a component. 

 Resolution uncertainty: If a voltmeter reads to nearest 0.1 V, there’s an inherent 
±0.05 V (uniform distribution) uncertainty from rounding the true value to that 
resolution. 

 Environmental influences: e.g. temperature coefficients of the instrument, if 
the instrument is used at a temperature different from calibration, a known spec 
(say 0.01%/°C) can add uncertainty. In solar farms, sensor temperature effects 
are significant; pyranometer readings can shift with sensor temperature, so one 
must account for that. 

 Repeatability (random) uncertainty: The variability observed when repeating 
the measurement. If you took 10 readings of a PV module’s voltage and saw a 
standard deviation of e.g. 0.2 V, that contributes uncertainty. Statistical Type A 
evaluation covers this. 

 Method and computational uncertainty: For example, if you are calculating 
flow from two measured pressures and a temperature (as in an orifice flow 
meter), the uncertainties in those inputs propagate to the result via a formula. 

    An uncertainty budget is a structured table listing each source of uncertainty, its 
estimated magnitude (often as a standard deviation), and how it contributes to the 
final result. Sources are typically categorized as Type A (evaluated by statistical 
analysis of measured data) or Type B (evaluated by other means, like manufacturer 
specs or reference data). For example, consider measuring the length of a solar panel 
with calipers: sources in the uncertainty budget might include caliper calibration 
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error, caliper resolution (reading to 0.01 mm), cosine error if the jaws are not 
perfectly perpendicular, thermal expansion (if the panel or caliper is at a different 
temperature than standard), and repeatability of the measurement technique. Each of 
these would be estimated (in mm) and combined (usually by root-sum-square if 
independent) to yield an overall standard uncertainty. Finally, a coverage factor is 
applied to get expanded uncertainty for a desired confidence level (commonly 95%). 
In formula form, if we have independent uncertainty components u1, u2, …, un (as 
standard deviations), the combined standard uncertainty uc is:  

𝑢௖ = ට𝑢ଵ
ଶ + 𝑢ଶ

ଶ + … + 𝑢௡
ଶ  

If we want 95% confidence and assume normal distribution, we report U = 2*uc 
(since k=2 gives ~95% for normal distribution). 

    For a practical solar example: suppose we measure the efficiency of a PV module 
by measuring incident irradiance I and output power P. Uncertainties might be: u(P) 
from the wattmeter (e.g. ±2%), u(I) from the pyranometer (e.g. ±3% after 
calibration), plus uncertainties from aligning the pyranometer (cosine error if the 
sun’s angle isn’t perfectly accounted) and temperature differences (since module 
performance is temperature-dependent, one might include an uncertainty for not 
measuring temperature exactly). These are combined to get an uncertainty in the 
efficiency calculation. The result might be something like “Measured module 
efficiency = 19.5% ± 0.7% (95% confidence)”. This tells us the range in which the 
true efficiency likely lies, acknowledging all the contributing uncertainties. 

 

Error vs. Uncertainty 

    It is worth distinguishing that error is the deviation of a single measurement from 
true value (conceptually, if true value is known), whereas uncertainty is our 
quantified doubt about the value we report. We usually don’t know the true error, but 
we can estimate uncertainty. A good measurement practice is to minimize systematic 
errors (through calibration and corrections) and random errors (through improved 
instruments and methods), and then transparently state the remaining uncertainty. As 
the ISO GUM (Guide to Uncertainty in Measurement) emphasizes, “uncertainty is 
a quantitative expression of doubt”. 

    Understanding uncertainty is crucial for decision-making. In solar energy 
projects, for instance, when doing resource assessment, one might find that the 
annual solar irradiation at a site is 2100 ± 50 kWh/m². This uncertainty could 
influence financial models and risk assessment for the project. In a laboratory, if a 
new solar cell efficiency is measured with small uncertainty, one can more 



23 

confidently claim a world-record efficiency; if uncertainty is large, the result might 
not be distinguishable from previous records. Uncertainty analysis also guides where 
improvements are needed, for example, if the largest contributor to uncertainty in a 
solar collector test is the flow meter, one might invest in a better flow meter or 
calibration to reduce that component. 

    In summary, systematic errors degrade accuracy (and must be corrected or 
accounted for), random errors limit precision (and can be mitigated by averaging or 
better instruments), and a thorough uncertainty analysis combines all effects to give 
a credible interval for results. The goal in engineering metrology is to reduce errors 
where possible and honestly quantify the remaining uncertainty so that engineers 
and stakeholders can make informed decisions with a known level of confidence in 
the measurements. 

 

2.3 Instrument Calibration Basics 

 

Why Calibration is Necessary 

    Instruments are rarely perfect out of the box and can change over time. 
Calibration is the process of configuring an instrument to provide a result for a 
sample within an acceptable range. This is typically done by comparing the 
instrument against a higher-accuracy reference under specified conditions and 
determining the correction or adjustment needed. Calibration serves multiple 
purposes: it establishes traceability to national/international standards, ensures 
readings are accurate, makes measurements consistent across different instruments 
and labs, and builds confidence in the results. Essentially, calibration answers the 
question: “How wrong is my instrument, and how can I correct or account for it?” 

    In practice, calibration might involve applying a known input (a standard) to the 
instrument and recording the instrument’s output. For example, to calibrate a 
thermocouple thermometer, one might use an ice point cell (0.00°C) and a boiling 
point or a dry block calibrator at, say, 100°C, comparing the thermocouple reading 
to the known temperatures. Any deviations are noted, and an adjustment or 
calibration curve is created. Some instruments allow physical adjustment (e.g. 
turning a screw, entering an offset in software) to make them read correctly at the 
calibration points. Others are left as-is but accompanied by a calibration report or 
certificate stating the errors so the user can correct readings mathematically. 
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Traceability and Standards in Calibration 

     As discussed, calibration links an instrument to higher standards. A proper 
calibration is done using reference standards that themselves are calibrated (with 
smaller uncertainty), this unbroken chain is what gives measurements their 
credibility. For instance, a field pyranometer might be sent to a calibration lab where 
it’s tested against a reference pyranometer that is directly traceable to the World 
Radiometric Reference (the primary standard for solar irradiance). The calibration 
certificate will often list the uncertainty of calibration and the conditions (e.g. 
calibrated at 1000 W/m², 25°C ambient). By using the calibrated instrument, one can 
claim measurements that are traceable to SI units (watts, volts, etc.) via that chain. 

Calibration in Practice (Procedure): Calibration typically follows a procedure: 

1. Pre-calibration check: The instrument may be inspected for damage, warmed 
up if needed, and zeroed if applicable. 

2. Apply known inputs: For a range of values covering the instrument’s span, 
known inputs are applied. This could be electrical signals (for a voltmeter, you’d 
apply precise voltages via a calibrator), or physical conditions (for a temperature 
sensor, put it in stable temperature baths; for a pressure gauge, use a dead-weight 
tester generating known pressures). 

3. Record readings vs. true values: The instrument’s indication is recorded and 
compared to the standard’s value. 

4. Compute errors: The difference (or ratio, etc.) gives the instrument’s error at 
each point. Often a calibration curve is fit if the error is not constant. 

5. Adjustment (if permitted): If the instrument can be adjusted (many modern 
devices have an internal calibration mode), it may be adjusted to minimize 
errors, then rechecked. Some calibrations simply document the error without 
adjustment (typical for more stable instruments, to avoid frequent tweaks). 

6. Report and certify: A calibration certificate is issued, showing the results, the 
uncertainty, traceability, date, and due date for next calibration. 

    Calibration frequency depends on how stable the instrument is and how critical 
the measurements are. Some solar plant sensors might be calibrated annually (for 
example, pyranometers are often recommended for annual recalibration or at least 
verification every two years). Critical lab instruments might be calibrated before and 
after a set of tests. 
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Effects of Calibration on Measurement Confidence 

    When an instrument is properly calibrated, its systematic error is known and can 
be corrected, and its uncertainty is reduced. This dramatically improves confidence 
in the measurements. For example, an uncalibrated pressure transducer might have 
an unknown offset and a manufacturer-stated accuracy of ±2% FS. After calibration, 
you might determine it actually has a +1.0 psi bias which you correct in software, 
and the remaining uncertainty might drop to ±0.5% FS (because the calibration 
process also tightens knowledge of its behavior). Now when you measure, say, 
50.0 psi in a solar thermal loop, you can be confident the true pressure is around 50.0 
± 0.25 psi instead of ±2 psi, a significant improvement in reliability. 

    In solar resource measurement, instrument calibration is essential to minimize 
uncertainty and ensure data integrity. For instance, a slight mis-calibration in a 
solar irradiance sensor can lead to a large error in estimated annual energy yield for 
a PV plant. By calibrating that sensor to international standards (like the World 
Meteorological Organization’s protocols), the bankability of the data improves 
(financiers trust the measurements). Indeed, standards like IEC 61724-1 for PV 
monitoring require that Class A pyranometers have calibration uncertainty ≤2%. 
Regular recalibration accounts for sensor drift over time, many sensors gradually 
change (solar sensors can degrade due to UV exposure, for example). Recalibration 
brings them back in line or at least quantifies how far off they’ve drifted so the data 
can be corrected. 

 

Calibration Example - Pyranometer 

    A pyranometer (measuring global solar irradiance) typically has a sensitivity in 
µV/(W/m²). Over time, its sensitivity might shift due to aging of its black coating. 
In calibration, the pyranometer is placed next to a reference under the same sun, and 
its reading is compared. If previously it output 10 mV for 1000 W/m² (sensitivity 
10 µV per W/m²), and now it only outputs 9.8 mV under the same irradiance, the 
calibration will update its sensitivity to 9.8 µV/(W/m²). Applying this new factor 
corrects future readings. The calibration certificate would indicate something like 
“instrument reads 2% low; apply factor 1.02 to readings” with an uncertainty maybe 
of 0.5%. After such calibration, data from the pyranometer will be more accurate, 
and performance ratios or efficiency calculations that use that data will also be more 
accurate. 
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Calibration Hierarchy and Standards Compliance 

    Many industries follow standard calibration practices (e.g., ISO 17025 accredited 
labs for calibration). In the solar industry, compliance with standards (ISO, ASTM, 
IEC, etc.) is often required for data used in official performance guarantees or 
research publications. For example, using ISO/IEC 17025 accredited calibration for 
temperature sensors in a solar thermal experiment gives confidence to reviewers or 
clients that the temperature data is trustworthy. The metrological traceability 
pyramid underscores that when your instrument is calibrated in a chain up to 
national standards, your measurements become comparable worldwide. Two labs 
measuring solar cell efficiency in different countries can trust each other’s results if 
both use calibrated instruments traceable to standards (like reference cells calibrated 
by a national metrology institute). 

    In conclusion, calibration is an investment in measurement quality. It eliminates 
or quantifies systematic error, thereby improving accuracy, and it reinforces the 
credibility of measurements through traceability. A well-calibrated instrument gives 
engineers confidence that deviations observed are real (not artifacts of a mis-reading 
device) and that control decisions (like adjusting a process temperature) are based 
on correct data. In the realm of solar energy and other industries, regular calibration 
and adherence to metrological standards are not just bureaucratic steps but 
fundamental practices to ensure that measured data reflects reality, enabling sound 
engineering judgments and innovations built on reliable information. 
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3. Temperature Measurement Techniques 
 

3.1 Thermocouples, RTDs, and Thermistors 

    A thermocouple consists of two dissimilar metal wires joined at a junction; when 
this junction is at a different temperature than the other ends, a small voltage is 
generated (Seebeck effect) proportional to the temperature difference.  

 

Figure 12: Thermocouple sensor 

 

 

Figure 13: RTD sensor 
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Figure 14: Thermocouple schematics 

 

    This thermoelectric voltage is only on the order of microvolts per degree, so 
thermocouples produce millivolt-level signals and require amplification. Resistance 
Temperature Detectors (RTDs) operate on the principle that a metal’s electrical 
resistance changes with temperature in a predictable way. A platinum RTD 
(commonly Pt100 with 100 Ω at 0 °C) increases its resistance nearly linearly as 
temperature rises (positive temperature coefficient); measuring its resistance allows 
inference of temperature. Thermistors are temperature-sensitive resistors made 
usually from semiconductor metal oxides; they exhibit a large change in resistance 
with temperature (much larger slope than RTDs) but over a narrower range. Most 
thermistors are NTC (Negative Temperature Coefficient), meaning resistance 
drops exponentially as temperature increases a small temperature increase causes a 
large resistance drop around ambient temperatures. Thermistors thus have very high 
sensitivity (typically tens or hundreds of ohms per °C) in a limited range (often 50 °C 
to 150 °C). 

    Thermocouples come in various types designated by letter (e.g., Type K: 
Chromel-Alumel, Type J: Iron-Constantan, Type T: Copper-Constantan, Type R/S: 
Platinum-Rhodium alloys, etc.), each with different usable ranges. Base-metal types 
like K and J cover roughly -200 °C up to 700-1260 °C, while noble-metal types (R, 
S, B) can measure to ~1600-1700 °C. A Type K (Nickel-Chromium/Nickel-
Aluminum) is one of the most common, operating from about -200 °C to +1260 °C 
with a sensitivity ~41 μV/°C.  
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Figure 15: RTD sensor reading (picture by REALPARS) 

 

Figure 16: Type-K Thermocouple voltage vs Temperature 

    Thermocouple output is nonlinear over large spans; for small spans it can be 
approximated linear, but generally polynomial conversion or lookup tables 
(standardized by NIST/IEC 60584) are used to convert voltage to temperature. RTDs 
are typically made of high-purity platinum (due to its stable, nearly linear resistance-
temperature behavior). Standard platinum RTDs (Pt100 per IEC 60751 Class B) 
measure approximately -200 °C to +650 °C with excellent accuracy (±0.1% of 
reading or better). RTDs have lower absolute sensitivity than thermistors (a Pt100 
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changes about 0.385 Ω per °C at 0 °C), but they are highly stable and reproducible. 
Thermistors are made of ceramic semiconductor materials (mixtures of oxides of 
manganese, nickel, cobalt, etc.), often in bead or disc form. They typically cover  
-50 °C to +150 °C (some special types up to 250-300 °C) with very high sensitivity 
in that range. However, thermistors are highly nonlinear (resistance follows an 
exponential curve) and require linearization techniques or calibration for precise use. 

 

Use Cases in Solar and Energy Systems 

 Solar Thermal Systems: Thermocouples are common for high-temperature 
measurements such as monitoring receiver tube or molten salt temperatures in 
Concentrated Solar Power (CSP) plants, since they withstand hundreds of °C 
(even up to ~1000 °C for Type K or N). For example, Type K or Type N 
thermocouples measure the heat transfer fluid outlet temperature from a solar 
trough field (~400 °C) or central receiver (~500-600 °C) where RTDs would 
exceed their range. RTDs, on the other hand, are often used in moderate 
temperature ranges of solar thermal loops, e.g. measuring water or oil 
temperatures up to 300 °C with high accuracy to control heat exchanger 
performance. In solar water heating systems (≤150 °C), platinum RTD sensors 
(Pt100/Pt1000) or even thermistors may monitor collector outlet and storage 
tank temperatures, balancing accuracy and cost. 

 

Figure 17: Comparison of RTD vs Thermocouple (picture by REALPARS) 

 Battery Packs: Battery management systems typically use NTC thermistors to 
monitor cell and pack temperatures. Thermistors’ small size and high sensitivity 
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around room temperature make them ideal for detecting the subtle temperature 
rise of a lithium-ion cell under load or charge. They are inexpensive and can be 
placed in contact with cells, providing fast response to overheating conditions. 
In some cases where high accuracy is needed over a wider range, digital IC 
temperature sensors or RTDs might be used, but thermistors remain most 
common for batteries due to cost and simplicity. 

 Environmental Monitoring: For ambient air or environmental temperature 
measurements (e.g. weather stations in a solar plant), RTDs or thermistors are 
widely used. RTDs (Pt100, Pt1000) in Stevenson screens or shielded housings 
provide precise and stable air temperature readings for performance monitoring 
of PV or solar thermal systems. Thermistors (properly linearized) can also be 
used in meteorological sensors for ambient temperature and are often found in 
digital temperature/RH probes for environmental data logging. Compared to 
thermocouples, RTDs and thermistors are preferred in environmental monitoring 
because their accuracy in the -50 °C to +50 °C range is superior (thermocouples’ 
±1-2 °C uncertainty would be relatively high for fine climate measurements). 
Thermocouples might appear in specialized contexts like soil temperature 
profiles (if large range needed) but generally are less common in routine 
environmental sensing. 

 

Sensitivity and Accuracy Considerations 

    Thermocouples have the widest temperature range and fastest response (small 
junctions can respond in <1 s) but are the least accurate of these sensors (typically 
±1-2 °C or 0.5% of reading). They require careful compensation for the reference 
junction. RTDs offer high accuracy and stability (±0.1 °C to ±0.5 °C accuracy for 
good industrial RTDs) and a fairly linear output, but are more fragile and expensive 
than thermocouples.  

    Thermistors provide very high sensitivity (able to resolve millidegree changes in 
narrow ranges) at low cost, but their strong nonlinearity and self-heating at 
measurement current can introduce errors. In practice, engineers often choose RTDs 
for precise measurements in the -200 to 300 °C range (e.g. monitoring a solar 
thermal storage tank temperature to within 0.1 K), thermocouples for very high or 
rapidly-changing temperatures (e.g. receiver tube surface or inside a furnace of a 
power tower, where a few degrees accuracy trade-off is acceptable for a robust 
sensor), and thermistors for localized or electronic applications (like battery or 
electronics temperature where range is limited but cost and size are critical). Table 
summarizes typical ranges and traits: 
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Table: Comparison of Common Temperature Sensors 

Sensor 
Typical 
Range 

Accuracy 
(typical) 

Response 
Time 

Notable Features 

Thermocouple 

-200 to 
1700 °C 
(type-
dependent)  

±1-2 °C 
(requires 
calibration & 
CJC)  

Fast (sub-
second 
with small 
junction)  

Self-powered; very 
rugged; low 
sensitivity (~10-
60 μV/°C); needs 
cold-junction 
compensation. 

Platinum RTD 

-200 to 
650 °C 
(Pt100 
IEC 60751)  

±0.1-0.5 °C 
(high 
precision)  

Medium 
(1-10 s in 
probe 
form) 

Highly linear over 
range; excellent 
stability; requires 
excitation current; 
more costly than 
TC. 

Thermistor 
(NTC) 

-50 to 
150 °C 
(typical)  

±0.2-1.0 °C 
(after 
calibration 
or 
linearization) 

Fast (0.5-
5 s, small 
bead) 

Very high sensitivity 
(~ -4%/°C near 
25 °C); inexpensive; 
highly nonlinear; 
can self-heat under 
current. 

 

3.2 Non-Contact Temperature Sensors (IR Thermometers, 
Pyrometers, Thermal Imaging) 

    Contact sensors like thermocouples and RTDs must physically touch the object, 
which isn’t always possible (for moving, very hot, or distant targets). Non-contact 
temperature sensors infer temperature by measuring thermal radiation (infrared 
emission) from a surface or object. These include infrared thermometers (spot 
pyrometers), optical pyrometers, and thermal imaging cameras. 

 

Infrared (IR) Thermometers / Pyrometers 

    A basic IR thermometer is a handheld or fixed device with a lens and detector 
sensitive to IR wavelengths (typically 8-14 μm band for general use). It measures 
the radiant energy coming from a small spot on the target and converts it to a 
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temperature reading, assuming a certain emissivity of the target surface. Pyrometers 
have been used historically for very high temperatures, for example, an optical 
pyrometer compares the brightness of a hot object to a calibrated filament to 
measure temperatures in furnaces (>700 °C) without contact. Modern IR 
thermometers are commonly used up to ~1000 °C (some specialized up to 2000 °C) 
to measure surfaces like running machinery, kiln interiors, or solar thermal receivers, 
without touching them. They provide nearly instantaneous readings and can be 
aimed at moving or electrically live objects. Emissivity is a critical parameter: if the 
surface is shiny or reflective (low emissivity), an IR thermometer may read 
incorrectly unless adjusted. For instance, a polished aluminum plate in the sun might 
appear cooler than actual if emissivity is not accounted for. Field practitioners often 
set emissivity on the device (e.g. ε=0.95 for most organic or painted surfaces) or 
apply a high-emissivity coating/tape on the target spot for accurate readings. In solar 
energy contexts, IR spot thermometers can quickly check panel or pipe temperatures, 
but are limited to one point at a time. 

 

Thermal Imaging Cameras 

    These are devices with an array of IR detectors (microbolometers) that produce a 
2D temperature map (thermogram) of the scene. A thermal camera can capture 
thousands of measurement points over an area, displayed as a false-color image 
where different temperatures are color-coded. This is extremely useful for 
identifying temperature non-uniformities. In solar PV systems, thermal imaging 
is a standard technique to find hotspots on PV panels, defective cells or connections 
heat up and show as bright (hot) spots in the IR image, indicating a problem. 
Maintenance teams use handheld or drone-mounted IR cameras to scan large solar 
arrays; a hotspot may only be a few °C warmer than surrounding cells, but that 
difference is easily visualized and alerts the operators to a faulty module or shading 
issue. Figure below is a conceptual thermal image of a PV module, where one cell 
appears hotter, indicating a potential hotspot fault. In CSP (Concentrating Solar 
Power) plants, thermal cameras monitor the surface temperature distribution of 
receiver tubes or central receiver panels. For example, in parabolic trough plants, an 
IR camera system like NREL’s Thermal Scout can survey thousands of absorber 
tubes to spot any that are underperforming or leaking heat. Thermal imaging allows 
operators to ensure uniform heating, any significant cold or hot patches can be 
addressed (e.g., realigning mirrors or replacing a damaged receiver). These systems 
often integrate with software and even drones to automate large-scale scanning. 
Thermal cameras also find use in building energy audits (detecting heat losses in 
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insulation or faults in solar water heater piping), demonstrating the broad usefulness 
of thermography in energy systems. 

 

 

Figure 18: Thermal image of Solar panel 

 

Applications and Considerations 

    Non-contact sensors excel in measuring moving or inaccessible objects. For 
instance, rotating kiln temperatures, solar absorber tubes on tall towers, or high-
voltage electrical components in a PV inverter can be measured without shutdown. 
They also have fast response (virtually real-time for IR detectors) and do not perturb 
the object (no heat loss through a probe). However, they measure surface 
temperature (radiative temperature) which may differ from internal temperature. 
For example, an IR thermometer aimed at a fluid pipe gives the outer pipe 
temperature, not the fluid inside, unless the pipe is very thermally conductive or one 
corrects for it. Emissivity and environmental factors (dust, humidity, background 
reflections) can introduce errors. In solar fields, a common challenge is adjusting for 
solar reflection: a thermal camera might pick up reflected sky or sun if viewing a 
shiny PV panel at certain angles. To mitigate this, inspections are often done under 
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consistent conditions (e.g., front side of PV at noon when sun reflection is minimal, 
or using filters/sunshades on the camera). 

 

Pyrometers for High Temperatures 

    In solar concentrators reaching extreme temperatures (like solar furnaces or 
research setups up to 1000+ °C), special ratio pyrometers or multi-wavelength IR 
sensors are used. These measure radiation in two wavelength bands and compute 
temperature while compensating for unknown emissivity by using the ratio of the 
two signals. Such devices are used to monitor the temperature of solar receiver tubes 
(which can be ~600 °C) or thermal energy storage surfaces without contact, ensuring 
they don’t overheat beyond material limits. Some CSP installations incorporate fixed 
pyrometric sensors aimed at the receiver to continuously monitor its temperature 
during operation. 

    In summary, non-contact temperature measurement is an indispensable 
complement to contact sensors in solar engineering. IR thermography in particular 
has become a vital diagnostic tool: for PV operations, thermal images quickly 
reveal defective modules, and for CSP, they verify efficient heat absorption 
across receivers. While using these devices, engineers must account for surface 
emissivity and environmental effects. Calibration sources (like a blackbody 
reference) are often used to calibrate IR cameras on-site to ensure accuracy. In short, 
IR thermometers and cameras allow temperature monitoring at a distance, 
improving safety and enabling coverage of large areas in solar farms that would be 
impractical to instrument with contact probes. 

 

3.3 Temperature Calibration and Error Sources 

    Precise temperature measurements require calibration of sensors and an 
understanding of error sources. Calibration ensures the sensor’s reading corresponds 
to true temperature values according to standards (like the ITS-90 international 
temperature scale). Common calibration techniques and error considerations 
include: 

 

Fixed-Point Calibrations (Ice Point, Boiling Point) 

    One of the simplest calibration references is the ice point (0 °C). By immersing a 
sensor in a well-stirred mixture of pure ice and water, one creates a 0 °C reference; 
a thermocouple or RTD can be adjusted to read 0 °C under those conditions. 
Similarly, the boiling point of water at standard pressure provides ~100 °C (though 
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barometric pressure variations cause small changes, so a more controlled reference 
like a water triple point cell (0.01 °C) or a steam point under controlled pressure 
is used in high-precision labs). For quick field checks, an ice bath is practical for 
0 °C calibration of thermometers. Dry block calibrators are portable devices that 
can generate stable temperatures across a range (say 30 °C to 650 °C depending on 
the model). You insert the probe into a well in the metal block and compare its 
reading to the block’s set temperature (which is monitored by a built-in reference 
thermometer). This allows calibrating field sensors at various points (e.g., 100 °C, 
200 °C, ... up to process operating temp) without needing messy fluids. Another 
method is using a high-precision reference thermometer side-by-side with the 
sensor under test in a controlled temperature bath or chamber. The reference 
thermometer (which itself is calibrated traceably to national standards) provides the 
true temperature, and the sensor under test can have its output adjusted or 
characterized against that. 

 

Thermocouple Specifics (Cold Junction Compensation) 

    Thermocouples measure temperature difference, not absolute temperature. The 
voltage they produce is proportional to the difference between the hot junction 
(measurement end) and the cold junction (where wires connect to measuring 
instrument). Thus, one classical calibration point is the ice point: traditionally 
thermocouple reference junctions were held at 0 °C (in an ice bath) so that the output 
voltage directly corresponded to the measured temperature above 0 °C. Modern 
instruments use electronic cold junction compensation (CJC), a thermistor or RTD 
measures the terminal temperature and adds an equivalent voltage as if that junction 
were at 0 °C. When calibrating thermocouples, one must ensure the CJC is accurate; 
e.g., if a thermocouple reads 100.0 °C in a 100 °C oil bath, the room-temperature 
cold junction compensation must be correct or else a bias occurs. Calibration of 
thermocouples often involves measuring known temperatures (like 0 °C, 100 °C, 
etc.) and generating an error curve or applying standard polynomial corrections to 
improve accuracy. 
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Figure 19: Cold Junction Compensation Concept 

 

RTD and Thermistor Calibration 

    These sensors are typically calibrated by placing them in a stable temperature 
environment along with a standard thermometer. For RTDs, calibration might 
involve measuring resistance at ice point (R₀ at 0 °C) and at another point (e.g., the 
steam point) to determine the slope (calibration constant α). High-accuracy lab 
calibrations use fixed-point cells (like pure zinc freezing point ~ 419.527 °C, tin at 
231.928 °C, etc.) to calibrate SPRTs (Standard Platinum Resistance Thermometers) 
which in turn serve to calibrate field RTDs. Thermistors often require individual 
calibration if high absolute accuracy is needed: a multi-point calibration can be done 
(e.g., at 0 °C, 25 °C, 50 °C) to fit the Steinhart-Hart equation for the thermistor’s 
resistance-temperature curve. 

 

Error Sources and Mitigation 

    Key sources of error in temperature measurement include sensor drift, non-
linearity, self-heating, and environmental influences: 

 Drift: Over time and use, sensors can drift from their original calibration. 
Thermocouples can drift significantly at high temperatures due to oxidation or 
metallurgical changes in the wires, for example, Type K thermocouples exposed 
to >1000 °C in air may develop inhomogeneities that change their output by 
several degrees over time. Regular calibration checks or replacement is 
necessary in such cases. RTDs can drift if subjected to mechanical shock or 
overshoot beyond their rated temperature (platinum RTDs are quite stable, but 
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insulation resistance degradation at high temp can introduce error). Thermistors 
may drift if they undergo excessive heat or thermal cycling, though in many 
applications their stability is good enough if not used near their material limits. 

 

Figure 20: Sensor Calibration and Measurement Setup 

 Non-linearity and Linearization: As noted, thermocouple output is non-linear; 
the error from assuming linearity can be several degrees over a wide span. 
Modern instruments or microcontroller-based systems often apply a polynomial 
linearization or use lookup tables (per NIST standard coefficients) to convert raw 
voltage to temperature. RTDs have a slight non-linearity described by the 
Callendar-Van Dusen equation; many systems simply treat them as linear over 
limited ranges or apply a quadratic correction for wider range. Thermistors are 
highly non-linear (their sensitivity in °C⁻¹ changes with temperature), so 
linearization is critical if using them for analog readings. Commonly a series or 
parallel resistor is used to linearize a narrow range, or the microprocessor uses 
the Steinhart-Hart equation to compute temperature from resistance. Proper 
linearization not only improves accuracy but simplifies calibration (the 
calibration can be done in the linearized domain, e.g. calibrate the output of a 
linearized transmitter in °C). 

 Self-Heating: When a current runs through an RTD or thermistor to measure 
resistance, the electrical power can heat the sensor itself above ambient. This 
causes a positive error (sensor reads higher than true ambient). RTDs usually use 
low excitation currents (1 mA or less) to keep self-heating below, say, 0.1 °C 
(depending on the medium: in air a typical RTD might self-heat more than in 
well-stirred liquid). Thermistors, having higher resistance, use even smaller 
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currents, but because they are so sensitive, self-heating can still be an issue. 
Good practice is to calibrate with the same measurement current that will be used 
in practice, or explicitly correct for self-heating. Some circuits use pulsed or 
intermittent excitation to minimize the duty cycle and allow the sensor to cool 
between readings. 

 Lead Wire and Circuit Errors: For RTDs, the resistance of lead wires can 
introduce error. A 2-wire RTD simply has the sensor and leads in series, so any 
lead resistance adds directly to measured value (which can be significant if long 
cables). This is why 3-wire and 4-wire RTD configurations are used: they 
allow cancellation or true sensing of the voltage drop across the RTD element, 
eliminating lead influence. During calibration, especially for 3- or 4-wire RTDs, 
one must ensure the calibration apparatus measures the RTD in the same wiring 
configuration or simulate it appropriately. Thermocouples’ lead wires must be 
correct type or compensating cable; using a copper extension lead on a 
thermocouple introduces a new junction that can create error if not at uniform 
temperature. 

 Environmental Effects: Ambient temperature changes can affect the 
measurement instrumentation. For instance, the cold junction compensation in a 
thermocouple readout must accurately track ambient; if the electronics warms in 
the sun, the thermocouple reading could shift. Some precision thermocouple 
reference junction enclosures are thermally insulated or even actively controlled 
at a fixed temperature to eliminate this error. Electrical noise is another factor: 
thermocouple’s microvolt signals are susceptible to EM interference. Using 
twisted, shielded thermocouple extension wires and low-noise amplifiers with 
filtering is necessary. Integration time (or filtering) can average out AC noise 
(many temperature systems use 50/60 Hz notch filtering). In high EMI 
environments (like near inverters in a PV plant), using a 4-20 mA transmitter 
attached to a thermocouple or RTD at the source can greatly reduce noise 
problems (the transmitter outputs a robust current signal representing 
temperature;). 

 

Calibration Frequency and Traceability 

    Temperature sensors used in critical measurements (e.g., for performance 
guarantee tests or for safety monitoring) should be calibrated on a schedule. A typical 
schedule might be annually for RTDs and thermistors, and perhaps more frequently 
for thermocouples used at high temperatures (due to drift). Calibration should be 
traceable to national standards (e.g., NIST in the USA or NPL in UK). This means 
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the reference instruments or fixed-point cells used have known accuracy linked to 
international standards. In an academic context, students might perform an ice-point 
calibration lab, learning to generate a calibration curve. In industry, one might send 
instruments to an accredited lab for calibration or use in-house calibration baths with 
reference thermometers that are themselves calibrated periodically (as required by 
ISO/IEC 17025 standards for calibration labs). 

    In summary, careful calibration (at multiple points spanning the measurement 
range if possible) and understanding of error sources are crucial to ensure accuracy 
in temperature measurement. Environmental conditions in solar plants, e.g. large 
ambient temperature swings, electromagnetic noise from inverters or trackers, and 
the presence of strong sunlight, all require robust sensor installation and frequent 
verification. By using proper techniques (like CJC for thermocouples, 4-wire 
measurements for RTDs, and field checks with reference sensors), engineers can 
achieve reliable temperature data for monitoring and controlling solar energy 
systems. 

 

Quiz - Temperature Measurement: 

1. Why might an RTD be chosen over a thermocouple for measuring a solar water 
heating tank around 100 °C? 

Answer: Because RTDs provide higher accuracy and stability in the 0-200 °C 
range and a near-linear output, ensuring precise monitoring of water 
temperature. The tank temperature is moderate (well within an RTD’s range), so 
the superior accuracy of the RTD (±0.1-0.5 °C) is preferable to a thermocouple’s 
±2 °C uncertainty. Additionally, at 100 °C a thermocouple’s advantage of high 
range is not needed, and the RTD’s better sensitivity and no need for cold-
junction compensation make the measurement more straightforward. 

2. A K-type thermocouple and a Pt100 RTD both read 250 °C in a calibration bath. 
After one year of use in the field, the thermocouple reads 252 °C in the same 
bath while the RTD reads 250.2 °C. What is the likely reason for the 
thermocouple’s larger drift? 

Answer: Thermocouples tend to drift due to metallurgical changes (oxidation, 
contamination) at high temperatures. The K-type likely experienced alloy 
degradation or inhomogeneity over the year, causing a small output shift (reading 
higher by 2 °C). RTDs (especially platinum) are more stable over time at 
moderate temperatures, so its reading remained almost unchanged. This 
illustrates thermocouple drift as an error source. Regular recalibration or 
replacement of the thermocouple would be needed to maintain accuracy. 
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3. What is “cold-junction compensation” and why is it needed in thermocouple 
measurements? 

Answer: Cold-junction compensation (CJC) is a technique used to account for 
the temperature of the thermocouple’s reference junction (the point where the 
thermocouple wires connect to copper instrument terminals). Thermocouples 
measure a temperature difference, the output voltage corresponds to the 
difference between the hot (measured) junction and the cold junction. Standard 
thermocouple tables assume the cold junction is at 0 °C. In practice, the cold 
junction may be at ambient (e.g. 25 °C); CJC adds a correction by measuring 
that junction temperature (with a sensor) and adding the equivalent 
thermocouple voltage that would be generated from 0 °C to that temperature. 
This ensures the thermocouple reading reflects the true absolute temperature at 
the hot junction. Without CJC, a thermocouple would read too low or high 
depending on ambient temperature changes, since the reference end is not held 
at 0 °C. 
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4. Pressure Measurement Instruments 
 

4.1 Manometers, Piezoelectric Sensors, and Strain Gauge Pressure 
Sensors 

 

Mechanical vs Electronic Pressure Sensing 

    Pressure can be measured by mechanical deformation of an element or by 
converting pressure to an electrical signal via transducers. Traditional manometers 
use liquid columns to measure pressure differences, whereas modern electronic 
sensors use materials like strain gauges or piezoelectric crystals that produce 
electrical output under pressure-induced stress. 

    A manometer is essentially a U-shaped tube filled with a fluid (often water, oil, 
or mercury) that balances pressure against a column height. One end of the U-tube 
is connected to the pressure source and the other to a reference (often atmosphere or 
another pressure). The difference in fluid column heights directly relates to the 
pressure difference by hydrostatic law Δp = ρ·g·Δh. For example, a water column 
10 cm high indicates about 0.98 kPa pressure difference. Manometers are simple 
and very accurate for low to moderate pressures. They serve as primary standards 
in calibration (mercury manometers in labs can measure pressure with uncertainty 
of ~0.1% or better, as the calculation depends only on well-known density and 
gravity constants). In solar applications, manometers might be used in laboratory 
settings or for calibration of transducers rather than in the field, because they are not 
portable for large systems and pose practical issues (e.g. mercury is hazardous, and 
inclination is needed for fine resolution at low pressures). However, one could use a 
manometer to measure small differential pressures, such as pressure drop across an 
air filter in a solar HVAC system or to manually check the calibration of a low-
pressure sensor in a solar thermal loop expansion tank. Their strengths: no power 
needed, inherently linear, and immune to electrical interference. Trade-offs: They 
are bulkier, limited to relatively low pressures unless tall columns or high-density 
fluids are used, and not convenient for remote reading or fast transients. In high-
temperature solar plant environments, manometers wouldn’t be practical for 
continuous monitoring, but they might appear in field calibration kits (e.g., a water 
or oil manometer used to verify a pressure transmitter’s reading at a couple of 
points). 
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Figure 21: Manometer 

 

Elastic Deformation Gauges (Bourdon, Bellows, etc.) 

    Before fully electronic sensors, many industrial pressure gauges used mechanical 
elements that deform under pressure. For example, Bourdon tubes (curved metal 
tubes that straighten as internal pressure rises), bellows, and diaphragms have been 
widely used. These devices convert pressure to a deflection or motion that can drive 
a pointer or be sensed by a transducer. While not explicitly listed in the heading, it’s 
worth noting that Bourdon gauges remain common (like the round dial pressure 
gauges on pipes and tanks). They are purely mechanical, robust, and require no 
power, useful as local indicators or backups to electronic sensors in solar thermal 
plants (e.g., a Bourdon gauge on a heat transfer fluid line to show pump pressure). 
However, they typically only indicate at the location and can suffer from vibration 
or temperature effects (the gauge accuracy might be ±1-2% of full scale). 
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Figure 22: Unbonded Wire Strain Gage 

 

Strain Gauge Pressure Sensors 

    These are electronic sensors where a mechanical sensing element (such as a 
diaphragm) converts pressure into strain, which is then converted to an electrical 
signal by strain gauges. Typically, a thin diaphragm (made of steel, silicon, or 
ceramic) deflects slightly under pressure. Strain gauges (tiny resistive foils or 
semiconductors) are bonded to the diaphragm; as the diaphragm stretches or 
compresses, the gauges change resistance. They are arranged in a Wheatstone bridge 
circuit so that the small resistance changes produce a measurable voltage output 
proportional to pressure. Strain-gauge transducers are extremely common in 
industry, covering vacuum to very high pressures (on the order of MPa or hundreds 
of bar). In a solar plant, one might use a strain-gauge pressure transmitter to monitor 
HTF (Heat Transfer Fluid) pressure in the solar field pipes (ensuring it’s within 
pump and pipe specs) or to measure the steam pressure in a CSP power block 
(which could be around 100 bar in a turbine loop). These sensors require power and 
signal conditioning but offer remote electronic readout and integration with control 
systems (SCADA/PLC). They are also robust to continuous use and can be made 
with materials for high temperature. For example, a strain gauge sensor with a 
cooling element or remote diaphragm could measure 400 °C oil pressure in a trough 
plant. Design trade-offs: The thickness and material of the diaphragm influence the 
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range and sensitivity,  a thicker diaphragm handles higher pressure but is less 
sensitive (produces smaller strain per bar), whereas a thinner one is more sensitive 
but can only handle lower pressures. There is also a trade-off in frequency response: 
strain gauge sensors can measure static and dynamic pressures, but extremely fast 
transients might be limited by diaphragm resonance or the signal conditioning 
bandwidth (still, they can easily handle common fluctuations like pump pulsations 
or valve operations). They tend to have a small drift over time (often needing zero 
recalibration occasionally) and can be affected by temperature (thus many include 
temperature compensation in the strain gauge bridge to maintain accuracy over a 
range of ambient/medium temperatures). 

 

Piezoelectric Pressure Sensors 

    Piezoelectric materials (like quartz or certain ceramics) generate an electric charge 
when stressed. Piezoelectric pressure sensors exploit this by using a crystal that 
gets stressed by pressure (often via a diaphragm or piston transferring the force to 
the crystal). The generated charge or voltage is proportional to the pressure change. 
Importantly, piezoelectric sensors can only detect dynamic or transient pressures, 
not static DC pressures, because the charge dissipates and at steady pressure the net 
charge returns to zero (unless connected to special high-impedance circuits that hold 
the charge briefly). Thus, piezoelectric sensors are ideal for fast-changing 
pressures: e.g., measuring pressure oscillations or pulses in a flow, acoustic 
pressure, engine cylinder pressure, etc. In a solar context, piezoelectric sensors might 
be used in R&D or diagnostics, for example, to measure high-frequency pressure 
fluctuations in a fluid line caused by pump vibrations or to measure the sound 
pressure of steam flow for detecting two-phase flow. They have an extremely fast 
response (high resonant frequency, in kHz range), so they can capture pressure 
spikes that strain-gauge sensors might miss. However, they cannot measure steady 
state pressures reliably (e.g., you couldn’t use a piezoelectric sensor alone to 
measure the constant 10 bar in a solar collector loop; it would just drift to zero 
output). They also require high impedance amplifiers (often charge amplifiers) and 
are more commonly used in laboratory or engine monitoring settings than in 
everyday industrial control loops. In summary, use piezoelectric sensors for 
dynamic measurements (vibrations, pulsations), and strain-gauge sensors for 
static or slowly varying pressures. 
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High-Temperature and Fluid Circuit Applications 

    In solar plants, especially CSP, we encounter high-temperature fluids (oil, 
molten salt, steam) whose pressure must be measured for both control and safety: 

 In a molten salt tower, pressures might not be extremely high (the salt is usually 
near atmospheric pressure in the receiver panels and storage tanks), but reliable 
sensors are needed at ~565 °C. Strain-gauge transmitters are often used with an 
intermediate cooling element or by mounting remotely via a capillary (to keep 
the sensor electronics cooler). Special high-temp pressure transducers can 
measure up to ~600 °C by using ceramic diaphragms and separating the 
electronics. 

 In parabolic trough systems, synthetic oil runs around 10-20 bar at 300-400 °C 
in the field. Standard industrial pressure transmitters (strain-gauge type) rated 
for 400 °C service with appropriate stainless steel diaphragms are used. For 
instance, monitoring the outlet pressure of each loop to detect if a loop is blocked 
or a valve malfunctioned. 

 Steam circuits in solar power plants (like the boiler and turbine throttle in a CSP 
plant) operate at high pressures (maybe 50-100 bar, depending on the design). 
Strain gauge pressure sensors with ranges up to those levels would be installed 
on steam drums, pipe manifolds, etc., often with siphon tubes or cooling to 
protect them from direct steam heat. These sensors feed the data to the plant’s 
DCS (distributed control system) for regulating and safety interlocks. 

 Manometers might be seen in solar HVAC systems: for example, a manometer 
(or its modern equivalent, a Magnehelic gauge) across an air handler filter to 
measure pressure drop (which indicates when the filter is dirty). Or a U-tube 
manometer could be temporarily hooked to measure pressure drop along a piping 
run when commissioning a solar thermal system, to verify pump head and 
friction losses match design. 

 

Design Trade-offs 

 Manometer: +Highly accurate, simple, no calibration drift; Not electronic, 
impractical for high pressure or fast changes. 

 Strain-gauge sensor: +Measures static and dynamic pressure, electrical output 
for control systems, compact; Requires excitation power, susceptible to 
temperature effects and needs calibration (typically ±0.1-1% accuracy). 



47 

 Piezoelectric sensor: +Excellent for high-frequency pressure fluctuations (fast 
response, up to MHz in some); Cannot read static pressures, requires specialized 
readout, typically used in analysis not control. 

 

4.2 Pressure Transducers and Signal Conditioning 

    When we need to convert pressure into an electrical signal for monitoring or 
control, we use pressure transducers (or transmitters). A transducer contains the 
sensing element (like a strain gauge bridge or capacitive cell) and produces an 
electrical output (voltage, current, etc.) that corresponds to the pressure. Signal 
conditioning is then applied to make this output useful, standard, and robust against 
noise over long distances. 

 

Pressure to Electrical Conversion 

    In a strain-gauge transducer, as described, pressure flexes a diaphragm with strain 
gauges in a Wheatstone bridge. The raw output might be a small millivolt signal 
(e.g., 10 mV output at full scale for a 5 V excitation). Signal conditioning amplifies 
this to a higher level. Some sensors use piezoresistive silicon elements where the 
strain gauge is a doped silicon diaphragm itself, these often form part of an IC that 
can also amplify and temperature-compensate the output. Another technology is 
capacitive pressure sensors, where pressure changes the spacing between capacitor 
plates in a diaphragm, altering capacitance. This is common in low-pressure sensors 
(like for HVAC or barometric sensors) because capacitive sensing can be very 
sensitive at low deflections. The capacitance change is converted via an oscillator or 
bridge circuit to a voltage. Optical pressure sensors exist too (like interferometric 
or fiber Bragg grating types) but those are more exotic and used when isolation from 
electricity is needed (e.g., MRI or HV environments). 

 

Output Standards 

    Industry long ago standardized analog outputs for sensors to ensure 
interoperability. The most prevalent is the 4-20 mA current loop. A pressure 
transmitter with a 4-20 mA output will output 4.0 mA at 0% of its range and 20.0 
mA at 100% of its range (and proportionally in between). This current signal has key 
advantages: it is much less susceptible to voltage drop over long cable runs and to 
electromagnetic noise, because current remains constant regardless of cable 
resistance (within reason). It also inherently provides “live-zero” - i.e., 0% = 4 mA, 
so if you read 0 mA you know the loop is broken or power lost. In a solar plant, 
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virtually all field pressure transmitters (for HTF, steam, etc.) would use 4-20 mA 
signals feeding into the plant’s control system input cards. Another common 
standard is 0-10 V or 1-5 V outputs, especially for shorter runs or in HVAC systems. 
Voltage outputs are simpler to interface with (just measure with analog input), but 
they can suffer drop or noise over distance and typically require the receiving end to 
have high input impedance to avoid loading. Some modern sensors also have digital 
outputs (like RS485 with Modbus protocol, or fieldbus transmitters) allowing direct 
digital reading of pressure, but analog 4-20 mA remains very widespread due to 
simplicity and reliability. 

 

Signal Conditioning Elements 

    Whether the sensor’s output is a tiny mV bridge signal or a standardized 4-20 mA, 
certain conditioning steps are typically needed: 

 Amplification: For example, a strain gauge bridge output (0-50 mV) will be 
amplified by an instrumentation amplifier to, say, 0-5 V or directly to drive a 
current output. The amplifier must have low noise and drift. 

 Filtering: Pressure signals may contain noise (from mechanical vibration or 
electrical interference). A low-pass filter is often applied to smooth the output, 
especially if the pressure is used for control and the process doesn’t require high-
frequency components. For instance, a pressure control loop for a pump might 
filter out high-frequency oscillations that are not relevant for the control action. 
However, one must balance filtering with response time, too much filtering could 
hide a rapid pressure spike that’s actually important (like a water hammer event). 
In critical applications, two outputs might be provided: a filtered one for control 
and an unfiltered one for alarm detection of spikes. 

 Linearization and Compensation: Signal conditioners frequently include 
circuitry or digital correction for sensor non-linearity and for temperature effects. 
For example, a piezoresistive transducer’s zero might shift with ambient 
temperature, conditioning electronics use embedded temperature sensors on the 
sensor chip to correct this, yielding a spec like “temperature coefficient of zero 
< 0.01%/°C”. 

 Isolation: In many industrial systems, signal isolation is used to prevent ground 
loops and protect against high common-mode voltages. A pressure transmitter 
might electrically isolate its output stage from its input/mechanical side. This is 
especially relevant if the sensor is located on high common-mode voltage 
equipment (not typical for pressure, but for completeness, some sensors like in 
power plants might be on high potentials). 
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 Noise Immunity: Using current loops inherently improves noise immunity (since 
noise-induced currents are small relative to 4-20 mA). Additionally, twisted pair 
wiring is used, often with shielding grounded at one end, to minimize pickup of 
EMI. In solar farms, the environment can be noisy due to inverter switching (for 
PV) or large moving equipment; so pressure transmitter cables are often run in 
conduit or trays separate from high-power cables, and using shielded cable and 
proper grounding is standard. 

 Transient Protection: Field transmitters usually include surge protectors to guard 
against lightning or switching surges on the lines. This can be important in large 
outdoor installations like solar fields where long cable runs can pick up surges. 

    In summary, a “pressure transducer” typically refers to the sensing element plus 
basic signal output, whereas a “pressure transmitter” often implies a full package 
with 4-20 mA output and robust conditioning. The design of signal conditioning 
aims to output a standard, noise-free signal proportional to pressure, that a PLC or 
controller can reliably interpret. For example, a 0-10 bar pressure transmitter might 
output 4 mA at 0 bar and 20 mA at 10 bar. The control system receiving 12 mA 
knows the process is at 50% of span (5 bar). Standardizing this means any brand 
transmitter can interface with any controller analog input expecting 4-20 mA. 

 

Noise Filtering Example:  

    In a solar thermal plant, a pressure transmitter on a feedwater pump discharge 
might experience rapid oscillations due to pump impeller blades (e.g., a slight 
100 Hz ripple). The transmitter’s analog electronics might include a filter with a 
cutoff ~10 Hz to average out that ripple, so the control loop (which might operate at 
1 Hz) doesn’t see the full noise. However, a too-aggressive filter could also mask 
the onset of cavitation (which might also create pressure fluctuations). Thus, 
engineers choose filter time constants carefully. Sometimes digital damping settings 
are provided, e.g., one can configure the transmitter to have a “damping” of, say, 1 
second, meaning it effectively averages the pressure over 1 second. This is useful to 
stabilize readings on displays, etc., but can be turned off when high responsiveness 
is needed. 

 

Common Output Standards Recap 

    Besides 4-20 mA and 0-10 V, a few other standards include 1-5 V (which 
corresponds to 4-20 mA across a 250 Ω resistor), 0.5-4.5 V ratiometric (often in 
automotive sensors powered by 5 V), and digital protocols (I²C, SPI in sensors for 
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integration into PCB assemblies, or HART overlaid on 4-20 mA for smart 
transmitters that provide digital data superimposed on the current loop). The solar 
industry primarily uses the 4-20 mA or sometimes 0-10 V for plant-level 
instrumentation, as they interface with standard industrial control hardware. 

 

4.3 Pressure Sensor Calibration and Traceability 

    Just like temperature sensors, pressure instruments need calibration to ensure their 
readings are accurate and trustworthy. Calibration involves comparing the sensor’s 
reading to a known reference pressure and adjusting or documenting any deviation. 
For pressure, a hierarchy of calibration standards exists, from very fundamental 
primary standards to field check devices: 

 

Deadweight Testers (Primary Standard) 

    A deadweight tester is the classic primary standard for pressure calibration. It uses 
the equation  

𝑃 =
𝐹

𝐴
 

    The device has a piston of known cross-sectional area A. You load calibrated 
weights F = mg on it. The weights press down on the piston, which pressurizes fluid 
(oil or gas) in a chamber attached to the piston. At equilibrium (piston floating 
freely), the pressure in the chamber is exactly the force divided by area. Deadweight 
testers can generate highly precise pressures (with typical uncertainties on the order 
of 0.01% of reading or better). To calibrate a pressure transducer, you connect it to 
the deadweight tester’s output port, add weights to generate a series of known 
pressures (e.g., 0 bar, 5 bar, 10 bar…), and record the transducer’s readings. The 
difference tells you calibration corrections. Deadweight testers are often used in lab 
or instrument shop environments rather than out in the field directly (they are 
somewhat heavy and require careful leveling and warm-up). However, in a plant 
commissioning, one might bring a portable deadweight tester to calibrate high-
pressure transmitters (like 100 bar steam sensors) on-site or more commonly, remove 
the transmitter and bring it to the calibration lab. 

 

Laboratory and Field Calibration Procedures 

    In a lab, besides deadweight testers, one might use a precision pressure 
controller/calibrator, an automated device that can be set to various pressures and 
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has an internal accurate reference. For field or on-site calibration (for lower accuracy 
requirements), portable pressure calibrators are used, which often include a hand 
pump and a high-accuracy reference gauge. For example, to field-calibrate a 10 bar 
pressure sensor in a solar field pump station, an engineer might use a hand pump to 
apply pressure to both the sensor and a calibrated digital reference gauge 
simultaneously, and compare readings at several points (0, 5, 10 bar). If the sensor 
has an offset or span error, they adjust it via trim potentiometers or digital 
configuration if it’s a smart transmitter. Pressure sensor calibration typically 
includes checking linearity (do points in between fall on the line) and hysteresis 
(pressurize up and then down, to see if readings differ). In the lab, one also considers 
temperature effects, sometimes calibrations are done at room temperature and 
possibly at a couple of different temperatures to ensure the transmitter’s internal 
comp is working. 

 

Traceability 

    It’s important that the reference used (deadweight, reference gauge) is itself 
calibrated and traceable to national standards (e.g., NIST). Typically, a deadweight 
tester comes with a certificate indicating the exact mass of each weight and the 
effective area of the piston (with corrections for local gravity, temperature, etc.), so 
you can compute true pressure. Traceability means that if a solar plant’s pressure 
transmitter says 50.0 bar, that value can be related back through calibration steps to 
fundamental standards, giving confidence in measurements for performance 
guarantees or safety limits. 

    In high-pressure systems (like tens or hundreds of bar steam lines in power 
plants), calibration has safety aspects. Often you would calibrate the transmitter on 
a test bench rather than on the live system. If done in situ, the line has to be isolated 
and depressurized. Pressure calibration equipment must be rated above the 
maximum pressure to be generated, and hoses/fittings must be in good condition to 
avoid dangerous leaks or bursts. Technicians wear safety glasses and follow 
procedures to bleed pressure slowly, etc. Deadweight testers for high pressure use 
oil as fluid (since compressibility of oil is low and it lubricates the piston), but one 
must avoid introducing that oil into process lines that require cleanliness (hence 
usually calibration is done off-line or with adapters). 

 

Calibration of Different Sensor Types 

    For manometers or mechanical gauges, calibration might involve applying known 
pressures (using a calibrator or deadweight) and simply recording how far off the 
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gauge pointer is at certain points. They can often be adjusted by bending the Bourdon 
tube or turning an adjustment screw at zero, etc., though many Bourdon gauges are 
not adjustable for span, so one might just document the error. In practice, mechanical 
gauges are often just replaced if significantly off, rather than finely adjusted, unless 
they are high-end test gauges. 

 

Frequency of Calibration 

    Pressure sensors drift and require recalibration at intervals depending on usage 
and required accuracy. For a critical pressure transmitter in a solar thermal plant (say 
one that protects against over-pressure by triggering reliefs), an annual calibration 
check might be mandated by standards or insurance. Many plants calibrate critical 
instruments during scheduled outages. Less critical ones might go 2-3 years. Modern 
digital transmitters often have very minimal drift (like ±0.1% in 5 years), but 
calibration is still good practice. 

 

Documentation and Standards 

    Calibration should follow procedures, often laid out in standards (e.g., ISO 17025, 
or ISA guidelines). A calibration certificate is issued showing the “as found” 
readings, the correction applied or adjustment made, and the “as left” readings, along 
with environmental conditions (temperature during calibration, etc.) to provide full 
transparency. This is important for quality systems (ISO 9001) and for ensuring any 
decisions based on the instrument (like did pressure stay below the safety limit?) are 
defensible with evidence. 

    Suppose we calibrate a pressure transmitter used to measure DNI (direct normal 
irradiance) in a solar thermal plant’s weather station barometer (since irradiance 
calculations use atmospheric pressure). We might use a portable calibrator which 
itself was calibrated against a primary standard at 1013 mbar. Our transmitter reads 
1010 mbar when true is 1013, we adjust it. Because our calibrator has a certificate 
traceable to NIST, we can say our transmitter is now accurate to within ±0.5 mbar 
traceable to NIST. If later energy calculations require precise pressure, we have 
confidence in that number. 

   In summary, pressure sensor calibration ensures plant safety and performance. 
Techniques range from simple (manometer comparisons) to sophisticated 
(deadweight testers). By regularly calibrating and understanding the calibration 
chain, engineers keep the pressure measurements reliable, whether it’s maintaining 
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the exact pressure in a solar field’s heat transfer fluid to avoid pump cavitation, or 
ensuring a relief valve will open at the correct setpoint to protect equipment. 

 

Quiz - Pressure Measurement: 

1. A Bourdon tube gauge on a solar thermal oil line reads 15.0 bar, while a recently 
calibrated digital pressure transmitter nearby reads 14.5 bar. What could cause 
this discrepancy, and which instrument is more likely correct? 

Answer: Possible causes include calibration drift or hysteresis in the Bourdon 
gauge, parallax reading error on the dial, or the gauge being affected by ambient 
temperature (mechanical gauges can shift). The digital transmitter has been 
calibrated recently, so it’s likely more accurate. Bourdon gauges can easily be 
off by a few percent if not calibrated regularly. Thus the transmitter reading of 
14.5 bar is probably the true pressure, and the analog gauge is reading +0.5 bar 
high due to drift or calibration error. It would be wise to calibrate or replace the 
Bourdon gauge. 

2. Why is a 4-20 mA output often preferred over a 0-5 V output for pressure 
transmitters in large solar plant installations? 

Answer: Because a 4-20 mA current loop is less susceptible to electrical noise 
and voltage drop over long cable distances. The current signal ensures that even 
if the cable runs hundreds of meters or through electrically noisy environments 
(e.g., near inverters or motors), the reading remains accurate. Additionally, the 4 
mA “live zero” allows detection of wiring faults (if the loop breaks, signal goes 
to 0 mA which is an obvious fault). A 0-5 V signal, in contrast, can suffer voltage 
loss due to line resistance and interference from electromagnetic noise, and 0 V 
could mean either 0 pressure or a broken wire with no easy way to tell the 
difference. 

3. Describe how you would use a deadweight tester to calibrate a 0-40 bar pressure 
transmitter. 

Answer: First, I’d isolate the transmitter from the process and connect it to the 
deadweight tester’s pressure port. I’d ensure the tester is on a stable, level surface 
(for accuracy) and apply a light mineral oil in the chamber (typical for 
deadweight devices). With no weights, I’d confirm the transmitter reads zero (or 
note any offset). Then I’d place weights corresponding to, say, 10 bar and pump 
the tester until the piston floats (indicating equilibrium). At that point, the 
pressure is exactly 10.000 bar (corrected for local gravity and temperature as per 
the tester’s certificate). I’d record the transmitter output (mA or digital reading) 
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and adjust its zero/span if necessary to match 10.0 bar. I’d repeat at 20 bar, 
30 bar, and 40 bar, each time adding weights to achieve those pressures (floating 
the piston). I’d approach from below and perhaps also release pressure and 
approach from above to check for hysteresis. For each point, I compare 
transmitter reading to the known pressure from weights, and if there’s a deviation 
beyond acceptable error, I adjust the transmitter’s calibration (using trim controls 
or software) until it reads correctly at those test points. Finally, I document the 
“as left” readings showing the transmitter is within spec across the range, with 
the deadweight tester (traceable standard) as reference. Safety-wise, I’d be 
careful when venting pressure between points and handle the weights with clean 
hands (to not add errors). 
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5. Flow Measurement Methods 
 

5.1 Differential Pressure, Turbine, Ultrasonic, and Vortex Flowmeters 

    Measuring the flow rate of fluids (liquids or gases) can be achieved by various 
principles. Here we cover four common types, each with distinct working principles, 
pros/cons, and suitable uses in solar thermal loops and HVAC (Heating, Ventilation, 
and Air Conditioning) systems. 

 

Differential Pressure Flowmeters 

   These are based on Bernoulli’s principle, converting pressure difference to flow 
velocity. A restriction in the flow path (such as an orifice plate, venturi tube, or 
flow nozzle) causes a pressure drop that relates to the flow rate. For example, an 
orifice plate is a thin plate with a sharp-edged hole placed in the pipe; as fluid flows 
through the hole, its velocity increases and pressure drops. Upstream and 
downstream tapping points measure the pressure difference ΔP. The flow rate Q is 
then computed by  

𝑄 = 𝐶 ∙ 𝐴 ∙ ඨ
2∆𝑃

𝜌
 

for liquids (for gases, density ρ changes with pressure so compressibility is 
accounted). C is a discharge coefficient (~0.6 for a sharp orifice) that empirically 
accounts for non-idealities and depends on Reynolds number and orifice geometry. 
Venturi tubes are a smoother alternative: a venturi has a converging section, a 
throat, and a diverging section, which recovers pressure more efficiently. It produces 
the same principle, measure pressure at the inlet and at the throat (lowest pressure) 
to infer flow. Venturis have higher C (~0.98) and lower permanent pressure loss 
compared to an orifice. Flow nozzles are in between, somewhat streamlined orifices 
used in steam flow often. These DP flowmeters are very common in industrial 
settings, including solar thermal loops. For example, a parabolic trough plant might 
use an orifice plate flowmeter to measure the heat transfer oil flow through each 
collector loop as a way to monitor that flow is within design (ensuring proper heat 
pickup). Orifice meters are relatively simple and can be made from high-temp 
materials for hot fluids. In an HVAC context, DP flowmeters (like an orifice or pitot 
tube array) measure airflow in ducts or water flow in chilled water loops.  

    No moving parts (except needing a reliable differential pressure transmitter), well-
understood standard (e.g., ISO 5167 standardizes orifice/venturi calculations), and 
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can be very robust with high temperature and pressure. They also scale to large pipe 
sizes reasonably (especially venturis). But, they cause permanent pressure loss (an 
orifice can waste a lot of pumping energy by turbulence at the plate). Accuracy 
depends on maintaining calibrated conditions, e.g., it requires a certain upstream 
straight pipe length (typically 10-20 pipe diameters) to ensure a well-developed flow 
profile. At low flows (Reynolds number low), the discharge coefficient changes, so 
accuracy suffers if not designed for that range. If fluid properties change (density, 
viscosity) beyond what was expected, it affects the reading unless compensated. But 
in many contexts (like measuring water or oil flow where density is fairly constant), 
DP meters are workhorses. Solar thermal loops often operate in turbulent regime 
where orifice calibrations are stable (usually Re > 10^5). Additionally, DP meters 
have a square-root relationship between ΔP and flow, meaning at low flows the 
DP signal is very small relative to at high flows (which can limit turndown ratio, 
often about 3:1 or 4:1 is a practical turndown for orifices with good accuracy). 
Venturi meters have better turndown. 

 

 

Figure 23: Types of Flow Meters 
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Figure 24: Venturi Flow meter diagram - Venturimeter 

 

Turbine Flowmeters 

    A turbine flowmeter has a bladed rotor (like a small propeller) inside the flow 
stream. As fluid flows, it spins the turbine at a speed proportional to flow velocity. 
A magnetic or ultrasonic pickup senses the blade passing frequency, yielding a 
frequency output that is proportional to volumetric flow rate. Turbine meters provide 
a very direct and linear measurement of flow over a range. They are known for high 
accuracy (±0.5% of reading or better is common) and fast response. They work 
well with clean liquids (or gases, with appropriate correction for gas density). For 
instance, in a solar thermal test loop in a lab, a turbine meter might measure water 
or oil flow precisely to perform energy balance calculations (mass flow * Cp * ΔT). 
In an actual solar plant, turbine meters could be used on fuel lines (if a backup heater 
uses fuel) or on heat transfer fluid if it’s very clean. However, many HTF (like 
thermal oils) can be viscous at lower temperatures, affecting turbine meter 
performance (they are somewhat sensitive to viscosity and must be calibrated for it). 
Also, if the fluid can carry debris or if the pipe might rust, particles could jam or 
erode the turbine. Thus, turbine meters require clean fluid and sometimes a strainer 
upstream. In HVAC, turbine flow sensors are sometimes used in smaller liquid lines 
(like a building’s chilled water line) for their good rangeability.  

    High accuracy and repeatability, good for steady, clean flows. They can also 
handle a reasonably wide range (turndown 10:1 or more) if sized correctly. However, 
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moving parts mean potential wear, over time the bearing friction can increase or 
blades can get damaged, causing calibration drift. For example, a turbine meter in a 
solar field might slowly read lower as the rotor bearings wear (rotor spins slower for 
the same flow). They also are not great for fluids with changing viscosity or two-
phase flows (bubbles can upset the measurement). In high-temperature service, 
material selection is crucial (you need high-temp bearings, etc., which can be 
expensive). Typically, turbine meters might be found more in the balance-of-plant 
(like measuring fuel or water flows at moderate conditions) rather than directly in a 
400 °C oil line (where a DP or ultrasonic meter might be more robust). 

 

Ultrasonic Flowmeters 

    Ultrasonic flowmeters measure flow by sending sound waves through the fluid 
and examining their interaction with flowing fluid. There are two main types: 

 Transit-Time Ultrasonic: Two transducers are mounted on the pipe (clamped 
externally or inserted). They alternately send acoustic pulses, one downstream, 
one upstream. In a flowing fluid, a sound wave travels faster going with the 
flow and slower against the flow. The meter measures the time difference Δt 
between the downstream and upstream transit times. This time difference is 
proportional to flow velocity. Transit-time meters work well for clean fluids 
(liquid or gas) where ultrasound can propagate. They can be non-intrusive 
(clamp-on types attach to the outside of the pipe, very useful for retrofits or 
when drilling into the pipe is undesirable). For instance, in a solar thermal plant, 
clamp-on ultrasonic flowmeters might be used on large bore molten salt pipes 
or cooling water pipes for temporary measurements or even permanent if 
accuracy is acceptable. Modern multi-beam ultrasonic meters have 2-4 paths 
and can achieve high accuracy (±1% or better) on liquids. They have virtually 
no pressure drop and no moving parts, a huge advantage. For solar HVAC in 
buildings, clamp-on ultrasonics can measure flows in chilled water lines 
without cutting pipes, which is convenient. 

 Doppler Ultrasonic: This type is used for fluids with particles or bubbles. It 
sends an ultrasonic beam and looks at frequency shifts of reflections off moving 
scatters (particles, bubbles). The frequency shift (Doppler shift) gives velocity. 
Doppler flowmeters require some turbidity or second phase in fluid and are 
typically less accurate than transit-time, but can work where transit-time fails 
(like sewage or slurry). In solar context, Doppler is less common (most fluids 
in solar plants are kept clean; if measuring slurry like a thermal storage with 
phase-change material slurry, Doppler could be applied). 
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    Ultrasonic meters can handle very large pipe sizes (like in a solar power tower, 
the cooling water feed might be a 2 m diameter pipe, you can strap on ultrasonic 
transducers, which is far cheaper than building a huge orifice or mag meter). They 
also do not obstruct flow, so no pressure loss and no risk of inducing fouling. They 
can be made to handle high temperatures by clamping away from the hot fluid (with 
waveguides for the ultrasound, or just clamping on the insulation maybe). They also 
have good turndown, transit-time meters often have 20:1 or better turndown since 
time measurement techniques are advanced with digital electronics. But, the fluid 
must allow ultrasound propagation, for example, molten salt at 565 °C might be 
challenging for typical transducers (special high-temp couplants and transducers 
needed, plus sound attenuation in salt may be high). Similarly, for gas flow, transit-
time ultrasonics work but need a long path or high frequency for enough resolution, 
and usually multi-path designs to handle flow profile. They are relatively expensive 
compared to orifice plates or basic turbines. Clamp-on versions may be slightly less 
accurate (maybe ±2% in field conditions) and are sensitive to installation (need 
correct alignment and good acoustic coupling to pipe). But their non-intrusive nature 
often justifies them for measurement where you cannot afford pressure drop or pipe 
modifications. In solar thermal loops, where fluids are hot and somewhat dirty 
(thermal oils degrade over time making small bubbles/particles), one must ensure 
the chosen ultrasonic meter can handle that (likely still transit-time with proper 
frequency). 

 

Vortex Flowmeters 

    A vortex flowmeter utilizes the phenomenon of vortex shedding. When fluid 
flows past a bluff body (non-streamlined), it creates alternating vortices downstream, 
think of how a flag flaps in the wind due to vortices shedding off a flagpole. The 
frequency of vortex shedding is proportional to the flow velocity, over a wide range, 
given by 

𝑓 = 𝑆𝑡 ∙
𝑣

𝑑
     𝑤ℎ𝑒𝑟𝑒 𝑆𝑡 (𝑆𝑡𝑟𝑜𝑢ℎ𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟) 

is a dimensionless constant depending on body shape, d is the characteristic width 
of the bluff body, and v the velocity. In a vortex flowmeter, a bluff bar is mounted 
across the pipe, and a sensor (often piezoelectric or capacitive) detects the pressure 
oscillations or impulses from the vortices. Each vortex shedding corresponds to a 
pulse, so the frequency read by the sensor gives flow rate. Vortex meters have no 
moving parts (the bluff body is stationary and robust), so they combine some virtues 
of DP meters (robust, no moving mechanism) with a fairly wide flow range and 
digital pulse output like a turbine. They are versatile: commonly used for steam, gas, 
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and liquid flows. In a solar plant, a vortex meter might measure steam flow into the 
turbine, because vortex meters can handle high temperatures of steam (300+ °C) and 
high pressures, and remain accurate (±1% or so). They also don’t suffer as much 
wear as turbines in that service. For liquid HTF flow, vortex meters can also be 
used; e.g., measuring the flow of synthetic oil in a loop, a vortex meter would 
produce pulses proportional to flow. They typically can handle liquids with some 
variability (not too sensitive to viscosity within reason, unlike turbines). They do 
impose some pressure drop, but much less than an orifice (the bluff body might block 
~10% of cross-section). However, Vortex meters require a certain minimum flow 
(Reynolds number) to produce stable vortices. Below a cutoff (often Re ~ 5,000), 
the shedding may become erratic or stop, so they can’t measure extremely low flows 
well. They also can be susceptible to vibration, if the pipe vibrates at the vortex 
frequency, the sensor may pick that up falsely. Also, if the flow is pulsating, that can 
interfere with the stable shedding pattern. Another consideration: for very high 
viscosity liquids at low flow, vortex may not work (flow might go laminar around 
the bluff). But in solar applications (oil or water or steam) usually flows are turbulent 
enough. Vortex meters often require the same upstream straight pipe like orifices (to 
ensure a uniform approach flow to shed consistent vortices). Typically 30D 
upstream, 5D downstream is recommended if there’s a valve upstream etc., but some 
newer designs have flow conditioners built in. Vortex meters have a moderate 
turndown (maybe 10:1 with good accuracy). They output frequency so they often 
have built-in digital transmitter that converts to 4-20 mA or pulse output. For 
maintenance, they are relatively easy, no moving parts to recalibrate, but the sensor 
and bluff can degrade if fluid is aggressive or has solids (solid deposition on bluff 
could alter Strouhal number slightly, usually minor). 

 

Applicability to Solar Thermal Loops and HVAC 

    These loops often have large pipes (4-8 inches or more) carrying heat transfer 
fluid. Historically, orifice plates or venturis are used in such industrial loops. 
However, venturis are bulky and costly for large sizes, orifices waste energy but are 
simple. If accuracy is paramount, a venturi might be installed (especially in test 
facilities). Vortex meters have found use in steam generation side. If the HTF is very 
hot oil, a vortex could be used with temperature-rated design (and remote 
electronics). Turbines could be used in smaller loops (like a 2-inch line in a test), but 
for full plant scale the maintenance of turbines might be an issue. Ultrasonic clamp-
ons are attractive for large pipes as they can be installed without cutting, for 
example, a plant might retrofit clamp-on ultrasonic flowmeters to verify the 
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performance of an original orifice meter that might be suspect, or to provide 
additional measurement points for research without modifying piping. 

    In solar power plants or buildings with solar HVAC, measuring coolant flow in 
chillers or hot water flow in heating coils is necessary. Insertion turbine meters or 
vortex meters are common in HVAC (for example, a vortex meter on a building 
chilled water supply line). HVAC flows are moderate temperature (say up to 60 °C), 
so many options exist; electromagnetic flowmeters (not covered in detail here, but 
mag meters are great for water if conductive) often dominate HVAC water flow 
measurement. But if non-conductive fluids or if a mag isn’t available, vortex or 
ultrasonic can be used. 

    DP meters (orifice): sturdy, known tech, but pressure loss and lower rangeability; 
Turbine: high accuracy, but moving parts and needs clean fluid; Ultrasonic: no 
intrusion, flexible installation, but relatively high initial cost and need correct setup; 
Vortex: robust, handles wide fluid types (including steam/gas), moderate cost, but 
needs enough flow to work and can be noise-sensitive. 

 

5.2 Measurement of Flow Rate in Pipelines (Flow Profiles, Reynolds 
Number, Sensor Placement) 

    Flow rate measurements can be influenced strongly by the flow profile in the 
pipe, whether it’s laminar or turbulent, and how velocity is distributed across the 
pipe’s cross-section. Understanding these effects is key to proper sensor selection 
and placement. 

    In a fully developed laminar flow (Re < ~2300), the velocity profile in a pipe is 
parabolic: fluid at the center moves fastest (maximum velocity = 2× the cross-
sectional average velocity), and it slows to zero at the walls (no-slip condition). In 
turbulent flow (Re well above 4000, and most practical large-scale flows are 
turbulent), the profile is “flatter” across the middle and drops near the walls in a thin 
boundary layer. For turbulent flow in smooth pipes, the centerline velocity might be 
only ~10-15% higher than the mean velocity for Re ~100,000 and above. Why does 
this matter? Many flowmeters assume or are calibrated for a certain profile. For 
example, an orifice discharge coefficient is fairly constant once the flow is turbulent 
(because the shape of the jet and hence pressure drop is consistent). But in laminar 
regime, the orifice’s behavior changes significantly with Re, so using an orifice in 
laminar flow can yield large errors if you don’t apply corrections or measure Re. 
Similarly, a single point velocity measurement (like a pitot tube or an insertion 
thermal flow sensor) needs to know the profile to infer total flow. In laminar flow, 
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measuring the center velocity and assuming a turbulent flat profile would severely 
under-estimate flow (since laminar has much more variation). 

Reynolds number 

𝑅𝑒 =
𝜌𝑣𝐷

𝜇
 

 quantifies whether flow is laminar or turbulent (or transitional in between). 
Flowmeter calibration curves often specify an applicable Re range. For instance, 
vortex flowmeter Strouhal number is relatively constant above a certain Re (usually 
~5k or 10k), but at lower Re it might shift; thus, the meter might not have a specified 
accuracy below that flow. Orifice plates too: at very low Re, the discharge coefficient 
drops, so if one tried to use an orifice to measure a trickle flow (laminar), it would 
read quite inaccurately if you assume the standard coefficient. Manufacturers 
sometimes provide equations or curves to correct discharge coefficient in lower Re 
regime. Another example: electromagnetic flowmeters (not detailed earlier, but 
widely used for liquids) measure volumetric flow independent of velocity profile to 
first order (they integrate across pipe), but extreme flows (like laminar with 
asymmetry) can still introduce bias. 

    To ensure a predictable flow profile, it’s standard to install flowmeters with 
sufficient straight pipe upstream and downstream. Upstream disturbances like 
elbows, pumps, valves can skew the profile (create swirl or asymmetry). For 
example, two elbows out of plane can produce a swirling flow entering the meter, 
which for a vortex meter might cause asymmetrical shedding or for an orifice could 
shift the jet. Standards often call for 10-20 diameters of straight pipe upstream of an 
orifice, and 5 diameters downstream free of disturbances. Venturi tubes are a bit 
more forgiving due to gradual acceleration, but still ~5 diameters upstream 
recommended. Ultrasonic flowmeters (transit-time) can be affected by swirl because 
the path transit times assume no swirl. They often require flow conditioning (some 
clamp-on solutions suggest putting reflection mode to average swirl). Some 
ultrasonic meters come with built-in flow conditioners or you can install honeycomb 
straighteners upstream if space is limited. For insertion sensors (like a thermal 
anemometer or pitot tube that measures at one point in the pipe), placement is 
critical: one might insert at a point that yields the average velocity. In fully developed 
turbulent flow, roughly the 0.2 and 0.8 diameters from wall points often give near 
mean velocity (there’s a known “log profile”, but often an empirical approach is 
used). Some insertion sensors have multiple sensing points or a way to traverse and 
integrate. 
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Laminar vs Turbulent Flow Considerations 

    In solar heating systems, many flows are turbulent because pumps are sized that 
way (turbulent flow enhances heat transfer). However, low-flow scenarios could be 
laminar, e.g., a small bore piping in a low-flow experimental setup or early morning 
minimal circulation. If a flow sensor is calibrated for turbulent range, readings in 
laminar might be off. For custody or performance measurements, one ensures the 
meter is within its intended Re range or corrects for it. If one absolutely needs to 
measure laminar flows, different techniques like volumetric methods (positive 
displacement meters, or time-of-flight small volume measures) might be better, or 
using a laminar flow element (which is basically a flow device that forces laminar 
flow and uses differential pressure in laminar regime, stable but with known relation 
Q ~ ΔP * (1/μ)). 

 

Temperature and Density 

    In solar thermal loops, fluid density can change with temperature (oil expands 
~10% from cold to hot). Flowmeters that infer mass flow (like Coriolis or thermal 
meters) account directly, but something like an orifice measuring volume flow would 
actually see a change in ΔP if density changes (since ΔP ~ (ρ v2)/2 for same v). If 
mass flow is constant but fluid gets hotter and less dense, volume flow increases, 
which the orifice would correctly reflect in higher ΔP (because v increased). 
However, if one is expecting to measure mass flow, they might incorporate a density 
correction, e.g., tie in with temperature measurement of fluid to compute density and 
then mass flow = volume flow * density. Similarly in steam flow, density changes 
with pressure, so differential pressure meter for steam should include 
pressure/temperature compensation to compute mass flow. 

 

Sensor Mounting Orientation 

    Another practical aspect is orientation and avoiding two-phase flow or bubbles. 
For example, an orifice meter in a horizontal line can measure liquids fine, but if gas 
bubbles are present, they cause fluctuations or bias (a bubble passing lowers density 
locally and messes ΔP reading). Good piping practice might include air bleed valves 
so flow meters see single-phase flow. For steam (vapor) flow, you often get 
condensate, so impulse lines to the DP transmitter are filled with water (condensate) 
in both legs to ensure stable readings, using a “wet leg” setup. Sensor placement also 
should consider access for maintenance (e.g., can you pull out a vortex meter or 
clean an orifice). In solar plants, redundancy is sometimes applied: two flow sensors 
in parallel for important measurement (though usually just one due to cost). 
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Example - Solar Loop Flow 

    Consider a parabolic trough loop: They might place a Venturi tube in each loop’s 
supply line to measure oil flow. Upstream they ensure a straight run coming out of 
the main header, but if space is short, they might install flow straightening vanes. 
The venturi’s ΔP is measured with a DP transmitter; it’s calibrated for turbulent flow 
(Re ~ 1e5). At very low flow (during slow startup), that DP is tiny and not very 
accurate, but not crucial then. When at operating flow, it’s well within spec. They’d 
put taps at side or bottom with proper temperature tracing if needed (to avoid cooling 
in impulse lines). The transmitter might be temperature-compensated or the control 
system corrects for oil density at measured temperature to get mass flow (because 
ultimately energy transfer = mass flow * Cp * ΔT). 

 

5.3 Practical Flow Testing and Field Verification 

    Field engineers often need to test and verify flow sensors to ensure they are 
reading correctly, and sometimes measure flow without a permanent meter (for 
diagnostics or commissioning). Here are some practices and considerations. 

 

Verification Techniques: 

 Comparison Method: If a flowmeter is suspect, one straightforward method is to 
compare it against a secondary standard flow device. For liquids, a common 
approach is the bucket and stopwatch (or tank and timer) method: divert flow 
into a calibrated tank or drum for a known time and measure volume, calculating 
flow rate. In a solar thermal plant, this might be feasible for smaller auxiliary 
flows (like a heat exchanger coolant loop) but not for the main HTF (volumes 
too large and hot). But in HVAC loops, you might use a volumetric proving test 
on pumps by filling a tank. Another comparison is using a portable ultrasonic 
clamp-on meter on the same line, this gives an independent reading to compare 
to the installed meter. For example, if the permanent orifice says 100 m³/h and 
the clamp-on ultrasonic also reads ~100 (after calibrating it properly), that 
corroborates the orifice’s performance. If they differ by 10%, one is off, possibly 
the orifice could have damage or the transmitter zero drifted, etc. 

 Pump Curves: Sometimes flow can be inferred from pump characteristics: e.g., 
measure pump differential pressure and consult its head vs flow curve to estimate 
flow. This is not very precise (pump curves have tolerances and wear changes 
them) but can give a ballpark. In commissioning, they might do this to see if 
flows are in right regime before fine-tuning the actual meters. 
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 Tracer or Dye Dilution Tests: In some cases, especially large systems like 
cooling water, one can do a tracer test, inject a known amount of tracer (salt, 
dye, or heat) and see how it changes concentration or temperature downstream 
to calculate flow (this is more experimental but has been used where meters 
aren’t installed). 

 Dead flow check: If flow can be stopped, some meter zeros can be verified (e.g., 
vortex shedding stops, output should zero). If it doesn’t, maybe it’s noise or 
offset error. 

  

Field Calibration 

    Some flowmeters can be calibrated in place using provers (commonly for custody 
transfer of fuels, e.g., a pipe prover loops). In solar thermal, that’s not typical, but 
e.g., a water meter might be proved by a small volume prover on site if needed for 
critical measurements. More often, flowmeters are removed and sent to a calibration 
lab with a flow rig (for example, a turbine meter might be recalibrated yearly in a 
flow lab against a weigh scale or master meter). 

 

Safety Considerations  

    Flow testing often involves large volumes and potentially hot fluids. Before doing 
something like a bucket test or inserting a pitot tube, one must consider isolation and 
pressure. For hot HTF loops, opening the system is dangerous, those are handled by 
installed meters or clamp-ons; you wouldn’t do a bucket test with 400 °C oil! But 
you might do it with warm water in a solar heating system on a roof. Even then, 
coordinate to avoid scalding hazards. When using clamp-on ultrasonics on high 
elevation pipes, ensure secure working platform (technicians clamping on high pipes 
with hot fluids need protection). If verifying an orifice plate, checking impulse lines 
for blockage is a must, often differential flow errors come from one leg being 
plugged or wet when it should be dry, etc. That maintenance is done at depressurized 
conditions with proper PPE. 

 For air flow in ducts (solar HVAC), sometimes a pitot traverse is done: drilling 
holes and moving a pitot tube across the duct cross-section to measure velocity 
profile (like an array of points) and integrate to get flow. This must be done 
carefully (sharp probe in duct, ensure the fan is operationally safe, wear ear 
protection if ducts are loud, etc.). 
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Troubleshooting Examples 

    If a flowmeter reading seems off, field checks include: ensuring valves are fully 
open (sometimes a party-closed valve can cause high DP and confuse assumptions 
in manual calcs), checking zero of DP transmitters (close isolation valves to see zero 
drift), cleaning any strainers (a clogged strainer upstream can alter flow profile or 
cause cavitation that affects meter). 

 In one scenario, a solar plant noticed lower than expected heat transfer, 
suspecting flow issues, they found the vortex flowmeter had fouling on its bluff 
body from degraded oil. Cleaning it restored proper shedding frequency. 

 Another example: a clamp-on ultrasonic might read erratically if the pipe surface 
is rusty or not enough coupling gel. Reapplying coupling and sanding a smooth 
spot on pipe can fix signal. 

 

In-situ Meter Diagnostics: 

   Modern smart flowmeters often have diagnostics, e.g., a vortex meter might detect 
if its sensor is being continuously vibrated (not by vortices) and give an alarm of 
possible vibration interference or coating on bluff. Ultrasonic meters often measure 
signal gain, if gain is too high, maybe fluid is aerated or transducers not coupling 
well, so that diagnostic tells you to inspect. Using these diagnostics helps avoid 
complete removal for inspection. 

 

Redundancy for Important Flows 

   In very critical flows (like reactor cooling flows, etc., not so much in typical solar 
plants), multiple flowmeters in series or parallel can provide validation. In solar 
thermal, perhaps the main HTF flow to turbine is measured by both a DP Venturi 
and a magnetic flowmeter, they can cross-check each other. If one deviates, operators 
get a flag to calibrate. 

    For solar thermal loops, high temperature, single-phase liquid: DP meters 
(venturi/orifice) or ultrasonic or possibly Coriolis (if smaller lines, though Coriolis 
at large size is expensive) are common. For steam, vortex, orifice, or averaging pitot 
(Annubar) are typical. For solar farms with molten salt, ultrasonic has been tested 
because non-intrusive is nice for molten salt (no leak paths), or orifices with special 
materials. For PV panel cleaning water or HVAC flows, magnetic or ultrasonic 
clamp-ons often, but turbine if small and clean. Always weigh maintenance: e.g., do 
you have power and signal wiring available? A mechanical meter (like a variable 
area rotameter) might suffice for a simple coolant loop if you can visually inspect it. 
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    Flow measurement in practice requires not just picking a sensor, but ensuring the 
flow conditions are right (fully developed flow, appropriate Reynolds number), the 
installation is correct (straight runs, correct orientation), and verifying performance 
through calibration or field checks. Doing so ensures accurate flow data, which in 
solar applications means accurate energy balance calculations (since energy = mass 
flow * enthalpy difference) and proper control (like knowing the exact molten salt 
flow to charge a thermal tank to avoid overflow, or airflow in a solar cooling system 
to maintain temperature). 

 

Quiz - Flow Measurement: 

1. An orifice plate flowmeter is used in a solar thermal oil loop. If the oil flow rate 
drops into the laminar regime, what happens to the orifice’s accuracy? 
Answer: The orifice’s accuracy degrades significantly. In laminar flow, the 
relationship between ΔP and flow no longer follows the standard square-root 
formula with a constant discharge coefficient; the discharge coefficient changes 
with Reynolds number. Thus, the orifice will likely over-read or under-read 
(depending on calibration) because it was calibrated for turbulent conditions. 
Unless corrections are applied, the indicated flow could be quite wrong at low 
Re. In short, the orifice meter becomes unreliable in laminar flow conditions 
because its calibration is no longer valid. 

2. Why do flowmeters like venturis and vortex meters require straight pipe runs 
upstream? What might happen if a vortex meter is installed right after a sharp 
elbow? 
Answer: They need a well-developed, symmetric velocity profile upstream to 
ensure the flow sensor behaves as calibrated. Disturbances like elbows cause 
asymmetric velocity distribution and sometimes swirl (rotational flow). If a 
vortex meter is right after an elbow, the shedding of vortices might be irregular, 
e.g., one side of the bluff body getting more flow than the other or a swirling 
component causing uneven vortex formation. This can lead to erratic readings 
or a bias error. The meter might output a fluctuating flow signal or an inaccurate 
frequency because the Strouhal relationship assumes uniform approach flow. In 
the worst case, the vortex sensor might not detect stable vortices at all if the flow 
separation is disrupted. Therefore, without the recommended 10-20 diameters of 
straight run, the meter’s accuracy and repeatability suffer. 

3. During commissioning of a solar plant’s heat transfer fluid pump, you have no 
flowmeter installed yet. How could you quickly estimate the flow rate to ensure 
it’s in the expected range? 
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Answer: One could use the pump’s performance curve. By measuring the 
pump’s discharge pressure and suction pressure (to get the differential head) at 
the operating condition, then consulting the pump’s head-versus-flow curve, we 
can infer the approximate flow rate. For example, if the pump differential 
pressure corresponds to 30 m head on the curve, and the curve indicates 
~200 m³/h at that head, we estimate around 200 m³/h is flowing. This is a rough 
check. Additionally, if it’s feasible, a temporary ultrasonic clamp-on 
flowmeter can be installed on a straight section of the pipe to directly measure 
flow. If neither is available, one might do a time fill test (if there’s a downstream 
tank or volume), e.g., divert flow into a calibrated tanker for a short period and 
measure volume and time. But typically, using the pump curve is quickest for a 
ballpark value. This ensures the flow is in the expected order of magnitude before 
fine-tuning or installing permanent meters. 
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6. Electrical Signal Measurement 
 

6.1 Voltage, Current, Resistance, and Power Measurement 

    Electrical quantities like voltage, current, resistance, and power can be measured 
using both direct and indirect methods. In a direct measurement, the measuring 
instrument is connected into the circuit to directly sense the quantity. For example, 
placing an ammeter in series to measure current or a voltmeter across a component 
to measure voltage are direct methods. Direct techniques generally provide high 
accuracy but require physically interrupting or accessing the circuit, which can pose 
safety risks and possibly disturb circuit operation. In contrast, indirect 
measurement infers the quantity from a related parameter. Common indirect 
methods include using a current shunt or Hall-effect clamp sensor to measure current 
via the voltage drop or magnetic field, rather than inserting an ammeter. Indirect 
methods are non-invasive and safer (especially for high voltages or currents), though 
they may introduce calibration factors and slight precision trade-offs. In practice, 
engineers choose the method based on required accuracy and safety; for high-power 
PV arrays or grid-tied inverters, non-intrusive current transformers and voltage 
transformers are often used to isolate measurement devices from dangerous 
potentials. 

 

Figure 25: Keysight oscilloscope signal measurement 

    At the heart of electrical measurements is Ohm’s Law, which relates voltage (V), 
current (I), and resistance (R) as V = I·R. This fundamental law allows indirect 
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derivation of one quantity by measuring the other two. For instance, a common way 
to measure resistance is to source a known current and measure the resulting voltage 
(or vice versa), then compute $R = V/I$. Many digital multimeters leverage this 
principle in “ohmmeter” mode by applying a small test current to the unknown 
resistor and reading the voltage developed. Power (P) in DC circuits is computed as 
P = V·I. In AC systems, power measurement is more complex: it involves active 
power (in watts) and apparent power (in volt-amperes), related by the power factor. 
The power factor is defined as the ratio of active power to apparent power, 
describing how effectively electrical power is converted into useful work. A unity 
power factor (1.0) means all drawn power is doing useful work, whereas a lower 
power factor indicates the presence of reactive power (due to inductance or 
capacitance) causing a phase difference between voltage and current. Instruments 
called wattmeters or power analyzers measure AC power by sampling voltage and 
current waveforms, then computing real power (often via multiplying V and I and 
averaging over a cycle). In grid-connected solar inverters, maintaining power factor 
close to 1 is important for efficiency and grid compliance, modern inverters may 
even provide reactive power control to adjust power factor as needed. 

 

Figure 26: Phase alignment between current and voltage 

    In photovoltaic (PV) systems, direct measurements of panel output voltage and 
current are typically made under load to determine operating power (P = V·I). 
Indirect methods are also common: for example, a shunt resistor can sense PV string 
current by the small voltage drop across it, or a Hall-effect sensor can clip around a 
cable to measure current magnetically without touching the conductor. Battery 
systems (which provide DC power) rely on direct voltage measurements for state-
of-charge estimation, and sometimes indirect internal resistance measurements via 
techniques like impedance spectroscopy. For AC output of solar inverters, measuring 
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voltage and current with synchronized sampling is required to compute both real 
power and power factor. Overall, a combination of direct sensor readings and 
computations (using Ohm’s law and power formulas) enables complete electrical 
characterization of solar energy systems, from individual panel IV-curves to AC grid 
feed-in. 

 

6.2 Use of Multimeters, Oscilloscopes, and Probes 

    Digital multimeters (DMMs) are versatile instruments for basic electrical 
diagnostics. A multimeter can measure DC or AC voltage, current, and resistance 
directly, and many models include additional modes for continuity, capacitance, 
frequency, or temperature. The operating principle of a DMM typically involves an 
internal analog-to-digital converter that converts the input analog value (voltage or 
the voltage across a shunt for current, etc.) into a digital reading. When selecting a 
multimeter, one must ensure its range and category ratings are suitable, for example, 
measuring the high DC voltage of a PV string requires a meter rated for the open-
circuit voltage of the array (often 600-1000 VDC). For current, multimeters often 
have fuse-protected shunt inputs for direct measurement of smaller currents, and can 
also utilize clamp probes for larger AC or DC currents indirectly. The appropriate 
tool selection is critical: a handheld multimeter is ideal for steady-state 
measurements or troubleshooting wiring and connections, whereas an oscilloscope 
is needed for time-varying signal analysis. 

 

Figure 27: Multimeter 
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    An oscilloscope provides a time-domain visualization of voltage (and, with the 
right probe, current or other signals). Unlike multimeters which give a steady 
numerical reading (often an RMS or average value for AC), oscilloscopes plot the 
waveform, allowing engineers to observe transients, ripple, noise, or periodic wave 
shapes. This is especially useful in power electronics and solar inverters, where 
signals can be nonsinusoidal. Oscilloscopes can also measure frequency, phase 
differences, and with math functions can compute quantities like power. To measure 
current on an oscilloscope, one typically uses a current probe (e.g. a clamp-on Hall 
effect probe) or a shunt resistor. In fact, a scope indirectly measures current by 
sensing the voltage across a known resistor and applying Ohm’s law I = V/R. High-
frequency or high-voltage measurements (such as inverter switching waveforms) 
require special probes: a high-voltage differential probe can safely measure the full 
bridge output of an inverter, and a current probe can capture fast-changing current 
waveforms without disturbing the circuit. 

 

Figure 28: Oscilloscope 

    The selection between multimeter and oscilloscope depends on the measurement 
goals. For example, to check a battery bank’s voltage or a steady DC current, a 
multimeter offers quick and accurate readings. But to diagnose an AC mains quality 
issue or an inverter’s PWM switching behavior, an oscilloscope reveals time-domain 
details that a multimeter would average out. Often, both tools are used in 
complementary fashion during energy system diagnostics. One might use a DMM 
to verify that an inverter’s output voltage and frequency are within spec, then use an 
oscilloscope to inspect for any high-frequency voltage spikes or waveform 
distortion. Oscilloscopes also enable frequency-domain observation via FFT 
functions, useful for identifying harmonic content in inverter outputs or 
electromagnetic interference. 
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    When using these instruments, proper probes and techniques are important. For 
instance, when measuring small signals in the presence of high common-mode 
voltage (such as sensing a tiny shunt voltage in a high-voltage circuit), a differential 
probe or an isolation amplifier is needed to protect both the instrument and the user. 
Time-base and sampling settings on the oscilloscope should be adjusted to capture 
the phenomena of interest (a slow sweep to capture long-term trends, or a fast sweep 
to resolve microsecond transients). In all cases, safety and instrument ratings must 
be heeded, using a CAT III or CAT IV rated meter for electrical panels, keeping 
oscilloscope ground clips at true ground to avoid short circuits, and so on. By 
choosing the right instrument and setup, engineers can effectively troubleshoot and 
validate solar energy systems, from verifying PV string continuity with a multimeter 
to analyzing inverter switching transients with a high-bandwidth scope. 

 

6.3 Electrical Safety Procedures 

    Working with electrical measurements in solar industrial systems demands strict 
adherence to safety procedures. High voltages (such as several hundred volts DC 
from PV arrays or AC from grid-tied systems) pose risk of shock and arc flash, so 
engineers must use appropriate personal protective equipment (PPE) and safe 
work practices. Key PPE includes insulated gloves (rated for the system voltage), 
protective eyewear, flame-resistant clothing (arc flash suits as required by NFPA 70E 
for high incident energy levels), and insulated tools. Before any measurements or 
maintenance, isolation techniques should be employed to de-energize and secure 
the equipment. In practice, this means opening disconnect switches, isolating PV 
combiner boxes, and using procedures like Lock-Out/Tag-Out (LOTO) to ensure 
the circuits cannot be inadvertently re-energized. Lock-out devices (padlocks, multi-
hasp devices for group lockout) and warning tags are applied to breakers or 
disconnects so that no one can re-energize the system while work is in progress. 
Lockout-tagout hasp for group isolation (allows multiple padlocks). The LOTO 
procedure is mandated by OSHA regulations to prevent accidental energization and 
is extremely pertinent in solar facilities where multiple sources of energy (solar 
arrays, battery storage, and grid) may exist. For example, when servicing a PV 
inverter, one must not only open the AC breaker but also cover or disconnect the DC 
panels, even “turned off,” a PV array will output power in sunlight, so covering 
panels or using PV array disconnect switches is necessary to truly de-energize the 
system. 

    Safe handling of live circuits is sometimes unavoidable (for instance, testing 
voltage on a live inverter output). In these cases, workers follow stringent protocols: 
use of insulated test probes with minimal exposed metal, keeping one hand behind 
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back (“one-hand rule”) to avoid current passing through the heart, and standing on 
insulating mats. Tools with insulated handles and rated test equipment must be used. 
High-voltage solar installations, such as large PV farms or industrial energy storage 
systems, also require observing approach boundaries (limited and restricted 
approach distances as defined in electrical safety standards) and sometimes the 
presence of a safety observer when live work is being performed. 

    Additionally, arc flash risk must be managed. When switching or measuring on 
high-voltage/high-current circuits (like the DC bus of a large PV array or the AC 
main from a solar farm), an arc flash could occur if a short is accidentally created.   
Workers should perform an arc-flash risk assessment and wear appropriate arc-rated 
clothing and face shields if the calculated incident energy is above threshold. Many 
solar facilities post warning labels on combiner boxes and switchgear indicating 
required PPE levels. Prior to any live testing, equipment grounding should be 
verified to ensure no stray voltages, and temporary grounding straps may be applied 
after de-energizing (particularly for high capacitance systems, to safely discharge 
stored energy). Finally, any work on electrical systems should incorporate a 
methodical lock-out/tag-out checklist and voltage verification with a trusted meter 
to confirm zero energy before contacting wires. By following these safety 
procedures, PPE use, LOTO, verifying de-energization, and cautious live-handling 
techniques, engineers can greatly mitigate the hazards of working on high-voltage 
solar equipment and ensure a safe working environment. 
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7. Chemical and Environmental Sensors 
 

7.1 Gas Concentration Sensors, pH Meters, Conductivity Probes 

    Industrial and environmental monitoring often requires measuring chemical 
properties such as gas concentrations, fluid pH, or ionic conductivity. In solar-
thermal plants or battery systems, these measurements help ensure safety (e.g. 
detecting gas leaks) and process quality (e.g. water chemistry control). Gas 
concentration sensors come in various types depending on the target gas and range. 
One common category is the electrochemical gas sensor, used for gases like carbon 
monoxide, hydrogen sulfide, oxygen, etc. An electrochemical sensor typically 
consists of a sensing electrode, counter electrode, and often a reference electrode in 
an electrolyte. When the target gas diffuses into the sensor and reaches the working 
electrode, it undergoes a redox reaction (oxidation or reduction) which generates an 
electric current proportional to the gas concentration. The sensor’s external circuitry 
measures this micro-current, providing a ppm reading of the gas. Electrochemical 
sensors are valued for their specificity and linearity, for instance, a CO sensor will 
generate a current linear with CO concentration, simplifying calibration. They do 
require periodic calibration with known concentration span gases and eventual 
replacement as the reactive chemicals are consumed over time. 

    For combustible gases (like methane or hydrogen) and certain toxic gases, 
catalytic bead sensors or infrared (IR) gas detectors may be used. A catalytic bead 
sensor (pellistor) burns the gas on a heated element and measures the temperature 
change (which corresponds to concentration), while IR gas sensors measure 
absorption of infrared light at specific wavelengths characteristic of the gas (useful 
for CO₂, hydrocarbons, etc.). Each type has its calibration procedure, IR sensors need 
baseline/reference checks, and catalytic sensors must be calibrated with test gas and 
also require oxygen to function (they actually measure combustible content by 
burning a fraction of the sample). Calibration of gas sensors is critical in industrial 
settings: typically a two-point calibration (zero gas and a span gas) is performed. For 
safety monitors (like an H₂S monitor in a CSP plant’s thermal oil area), regular bump 
tests (exposure to a test gas to verify response) are mandated by safety standards. 
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Figure 29: Catalytic Bead Sensors 

    pH meters are used to measure the acidity or alkalinity of solutions, for example 
in water treatment systems of a solar thermal plant or for the coolant in a solar 
concentrator. A pH meter employs a glass electrode that is an ion-selective electrode 
sensitive to hydrogen ion concentration. The glass electrode develops a voltage 
(potential difference) across its thin glass membrane proportional to the hydrogen 
ion activity in the solution (by the Nernst equation), relative to an internal reference 
electrode. The pH meter’s electronics amplify this millivolt signal and convert it to 
a pH value. Because the relationship between voltage and pH is temperature-
dependent (approximately 59.16 mV per pH unit at 25°C), good pH meters include 
temperature compensation (either manual or via a temperature probe). Calibration 
of pH electrodes is usually done with at least two buffer solutions of known pH (e.g. 
pH 7.00 and 4.00 for acidic range, or 7.00 and 10.00 for basic range). The meter 
adjusts the offset and slope to match the Nernst equation (ideally 59.16 mV/pH slope 
at 25°C). In industrial use, one must regularly calibrate pH probes and also maintain 
them (keeping the glass membrane hydrated, refilling reference electrolyte if 
needed, etc.), as drift can occur. pH sensors are vital in process water quality 
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control, for example, maintaining the correct pH in boiler feedwater (to minimize 
corrosion) or in thermal storage fluids. 

 

Figure 30: pH meter 

    Conductivity probes measure the ability of a liquid to conduct electric current, 
which correlates to the concentration of dissolved ionic species. They typically have 
two (or four) electrodes that are placed in the fluid; a small AC voltage is applied 
across the electrodes, and the resulting current is measured to determine 
conductance. (AC is used to prevent polarization of the ions at the electrodes.) 
Conductivity (often reported in µS/cm or mS/cm) is directly related to total dissolved 
solids in water. In power plant contexts, conductivity monitoring is essential for 
ensuring water purity. For instance, a concentrated solar power plant that uses steam 
turbines will have a demineralizer system to supply ultrapure water; conductivity 
sensors before and after the demineralizer beds verify that ion exchange resins are 
removing impurities. If conductivity rises above a threshold, it indicates 
breakthrough of impurities, risking scale deposition on turbine blades or heat 
exchangers. Conductivity probes often need calibration using standard KCl solutions 
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of known conductivity, and cell constant verification (the geometry of the probe 
affects readings). Some probes include temperature sensors because conductivity of 
water changes with temperature (typically increasing with 2% per °C). 

 

Figure 31: Conductivity Probe 

    In summary, gas sensors, pH, and conductivity probes each have distinct working 
principles, electrochemical reactions for gas sensors, potentiometric measurement 
for pH, and electro-conductance for conductivity, but all require careful calibration 
and maintenance. In solar-thermal plants or battery systems: gas sensors might 
monitor hydrogen (from battery rooms or chemical reactions), pH sensors ensure 
coolant or cleaning fluids stay in range, and conductivity probes check water quality 
to protect equipment. By reliably measuring these chemical parameters, operators 
can maintain both the performance and safety of the system (e.g. preventing acidic 
corrosion or catching a dangerous gas buildup early). 

 

7.2 Application in Industrial and Environmental Monitoring 

    Chemical and environmental sensors find critical applications in both industrial 
processes and environmental protection. One major example is Continuous 
Emission Monitoring Systems (CEMS) installed in power plants or industrial 
facilities. A CEMS is an integrated system of sensors and analyzers that continuously 
sample flue gas emissions to measure pollutants such as SO₂, NOₓ, CO, CO₂, and 
O₂. Typically, a sample probe draws flue gas from the stack, conditions it (e.g. filters 
out particulate and dries it), and directs it to gas analyzers (which might include 
electrochemical cells for O₂, IR or UV analyzers for SO₂/NOₓ/CO, and paramagnetic 
or IR for CO₂). These measurements ensure compliance with environmental 
regulations by reporting emission concentrations and calculated mass rates. For 
instance, a coal or natural gas hybrid plant that supplements a solar-thermal plant 
will have a CEMS to continuously log its combustion emissions, with automatic 
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alarms if limits are exceeded. Data from CEMS is often sent to regulatory authorities 
and must meet quality assurance standards (periodic calibration checks with span 
gases, etc.). 

 

Figure 32: CEMS schematics (by Fuji electric) 

    In the realm of HVAC and building management, indoor air quality (IAQ) is 
monitored using sensors for gases like CO₂, volatile organic compounds (VOCs), 
and particulate matter. Especially relevant is the use of CO₂ sensors in demand-
controlled ventilation (DCV). CO₂ is a surrogate for occupancy; as people occupy 
a space, they exhale CO₂, raising its concentration. Modern building HVAC systems 
use CO₂ sensors to adjust fresh air intake, increasing ventilation when CO₂ rises 
(indicating a crowded room) and reducing it during low occupancy to save energy. 
For example, in a large battery storage facility or control room at a solar plant, CO₂ 
sensors can ensure adequate ventilation for personnel, maintaining CO₂ at 
comfortable levels (usually below ~1000 ppm) to promote alertness and health. IAQ 
systems may also include carbon monoxide sensors (e.g. in inverter stations where 
generator engines might be present as backup) and hydrogen sensors (for battery 
rooms, since lead-acid batteries emit H₂). These sensors contribute to safety, 
detecting buildup of hazardous gases and triggering alarms or ventilation fans. 
Continuous monitoring of HVAC air quality also increasingly involves particulate 
sensors (for dust and smoke) and humidity sensors to ensure equipment (like 
sensitive power electronics) operates in a safe environment. 

    Another crucial application is water chemistry monitoring in solar and hybrid 
plants. Solar-thermal power plants often rely on heat transfer fluids and steam cycles, 
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which in turn involve water treatment systems. Parameters like pH, conductivity, 
dissolved oxygen, and corrosion inhibitor levels are monitored to protect expensive 
equipment. For example, the boiler feedwater in a CSP (concentrated solar 
power) plant must be kept within a narrow pH range (slightly basic, e.g. pH ~9) and 
extremely low in dissolved solids. Online pH meters and conductivity cells are 
installed on feedwater and condensate return lines. If pH drifts or conductivity spikes 
(indicating contamination or salt ingress), the control system will take action, such 
as adjusting chemical feed (phosphate, amine dosing for pH) or diverting 
contaminated water. Conductivity monitoring is also used in cooling towers and 
mirror washing water. As noted, conductivity is essential in power plant water 
systems because it reveals the presence of ionic impurities that cause scaling or 
corrosion. A sudden increase in conductivity in a heat exchanger’s coolant loop 
might indicate a leak (letting in mineral-rich raw water). Thus, sensors feed into 
alarm and control schemes: e.g. automatically dumping water that is out of spec or 
shutting down equipment before damage occurs. 

    In environmental monitoring, sensors from industrial facilities provide data to 
ensure regulatory compliance and environmental safety. For instance, a solar 
panel manufacturing plant might have effluent water pH and conductivity sensors to 
treat wastewater properly before discharge. Ambient air quality stations near a solar-
thermal plant could measure ground-level ozone or NO₂ (especially if the plant has 
a backup natural gas heater). Weather stations at solar farms include sensors for 
irradiance, but also often measure ambient temperature and humidity (which can 
be relevant to panel performance and also to thermal comfort of workers). In hybrid 
renewable sites (like solar plus biogas or solar plus diesel backup), gas sensors might 
monitor exhaust gases or methane leaks. 

    Finally, safety monitoring in solar-thermal facilities can involve chemical 
sensors such as hydrogen detectors in molten salt storage tanks (hydrogen can be 
generated by certain heat transfer fluids at high temperature) and oxygen sensors in 
confined spaces. Continuous monitoring systems tie these sensors into SCADA or 
safety PLCs that can trigger ventilation, scrubbing systems, or evacuation alarms as 
needed. Whether ensuring clean emissions, healthy indoor air, or proper water 
chemistry, the integration of chemical and environmental sensors is a cornerstone of 
reliable and sustainable operation in modern solar energy installations. 
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8. Signal Conditioning and Analog Interfaces 
 

8.1 Signal Filtering and Amplification 

    Raw signals from sensors often require conditioning before they are usable by 
measurement devices or control systems. Two fundamental aspects of analog signal 
conditioning are filtering and amplification. Analog filtering is used to remove 
unwanted components from a sensor signal, such as electrical noise or interference, 
while preserving the useful measurement information. A common example is the use 
of a low-pass filter to eliminate high-frequency noise superimposed on a slowly 
varying sensor output (like a temperature sensor). By allowing only frequencies 
below a certain cutoff to pass, a low-pass filter smooths the signal, improving its 
clarity for measurement. Conversely, a high-pass filter blocks low-frequency drift 
or DC bias, for instance, in vibration sensing, a high-pass filter might remove the 
DC offset so that only the AC vibration signal is analyzed. There are also band-pass 
filters (passing a band of frequencies) used for isolating particular frequency signals 
(e.g. an IR flame sensor tuned to a flicker frequency) and notch filters (rejecting a 
specific frequency, such as 50/60 Hz mains hum). 

    Filters can be implemented with passive components (resistors, capacitors, 
inductors) or active components (operational amplifiers with RC networks). Active 
filters with op-amps provide buffering and gain, allowing more complex filter 
responses (Butterworth, Chebyshev, etc.) and isolation between stages. For example, 
a 4-20 mA pressure transmitter’s output may be filtered to remove the ripple induced 
by a nearby variable-frequency drive. The filter cutoff has to be chosen considering 
the sensor’s signal bandwidth: too low a cutoff (too “slow” a filter) could distort or 
delay the measurement (e.g. smoothing out a sharp pressure spike that is actually 
important), whereas too high a cutoff fails to remove noise. An important concept is 
the Nyquist frequency in relation to filtering before digital sampling, often an anti-
aliasing low-pass filter is placed before an ADC to restrict the input bandwidth and 
prevent high-frequency content from aliasing into the sampled data. This analog 
filter should cut off at or below half the sampling rate of the ADC to meet Nyquist 
criteria. 

    Amplification is equally crucial, especially for sensors that produce very small 
signals. Thermocouples, for instance, generate only tens of microvolts per degree 
temperature difference; such signals need amplification by factors of hundreds or 
thousands (with low noise) to be read by an ADC. Operational amplifiers configured 
as non-inverting or differential amplifiers can provide gain. In sensor conditioning, 
instrumentation amplifiers are commonly used;  these are precision differential 
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op-amp circuits with high input impedance and high common-mode rejection, 
designed to amplify the difference between two signal lines while rejecting noise 
common to both. By amplifying a sensor’s output to a suitable voltage range, we 
improve the signal-to-noise ratio and match the signal to the input range of ADCs 
or controllers. For example, a strain gauge in a bridge might output only a few 
millivolts of change; an instrumentation amplifier can boost this to a 0-5 V range for 
an ADC. Amplifiers can also provide buffering, ensuring the sensor isn’t loaded by 
following stages (the op-amp presents a high impedance to the sensor). Sometimes 
amplification is combined with filtering in one stage, e.g. an active low-pass filter 
that also provides gain (called a gain-stage filter). 

 

Figure 33: Signal conditioning and amplification 

    The impact of proper filtering and amplification is evident in sensor signal clarity 
and accuracy. Without filtering, a temperature signal from a long cable in a PV array 
might pick up 50 Hz interference or high-frequency inverter noise, leading to erratic 
readings. A simple RC low-pass filter can average out that interference, since the 
true temperature changes slowly. Without amplification, a small bridge sensor’s 
output might be buried in the input noise of an ADC; by amplifying it, the relative 
quantization error is reduced and the measurement resolution is improved. There is 
a trade-off, however: amplification also boosts any sensor noise, so low-noise 
amplifiers and prudent gain choices are important (don’t amplify more than needed). 
In summary, analog filtering and amplification tailor the raw sensor outputs into 
clean, appropriately scaled signals, an essential step before the data is digitized or 
used in a control loop. 

 

8.2 Bridge Circuits and Analog Signal Preprocessing 

    Many sensors convert physical changes into resistance changes, examples include 
strain gauges, thermistors (temperature-sensitive resistors), and piezoresistive 
pressure sensors. To accurately measure small resistance changes, Wheatstone 
bridge circuits are a ubiquitous solution. A Wheatstone bridge consists of four 
resistive elements in a diamond configuration with an excitation voltage applied 
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across the bridge and a differential measurement taken between the midpoints of the 
two divider legs. The unknown or variable resistor (sensor) is placed in one or more 
arms of the bridge. When the bridge is balanced (equal ratios in both legs), the 
differential output is zero. When the sensor resistance changes (due to strain, 
temperature, etc.), the bridge becomes unbalanced and a small voltage appears at the 
output proportional to the resistance change. This configuration is powerful because 
it enhances sensitivity (the differential output can be in the millivolt range per small 
change, which is measurable) and it inherently compensates for common-mode 
effects like temperature if implemented symmetrically. For example, in a strain 
gauge load cell, typically four strain gauges are bonded in a bridge: two experience 
tension and two compression, so their resistances change in opposite directions, 
yielding a larger net output and also compensating temperature (all four gauges 
change similarly with temperature, so that effect cancels out). 

 

Figure 34: Wheatstone bridge circuit 

    The bridge output is a small differential voltage, often only a few millivolts full-
scale even when excited with several volts. Therefore, analog preprocessing is 
needed: specifically, a differential amplifier (or instrumentation amplifier) is used 
to amplify the bridge output. The instrumentation amplifier will take the two bridge 
output nodes and amplify the difference between them while rejecting any voltage 
common to both (the excitation common-mode voltage). This high common-mode 
rejection is crucial because the bridge might be excited at, say, 10 V, and both 
outputs sit at approximately half of that (around 5 V) with only a few millivolts of 
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difference. A quality differential amplifier can amplify that tiny difference without 
being swamped by the 5 V common level or external noise coupled onto both lines. 
This is an example of analog preprocessing: by amplifying the sensor’s differential 
signal at the source, we send a much stronger, noise-robust signal to the downstream 
ADC or controller. For instance, a thermocouple is often measured by first feeding 
it into a bridge or differential amplifier with cold-junction compensation, raising the 
tens-of-microvolts signal to volts. 

 

Figure 35: Wheatstone bridge with differential amplifier 

    Temperature compensation in bridge circuits is another vital aspect. Many 
resistive sensors are affected by ambient temperature in addition to the measured 
stimulus. In a Wheatstone bridge, if one uses a “dummy” sensor or a temperature-
sensitive resistor in an opposite arm, it can cancel out the temperature effect. For 
example, in a strain gauge arrangement, placing an identical gauge on an unstrained 
portion of the structure (or using an active dummy gauge that is not loaded but at the 
same temperature) in the adjacent arm means both gauges change resistance with 
temperature similarly, so the bridge remains balanced for temperature changes but 
unbalances for strain differences. Likewise, thermistor-based bridges for 
temperature can use fixed resistors that have similar temperature coefficients to 
linearize or compensate the reading. In precision circuits, manufacturers might 
provide a compensation formula or additional sense elements; for instance, pressure 
transducers often have a small thermistor to measure device temperature, and analog 
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circuitry (or digital post-processing) then corrects the bridge output based on this 
measurement. 

    Beyond bridges, analog preprocessing includes using RC networks or 
linearizers for certain sensors. A good example is a thermocouple: historically, 
analog compensation circuits (using polynomial networks or cold-junction 
compensation ICs) were used to add a correction voltage to account for the reference 
junction at ambient temperature. Another example: in a photovoltaic cell IV-
characteristic measurement, one might use a logarithmic amplifier to compress the 
wide dynamic range of current. However, in modern practice, many of these tasks 
can be done digitally after ADC. Still, signal conditioning at the analog level 
(bridges, amps, filters) is invaluable to optimize dynamic range and reduce noise 
before digitization. A well-designed analog front-end ensures that the subsequent 
digital system sees a signal that fully uses its input range and has minimized 
interference. This means less burden on digital correction and a more robust 
measurement overall. 

    In summary, Wheatstone bridges remain a cornerstone for interfacing resistive 
sensors due to their sensitivity and self-compensating characteristics. Coupled with 
differential amplification and clever use of reference elements, they form analog 
preprocessing units that extract the desired signal (like strain or temperature change) 
while cancelling out nuisances (like common-mode voltage or uniform temperature 
drift). These front-end designs ultimately contribute to higher accuracy and stability 
in industrial sensor measurements. 

 

8.3 Signal Integrity and Noise Issues 

    When transmitting analog signals (like small millivolt outputs from sensors or 
analog control signals in a plant), maintaining signal integrity is a major concern. 
Long cable runs, electrical interference from machinery (e.g. inverters, motors), and 
ground potential differences can all introduce noise or errors. Several practices are 
employed to mitigate these issues: proper grounding, shielding, and wiring 
techniques, as well as differential signal transmission to exploit common-mode noise 
rejection. 

    Grounding is fundamental but often tricky in large installations. Ideally, sensor 
signals should reference a clean, stable ground. If two parts of the system have 
different ground potentials (a common occurrence in large facilities), a current can 
flow through the ground or reference wiring, this is known as a ground loop, and it 
superimposes unwanted voltage on the measured signal. For instance, if a 
thermocouple is grounded at a distant tank and also referenced to control room 
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ground, a few millivolts of ground difference could swamp the microvolt-level 
signal. The strategy to avoid this is single-point grounding: reference the shield or 
return at only one end, and ensure high-current equipment grounds are separate from 
instrument grounds. Often, analog signal cables are grounded at the readout end 
only, to prevent multiple return paths. Using differential inputs for the 
measurements (as discussed with instrumentation amplifiers) provides high 
common-mode noise rejection, even if both lines pick up some noise relative to 
ground, the differential amplifier will ignore that common component. In essence, a 
high CMRR input acts to control ground-related interference by reading only the 
difference in potential intended as the signal. This is why many industrial sensors 
transmit as 4-20 mA loops or differential voltages: the receiver cares only about the 
difference or the current, not the absolute ground. 

 

Figure 36: Grounding challenges in PCB design 

    Shielding of cables is a primary defense against electrostatic noise (capacitive 
coupling). A cable shield is a conductive layer (braid or foil) around the signal 
conductors that intercepts electric field interference and carries it to ground, 
preventing it from inducing currents in the signal wires. It is crucial that the shield 
is properly grounded, a floating (ungrounded) shield is ineffective or can even act as 
an antenna and worsen noise. Typically, one end of the shield (usually the control 
system end) is tied to the instrument ground. This provides a return path for induced 
currents and shunts them away from the signal conductors. For example, consider a 
long cable carrying a 0-10 V analog signal across a solar plant to a central controller: 
without shielding, a nearby high-power line could capacitively couple a 50 Hz noise 
onto it. With a grounded shield, the noise current flows in the shield to ground 
instead of through the signal wire, maintaining signal integrity. For very noisy 
environments, double-shielded cables or conduit grounding may be used. It’s also 
important to maintain shield continuity through any connectors and avoid creating 
ground loops via shields (hence the one-point ground rule). 



87 

 

Figure 37: Shielding cables helps to lower EMI noise 

    Twisted pair wiring is a simple but powerful method against magnetic 
interference (inductive coupling). When two conductors carrying a differential 
signal are twisted together, any external magnetic field induces equal and opposite 
voltages in adjacent twists, which cancel out as seen by a differential receiver. This 
is why, for instance, RS-485 or analog current loops are run in twisted pairs; it 
dramatically reduces pickup from motors or transformer stray fields. In practice, 
analog sensor cables for low-level signals (like bridge outputs) are shielded twisted 
pairs, combining both techniques. High-frequency magnetic fields can also be 
mitigated by using ferrous conduit or mu-metal shields around sensitive analog 
circuits, though twisting is typically sufficient for most industrial frequencies. 

    Other practices include proper cable routing, separating analog signal cables 
from power cables. In a solar plant, one would route instrument wires away from 
the inverter AC cables or at least cross them at right angles to minimize coupling. 
Using low-noise power supplies for sensor excitation and amplifiers also prevents 
injecting noise. In some cases, one may employ signal conditioning modules with 
built-in isolation amplifiers, these break any galvanic connection and thus eliminate 
ground loop issues entirely by opto-coupling or transformer isolation. 

    A related issue is common-mode noise on differential lines. Even with a 
differential sensor, very large common-mode swings can saturate an amplifier. If, 
say, a long thermocouple wire picks up a high-voltage surge from a lightning strike 
induction, it could damage the input. Transient suppressors or common-mode chokes 
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can be used to absorb spikes. Also, ensuring that cable trays for instrument signals 
are grounded and perhaps have surge protection at entry points (like using MOVs or 
gas discharge tubes to clamp high voltage surges) can protect the integrity of analog 
signals during such events. 

 

Figure 38: Twisted-pair cable advantages 

    Finally, noise filtering in the analog domain is applied to further smooth out any 
residual noise. A small RC filter at an analog input can remove high-frequency hash 
that got past shielding. However, designers must be cautious: excessive filtering can 
introduce phase lag in control loops or mask fast transients that are actually 
important. 

    In summary, maintaining analog signal integrity is achieved by a holistic 
approach: good cabling (twisted, shielded pairs), proper single-point grounding to 
avoid loops, shielding to deflect electric field noise, differential measurement to 
cancel out common-mode pickup, and physical separation from interference sources. 
By following these practices, one can reliably transmit even microvolt-level signals 
across the noisy environment of an industrial solar installation with minimal loss of 
fidelity. 
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9. Data Acquisition Systems (DAQ) 
 

9.1 Sampling, ADCs, and Data Conversion 

    Digital data acquisition (DAQ) systems are the bridge between analog sensor 
outputs and digital processing. Sampling is the process of converting a continuous-
time signal into discrete-time data by taking readings at regular intervals. The choice 
of sampling rate is governed by the Nyquist criterion: the sampling frequency fS 
must be greater than twice the highest frequency component present in the signal, 
often stated as  

𝑓௦ > 2 ∙ 𝑓௠௔௫ 

    This ensures that the signal can be reconstructed or analyzed without aliasing, 
which is the distortion that occurs when higher-frequency components masquerade 
as lower frequencies due to under-sampling. For example, if one were sampling the 
AC output of a solar inverter (which might contain significant harmonics up to, say, 
500 Hz), one should sample at well above 1000 Hz to avoid aliasing those 
harmonics. In practice, engineers often sample at 5-10 times the highest frequency 
of interest to get a good representation of waveform shape. Slower-changing signals 
(like temperature in a solar thermal storage tank) may only need a sample every few 
seconds or minutes, whereas fast transients (like arc fault signatures on a PV string) 
might demand kilohertz or even MHz-range sampling. 

     At the heart of DAQ is the Analog-to-Digital Converter (ADC), which 
quantizes the analog voltage (or current) into digital numbers. ADCs have a certain 
resolution (number of bits) which determines the number of discrete levels. For 
instance, a 12-bit ADC has 2ଵଶ = 4096 levels over its input range. The difference 
between the actual analog value and the nearest representable digital level is the 
quantization error, which is at most half of one LSB (least significant bit) for an 
ideal ADC. This means an ideal ADC essentially adds a ±0.5 LSB of 
noise/uncertainty to the measurement. For high-resolution needs, one might use 16-
bit or 24-bit ADCs (common in instrumentation for pressure, temperature, etc.) 
which drastically reduce the quantization step size. Quantization error can be 
viewed as a small noise added to the signal; for example, a 16-bit ADC over a 0-10 
V range has an LSB of about 0.15 mV, so the quantization error is ±0.075 mV - 
negligible for many sensors. However, if the signal of interest is very small relative 
to the range, effective resolution is lost (hence the need for amplification as 
discussed in 8.1). Techniques like oversampling and averaging can further reduce 
quantization noise by leveraging the fact that averaging multiple samples can 
produce fractional-bit resolution improvements. 
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Figure 39: ADC working principle 

 

 

Figure 40: ADC quantization error 

    An important consideration is sampling strategy tailored to different signals. For 
example, a solar irradiance sensor (pyranometer) has no significant frequency 
content beyond perhaps 1 Hz (cloud passing transients), so sampling it at 1 Hz or 10 
Hz is more than sufficient. On the other hand, a temperature sensor in a thermal 
storage tank changes very slowly (maybe a few degrees per hour), so a sample every 
30 seconds or 1 minute might be enough to capture its dynamics. Oversampling a 
slow signal (taking many more samples than needed) can reduce random noise by 
averaging but yields diminishing returns beyond a point, and it increases data storage 
and processing load. Flow sensors might produce analog or frequency outputs 
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proportional to flow; their relevant bandwidth depends on how rapidly flow can 
change in the system (often only a few Hz for large piping systems, though small 
oscillations or turbulence could introduce higher frequency noise which might be 
filtered out). 

    For AC electrical signals (like measuring grid voltage or current), one strategy is 
to sample sufficiently fast to capture the waveform shape (e.g. at 5-10 kHz for a 
50/60 Hz power waveform) if harmonic analysis or peak detection is needed. 
Alternatively, if only the RMS value is needed, some systems will either sample fast 
and compute RMS digitally, or use analog RMS-to-DC converters and sample the 
DC output slowly. Nyquist’s theorem guides the minimum rate, but in practice, 
designers must also consider the anti-alias filter; for instance, if you sample a 50 Hz 
wave at 128 Hz, theoretically sufficient, any content above 64 Hz must be filtered 
out to avoid aliasing. That might include any noise or harmonics, so often a 
comfortable margin (like sampling at 1 kHz and digital filtering) is chosen. 

    Another aspect is quantization and dynamic range. Taking the example of 
measuring both small and large signals: if a single ADC must cover a wide dynamic 
range (say measuring battery voltage from 0 to 1000 V with 16-bit resolution), the 
quantization step is ~15 mV. If one needed to detect 1 mV changes, a single range 
wouldn’t suffice, strategies include auto-ranging (switching ADC scales) or using 
multiple ADC channels with different pre-gain. In solar applications, one might see 
this in IV-curve tracers: they might autorange to measure the cell’s open-circuit 
voltage accurately and then zoom in with higher resolution on the curve’s knee. 

    Finally, sampling and data conversion inevitably introduce slight delays 
(latencies). In a control system (like MPPT - Maximum Power Point Tracking for 
PV), one must account for the sample rate and ADC conversion time when tuning 
control loops. Some advanced ADCs do “simultaneous sampling” of multiple 
channels, important when measuring polyphase power to get voltage and current at 
the exact same instants. 

    In summary, DAQ design starts with ensuring the sampling rate satisfies Nyquist 
and captures the needed information. It then ensures the ADC resolution and range 
are sufficient to minimize quantization error and cover the sensor’s output span. 
Different signal types get different treatment: high-frequency signals sampled fast, 
slow ones perhaps averaged; and careful filtering (analog or digital) before and after 
sampling to prevent aliasing and noise. By following these principles, the digital 
data faithfully represents the analog reality of the solar energy system, enabling 
accurate monitoring and analysis. 
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Figure 41: Simplified MPPT algorithm example for grid connected PV 

 

9.2 Real-Time Data Acquisition Systems 

    In many industrial and energy applications, merely acquiring data is not enough, 
it must be done in real time, meaning within tight timing constraints and often with 
deterministic behavior. A real-time data acquisition system is one that can 
guarantee data capture and processing at a defined rate without overruns or 
unpredictable delays. Determinism refers to the system’s ability to perform tasks 
consistently within a specified deadline. For example, a real-time DAQ might need 
to sample a sensor every 1 millisecond and update a control output within, say, 5 
milliseconds. A perfectly deterministic system would have zero timing jitter 
(variation), always meeting the 1 ms and 5 ms marks exactly. In practice, there is 
always some jitter (maybe on the order of microseconds in a good system), but the 
aim is to keep it well below the threshold where it affects system performance. 

    Real-time constraints arise in scenarios such as closed-loop control. Consider a 
solar thermal plant where mirror positions are actively controlled by a feedback 
system, or a battery management system that must react within milliseconds to 
overcurrent conditions. The DAQ and control system here must operate on a 
deterministic schedule to avoid instability or missed protective actions. This is in 
contrast to non-real-time data logging (like weather data collection) where 
occasional delays or jitter in timestamps are acceptable. 
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Figure 42: Digital Data Acquisition System 

    Achieving real-time performance often involves specialized hardware or 
operating systems. Standard desktop OS (Windows, Linux) are not strictly 
deterministic due to multitasking and interrupts that can delay a DAQ thread. Thus, 
many systems use a Real-Time Operating System (RTOS) or dedicated embedded 
hardware. For instance, National Instruments CompactRIO controllers or PLCs run 
a real-time OS where certain loops (tasks) are given high priority on a scheduler to 
ensure they execute at fixed intervals. Such an RTOS will avoid non-deterministic 
behaviors (no random lengthy context switches, etc.), yielding predictable 
execution. The concept of buffering is also important: data might be acquired into 
a buffer (FIFO) on a DAQ device and then transferred in blocks to the CPU. 
Buffering ensures that short bursts of interrupt latency or CPU blockage don’t cause 
data loss; the hardware buffer provides a cushion. Enabling adequate buffering on 
interface nodes is a recommended practice, so that if the software is a few 
milliseconds late, the data is still waiting in the buffer. 

    Some DAQ hardware comes with built-in processors or FPGA chips that handle 
time-critical tasks. For example, an ADwin real-time DAQ system uses a local DSP 
processor and a real-time OS tightly coupled to the I/O, achieving loop times on the 
order of microseconds. Example of a LabVIEW graphical program implementing 
real-time signal processing. These systems can guarantee, say, a 100 kHz sampling 
control loop with microsecond jitter, something impossible on a generic PC. In 
effect, they offload the real-time burden from the host PC. National Instruments’ 
approach with hardware like CompactRIO is to have an FPGA for ultrafast 
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deterministic handling, and/or a VxWorks or NI Linux RT OS on the controller for 
millisecond-range tasks. 

    Another key aspect is real-time data throughput. If you are logging dozens of 
channels at high speed to disk, the system must sustain the data rate. Real-time 
DAQs often have pre-allocated memory and use DMA (direct memory access) 
transfers to move data predictably. Deterministic behavior also extends to output 
generation: e.g. producing a control analog voltage precisely every 1 ms. Any 
variability (jitter) in output timing can degrade a control system’s stability (phase 
margin reduction, etc.). Thus, real-time DAQs provide features like hardware-timed 
loops and synchronized A/D and D/A timing. 

    For real-time systems, latency and buffering need to be balanced. A large buffer 
introduces delay (data sits in buffer before processing), whereas no buffer risks 
overflow. Many systems use double-buffering or ping-pong buffers: while one fills, 
the other is processed, ensuring continuous flow. If the processing cannot keep up, a 
real-time system typically has to drop data or miss deadlines, which is considered a 
failure. Therefore, capacity planning (ensuring the CPU or FPGA has enough 
headroom for the worst-case load) is part of designing a real-time DAQ solution. 

    In solar applications, consider a remote solar farm sending data to a central 
SCADA: if it’s just monitoring, a slight delay is fine. But if it’s doing real-time grid 
support (voltage regulation by inverter adjustments), then deterministic, timely 
delivery of measurements and control signals is critical. In such cases, protocols like 
EtherCAT or PROFINET IRT might be used for deterministic communication 
between DAQ nodes and controllers, and the controllers themselves run an RTOS. 

    In summary, real-time DAQ systems guarantee that sampling and response occur 
within set deadlines with minimal jitter. They achieve this through dedicated 
hardware, buffering strategies, and real-time scheduling. The result is predictable, 
repeatable performance necessary for tight control loops and fast protection systems 
in energy applications. Designing for real-time means thinking not just “Can I 
sample fast enough?” but also “Can I always sample and react in time, every time?”,  
a requirement that these specialized systems are built to fulfill. 

 

9.3 NI LabVIEW and Data Logging Platforms 

    National Instruments LabVIEW is a widely-used platform for developing data 
acquisition and control applications, especially in research, industrial prototyping, 
and energy system monitoring. LabVIEW’s hallmark is its graphical programming 
environment: instead of writing text code, engineers create block diagrams that 
visually connect function blocks (representing operations, instruments, data 
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displays, etc.). This lends itself to rapid development of instrumentation systems. A 
LabVIEW program (called a Virtual Instrument, VI) consists of a block diagram 
(logic) and a front panel (GUI). For example, to set up a simple solar panel 
monitoring VI, one might drop in a DAQ Assistant block, configure it to acquire 
analog voltage on channel AI1 (the solar panel’s voltage), and then wire its output 
to a waveform chart indicator on the front panel. In the block diagram, this appears 
as wires carrying data from the DAQ node to a chart node, representing continuous 
acquisition and display. LabVIEW abstracts much of the low-level driver 
interfacing, under the hood, NI-DAQmx drivers communicate with the DAQ 
hardware, but the user simply selects channels and rates through dialog boxes or 
block parameters. 

 

Figure 43: LabView features overview 

    For industrial energy systems, LabVIEW provides numerous libraries and 
toolkits: for example, toolkits for signal processing, PID control, databases (for 
logging), and even power electronics analysis. A common use-case is a LabVIEW 
application that continuously logs data from a solar plant’s sensors (irradiance, 
module temperatures, inverter outputs) and provides a real-time dashboard and 
alarms. The data logging can be as simple as writing to a CSV file or as sophisticated 
as a database or cloud integration. LabVIEW has functions to log data with 
timestamps and even built-in datalog file formats. Because LabVIEW can run on 
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Windows or on real-time OS (with LabVIEW Real-Time), one can deploy the same 
code on a rugged embedded controller in the field. 

    One of LabVIEW’s strengths is integrating with NI’s DAQ hardware and beyond. 
Through DAQmx drivers, LabVIEW easily interfaces with USB, PCI, or Ethernet 
DAQ devices, handling all the timing and buffering automatically unless the user 
needs custom control. For instance, if using an NI cDAQ chassis to collect 32 
channels of thermocouples from a solar thermal storage tank, a LabVIEW program 
can configure all channels to sample at 1 Hz and stream to disk with just a few 
blocks. The architecture of LabVIEW, being inherently multithreaded due to its 
dataflow nature, allows one loop to acquire data, another to log to disk, and another 
to update the user interface, all in parallel, which is ideal for continuous monitoring 
systems. 

    LabVIEW also supports networking and remote monitoring, which is valuable for 
solar farms in remote locations. Using LabVIEW’s web publishing tools or the 
newer Web Services, one can create a thin client dashboard to view data remotely. 
Alternatively, LabVIEW can communicate via protocols like Modbus, OPC UA, or 
REST APIs to integrate with SCADA systems. For example, a LabVIEW application 
might act as an OPC UA server providing inverter measurements and status to a 
plant SCADA, while also locally logging data for redundancy. 

    Another important platform feature is integration with NI LabVIEW FPGA in 
certain hardware (like CompactRIO or FlexRIO). This allows user-defined FPGA 
logic for ultra-fast control or custom data processing. In a solar inverter testbed, for 
instance, an FPGA VI could be programmed to emulate grid conditions or to capture 
high-speed transient events (like a fault ride-through event) with microsecond 
precision, then hand off the data to the CPU for logging. 

    Competing and complementary platforms to LabVIEW include Python with 
scientific libraries, or specialized data logging software (like MATLAB/Simulink 
for real-time simulation, or standalone dataloggers). However, LabVIEW has carved 
a niche due to its ease of interfacing with instrumentation hardware and quick GUI 
creation. Engineers without formal software training often find it approachable to 
drag-and-drop a functional test or monitoring system together. 

    To illustrate a solar energy application: imagine a solar field monitoring system 
built in LabVIEW, it might gather data from pyranometers, thermocouples on 
receivers, flow meters for heat transfer fluid, and electrical meters at the power 
block. LabVIEW can poll or subscribe to these inputs, perhaps through NI 
CompactRIOs distributed in the field, each running a LabVIEW Real-Time program. 
The main LabVIEW application on a PC (or one of the RT controllers as master) 
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aggregates this data, logs it to a database (for example, using LabVIEW’s Database 
Connectivity Toolkit to write to a SQL server), and provides operators with a live 
HMI showing temperatures, power output, and efficiencies. If any parameter goes 
out of bounds, the program can trigger alarms or even control actions (like adjusting 
a pump speed), LabVIEW’s Control toolkit or simple logic can handle that. All the 
while, the system can be configured to send daily reports or push summary data to a 
cloud service for remote stakeholders. 

    In the context of energy systems education, LabVIEW is also used in labs to 
teach instrumentation. Students might use LabVIEW to graph IV-curves of PV 
panels under different light conditions by controlling electronic loads and reading 
sensors, it’s quite straightforward to implement such experiments with LabVIEW 
drivers for electronic load instruments (via NI-VISA for GPIB/USB control) and 
DAQ for panel voltage/current. 

    Data logging platforms beyond LabVIEW include vendor-specific SCADA 
software (like Wonderware, Ignition) which are more point-and-click for facility 
control. But LabVIEW often fills the role of a flexible, customizable system, 
particularly in R&D or pilot projects where unique analytics or hardware-in-loop 
might be needed (for example, testing a new inverter design with a simulated grid in 
LabVIEW). 

    In summary, NI LabVIEW provides an integrated environment for developing 
instrumentation and data logging for solar energy systems, combining easy hardware 
interfacing (through DAQmx and instrument drivers) with graphical programming 
that emphasizes concurrency and real-time data handling. Its ability to produce both 
the data acquisition backend and the user-facing front end in one tool is a strong 
advantage. Coupled with robust NI hardware or even third-party devices, LabVIEW-
based platforms allow engineers to implement everything from simple loggers to 
complex remote monitoring and control systems in the solar industry, all with an 
emphasis on visual clarity and rapid development. As solar installations continue to 
grow and require sophisticated monitoring (for performance optimization, fault 
detection, grid interaction), such flexible data acquisition platforms are invaluable 
for both operations and experimentation. 
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10. Calibration Techniques and Standards 
 

10.1 Calibration procedures and documentation 

    Calibration is the process of comparing an instrument’s output with a known 
reference to determine accuracy and adjust it if necessary. According to the ISA 
definition, calibration is “a test during which known values of the measurand are 
applied to the transducer and corresponding output readings are recorded under 
specified conditions,” essentially comparing the instrument against a higher-
accuracy standard and making adjustments while documenting the results. In a solar 
energy context (e.g. calibrating a pyranometer or power meter), this ensures 
measurements of irradiance or electrical output are reliable. 

Calibration procedures typically follow a structured approach: 

1. Preparation: Identify the unit under test (UUT) and a suitable reference 
standard instrument with higher accuracy (commonly with a 4:1 accuracy ratio, 
meaning the standard is ~4× more accurate than the UUT). Ensure the reference 
itself is in calibration and traceable to national standards (e.g. NIST in the USA). 

2. Environmental Control: Set up the calibration in a controlled environment. 
Stabilize conditions like temperature and humidity to match required calibration 
conditions or as specified by instrument standards. This is especially important 
for sensitive solar sensors which might be affected by temperature. 

3. Zero/Span Check: If applicable, verify the instrument’s zero reading and full-
scale (span) adjustment before applying test points. For instance, an irradiance 
sensor might be zeroed with a dark cap on. 

4. Apply Known Inputs: Over the instrument’s range, apply a series of known 
input values or reference stimuli. For each point, record the reference standard’s 
value and the UUT’s reading. Span the entire range (e.g. 0%, 25%, 50%, … 
100% of the scale) to detect any non-linearity. 

5. Adjustment: If the UUT shows significant error, perform adjustments as 
available (mechanical trim, electrical pot, or digital offset). After adjustment, 
repeat the measurement at that point to confirm the error is minimized. Seal any 
adjustment points afterward to prevent tampering. 

6. Repeat Measurements: Re-run the test points after adjustments (“as-left” data) 
to ensure the instrument meets the desired accuracy across the range. If any point 
is still out of tolerance, additional calibration or repairs may be needed. 
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7. Documentation: Throughout the process, document all results. Record the “as-
found” readings (before adjustment) and “as-left” readings (after adjustment), 
the reference values, environmental conditions, date, and the personnel 
performing the calibration. All this goes into the calibration record and 
certificate. 

8. Calibration Certificate: Issue a formal certificate that at minimum includes: 
instrument identification, date of calibration, calibration results, measurement 
uncertainty, any limitations or corrections, and the authority under which the 
calibration was performed. This document provides traceability and evidence of 
the instrument’s accuracy at the time of calibration. 

9. Traceability and Sign-off: Ensure the calibration results are traceable to 
international or national standards. For example, note that the reference standard 
is certified traceable to NIST (National Institute of Standards and Technology) 
or another national metrology lab. A traceability chain should be evident, for 
instance, a field pyranometer calibrated by a working standard radiometer, which 
in turn was calibrated at a higher-level lab against a primary standard. The chain 
of comparisons from the instrument back to fundamental standards guarantees 
credibility of the measurements. 

10. Calibration Interval & Labeling: Based on how quickly the instrument’s 
accuracy might drift, assign a recalibration interval (e.g. annually, or 6 months 
for very critical sensors). Tag the instrument with a calibration sticker showing 
the last calibration date and due date for the next one. This interval is often 
determined by manufacturer recommendations and the observed drift; increasing 
calibration frequency reduces the maximum error before recalibration. 

11. Records Management: File the calibration certificate and update the 
instrument’s history log. In industrial practice (and ISO 9001 quality systems), 
you maintain a calibration database for all instruments, indicating their status 
and next due date. This documentation is part of the quality assurance program 
to ensure all sensors (e.g. in a solar plant SCADA system) are trustworthy. 

    Documentation and Traceability: A robust calibration system requires that every 
instrument’s calibration data is recorded and kept accessible. Calibration 
documentation typically includes a form (often as a calibration report or in a 
software database) with fields for date, technician, reference equipment used (with 
their serial numbers and traceability info), environmental conditions, measured 
values, adjustments made, and confirmation that the instrument meets specifications. 
Crucially, a traceability statement is included, linking the instrument through an 
unbroken chain of calibrations to national standards. For example, a voltmeter in a 
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solar panel testing lab might be calibrated against a company’s working standard 
meter, which was calibrated by an accredited lab against a primary voltage standard, 
the documentation will cite certificate numbers to prove this chain. 

 

Figure 44: Traceability Pyramid 

    Regular calibration documentation and reviews are not just bureaucratic 
formality, they ensure that instruments critical to energy production (like solar 
irradiation sensors, inverter output meters, thermal sensors) are performing within 
acceptable error margins. Many quality and safety standards require this. For 
instance, grid-connected solar farms must calibrate their energy meters to revenue-
grade standards and document it for compliance. 

 

10.2 ISO, ISA, and NIST standards 

    Industrial calibration practices are governed by international standards to ensure 
consistency and reliability. ISO/IEC 17025 is the key standard for calibration and 
testing laboratories. It specifies general requirements for competence of labs, 
covering both management practices and technical aspects. A lab accredited to 
ISO/IEC 17025:2017 has demonstrated that it uses proper procedures, has trained 
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personnel, suitable equipment, and can produce technically valid calibration results. 
Many solar equipment manufacturers and testing labs seek ISO/IEC 17025 
accreditation so that their calibrations (for example, of pyranometers or solar cell 
reference modules) are internationally recognized. Such labs must maintain strict 
quality systems, perform periodic proficiency tests, and ensure all reference 
standards they use are themselves calibrated and traceable. 

 

NIST Traceability 

    In the United States, the National Institute of Standards and Technology (NIST) 
provides the highest level reference standards for various measurements (voltage, 
temperature, luminous intensity, etc.). An instrument is “NIST-traceable” if its 
calibration can be linked through documentation to NIST standards. Traceability is 
formally defined as “the property of a result of a measurement whereby it can be 
related to appropriate standards, generally national or international standards, 
through an unbroken chain of comparisons”. In practice, this means each calibration 
step, from a field instrument up through higher standards, has records and 
uncertainties established, so the field measurement’s accuracy is anchored to 
fundamental SI units. For example, a thermocouple used in a high-temperature solar 
receiver might be calibrated against a reference thermometer, which in turn was 
calibrated in a lab that has NIST-traceable fixed-point cells for temperature. This 
unbroken chain ensures global uniformity: 20 °C measured in one lab is the same 20 
°C elsewhere, within stated uncertainties. 

 

ISO 9001 and Calibration 

    ISO 9001 (quality management systems) doesn’t detail calibration methods, but 
it does mandate that measurement instruments used in quality-critical processes be 
calibrated and traceable to international standards. It requires documentation that 
instruments are calibrated by standard methods and on a defined schedule. Many 
industrial companies thus incorporate calibration programs into their ISO 9001 
quality manuals, often referencing ISO 17025 accredited services for external 
calibrations. In a solar panel manufacturing line, for instance, all torque wrenches, 
temperature chambers, and electrical testers used in production would fall under a 
calibration schedule to maintain ISO 9001 compliance. 
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ISA Standards 

    The International Society of Automation (ISA) has published various standards 
and recommended practices related to instrumentation. One relevant example is ISA-
RP55.1 (1975), Hardware Testing of Digital Process Computers. This (now 
withdrawn) recommended practice provided a framework for evaluating the 
hardware performance of digital control systems, which was an early precursor to 
today’s more advanced standards for industrial automation systems. While not a 
calibration standard per se, ISA RP55.1 exemplified the need for standardized testing 
procedures in industry. Modern ISA standards (and related ANSI/ISA standards) 
often address performance and calibration of instruments, for instance, ISA has 
standards for instrument specification forms (ISA-TR20) and terminology that 
indirectly aid calibration by ensuring everyone uses the same definitions of accuracy, 
range, etc. The ISA’s dictionary definition of calibration was already mentioned, and 
ISA’s guidance documents on calibration (e.g. ISA Calibration Techniques) 
emphasize proper accuracy ratios and traceability. 

    It’s worth noting that standards like ATEX (EU directives for explosive 
atmospheres) and IECEx (IEC system for certification in explosive atmospheres) 
include requirements for the performance and testing of instruments used in 
hazardous areas. For example, a pressure transmitter used in a chemical plant (or a 
hydrogen storage facility in a solar power-to-gas system) must not only be 
explosion-proof or intrinsically safe, but its safety certifications often require a 
known level of accuracy and a routine calibration regimen to ensure it functions 
correctly in those environments. 

    In summary, compliance with ISO/IEC 17025 ensures calibrations are technically 
sound; adherence to ISO 9001 ensures calibration is embedded in organizational 
processes; and traceability to NIST or other national bodies guarantees a common 
reference point. Together, these standards form a backbone of metrological integrity 
in industrial and energy applications. 

 

10.3 Instrument accuracy verification 

    After calibration, an instrument’s performance must be verified to ensure it meets 
accuracy requirements in actual operation. Calibration adjusts the instrument at the 
calibration points, but accuracy verification looks at how the instrument behaves 
between calibrations and under working conditions. This is crucial in high-stakes 
environments like power generation (e.g. verifying that a solar farm’s energy meter 
remains within utility required tolerances between annual calibrations). 
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   Tolerance checks 

    Verification often involves simple regular checks to confirm the instrument’s 
readings remain within an acceptable tolerance. For example, a plant may perform 
a mid-cycle check: compare a temperature transmitter’s reading against a portable 
reference thermometer on site. If the error is still within the allowed ±X °C (the 
tolerance), the instrument is verified okay. If it exceeds tolerance, it might require 
recalibration or replacement even before its next scheduled calibration. Essentially, 
a verification check ensures the instrument continues to meet the required accuracy 
spec (often the manufacturer’s spec or a tighter process requirement). Many 
industries require such interim verification. In solar fields, one might periodically 
check that irradiance sensors or power meters have not drifted by cross-comparing 
redundant sensors or using reference readings on a clear day. 

 

Control charts (Statistical monitoring) 

    One powerful technique for ongoing accuracy verification is the use of control 
charts. Every time an instrument is calibrated or verified, the “as-found” error can 
be plotted on a control chart over time. This statistical process control (SPC) 
approach helps detect drift or abnormal shifts. For instance, a pressure gauge’s zero 
error and span error across successive calibrations can be tracked. Control charts 
have control limits (e.g. ±2σ or based on tolerance). If the instrument’s error stays 
within control limits and shows no trending bias, one can be confident performance 
is stable. If the error begins trending toward the tolerance limit or goes out of control, 
it’s a signal that the instrument may be drifting and might require more frequent 
calibration or investigative maintenance. Maintaining Shewhart control charts for 
each critical instrument is considered best practice for laboratories to justify and 
possibly extend calibration intervals based on actual data. For example, if over 
several calibrations a solar irradiance sensor always returns within ±0.5% of 
reference, well inside a ±2% spec, a plant might justify checking it less frequently, 
whereas a sensor showing instability would need more attention. 
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Figure 45: Instrument accuracy verification - Span Error 

 

 

Figure 46: Instrument accuracy verification - Zero Error 
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Figure 47: Instrument accuracy verification - Combined Zero and Span Error 

 

 

Figure 48: Instrument accuracy verification - Linearization Error 
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Performance benchmarking 

    Beyond point checks, some instruments undergo periodic performance 
benchmark tests, comprehensive evaluations to ensure the entire instrument system 
works within spec. Performance benchmarking might involve running the 
instrument through a battery of tests covering all functions and ranges, essentially 
an extended verification. For instance, a data logger might be functionally tested for 
its analog input accuracy, its logging interval timing, memory integrity, and 
communication. Manufacturers often have specific performance verification 
procedures; e.g., a multi-function calibrator might have a verification procedure to 
test every output range against an external standard. A performance verification 
“passes” the instrument only if every critical specification is met. It’s essentially a 
full report card for the instrument’s health. According to one testing guide, 
performance verification runs a comprehensive set of device-specific tests to 
measure actual performance on every specification and ensure it continues to meet 
its published limits. In practice, this could mean measuring the linearity, hysteresis, 
response time, etc., not just a single-point accuracy. Benchmarking is common for 
complex equipment like power analyzers or environmental monitoring stations in 
solar farms, you might, for instance, verify that the station’s various sensors (sun 
irradiance, wind speed, temperature) and data transmission all perform correctly 
together over a 24-hour period. 

 

Routine in-field checks 

    For day-to-day assurance, many industrial systems implement redundant 
measurements or reference comparisons. Two independent sensors might measure 
the same quantity (e.g. two thermocouples on a heat exchanger); operators 
continuously monitor that their readings agree within a certain band. Any deviation 
triggers an investigation. This is a form of continuous verification. In solar plants, 
redundancy in temperature or voltage sensing can similarly provide immediate flags 
if one instrument strays. Additionally, control system validation, where instrument 
outputs are fed into control loops, can sometimes reveal issues (for example, if an 
irradiance sensor is reading low, the plant’s output vs. expected performance might 
misalign, prompting a sensor check). 

    In summary, instrument accuracy verification combines scheduled tests 
(calibration, interim checks) and ongoing monitoring (control charts, comparisons) 
to ensure that instruments remain reliable between calibrations. This ongoing 
vigilance is key to industrial compliance and quality assurance. It helps catch drift 
or damage early. For critical instruments in energy systems, such verification 
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safeguards both performance and safety, ensuring, for example, that protection 
relays trip at the correct current or that a battery bank’s hydrogen sensor is accurately 
detecting any dangerous buildup. 

 

Quiz - Calibration & Verification: 

 Q1: What key information must be included on a calibration certificate to 
ensure traceability and clarity of results? 

 Q2: Why is it useful to maintain a control chart of an instrument’s calibration 
results, and what might it tell you about the instrument’s performance over 
time? 
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11. Digital Instrumentation and Data Logging 
 

11.1 Use of digital sensors and microcontroller-based logging 

 

Digital Sensors 

    Unlike analog sensors (which output a continuous voltage or current), digital 
sensors incorporate built-in electronics to output measurements in a digital format 
(binary data). They often communicate via serial protocols such as I²C, SPI, or 1-
Wire. These protocols allow sensor data to be read by microcontrollers directly as 
digital values, eliminating some sources of error like analog noise. For example, a 
digital temperature sensor might internally convert temperature to a binary value and 
send it over an I²C bus to a logger, rather than relying on the noise-prone millivolt 
signal of a thermocouple. 

     I²C (Inter-Integrated Circuit): I²C is a two-wire synchronous bus (one data line 
SDA, one clock line SCL) that lets multiple sensors (slaves) communicate with a 
master (e.g. a microcontroller) on the same lines. It’s widely used for linking several 
sensors because each device has an address and they share the bus in a coordinated 
way. I²C is relatively moderate in speed (hundreds of kbit/s, up to a few Mbit/s in 
fast modes) and works well for environmental sensors, ADC modules, EEPROMs, 
etc. In a solar array monitoring system, one might use I²C to connect 
temperature/humidity sensors at various points to one controller, minimizing wiring. 
It is valued for its simplicity and the fact that only two main lines are needed for 
potentially dozens of devices. 

     SPI (Serial Peripheral Interface): SPI is a high-speed synchronous protocol 
with separate lines for data in, data out, and a clock, plus individual chip-select lines 
for each device. It’s often used when faster sampling or higher data throughput is 
required. For instance, SPI is common for SD memory card modules (for data 
logging) or high-speed ADCs. SPI can achieve much higher rates than I²C (tens of 
MHz clock speeds), making it suitable for real-time logging of fast processes (like 
sampling an inverter’s output waveform or a high-frequency vibration sensor). The 
trade-off is that it uses more wires and typically one master can only directly 
communicate with a limited number of slaves (each needs a chip select line or a bus 
arbiter). In digital instrumentation, SPI might be used to stream data from a high-
resolution ADC measuring solar panel string voltage into a microcontroller for real-
time analysis. 
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     1-Wire: The 1-Wire protocol (developed by Dallas/Maxim) is a minimalist 
interface that uses essentially one data line (plus ground) for both power and 
communication with devices. 1-Wire devices, such as the popular DS18B20 digital 
thermometer, are powered parasitically from the data line and communicate at low 
speed (~16 kbps). The advantage is extremely simple wiring, you can chain many 
devices on one line over fairly long distances. This is often used in distributed 
temperature sensing, like monitoring many points in a solar thermal storage tank or 
along a pipeline, where each sensor’s digital reading is sent over one shared cable. 
The data rate and throughput are much lower than I²C/SPI, but for sensors that only 
need to report once every few seconds or minutes, 1-Wire is very efficient and cost-
effective. 

 

Figure 49: Collected Data Analysis & Insight 

 

Advantages of Digital Sensors 

    Digital output sensors provide higher accuracy and reliability in many cases 
because the signal is less susceptible to analog noise and voltage drop issues. A 
digital sensor’s output bits will arrive intact as long as the digital communication is 
functioning, whereas an analog sensor’s small voltage could be distorted by 
electromagnetic interference over a long cable. Digital sensors also integrate easily 
with modern control systems, for example, they can plug directly into 
microcontroller I/O or industrial networks without requiring analog-to-digital 
converter (ADC) modules at the controller. Many digital sensors can also provide 
additional information like status flags or self-diagnostics. For instance, a smart 
pressure transmitter might tell you if it’s out of calibration range or if its internal 
self-test failed. They often have built-in calibration (factory calibration constants 
stored in memory), which simplifies deployment, the host reads already calibrated 
values (e.g. a pressure reading in engineering units) rather than raw signals. 
Moreover, digital signals can be transmitted over long distances with negligible loss 
of fidelity; they either get through or not, and error-checking (like checksums) can 
be used. This means you can place a sensor out in a solar field and run a digital cable 
or wireless link to a central logger without worrying that analog drift or line 
resistance will skew the reading. Overall, as one industrial automation source notes, 
digital sensors offer “higher accuracy and reliability, digital signals are less 
susceptible to noise and interference, ensuring consistent performance”. They also 
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integrate with PLCs and IoT systems more readily, and can reduce maintenance since 
calibration can sometimes be done or verified remotely via the digital interface. 
(That said, analog sensors still have uses for simplicity and extremely high-
resolution needs, but the trend is toward digital.) 

 

Figure 50: Digital Protocols & Recommended Apllications 

 

Microcontroller-based Logging 

    Microcontrollers (MCUs) such as Arduino (AVR architecture), STM32 (32-bit 
ARM), ESP32 (dual-core with wireless), etc., serve as the brains of many modern 
data logging systems. They interface with digital sensors, sample data, timestamp it, 
and store or transmit it. For real-time logging, microcontrollers perform tasks in a 
loop or via interrupts: reading sensor values (via I²C, SPI, ADC, etc.), possibly 
processing or averaging them, and then writing them to memory or sending them 
onward. 

     Example: An Arduino Uno might use its I²C bus to query a set of sensors (say, 
temperature sensors around a solar panel array and a current sensor for output) every 
second. It then writes these readings with timestamps to an SD card (often via SPI 
interface) in CSV format, or sends them via serial/USB to a PC. The Arduino’s code 
(sketch) handles scheduling these reads and ensuring the data is properly formatted. 
The microcontroller’s built-in ADC could also read analog sensors (if any), but 
digital sensors offload that work as described. 

    Real-time constraints: Microcontrollers have limited speed and multitasking 
ability (unless running an RTOS). Thus, careful design is needed to achieve real-
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time logging without data loss. Techniques include using interrupt-driven data 
capture for fast events, circular buffers to temporarily hold data, and direct memory 
access (DMA) for high-speed peripherals. In a solar plant data logger, the required 
sampling rate is usually modest (e.g. one sample per second for environmental data), 
which is easily handled by typical MCUs. But for something like inverter waveform 
monitoring (perhaps sampling at kHz), a more powerful MCU or a dedicated ADC 
with buffering might be used. 

    Arduino vs STM32 vs ESP32: These represent a spectrum. Arduinos (like the 
Uno/Nano with ATmega328P) are 8-bit MCUs running at 16 MHz, with limited 
RAM, sufficient for simple logging (a few sensors, tens of readings per second). 
STM32 are 32-bit ARM Cortex MCUs; they come in various performance ranges 
and offer advanced features (many timers, ADC channels, communication 
interfaces), good for more complex logging and control, such as simultaneously 
logging dozens of sensor channels or performing local computations (like computing 
power from voltage/current readings). ESP32 includes built-in Wi-Fi and Bluetooth, 
making it ideal for wireless data logging and IoT applications, for instance, an 
ESP32-based logger in a solar panel can read sensors and directly publish data to a 
cloud server over Wi-Fi. The ESP32 can log data locally and also stream it remotely, 
bridging local sensors to the internet. 

Example - Solar IoT Node:  

    A microcontroller (ESP32) reads a voltage sensor and current sensor that measure 
a solar panel’s output. These are digital sensors or ADCs connected via I²C. The 
ESP32 then prepares a data packet with the panel ID, voltage, current, and perhaps 
calculates power. It timestamps it and stores it in a small flash buffer. 
Simultaneously, it connects via Wi-Fi to a local gateway or router and transmits the 
data (using MQTT or HTTP) every minute. If the connection is lost, it might save 
data to an SD card (fallback local storage) and then later upload. Such a system 
provides real-time logging of solar performance and can alert operators to issues 
immediately. 

    Microcontrollers make it feasible to perform distributed logging: instead of one 
central recorder with long analog wire runs, you can deploy many small MCU-based 
loggers near the measurement points (e.g. on each solar panel string or each section 
of a plant) that digitize and aggregate data locally, then send it digitally to a central 
system. This improves signal quality and scalability. 

    Finally, digital instrumentation often includes time synchronization for logging, 
using real-time clocks (RTC) or GPS time so that data from different units can be 
correlated (important in large solar farms where you may compare data from 
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different sections). Modern MCUs can interface with RTC chips or network time 
services for this purpose. 

 

11.2 Integration with SCADA and cloud logging 

    Digital instrumentation doesn’t live in isolation; it’s usually part of a larger data 
ecosystem. SCADA (Supervisory Control and Data Acquisition) systems in 
industry gather data from field devices (sensors, actuators, controllers) and present 
it for operators, while also often interfacing with higher-level applications or cloud 
services. Integrating microcontroller-based sensors or digital data streams into 
SCADA and cloud platforms involves standardized communication protocols and 
gateway architectures. 

 

Connecting to SCADA 

    Traditional SCADA connects to field instruments using industrial communication 
protocols. A common example is Modbus, an open serial or TCP/IP protocol widely 
used in industry. A digital sensor or microcontroller can be configured as a Modbus 
device (slave) exposing its readings in registers. For instance, an Arduino with 
multiple sensors could act as a Modbus RTU slave on an RS-485 network; a SCADA 
RTU or PLC polls it to read the values. Many modern sensors even come with 
Modbus/TCP or Modbus/RTU built-in. OPC UA (OPC Unified Architecture) is 
another modern protocol that some digital devices support for direct SCADA 
integration, it’s more complex but allows structured data and is designed for Industry 
4.0. The key is that SCADA expects structured, reliable communication from field 
devices. 

    If one has a network of microcontroller-based wireless sensors (IoT style), an IoT 
gateway is often used to bridge into SCADA. The gateway might collect data via 
MQTT or a vendor-specific protocol from the wireless sensors, then present it to 
SCADA as, say, OPC UA nodes or via Modbus mapping. According to an industrial 
IoT platform example, ThingsBoard’s IoT Gateway can bridge legacy protocols and 
modern IoT streams, supporting Modbus, OPC-UA, BACnet, etc., and ensuring the 
data is collected in real-time for SCADA use. The gateway also can do local 
buffering and protocol conversion, making sure that even if the cloud link is down, 
the SCADA system on site still has the latest data when it comes back up. 
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Figure 51: SCADA example (by thingsboard.io) 

    In a solar plant SCADA context: imagine each inverter or combiner box has a 
small microcontroller collecting panel voltages, currents, etc. These might all feed 
via Modbus to a central SCADA PLC. The SCADA software (like an HMI in the 
control room) polls these values, displays real-time status of each section, and can 
issue commands (like to actuate trackers or disconnect switches). Modbus is 
common here for its simplicity. Indeed, support for protocols like Modbus, with real-
time polling, is essential to integrate with PLCs and RTUs on the plant floor. 

 

MQTT and Cloud Integration 

    MQTT (Message Queuing Telemetry Transport) has emerged as a leading 
protocol for feeding data to cloud systems. It is a lightweight publish/subscribe 
protocol ideal for IoT devices. Devices (publishers) send their data as “topics” to an 
MQTT broker, and any client (subscriber) interested in that topic will receive the 
message. Cloud services like AWS IoT Core heavily use MQTT; AWS IoT is 
essentially an MQTT broker service with added security and integration into other 
AWS services. MQTT is designed for low bandwidth and high latency tolerance, 
perfect for remote solar farm sensors sending small packets periodically. It’s also 
efficient for pushing data in near-real-time up to internet-based dashboards or 
databases. 

   For example, an ESP32 logger might publish a topic (solarFarm1/sectionA/panel10) 

with a JSON payload of measurements every minute. The cloud broker (AWS IoT 
or ThingsBoard Cloud, etc.) receives it.  
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    On the cloud side, applications can subscribe to that topic to process or store the 
data. AWS IoT uses MQTT (v3.1.1 and v5.0) with secure TLS encryption, requiring 
each device to authenticate (often with certificates). This ensures data from field 
sensors is securely transmitted to the cloud. MQTT’s lightweight nature is well-
suited to microcontrollers (there are Arduino/ESP MQTT libraries, for instance), and 
its decoupled pub/sub model means you don’t need a constant poll from SCADA, 
the data is pushed when ready. 

 

Figure 52: MQTT logging example 

Architecture for Cloud Logging: A common architecture is: 

 Field device (sensor + MCU) → publishes via MQTT → Gateway or direct 
internet → Cloud MQTT broker. 

 In the cloud, a platform like ThingsBoard, AWS IoT, Azure IoT Hub, 
Google Cloud IoT, etc., ingests the MQTT messages. These platforms often 
then forward data into databases (time-series databases, data lakes) and 
provide visualization dashboards or analytics. 

 The cloud platform can also send commands back (e.g. turning something off) 
via MQTT by having the device subscribe to a command topic, useful for 
remote control, though for critical control SCADA on-site is typically 
primary. 
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Edge and SCADA Integration 

    Many industrial sites implement a hybrid approach. For critical real-time control, 
on-site SCADA/PLC handles everything (with millisecond response if needed). 
Meanwhile, data is also piped to the cloud for supervisory analysis, machine 
learning, or long-term storage. To connect these without disrupting operations, an 
edge gateway might subscribe to the SCADA data or PLC tags and republish them 
to cloud via MQTT or HTTP. Tools like OPC UA aggregators or MQTT gateways 
are used. For instance, an OPC UA server in a solar plant could expose all telemetry; 
a cloud connector subscribes and sends it to AWS IoT. Conversely, modern SCADA 
software sometimes directly includes modules to publish data to MQTT or REST 
APIs for cloud integration. 

 

Security and Protocols 

    Industrial integration requires dealing with different protocols securely. Modbus 
was not built with security (it’s simple and assumes a trusted network). MQTT over 
TLS provides encryption and authentication, but adding it to resource-constrained 
devices means careful management of certificates and keys. Many IoT platforms 
enforce device credentials for any connection, as noted for AWS IoT where devices 
must use TLS with proper certificates to connect to the MQTT broker. Engineers 
must plan for this, ensuring that each microcontroller device has unique credentials 
and that any gateway translating for multiple devices also maintains security. 

 

Example - Solar Farm Integration 

    Imagine a large solar farm: Each inverter has a controller that collects data for that 
inverter (voltage, current, power, internal temperature). Those controllers 
communicate to the site’s SCADA via Modbus/TCP over fiber or Ethernet. 
Simultaneously, an IoT gateway at the site subscribes to all that data (maybe via an 
OPC UA server in the SCADA system) and publishes summary metrics to a cloud 
dashboard for the company’s centralized monitoring center. The data frequency to 
cloud might be every 5 minutes to reduce bandwidth, whereas SCADA has data each 
second for local control. In addition, standalone weather stations and environmental 
sensors on site (perhaps using LoRa or ZigBee WSN) send data to a local gateway, 
which then forwards it both into SCADA (so the local controllers can use e.g. wind 
speed to protect trackers) and to the cloud for analytics. The cloud platform (like 
ThingsBoard) can integrate these streams, and it might even perform higher-level 
functions like predictive maintenance analytics (e.g. comparing performance of 
sections, detecting outliers). Indeed, as ThingsBoard’s documentation suggests, it 
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can serve as a bridge between traditional SCADA devices and cloud by ingesting 
protocols like Modbus and outputting to cloud applicationst. 

    In summary, integration requires bridging field-level protocols (Modbus, OPC 
UA, proprietary) to cloud/IoT protocols (MQTT, HTTPS). With proper gateways 
and platform support, digital instrumentation data can flow from a tiny sensor on a 
panel all the way to a cloud database where an engineer in another city can review 
it. This connectivity enables advanced supervisory control, remote diagnostics, and 
even automated optimization across solar and industrial sites. 

 

11.3 Data storage strategies 

    Data from digital instrumentation can be stored at various levels, locally on the 
device, at the edge (on a gateway or local server), or in the cloud, each with its own 
advantages. Choosing a storage strategy involves considering reliability, latency, 
accessibility, and volume of data. 

 

Local Storage 

    Storing data locally means keeping it at the point of collection. For 
microcontroller loggers, this could be an SD card or internal flash memory on the 
device. For example, a weather logger might save data to a CSV file on an SD card 
every minute. The benefit is that data is captured even if communications fail; the 
device is self-contained. It’s also very fast (no network latency) and the data is 
immediately accessible on site. However, local storage has limits in capacity and 
security, an SD card can fill up or wear out, and if the device is damaged or lost (or 
the card corrupts), the data could be lost unless regularly offloaded. In solar plants, 
local data logging is often a backup; for instance, each inverter’s controller may store 
a rolling buffer of the last X days of data, so if the SCADA or network is down, no 
data is lost, it can be retrieved later. 

 

Edge Storage 

    The “edge” refers to a computing device on-site that is more powerful than 
individual sensors but still local to the process (e.g. an industrial PC or gateway in 
the control room). Edge storage might involve a local server or database that 
aggregates data from many local devices. For instance, a historian server (like 
OSIsoft PI or a simple SQL database) at a solar plant could store all the telemetry 
from that site. This offers larger capacity than individual devices and can serve local 
users quickly (low latency access). It also provides a single point for implementing 
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redundancy (e.g. RAID drives, local backups) so data is safer. Edge storage is useful 
when immediate analytics or control feedback is needed on site without cloud 
dependency. It also can buffer data for the cloud: e.g. an edge gateway stores all data 
and forwards it to cloud in batches, and if the internet link fails, it keeps storing until 
the link is restored (preventing data loss). This technique was mentioned as an IoT 
Gateway feature, ensuring local buffering during network outages. In effect, the edge 
device can act as a local cache and backup. Many modern systems use a 
combination: log data locally at high resolution, send a subset or summary to cloud 
to conserve bandwidth. 

 

Cloud Storage 

    Cloud-based storage involves sending data to remote servers/data centers 
(managed by providers like AWS, Azure, Google, or private clouds). The cloud can 
virtually offer infinite storage capacity, high durability (multiple copies across data 
centers), and easy remote access from anywhere. It’s ideal for aggregating data from 
multiple sites, for example, a company with 50 solar farms can have all data in one 
central cloud database for comparison and big data analytics. Cloud storage can be 
in various forms: simple files, a time-series database, a relational database, or 
specialized IoT data stores. It often uses technologies like Amazon S3 (object 
storage) or DynamoDB/InfluxDB (NoSQL time-series). Security is a paramount 
concern, data must be transmitted securely (encrypted in transit) and stored securely 
(often encrypted at rest and protected behind authentication). With cloud storage, 
one must plan for internet connectivity and potential latency. If real-time control 
decisions are needed, solely cloud storage isn’t appropriate due to latency and 
dependence on connectivity (this is why edge computing is sometimes preferred for 
control loops). However, for monitoring and analytics, cloud is excellent. 

    In practice, systems combine these strategies: 

 Local: Fast and resilient for immediate data capture (e.g. a local logger on a 
weather station). 

 Edge: Reliable intermediate with moderate retention (e.g. plant SCADA 
historian keeps 1 year of data). 

 Cloud: Long-term, enterprise-level data lake (e.g. all plants’ lifetime data for 
trend analysis). 

    A general recommendation is to log data locally or at edge for redundancy, and 
use cloud for central analysis and off-site backup (a belt-and-suspenders approach 
to data integrity). 
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    The format in which data is stored is important for compatibility and efficiency: 

 CSV (Comma-Separated Values): A simple text format where each line is a 
record, with fields separated by commas. CSV is human-readable and easy to 
import into spreadsheets or databases. It’s great for logging time-series sensor 
data in a table form (timestamp, sensor1, sensor2, ...). For example, a data 
logger might append a line 2025-06-24 13:00:00, 45.2, 100.5 meaning 45.2°C 
and 100.5 kPa at that time. CSV’s advantages are simplicity and low overhead. 
However, it doesn’t enforce data types or hierarchies and can get bulky 
(repeating text). It’s ideal when data is truly tabular and will be periodically 
offloaded or read by humans. Many solar plant controllers export CSV reports 
daily. 

 JSON (JavaScript Object Notation): A text format that encodes data as 
nested key-value pairs (like a structured tree). JSON is very popular for IoT 
because it can easily represent structured data (e.g. a sensor reading with 
metadata). For instance:  

{"timestamp": "2025-06-24T13:00:00Z", "sensor": "Panel10_Temp", 
"value": 45.2}.  

JSON is self-describing (keys label the data) and is easily parsed by web 
applications and languages. It’s used in MQTT messages and RESTful APIs. 
For storage, JSON might be used in log files or in NoSQL databases. It is 
more flexible than CSV (you can add fields without breaking schema) but 
typically a bit larger in size (keys are repeated). JSON is great for hierarchical 
data, for example, logging multiple sensors in one entry:  

{"time": "...", "temperatures": [45.2, 44.8, 46.1], "unit": "C"}.  

One has to consider parsing cost on microcontrollers (which is manageable 
but heavier than CSV). 

 SQL databases: This refers to storing data in a relational database (e.g. 
SQLite, MySQL, PostgreSQL). Data is structured into tables with columns 
and rows. For time-series sensor data, one might have a table like 
Measurements(timestamp, sensor_id, value). Using SQL has the advantage of 
powerful querying (you can ask for averages, joins, conditions, etc.) and data 
integrity enforcement (types and constraints). Many industrial systems use 
SQL databases at the edge or cloud to accumulate data. For example, an edge 
computer might run a lightweight SQLite DB to store all readings locally; or 
cloud might use a large SQL data warehouse. The downside for small devices 
is that running a SQL engine can be heavy, and writing to flash in complex 
patterns may wear it out sooner than straightforward logging. But on a 
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Raspberry Pi or industrial PC, SQL is quite feasible and gives you immediate 
analysis capability (e.g. “what was the average irradiance between 12-1pm 
yesterday?”). Modern time-series databases (like InfluxDB, TimescaleDB) 
extend SQL or similar interfaces to efficiently handle the large volume of 
timestamp-indexed data. 

 

Compression 

    As data accumulates (especially in high-resolution logging), compression 
becomes important to save space and bandwidth. Simple techniques include using 
binary data storage instead of text (e.g. writing raw binary floats to a file, though 
then you lose human readability but gain compactness). There are also compression 
algorithms (zip, gzip) that can shrink CSV/JSON significantly (often 5-10x smaller) 
because sensor data tends to be repetitive. In edge devices with limited storage, one 
might implement a rolling log file that gets compressed and archived every hour or 
day. If sending data over a network, compressing payloads (or using efficient 
encoding like Protocol Buffers or CBOR, a compressed binary JSON) can reduce 
bandwidth. For example, a day’s worth of 1-minute data in text might be a few 
megabytes, but compressed maybe a few hundred kilobytes. The trade-off is added 
processing for compression/decompression. 

 

Security 

    Data, whether local or cloud, should be protected. Locally, one should prevent 
unauthorized physical access (locks on logger boxes) and consider encrypting 
sensitive data especially if devices could be stolen (imagine a remote solar farm 
environmental logger that might be tampered with, typically the data isn’t highly 
sensitive, but if it were energy yield data, a company might treat that as proprietary). 
On the network, security is critical: use encryption (TLS/SSL) for data in transit to 
cloud, as mandated by protocols like AWS IoT MQTT. On the cloud, use proper 
authentication so only authorized users/systems access the data, and keep cloud API 
keys or certificates secure (possibly stored in the devices’ secure element). 
Additionally, role-based access control can limit who can modify or delete data. 
Another aspect is ensuring data integrity, using checksums or hashes to detect if data 
files have been corrupted or altered. 
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Redundancy and Backup 

    Data redundancy means having multiple copies or paths for data to avoid loss. 
Edge and cloud strategies often implement redundancy automatically (cloud 
providers replicate data across servers). On-site, one might have mirrored logging 
devices or RAID storage on a server. A best practice is to periodically back up local 
data to another location (e.g. daily push of the day’s CSV log from an SD card logger 
to a central server when a connection is available). In distributed energy systems, 
you could have each site store data locally for a week and also transmit to cloud; if 
the cloud misses some data due to connectivity issues, it can request the site to resend 
(or an engineer can manually retrieve the SD card as a last resort). Redundancy 
planning ensures that even if one component fails, the data is not entirely lost. For 
example, an IoT gateway might have a built-in flash that keeps a copy of last N days 
of data; even though it forwards everything to cloud, it can refill any gaps if needed. 

 

Data Lifecycle and Volume 

    Another consideration is how long to keep data at various stages. Raw high-
frequency data might be kept locally for a short time (say raw 1-second data for a 
week), but aggregated or downsampled for longer term. The cloud might store only 
15-minute averages to reduce volume, unless detailed analysis is needed. Deciding 
what data to archive, what to compress, and what to discard (if anything) is part of 
a storage strategy. In solar energy applications, data is often valuable for 
performance analysis, warranty claims, research, etc., so typically companies try to 
keep as much as feasible, at least in summary form. 

In essence, a robust data logging system often employs multi-tier storage: 
immediate local/edge capture for reliability and fast feedback, and cloud storage for 
aggregation, long-term retention, and remote accessibility. The use of appropriate 
file formats, compression, and secure transfer ensures this happens efficiently and 
safely. For instance, a solar monitoring system might log locally in CSV for on-site 
operations staff, while concurrently pushing JSON data to a cloud database where 
engineers can run analytics across the entire fleet of sites. The strategies are 
complementary and help bridge operational needs with enterprise-level data 
utilization. 
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Quiz - Data Logging & Storage: 

 Q1: What are the trade-offs between storing sensor data locally on an SD 
card versus sending it immediately to a cloud database? Consider factors like 
data availability, security, and reliability. 

 Q2: Why might an industrial IoT system use an edge gateway to buffer data? 
Describe what could happen if a gateway didn’t buffer data during a network 
outage and how that impacts data integrity. 
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12. Wireless and Remote Measurement Systems 
 

12.1 Wireless sensor networks (WSNs) 

     A Wireless Sensor Network (WSN) is a distributed collection of sensor nodes 
that communicate wirelessly to monitor physical or environmental conditions. Each 
node in a WSN typically contains one or more sensors, a low-power microcontroller, 
a radio transceiver, and a power source (often battery-powered, sometimes with 
energy harvesting like solar cells). The nodes cooperate by relaying data through the 
network to reach a central collector (base station or gateway). 

 

 Architecture and Node Types 

    WSN nodes can have assigned roles. A common architecture is a star topology, 
where multiple sensor nodes (end devices) connect directly to a central coordinator 
node (gateway). In this case, the end nodes mostly just send their data to the gateway 
(and sleep when not transmitting, to save power). The gateway is often mains-
powered or higher capacity and may forward the data to a server or SCADA system. 
Alternatively, in a mesh topology, nodes not only send their own data but also act 
as routers for other nodes, passing messages along multiple hops until the data 
reaches a gateway. This extends range and adds redundancy (if one node fails, data 
can route via a different path), at the cost of more complexity and each router node 
needing to be active more often (using more power). 

     In standardized WSN protocols like Zigbee (built on IEEE 802.15.4), node types 
are defined as Coordinator (one per network, the main gateway), Router 
(intermediate nodes that forward messages and may have sensors too), and End 
Device (leaf node that only communicates with a parent node and can sleep 
frequently). For example, in a Zigbee star network for greenhouse monitoring, three 
sensor nodes were set as Zigbee end devices (field nodes) and one as a Zigbee 
coordinator aggregating the data. The coordinator collected all sensor readings and 
interfaced with actuators (like irrigation valves) and possibly an external link to 
cloud. Some networks allow cluster-head organization: a cluster-head gathers data 
from nodes in its cluster then sends to base station, which is a common strategy in 
larger WSNs to save energy. 
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Power Management 

    WSNs are typically used in scenarios where wiring for power or data is 
inconvenient or impossible (e.g. spread-out solar farms, remote environmental 
monitoring, inside rotating machinery). Therefore, power management is crucial. 
Nodes often run on batteries (sometimes expected to last years) or on energy 
harvesters (small solar panels, vibration energy, etc.). To prolong life, nodes use low-
power electronics and aggressive duty cycling, meaning they spend most of their 
time in a sleep mode and wake up only briefly to take a measurement and transmit 
it. For instance, a temperature sensor node might wake up every 5 minutes, turn on 
its sensor and radio, send the reading, then turn everything off again. The radio 
protocols support this by having routers or coordinators buffer messages for sleeping 
nodes until they wake (for downlink communication). 

 

Figure 53: Power consumption vs distance of different WSN types 

    Another power tactic is adaptive sampling and reporting: if values aren’t 
changing, nodes may report less frequently or at lower radio power. Additionally, as 
indicated in many WSN research efforts, duty cycle control is key: scheduling nodes’ 
active periods to minimize overlap and idle listening reduces power consumption 
dramatically. In some studies, solar energy harvesters are attached to nodes to 
recharge their batteries, especially in applications like agricultural or solar farm 
monitoring where sunlight is available. In one example, a WSN in a field had nodes 
with small solar panels so that even with frequent sensing, the network could sustain 
itself indefinitely (harvesting a few mW). 
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Mesh vs. Star Topologies 

 Star topology: All sensor nodes communicate directly with the gateway (within 
one hop). This is simple and often yields lower latency and less routing overhead. 
The gateway typically must be within radio range of all nodes. Star is ideal when 
the area is not too large or when you can ensure a powerful central node with a 
long range (e.g. using a high-gain antenna). Star networks are easier to manage 
(no multi-hop routing issues) and often consume less power at the nodes (each 
node only powers its own transmission to the base, not repeating others’ 
messages). However, if a node is too far or an obstacle blocks it, in star topology 
there’s no alternative path. Also, if the gateway goes down, the network fails 
entirely (single point of failure). 

 Mesh (multi-hop) topology: Nodes can serve as intermediaries. This extends 
coverage, a node that’s far from the gateway can hop via nearer nodes. It also 
builds redundancy, if one path is blocked or one node fails, messages can take 
another path. Mesh networks (like Zigbee mesh) can cover large or irregular 
areas and dynamically reroute around interference. The trade-off is complexity 
in routing protocols and typically higher power drain: router nodes have to listen 
for and forward messages from others, which means they can’t sleep as much as 
leaf nodes. Mesh networks also can introduce more latency (data might take a 
few hops, and each hop adds processing and queue time). In industrial energy 
systems, mesh is useful for, say, monitoring across a wide solar farm where a 
single hop range might not reach across tens of hectares, or in an environment 
with metal structures where having multiple paths mitigates occasional RF 
blocking. As a note from agricultural WSN research, Zigbee’s shorter range can 
be mitigated by deploying router nodes to cover the area, effectively mesh to 
extend range while still keeping low power. 

 

    Many practical deployments end up hybrid: clusters of star networks whose 
gateways then link (wired or wirelessly) to a central hub, or a mesh with a few 
always-on routing nodes and many sleeping leaf nodes (to balance power usage). 
The specific choice depends on the coverage needed, terrain, and energy availability. 
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Figure 54: Star vs Mesh topologies 

Relevance in Solar Farms 

    Solar photovoltaic (PV) farms and solar thermal plants can benefit greatly from 
WSNs. These sites often span large outdoor areas, running cables for every sensor 
(to monitor panel temperatures, solar irradiance at various points, soil moisture for 
panel cleaning water usage, etc.) can be expensive and failure-prone. WSNs allow 
deploying sensors on panels or in the field without wires. For example, small sensor 
nodes attached to representative solar panels can measure panel temperature and 
irradiance and wirelessly send data to a central station. This can help in detecting if 
parts of the array are dirty or overheating (for preventive cleaning or cooling). WSN 
nodes might also monitor the perimeter (security or wildlife intrusion) or weather 
across the site (multiple points measuring wind, since wind can vary). 

    A concrete illustration is a prototype where ESP32-based wireless nodes were 
used to monitor solar panel performance: each node measured panel voltage, current, 
and temperature, then sent the data wirelessly to a central router (gateway); from 
there data went to a server via the internet. The system allowed real-time, remote 
monitoring of each panel’s output and conditions. Because ESP32 has Wi-Fi, in that 
case a direct Wi-Fi network might have been used (if range allowed). Alternatively, 
a Zigbee or LoRa-based WSN could be used with a star topology, nodes on panels 
report to a gateway at the inverter station. 
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Figure 55: Example scheme - Monitoring PV with ESP32 

    One must consider power for these nodes: often they may include their own small 
solar cell and battery (since they sit on a solar panel, sunlight is abundant). This 
essentially makes them self-sustaining IoT devices, only using the farm’s wireless 
spectrum but not needing a wired power source. It's an elegant synergy: solar farms 
powering their own sensor network. 

    In summary, WSN architecture (star vs mesh, node roles) must be tailored to the 
application’s size and reliability needs. But the benefits in solar and industrial 
settings include flexible deployment of sensors, scalability (easy to add a new sensor 
node by simply placing it and configuring network join), and potentially lower 
installation cost. The challenges often lie in ensuring reliable wireless coverage 
(antennas, avoiding RF interference) and maintaining the nodes (battery replacement 
if not energy harvesting, though long life is targeted). Advanced WSN protocols 
handle device join/security, collision avoidance, and self-healing of network routes, 
making them robust for industrial use. For instance, if a truck in a solar farm knocks 
out one sensor, a mesh network could reroute around it until replacement. 
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12.2 RF, ZigBee, and LoRa protocols 

    Wireless sensor networks and remote telemetry use various radio frequency (RF) 
communication technologies. Here we compare a few key ones, ZigBee and LoRa, 
and discuss their characteristics like range, power consumption, latency, and 
bandwidth, especially in the context of industrial energy systems. (We use “RF” here 
as a general term for radio communications; ZigBee and LoRa are specific RF 
protocols/standards.) 

 

ZigBee (IEEE 802.15.4 based) 

    ZigBee is a wireless protocol designed for low-power, low-data-rate networks, 
often in a mesh topology. It typically operates in the 2.4 GHz ISM band worldwide 
(with options in 868 MHz EU or 915 MHz US bands for certain applications). In 
terms of range, ZigBee devices have modest range per hop, on the order of 10 to 100 
meters, depending on environment and antenna. In open air, a ZigBee module might 
reach 300+ m line-of-sight, but in industrial environments with obstacles, tens of 
meters is common. However, as discussed, ZigBee can form mesh networks, so 
range can be extended by multi-hopping through intermediate nodes. From used 
bandwidth standpoint, The raw data rate of ZigBee (2.4 GHz) is 250 kbps. Effective 
throughput after protocol overhead is lower, but still sufficient for sensor data (which 
is usually a few bytes). It is not suitable for high-bandwidth needs like video or large 
file transfer, but is plenty for periodic sensor telemetry. ZigBee latency for a single 
hop is quite low (tens of milliseconds to a few hundred ms) for small packets, which 
is usually fine for monitoring and even for certain control tasks. In a mesh with 
multiple hops, latency increases (each hop adds processing and delay), but ZigBee 
is usually used in applications tolerant of, say, 1 second or less end-to-end. 

Power Consumption 

    ZigBee is built around low power. Devices can sleep between communications. A 
node that only transmits say once a minute can easily run on a battery for months to 
years. Routers that stay on to forward messages use more energy, but ZigBee radios 
are generally low current devices especially compared to Wi-Fi or cellular. One 
source notes that ZigBee devices tend to have much lower power usage than Wi-Fi, 
Bluetooth Classic, or LoRa when considering active communication vs range. 
ZigBee’s ability to duty-cycle and the fact that communication is short-range means 
it can be optimized for minimal energy. 

 

 



128 

LoRa and LoRaWAN 

    LoRa (Long Range) is a physical layer modulation technology (chirp spread 
spectrum) typically used in sub-GHz bands (868 MHz, 915 MHz, etc.) to achieve 
extremely long communication ranges at very low data rates. LoRaWAN is the 
network protocol layer built on LoRa, which organizes communication in a star-of-
stars topology (end devices to gateways). Range: LoRa is known for long range, in 
rural open areas, several kilometers (even 10+ km) are achievable with line-of-sight. 
In more cluttered environments, it still often covers 1-2 km or more, far exceeding 
ZigBee’s typical range. This makes LoRa very attractive for wide-area coverage 
such as connecting sensors across a large solar farm or connecting remote pipeline 
sensors to a central hub. However, LoRa’s range advantage comes with trade-offs in 
data rate and duty cycle regulations. Bandwidth/Data rate: LoRa data rates are 
much lower than ZigBee. Depending on the spreading factor and bandwidth settings, 
LoRa might support anywhere from ~0.3 kbps up to maybe 50 kbps in its fastest, 
shortest-range configuration. A typical LoRaWAN setting might be a few kbps. This 
is enough for sensor readings and small messages, but not for frequent large data 
transfers. LoRa is clearly not for anything like real-time audio or video; it’s for 
sparse telemetry. Latency: LoRaWAN is usually used for devices that report 
infrequently (every few minutes or hours). The network often imposes duty cycle 
limits (e.g., in Europe, a LoRa device may only transmit 1% of the time in certain 
bands, meaning at most 36 seconds per hour of airtime). This is to comply with 
regulations and to allow many devices to share the band. As a result, LoRa is not 
suited to low-latency continuous control, it may have seconds to minutes of latency 
depending on how it’s configured and how often devices wake up. Downlink 
messages (from gateway to device) are also constrained in LoRaWAN (devices have 
to listen in specific windows after their uplink). Overall, expect that LoRa is for non-
time-critical data.  

Power Consumption 

    LoRa’s benefit is that a device can reach a gateway over long distances while still 
using relatively low transmit power (like 25-100 mW) because the modulation is 
very sensitive. Combined with infrequent transmission, a LoRa node can run on a 
battery for years. Some comparisons indicate LoRa and SigFox (another LPWAN) 
are among the lowest power for a given coverage area. However, if a LoRa device 
had to send data very frequently, the long airtime of each message (because of low 
bitrate) could actually consume a fair amount of energy. But typically, LoRa devices 
send short packets occasionally and stay in deep sleep otherwise, yielding multi-year 
battery life. 
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Industrial Suitability 

   In industrial energy environments, ZigBee and LoRa serve different niches: 

 ZigBee is well-suited for facility-scale networks, e.g., within a solar power 
plant’s control area, or inside a factory or substation. Its short range is fine 
when you can pepper enough nodes or when the area isn’t huge, and you 
benefit from its higher data rate for more responsive monitoring. ZigBee (and 
similar 802.15.4-based protocols like WirelessHART or ISA100) have been 
widely used in process industries for wireless instrumentation because they 
combine reasonable range with low power and mesh reliability. For example, 
WirelessHART (which is based on a similar physical layer to ZigBee) is often 
used to get pressure/temperature readings in a refinery without cables. 
ZigBee’s 2.4 GHz band can be noisy (Wi-Fi, etc.), but it uses DSSS (direct-
sequence spread spectrum) and channel hopping in some implementations to 
mitigate interference. Still, heavy metal or concrete obstructions can limit 
range, so in industrial settings, careful placement or sub-GHz ZigBee variants 
might be used for better penetration. 

 LoRa shines in wide-area and remote deployments. It might be used to 
connect sensors that are spread across a wide territory, e.g., distributed solar 
installations, or linking remote meter stations back to a plant. LoRa could be 
used in a large solar farm to have all sensors report to a single central gateway 
rather than multiple relays. Also, in scenarios like environmental monitoring 
around a power plant (dust sensors, water levels), LoRa can cover all points 
with a single base station, simplifying infrastructure. However, LoRaWAN in 
a dense industrial setting has to be planned carefully: The network capacity is 
not high (since each gateway can handle a limited number of messages per 
unit time, often cited around a few hundred messages per minute under normal 
settings), heavy traffic or many devices can lead to collisions or dropped 
messages, especially with duty cycle limits. In an environment like a large 
factory, LoRa could actually face interference if many LoRa devices or other 
ISM band devices are present (though LoRa’s spread spectrum gives it good 
robustness). In an open solar farm, interference is less of an issue, but duty 
cycle and message volume still limit how much data you can pull (maybe fine 
if each of 1000 sensors sends a tiny packet every 10 minutes, but not fine if 
each sent every 10 seconds). 
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RF Interference and Noise 

    Industrial sites often have other RF systems (Wi-Fi, Bluetooth, cellular, 
microwave links). ZigBee at 2.4 GHz has to share with Wi-Fi. This can be mitigated 
by channel selection (ZigBee has 16 channels in 2.4 GHz that can be arranged to 
avoid Wi-Fi channels partially) and by ZigBee’s lower power signals that typically 
operate with some distance from Wi-Fi APs. LoRa in sub-GHz might conflict with 
things like ISM-band analog radios or other LPWAN networks, but generally these 
bands are less crowded than 2.4 GHz. The propagation characteristics differ: 2.4 
GHz is more impacted by walls and metal (higher frequency, more attenuation), 
whereas sub-GHz travels further and penetrates better through obstacles (hence 
LoRa’s advantage in range and building penetration). So in a power plant with 
concrete structures, LoRa might get through where ZigBee can’t, unless ZigBee uses 
intermediate hops. 

 

Latency needs 

    If an application requires near real-time control (sub-second), neither ZigBee nor 
LoRa are as fast as wired or Wi-Fi, but ZigBee can manage perhaps 100ms to a few 
hundred ms latency which might be acceptable for some supervisory control (like 
turning on a cooling fan for a solar inverter based on a temperature threshold). 
LoRa’s latency is typically too high for any immediate control, it’s more for 
monitoring and perhaps sending control commands that are not time-critical (like 
schedule a valve to open in the next few minutes). 

 

Throughput and data volume 

    If you needed to send, say, a waveform or a detailed performance log from a 
device, ZigBee could send kilobytes relatively faster (though still not ideal for really 
big data), whereas LoRa would be painfully slow. ZigBee’s 250 kbps vs LoRa’s few 
kbps highlights that differenceFor example, transmitting a 1 kilobyte message would 
take ~32 ms on ZigBee (plus overhead) but maybe 3 seconds on LoRa (depending 
on data rate). This is why LoRaWAN limits payload sizes to keep things efficient. 

 

Device Complexity and Cost 

    Both ZigBee and LoRa modules are fairly inexpensive now (a few dollars for a 
radio). ZigBee stacks are more complex in terms of software (forming a mesh 
network, maintaining routing tables). LoRaWAN stacks also have complexity 
(managing the schedule of transmissions and encryption, etc.), but end devices can 
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be quite simple. LoRa modules often offload some of the complexity to the network 
server (the LoRaWAN server handles acknowledgments, scheduling, etc.). From an 
integration perspective: ZigBee devices typically need to be commissioned into the 
network (paired with a coordinator), whereas LoRa devices just need to be within 
range of a LoRa gateway and properly addressed to join the network (assuming 
credentials match). LoRa acts more like a one-way telemetry with a central server; 
ZigBee is more peer-to-peer capable within its network. 

    In industrial energy, we also see protocols like WirelessHART (2.4 GHz, similar 
to ZigBee but specific to industrial instrumentation) and proprietary sub-GHz FHSS 
radios for telemetry (some “RF” systems operating maybe at 433 MHz or 915 MHz 
with custom protocols). These often have similar considerations, trade-offs between 
range and data rate, battery life, etc. A general observation is: ZigBee and similar 2.4 
GHz mesh networks have low power and low latency but shorter range, whereas 
LoRa (and SigFox, etc.) cover long distances at the cost of bandwidth and some 
latency, suitable for very low power devices with infrequent comms. Indeed, an 
extensive review identified ZigBee and LoRa as among the most suitable wireless 
protocols for agriculture (and by extension other IoT in sparsely connected 
environments) due to their low power, adequate range (ZigBee for moderate, LoRa 
for long), and simplicity for sensors. ZigBee offers “acceptable” range for on-site 
networks with the advantage of small size and low latency, whereas LoRa offers 
much longer range for wide coverage. 

 

Suitability in industrial energy environments 

 ZigBee: Great for monitoring within a plant or substation. For example, a 
refinery might use ZigBee (or ISA100) to get readings from hazardous area 
sensors to a control room 50 m away without wires. In a solar farm, ZigBee 
could connect all tracker controllers within a section so they coordinate 
movement without long control cables. ZigBee is also used in smart energy 
home area networks (connecting smart meters, thermostats, etc., thanks to its 
low power and mesh ability). 

 LoRa: Ideal for connecting remote assets, e.g., pole-mounted transformers in 
a grid sending status to a central station, or sparsely located weather sensors 
around a large solar farm feeding a single gateway at the operations center. 
LoRa can also penetrate buildings or underground vaults better, so it might be 
used for utility metering (some smart city deployments use LoRa for water/gas 
meter reading across town). In high-voltage environments, LoRa could allow 
a sensor to communicate without being wired (thus providing inherent 
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isolation). For instance, a sensor monitoring a high-voltage line’s sag or 
temperature could use LoRa to send data to ground without a wired 
connection that could pick up high voltage. 

    One must also consider regulatory compliance: ZigBee and LoRa both use 
license-free bands, but industrial sites sometimes opt for licensed-band radios for 
guaranteed interference-free operation. Traditional licensed RF (like licensed 
narrowband radios) can offer reliable communication for critical systems but at 
higher cost and power. ZigBee/LoRa are generally for non-critical monitoring (or as 
backups). 

In summary, ZigBee vs LoRa: 

 Range: LoRa >> ZigBee (kilometers vs tens of meters per hop). 

 Power: Both are low-power; ZigBee very low per message but needs mesh 
routers for range; LoRa slightly more per message but can reach far with one 
hop, and because of long sleep intervals can also achieve long battery life. 
ZigBee often quoted as having lower power consumption for short-range 
needs, LoRa also low power but constrained by on-air time. 

 Latency: ZigBee << LoRa (ZigBee faster responses, LoRa might have 
seconds of inherent delay). 

 Bandwidth: ZigBee >> LoRa (hundreds of kbps vs few kbps). 

 Networking: ZigBee supports mesh, which is good for coverage in a local area 
with obstacles; LoRa uses star topology (each node to gateway), relying on 
sheer range for coverage. 

 Industrial adoption: ZigBee (and its kin) often inside plants, LoRa often for 
IoT overlays and wide-area sensor networks. 

 

Quiz - Wireless Protocols: 

 Q1: If you need to deploy sensors across a 5 km² solar farm to report panel 
temperatures every 5 minutes, which wireless technology (ZigBee vs LoRa) 
would you lean toward and why? Consider range and network capacity. 

 Q2: In a factory setting with a lot of Wi-Fi traffic, what advantages might a 
sub-GHz wireless sensor network have over a 2.4 GHz one? What are 
potential drawbacks of using a protocol like LoRa in that scenario? 
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12.3 Measurement in hazardous environments 

    Industrial measurements often must be made in hazardous environments, places 
with flammable gases or dust, high voltage levels, extreme temperatures, or 
corrosive chemicals. These conditions pose safety risks both to people and to the 
instrumentation. Special design techniques and standards ensure that measurement 
systems can operate safely and reliably under such harsh conditions. 

 

Explosive Atmospheres: ATEX/IECEx Compliance 

    In many industrial sites (oil & gas refineries, chemical plants, grain silos, battery 
storage rooms), the atmosphere may contain flammable substances that could ignite. 
A tiny spark or hot surface from an instrument could trigger an explosion. To prevent 
this, equipment must meet stringent standards. ATEX is a set of European Union 
directives that define requirements for equipment used in explosive atmospheres 
(derived from the French “ATmosphères EXplosibles”). IECEx is a global 
certification scheme by the International Electrotechnical Commission for the same 
purpose. Both systems classify hazardous areas by zones based on the likelihood of 
explosive atmosphere presence: 

 Zone 0 (Gas) / Zone 20 (Dust): Explosive atmosphere is present continuously 
or for long periods (e.g. inside a solvent tank or grain silo headspace). Only 
the highest safety category instruments (Category 1 in ATEX) can be used 
here, with multiple protective measures. 

 Zone 1 / Zone 21: Explosive atmosphere likely to occur in normal operation 
(e.g. near a refinery pump seal that might leak occasionally). Requires 
Category 2 equipment, safe even with one fault condition. 

 Zone 2 / Zone 22: Explosive atmosphere not likely during normal operation, 
or only for short periods (e.g. a ventilation area that would only see gas if 
there’s a leak). Allows Category 3 equipment, safe in normal operation 
conditions. 

    In practice, these classifications mean any sensor or device placed in such zones 
must be designed and certified so that it cannot ignite the ambient mixture. As an 
instrumentation engineer’s blog explains, an instrument in these areas must have 
features to eliminate ignition sources, either by containing any explosion or by not 
producing sufficient energy to cause one. 
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Figure 56: Illustration of zones (according to ATEX) 

 

Intrinsic Safety (Ex i) 

    One of the primary protection methods is intrinsic safety. An intrinsically safe 
instrument is built so that it cannot release enough electrical or thermal energy to 
ignite the hazardous atmosphere, even under fault conditions. This usually means 
the circuits are limited in voltage and current, typically using safety barriers (zener 
diode barriers or galvanic isolators) in the wiring that cap the energy. For example, 
a typical intrinsically safe sensor circuit will ensure that even a short or a surge won’t 
send more than, say, 30 mA or 24 V into the hazardous area, and any component 
failures won’t produce sparks or high temperatures beyond the ignition point of the 
gas. As described, intrinsically safe instruments “do not produce enough voltage to 
emit sparks or enough heat to cause combustion of the surrounding particles”. This 
often involves careful component selection and redundant safety features, e.g. 
current limiting resistors, fuses, temperature cut-offs. Instruments must remain cool; 
even in worst-case failure, the surface temperature should stay below the auto-
ignition temperature of the gas (Temperature classes are defined like T3 = 200°C 
max, etc., and equipment is rated accordingly). 
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Explosion-Proof (Flameproof, Ex d) 

    Another method is to use explosion-proof enclosures. This means the instrument 
is housed in a strong enclosure (usually cast metal) that can withstand an internal 
explosion of gas and quench it so it doesn’t propagate outside. In other words, if 
flammable gas entered the enclosure and ignited (perhaps by a spark from a switch), 
the enclosure would contain it, the flame won’t escape to ignite outside atmosphere. 
Threaded or flanged joints on such enclosures are precisely made to cool any 
escaping gases. Explosion-proof (often called flameproof) equipment tends to be 
bulky and heavy, but you can use “normal” internal components since the protection 
is by containment. For example, an explosion-proof junction box might allow you 
to connect wires in Zone 1 without special IS circuits, because even if a spark occurs 
inside, it won’t ignite the external gas. Many motors, lighting fixtures, and even 
instrument enclosures in refineries are of this type. 

 

Other Protection Methods 

    There are others like purging/pressurization (Ex p), where you keep a 
pressurized inert gas inside an enclosure to prevent explosive gas ingress, or oil 
immersion (Ex o), etc. For instruments, a common one is Encapsulation (Ex m), 
potting the electronics in resin so any arc is contained and no external gas can reach 
it. Also Non-sparking (Ex n) equipment for Zone 2 ensures no sparks in normal 
operation (but not necessarily safe under fault like IS or Ex d require). Each method 
has standards (IEC 60079 series) and specific use cases. 

    In practice, when designing a measurement system for a hazardous area, engineers 
often use a combination: e.g., an intrinsic safety barrier in the safe area feeding a 
sensor in the hazardous area. That sensor might also be explosion-proof for added 
safety. The design must be certified by notified bodies. ATEX/IECEx markings on 
instruments indicate the method of protection, gas group, temperature class, etc. For 
instance, a pressure transmitter might be marked Ex ia IIC T4 Ga meaning 
intrinsically safe, gas group IIC (hydrogen/acetylene capable), Temperature class T4 
(≤135°C), equipment for Zone 0 (Ga). 

 

Remote Measurement Techniques 

    One strategy is to physically separate the measurement from the hazardous 
medium as much as possible. For example, instead of an electrical sensor in a 
hazardous gas atmosphere, use a fiber optic sensor or pneumatic gauge that doesn’t 
carry an electrical circuit into the zone. Fiber optic temperature or strain sensors can 
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operate in high-voltage or explosive areas without any electrical power locally (the 
interrogator sends light through fiber, even in high voltage zones, glass fiber won’t 
ignite anything and is immune to EMI). This remote sensor principle is often used 
in high-voltage environments: e.g., measuring current on a HV line with an optical 
CT (current transducer) that sends an optical signal to ground, avoiding any direct 
electrical connection. 

    In high-voltage measurement environments, the hazard is electrical shock or 
arcing. Sensors must have proper insulation, creepage distances, and often use 
isolation amplifiers or fiber links to bring signals out. For instance, to measure 
voltage on a 1000 kV transmission line, one might use a capacitive divider or an 
optical Pockels cell sensor, the reading is transmitted via fiber to the ground. Or use 
wireless: attach a small LoRa transmitter on the line feeding data to ground, thereby 
no wire that could conduct high voltage down. This is an area of active development 
(smart grid sensors that clip onto live lines and send data wirelessly, powered by 
energy harvesting from the line’s field). The sensor packaging must withstand 
electric field stress and not introduce corona or partial discharges. 

 

High-temperature environments 

    Measuring in furnaces, boilers, or engines requires sensors that survive heat and 
don’t disturb the process. Thermocouples, for example, can handle very high 
temperatures (up to ~1700°C with platinum types) but you must protect their wires 
and junctions. Often they are placed in thermowells, protective tubes that can be 
inserted into a process. Thermowells and sensor bodies need to be made of materials 
that can handle both the heat and potentially corrosive environment (like Inconel or 
ceramic for furnace temperatures). One also has to account for thermal expansion 
and ensure no leaks if it’s a pressure boundary. Calibration of sensors at high 
temperature is tricky (reference points might be needed or in-situ calibration using 
fixed melting points). For continuous high-temp use, drift can be significant 
(platinum RTDs might drift, thermocouples can decalibrate due to metallurgical 
changes), so one might schedule regular replacement or calibration checks by 
comparison to a reference sensor inserted periodically. In solar thermal plants (where 
fluids can be 400°C+), many temperature and flow sensors are in this category, they 
must have high-temp seals and perhaps active cooling (a water-cooled probe) if the 
electronics cannot handle the environment. 

Chemically aggressive environments 

    Corrosive chemicals (acids, chlorine gas, hydrogen sulfide, saltwater, etc.) can 
quickly destroy standard sensor materials. Here, material selection is paramount, use 
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exotic alloys (Hastelloy, Monel, titanium) or protective coatings (Teflon, ceramic) 
for any part exposed to the process. For example, pH sensors in harsh chemical 
processes often have protective housings and salt bridges that isolate the sensitive 
electrodes from direct attack. Pressure transmitters might have diaphragm seals 
filled with oil: the diaphragm (made of corrosion-resistant alloy or coated) is 
exposed to the process fluid, while the actual sensor is behind it and protected by a 
fill fluid. In aggressive environments, maintenance cycles are increased, sensors 
might be inspected and replaced more often before they fail dangerously. Also, 
redundancy is sometimes used (two sensors where one could fail due to corrosion, 
and the system can still operate on the other while scheduling maintenance). 

 

Intrinsic Safety in Practice (example) 

    Suppose we need to measure gas pressure in a hydrogen storage tank (hydrogen 
is flammable, and we have a Zone 1 classified area). We could choose a pressure 
transmitter with Ex ia (intrinsically safe) certification. We’d run its wiring through 
an intrinsic safety barrier module in the safe area. That barrier ensures that even 
under fault, the energy in the cable is limited. The transmitter itself is designed so its 
circuitry never produces sparks or high heat. The housing might also be explosion-
proof or at least hermetically sealed so gas can’t get in and out easily. With this setup, 
even if the sensor or cable faults, it won’t ignite hydrogen. The downside of intrinsic 
safety is slightly lower power availability, you can’t drive big motors or high current 
devices with IS circuits. But for sensors, it’s perfect (they only need milliwatts). 
Mensor blog notes that to be intrinsically safe even with a fault, instruments often 
have backup safety features, e.g. a second current limiter in case the first fails. And 
if something like a battery is inside (as in a handheld calibrator), it must be contained 
so it never sparks or overheats. 

 

Remote telemetry in hazardous areas 

    Not only must the sensors be safe, but transmitting their data often has to be safe. 
Wireless transmitters designed for hazardous areas exist, for example, 
WirelessHART temperature transmitters are often rated Ex ia. They can send data 
without needing wired connections, which is great because wiring itself can be a 
path for sparks if not done correctly. Wireless devices remove the need for long cable 
runs through hazardous zones (each cable penetration is a potential leak or ignition 
path). However, any wireless device still has electronics and a battery, so it must be 
certified just like any other device. Many have energy-limited designs and 
explosion-proof battery compartments. Remote telemetry, in a broader sense, means 
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you keep operators out of hazardous areas. Instead of reading a gauge on a toxic gas 
line directly, you have the sensor transmit readings to the control room. This 
improves safety by minimizing personnel exposure. 

 

High-voltage/high-current environments 

    These present a different hazard, not explosion, but danger of electrocution, 
arcing, and electromagnetic interference. Instruments in high-voltage areas (like in 
a substation yard with 500 kV lines) must have careful insulation. Often the 
instrument itself might be located in a shielded enclosure or far from the high 
voltage, measuring through intermediary devices. For example, measuring current 
on a HV line is done via a current transformer (CT). The CT secondary provides an 
isolated, low-voltage representation of the current which instruments can safely read 
in the control building. Voltage measurement similarly uses potential transformers 
or dividers. If one wants a direct sensor on the line (like a phasor measurement unit 
attached to the conductor), it will likely communicate wirelessly to avoid a direct 
wired connection that bridges to ground. The instrument must also handle strong 
electromagnetic fields. A lot of partial discharge or corona near HV equipment can 
inject noise; thus sensors need shielding and filtering to maintain accuracy. 
Additionally, any electronics near HV must handle the possibility of surges (from 
lightning or switching). Surge protectors and robust isolation (optoisolators, 
transformers) are used in the circuits. 

 

Extreme temperatures and environments (concluding) 

    In nuclear power plants or space applications (extreme radiation), sensors need 
further special designs (radiation-hardened electronics, etc.), but that’s beyond 
typical industrial. 

    Finally, any measurement in a harsh environment should be considered in terms 
of maintainability: For instance, how do you calibrate a sensor in Zone 0? Typically 
you’d have to remove it to a safe area. So sometimes “calibration chambers” are 
built where you can safely introduce a test signal. Or redundant sensors allow one to 
be removed while others continue monitoring. 

    Standards help guide all this: IEC 60079 series for explosive atmospheres, NFPA 
70 (NEC) Article 500/505 for hazardous locations classification in North America 
(similar concept of Division 1, 2 vs Zones). ISA publishes recommended practices 
on intrinsic safety and wiring in hazardous areas. NACE standards cover material 
selection for corrosion environments. 
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    In summary, measuring in hazardous environments requires a combination of 
appropriate technology (sensors that can survive or be safe in the conditions) 
and adherence to standards and design principles that eliminate risks. Intrinsic 
safety ensures no sparks; explosion-proof enclosures contain any sparks; remote and 
non-electrical measurement methods bypass hazards. High-voltage measurements 
focus on isolation and preventing any fault from bridging into control systems. High 
temperature and chemical measurements focus on sensor ruggedness and drift 
management. All of these often mean adding protective layers or sacrificing a bit of 
convenience (like slightly slower response due to a thermowell or barriers that limit 
signal power), but they are essential to protect both people and assets. One must 
design under the assumption that if something can go wrong (an ignition, a short, an 
exposure), eventually it will, so the measurement system should proactively prevent 
hazardous outcomes even in fault scenarios. 

 

Quiz - Hazardous Environment Instrumentation: 

 Q1: What is the principle of intrinsic safety and how does it differ from using 
an explosion-proof enclosure? 

 Q2: Give an example of how you might measure a parameter (e.g. temperature 
or voltage) in a situation that involves both high temperature and explosive 
gas. What combination of techniques would ensure safety and accuracy? 
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13. Instrumentation in Energy and Industrial Systems 
 

13.1 Process Monitoring in Power Plants and Factories 

    In power generation plants and industrial factories, process monitoring relies on 
extensive instrumentation to continuously track critical variables such as 
temperature, pressure, flow rate, vibration, and level. These measurements are fed 
into control systems (like DCS/SCADA) to ensure operations stay within safe and 
optimal ranges. In a thermal power plant, for example, sensors measure boiler 
temperatures and pressures to prevent overheating and explosions, while flow meters 
regulate feedwater and fuel rates for efficiency. Vibration sensors on turbines detect 
anomalies early, helping avoid mechanical failures and unplanned shutdowns. In 
manufacturing environments, instrumentation similarly provides real-time data to 
maintain product quality and energy efficiency. Sensors throughout an assembly or 
process line monitor conditions (temperature, pressure, torque, etc.) so that control 
systems can adjust actuators and keep the process within specification. Proper 
process instrumentation improves efficiency (by optimizing inputs and reducing 
waste), product consistency (by keeping process variables on target), and safety 
(by triggering alarms or shutdowns if parameters stray into dangerous territory).  

 

 

Figure 57: Process Monitoring example 
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    Overall, modern industrial operations depend on integrated sensor networks and 
automated monitoring to achieve stable and efficient production. 

 

13.2 Energy Auditing and Performance Metrics 

    Energy auditing is a systematic examination of how energy is used in a facility, 
employing instrumentation to collect data and identify opportunities for efficiency 
improvements. In practice, an industrial energy audit involves installing power 
meters, data loggers, and sensors to measure electricity, fuel, and other utility 
consumption across equipment and processes. Auditors analyze this data to establish 
baselines and benchmark energy performance metrics against industry standards. 
Key metrics (often called Energy Performance Indicators, EnPIs) include total 
energy consumption (e.g. kWh), energy intensity (energy per unit of product or per 
operating hour), and perhaps energy cost or carbon emissions per output. By 
monitoring these metrics, companies can gauge how their performance compares to 
best practices and track improvements over time. During an audit, inefficient 
systems (like oversized motors, leaky compressors, uninsulated equipment, etc.) are 
identified via higher-than-expected energy readings. The outcome is a list of 
recommended Energy Efficiency Measures (upgraded equipment, process 
optimizations, waste heat recovery, etc.) along with estimated savings. Importantly, 
ongoing use of instrumentation is part of energy management, once improvements 
are implemented, permanent sub-meters and monitoring systems are often put in 
place for continuous tracking of energy performance so that savings can be verified 
and maintained.  

 

Figure 58: Energy Audit Levels 



142 

    In summary, energy audits leverage measurement tools and well-defined 
performance metrics to drive data-informed decisions on reducing energy usage and 
improving overall efficiency. 

 

13.3 Case Studies 

    Real-world case studies illustrate the impact of advanced instrumentation on 
industrial performance. For example, the company KROHNE developed an 
ultrasonic flow meter for power plant applications that was validated under realistic 
operating conditions in a European metrology project. When a major utility (E.ON) 
installed this highly-accurate flow meter in a Swedish nuclear plant, the improved 
measurement precision translated into significant efficiency gains, on the order of a 
60 MW equivalent increase in output, enough to power thousands of homes. This 
case highlights how better instrumentation (in this instance, more accurate flow 
monitoring of steam or feedwater) can directly boost energy output and reduce 
losses. Other case studies show instrumentation improving reliability and uptime. 
In one industrial facility, adding real-time vibration monitoring to rotating 
machinery helped predict and prevent breakdowns, avoiding frequent turbine 
shutdowns and increasing overall plant availability. More broadly, many industries 
(oil & gas, chemical, manufacturing) have documented improvements by upgrading 
sensors or data acquisition systems, from refineries using online analyzers to 
optimize fuel-air mix (reducing fuel use and emissions) to factories employing 
machine vision and sensors for quality control (reducing defect rates). Such 
examples demonstrate that investing in modern measurement systems yields 
tangible benefits: safer operations, higher efficiency, and data to drive process 
optimization. These case studies reinforce the role of instrumentation as a key 
enabler of performance improvement in energy and industrial systems. 
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14. System Design and Integration 
 

14.1 Designing Complete Measurement Systems 

    Designing a complete measurement system requires a holistic approach that 
covers sensors, signal conditioning, data acquisition hardware, and software 
integration. The process typically begins with clearly defining the measurement 
requirements: What physical quantities need to be measured? Over what range and 
with what accuracy and response time? Environmental conditions (temperature 
extremes, vibration, hazardous areas) must also be considered, as they influence 
sensor selection and housing. Once requirements are set, engineers select 
appropriate sensors/transducers for each parameter, for example, choosing 
thermocouples or RTDs for temperature, pressure transducers for pressure, flow 
meters for flow, etc., each chosen to meet the needed range and accuracy. Attention 
is paid to sensor specifications like sensitivity, resolution, and durability (e.g. 
selecting a rugged sensor for a high-temperature or corrosive environment). Next, 
the design incorporates signal conditioning and interfacing circuits. Many sensors 
output low-level or high-impedance signals that require amplification, filtering, or 
excitation; for instance, a strain gauge might need a Wheatstone bridge and 
amplifier, and a thermocouple needs a low-noise amplifier with cold-junction 
compensation. These conditioning elements are planned so that sensor outputs will 
be in a form that the data acquisition (DAQ) system can accurately digitize. 
Choosing the DAQ hardware is another critical step, the system must have sufficient 
input channels (analog/digital), resolution (ADC bit depth), and sampling rate to 
handle all sensors. One must also decide on the DAQ architecture (centralized vs. 
distributed modules, PC-based DAQ vs. microcontroller, etc.) based on performance 
and scalability needs. Throughout the design, integration is key: each part of the 
system, sensors, DAQ device, computer, and software must work together 
seamlessly. This involves selecting compatible hardware (voltage signal ranges, 
connectors) and developing software/firmware to read the sensor data, log it, and 
possibly provide user interfaces or control outputs. Designers often plan for 
calibration procedures (e.g. including test ports or reference standards in the system) 
and consider compliance with industry standards (for example, using sensors that 
meet ISA or IEC standards for accuracy). Finally, factors like power supply, wiring 
layout, and enclosure design are addressed to ensure the measurement system is 
robust and reliable. In summary, designing a measurement system is an exercise in 
system integration, requiring careful coordination of hardware and software so that 
raw physical signals are faithfully converted into usable data. 
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Figure 59: DAQ system scheme 

 

14.2 Sensor Integration and DAQ Configuration 

    Integrating sensors into a data acquisition system involves careful attention to 
wiring, signal integrity, and configuration of the DAQ hardware. Each sensor must 
be connected with the proper cabling and pin assignments to the DAQ input 
channels, using shielded cables and proper grounding techniques to minimize noise 
pickup. In fact, measuring analog sensor signals is not as simple as just hooking up 
wires, one must understand the sensor’s signal type (voltage, current loop, etc.), 
choose the right input mode on the DAQ (single-ended vs. differential, for example), 
and use an appropriate cabling scheme to get accurate, noise-free data. If a sensor 
outputs a very small voltage (like a thermocouple’s millivolt signal) or a resistance 
change (like an RTD or strain gauge), it typically requires an intermediary signal 
conditioner. Signal conditioning modules (which may be external or built into the 
DAQ) will amplify low-level signals, filter out unwanted noise, and provide any 
required excitation (e.g. constant current for RTDs, bridge excitation for strain 
gauges) so that the DAQ channels receive conditioned signals within their 
measurable range. As sensors are integrated, each channel of the DAQ is configured 
with proper settings in software: input range (to match the expected sensor output 
span), sampling rate (fast enough to capture the sensor dynamics), and calibration 
scaling (so raw ADC counts or volts are converted to engineering units). It’s also 
important to configure any necessary timing or synchronization if multiple sensors’ 
data need to be correlated (for instance, ensuring that vibration and force 
measurements are sampled simultaneously). During integration, loop checks are 
often performed, injecting a known stimulus to the sensor or a simulator to verify 
the DAQ reads the correct value, confirming the wiring and configuration are 
correct. Furthermore, attention is given to grounding and isolation: some sensors 
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(floating signal sources like battery-powered or isolated outputs) should be 
connected in differential mode to avoid ground loops, whereas ground-referenced 
sensors might use a single-ended configuration. Proper grounding and shielding 
(grounding one end of shielded cables, avoiding ground potential differences) help 
reduce interference on sensor lines. In summary, sensor integration is about making 
the sensor and DAQ speak the same language electrically, and DAQ configuration 
is about tuning the data acquisition system to accurately capture each sensor’s signal 
under real-world conditions. When done correctly, the result is a reliable 
measurement setup where sensors’ analog signals are converted into digital data with 
high fidelity, ready for analysis or control. 

  

  

Figure 60: Measurement Accuracy & Precision Visualizations 

 

14.3 Performance Evaluation 

    After a measurement system is built and running, its performance must be 
evaluated to ensure it meets the desired specifications and quality standards. 
Accuracy and precision are primary aspects of performance to assess. Accuracy is 
checked by calibration tests: comparing the system’s readings against known 
reference standards or calibration instruments across the measurement range. This 
reveals any bias (systematic error) in the readings and checks linearity (whether the 
measurement error stays consistent across low, mid, high values). For example, one 
might input a series of known pressures or voltages and record the system output, 
then compute calibration curves and deviations. Precision is evaluated by examining 



146 

the repeatability and reproducibility of measurements. Repeatability means if the 
same quantity is measured multiple times under identical conditions, the readings 
should be very close to each other (low random variation). Reproducibility involves 
checking the consistency of measurements under varying conditions (different 
operators, different days, or slightly different setups) to ensure the system’s precision 
holds. Tools like Gage R&R (Gauge Repeatability and Reproducibility studies) are 
often used for a formal analysis of measurement variation. Beyond 
accuracy/precision, other performance factors include stability (does the system 
maintain calibration over time, or do readings drift?), response time/frequency 
response (how quickly and faithfully can the system respond to changes in the 
measured variable), and resolution (the smallest change the system can detect). 
Performance evaluation may involve subjecting the system to different 
environmental conditions as well, for instance, testing a temperature sensor’s 
accuracy at both low and high ambient temperatures if it will be used in the field, to 
verify it still performs within spec. All these tests generate data that is analyzed to 
quantify the measurement uncertainty of the system. If the system shows excessive 
error or instability, engineers will troubleshoot and improve the components or 
calibration until performance is acceptable. Only once the measurement uncertainty 
is well understood and meets the required tolerance can the data from the system be 
fully trusted for decision-making. In essence, performance evaluation is the 
validation step for a measurement system, proving that the integrated set of sensors 
and DAQ delivers reliable data to the required degree of accuracy and precision 
before it is deployed in production use. 
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15. Capstone Project: Industrial Measurement 
Implementation 

 

15.1 Team-Based Design and Implementation 

    Capstone projects in industrial instrumentation are typically tackled by teams, 
reflecting the collaborative nature of real-world engineering. Effective team-based 
design and implementation require clear communication, division of 
responsibilities, and coordinated workflows. At the outset, the team should establish 
a shared understanding of project objectives and a plan of attack. This often means 
breaking the project into sub-tasks, for example, one subgroup might focus on 
hardware (sensor selection, circuit assembly), another on software (DAQ 
programming, data processing algorithms), and others on testing or documentation, 
while ensuring these pieces will integrate later. Defining roles and responsibilities 
(sometimes with tools like a RACI matrix or responsibility chart) helps each member 
know their focus while avoiding gaps or overlaps. The team creates a project 
timeline with milestones, using project management techniques to track progress.  

 

Figure 61: RACI Chart Example 

    Gantt charts or Agile boards (Scrum/Kanban) are common for scheduling tasks, 
assigning owners, and monitoring deadlines. Throughout the project, regular 
communication is vital: teams hold frequent meetings or brief check-ins to 
synchronize efforts, resolve issues, and make design decisions jointly. Modern 
collaboration tools greatly facilitate this, teams may use group messaging and video 
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meetings (e.g. Slack or Zoom) to stay in touch and cloud platforms (Google Drive, 
GitHub, etc.) to share documents and code in real time. By using such technology, 
all members can access the latest schematics, software revisions, and test data, which 
reduces miscommunications. Another key aspect is integrated design reviews: at 
various stages, the team should come together to review the sensor interface with 
the DAQ, or to simulate the whole system, so that hardware-software integration 
issues are caught early. This iterative integration ensures that when each piece 
(mechanical fixture, sensor circuit, code module, etc.) is combined, they function as 
intended. Working in a team also means leveraging each member’s strengths (for 
instance, one with strong coding skills might lead development of a LabVIEW 
program, while another with instrumentation experience might handle calibration 
plans).  

 

Figure 62: Agile & Scrum & Kanban 

    However, cross-training is encouraged so that knowledge is shared and any 
member can step in if needed. Finally, team-based projects help build soft skills: 
members practice technical communication, conflict resolution, and joint problem-
solving, invaluable experiences for professional engineering settings. A well-
coordinated team will ultimately design and implement a more robust measurement 
system than any individual alone, as the collaborative process tends to catch errors 
and generate creative solutions along the way. 
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Figure 63: Gantt Chart example 

 

15.2 Testing and Validation 

    In the capstone’s implementation phase, thorough testing and validation of the 
measurement system are performed to verify that the design meets all functional 
requirements and performance criteria. The testing process begins at the component 
level and works upward. Unit testing is done for individual elements: for example, 
each sensor is tested (perhaps by exposing a temperature sensor to a known 
temperature source or using a voltage simulator for a pressure transducer) to confirm 
it produces the correct output signal that the DAQ can read. Similarly, any custom 
circuit or software module is tested with simulated inputs to ensure it behaves as 
expected. Afterward, integration testing (or “loop checking”) is carried out, this 
involves checking the signal path from sensor through the DAQ to the software. In 
practice, a known input or condition is applied and the end-to-end system reading is 
verified. For instance, a team might inject a calibration signal (like a precision 
100 mV source in place of a sensor) and see that the software correctly displays the 
corresponding engineering value, thereby validating the wiring, DAQ configuration, 
and code in one go. If the system interfaces with control or monitoring platforms 
(e.g. sending data to a SCADA system or triggering an alarm), those communication 
links are also tested. Once the setup is verified functionally, a formal calibration 
and validation test is done. This echoes the performance evaluation discussed 
earlier. the team will use reference instruments or standard test procedures to check 
the system’s accuracy across its range, calibrate offsets or slopes as needed, and 
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ensure repeatability. They will document calibration results and possibly create 
calibration curves or correction factors. Validation also means testing the system 
under realistic operating conditions. If the measurement system is meant for an 
industrial environment, the team might perform a trial run in a lab setting that mimics 
the field (for example, measuring a process variable on a pilot setup). They observe 
the system’s stability over time and its response to dynamic changes. Any failure or 
unexpected behavior during testing is fed back into the design, perhaps a sensor 
needs repositioning due to interference, or the sampling rate needs to be increased 
to capture rapid fluctuations. The team addresses these issues and iterates until the 
system consistently performs. Finally, documentation of test results is an important 
part of validation. The team will compile test procedures, results, and any deviations 
observed, providing evidence that each requirement (accuracy, response time, data 
logging capacity, etc.) has been met or noting any limitations. This rigorous testing 
and validation process gives confidence that the industrial measurement system will 
operate reliably when deployed, and it often forms the basis for user training and 
maintenance procedures going forward. 

 

15.3 Final Reporting and Presentation 

    The capstone project concludes with the team delivering a comprehensive 
technical report and a presentation, summarizing the entire project from design 
through testing. The final report is a formal document where the team details the 
project background, design methodology, implementation, and results. Typically, it 
includes an introduction stating the problem and objectives, a design section 
explaining the chosen measurement solution (with schematics, diagrams, and 
rationale for key decisions), and an implementation section describing how the 
system was built. Crucially, the report presents the testing and validation findings, 
for example, calibration data, performance metrics achieved, and how those compare 
to the initial requirements. Any issues encountered during the project and how they 
were resolved should be documented, as well as any remaining limitations or 
recommendations for future improvement. The report should be written in clear, 
professional language, as it serves as evidence of the students’ engineering and 
communication skills. All team members typically contribute to writing and 
reviewing it to ensure technical accuracy and consistency. Data is often presented in 
tables or graphs (with proper labels and units) to support conclusions, and references 
are cited for any external information or standards used. In parallel, the team 
prepares the final presentation to showcase their work to instructors, peers, and 
possibly industry sponsors. In this oral presentation, which may include a live 
demonstration of the working system, the team distills the project into its key points: 
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the motivation (why the measurement problem is important), the solution concept, 
highlights of the design/implementation process, and the results achieved (for 
instance, demonstrating that the system meets its accuracy targets or showing a live 
data feed from the device). Visual aids like slides are used to illustrate the system 
architecture and test results in an accessible way. Since time is limited, the 
presentation focuses on high-level findings and impactful outcomes rather than 
every technical detail. Storytelling techniques can be used, e.g. describing an initial 
challenge and how the team overcame it, to engage the audience. Equally important, 
the team must be ready to answer questions, demonstrating their depth of 
understanding. Overall, strong communication is critical: the ability to effectively 
communicate technical findings through written reports and oral presentations 
is a key learning outcome for the capstone. By clearly reporting what was 
accomplished and backing it with data, the team not only completes the academic 
requirements but also provides a valuable record to stakeholders (such as a company 
sponsor or the next student team who might build on the project). This final step 
transitions the project from development to real-world use, with the documentation 
ensuring the work can be understood and leveraged beyond the immediate team. 
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Conclusion 
    Throughout this comprehensive course, we have explored the fundamental and 
advanced aspects of industrial measurement systems. We began by understanding 
the role of accurate measurement in industry, learning essential metrology concepts 
and terminology that set the stage for all subsequent topics. From the outset, 
emphasis was placed on measurement accuracy, precision, and uncertainty, 
distinguishing between precision and accuracy, analyzing errors, and recognizing 
the importance of calibration to ensure trustworthy data. Building on these 
foundations, we delved into a variety of measurement techniques for different 
physical parameters. This included temperature measurement methods (such as 
thermocouples, RTDs, thermistors, and even non-contact sensors) and their 
calibration practices, pressure measurement instruments (like manometers, 
piezoelectric and strain-gauge sensors, and electronic pressure transducers) with 
appropriate signal conditioning and calibration, and flow measurement techniques 
(ranging from differential pressure and turbine flowmeters to ultrasonic and vortex 
flowmeters) applied to pipeline systems and tested in practical scenarios. Each of 
these modules reinforced how careful instrument selection, proper usage, and error 
management are crucial for reliable readings. 

    As the course progressed, we expanded into electrical and chemical domains of 
measurement and the necessary supporting technologies. We covered electrical 
signal measurement, learning how to measure voltage, current, resistance, and power 
safely using tools like multimeters and oscilloscopes, and understanding the 
importance of electrical safety procedures when probing circuits. We also explored 
chemical and environmental sensors, for example, devices to detect gas 
concentrations, measure pH levels, or gauge water conductivity, highlighting their 
applications in industrial processes and environmental monitoring. Alongside 
measuring these diverse quantities, we learned about signal conditioning and analog 
interfaces: how raw sensor signals can be filtered, amplified, or converted using 
bridge circuits and other analog techniques to improve quality. Issues of signal 
integrity and noise were addressed, underscoring how proper design and shielding 
can preserve measurement accuracy. We then moved into the realm of data 
acquisition systems (DAQ), understanding how analog signals are sampled and 
digitized through ADCs, and how data can be collected in real time for analysis. 
Exposure to platforms such as NI LabVIEW and other data logging tools illustrated 
the practical implementation of acquiring and visualizing measurement data. 
Crucially, we also discussed calibration techniques and standards, learning standard 
procedures for calibrating instruments, maintaining documentation, and adhering to 
international standards from organizations like ISO, ISA, and NIST to verify 
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instrument accuracy and ensure measurements are traceable and standardized across 
the industry. 

    In the latter part of the course, attention shifted to modern and integrated 
measurement systems, as well as broader applications. We examined digital 
instrumentation and data logging, seeing how traditional analog sensors are now 
often complemented or replaced by digital sensors and microcontroller-based 
systems. This included studying how measurement devices integrate with larger 
systems like SCADA and even cloud-based logging platforms for remote monitoring 
and data storage. We also explored wireless and remote measurement systems, 
looking at wireless sensor networks (WSNs) and communication protocols such as 
RF modules, ZigBee, and LoRa, which enable measurements to be taken and 
transmitted in environments that are remote or hazardous. This highlighted the 
growing importance of connectivity and flexibility in contemporary instrumentation. 
We then contextualized all these techniques in real-world scenarios by focusing on 
instrumentation in energy and industrial systems. Through case studies and 
examples, we saw how power plants, manufacturing factories, and energy 
management systems rely on accurate sensors and measurements for process 
monitoring, efficiency improvement, and safety, for instance, how measurements are 
central to energy audits and performance metrics. Following this, we discussed the 
principles of system design and integration for measurement systems, learning how 
to bring together multiple sensors, DAQ hardware, and software into a cohesive, 
functional system. We addressed how to design a complete measurement system 
from scratch, integrate various sensors with appropriate signal conditioning, 
configure data acquisition and processing, and evaluate the overall system 
performance to meet desired specifications. 

    The course culminated in a capstone project that tied all these elements together 
in a practical implementation. In this final project, teams applied their knowledge to 
design, build, and test an industrial measurement system, thereby experiencing 
firsthand the challenges and rewards of putting theory into practice. This project 
required students to draw on everything covered in the course, selecting suitable 
sensors for specific measurement tasks, ensuring those sensors were properly 
calibrated and their signals conditioned, setting up data acquisition and logging 
solutions, and integrating all components into a reliable system. Through testing and 
validation, students learned how to troubleshoot real-world issues, interpret 
measurement data, and refine their system for optimal performance. Writing the final 
report and presenting the results allowed each team to reflect on their design choices 
and demonstrate the depth of their understanding. 
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    In conclusion, this course has provided a thorough journey through the field of 
measurement and instrumentation, equipping you with both the theoretical 
knowledge and practical skills needed to excel in this area. We have covered 
everything from the most basic concepts of how measurements are defined and 
evaluated, to the sophisticated techniques of collecting and managing data in modern 
digital and networked environments. By mastering topics like accuracy and 
uncertainty analysis, temperature/pressure/flow sensing, signal conditioning, data 
acquisition, calibration standards, and integrated system design, you are now 
prepared to develop and maintain reliable measurement systems for a wide range of 
industrial applications. The overarching theme throughout has been the importance 
of accuracy, reliability, and integrity in measurements, qualities that are vital for 
quality control, safety, efficiency, and innovation in any technical field. With this 
foundation, you should feel confident in approaching measurement challenges in 
your future projects or career. The tools and principles learned here will not only 
help in solving immediate instrumentation problems but will also serve as a solid 
base for continuous learning, as measurement technologies and industry needs 
continue to evolve. 
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