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Introduction

Condition-based monitoring (CbM) involves monitoring of machines or assets
using sensors to measure the current state of health. Predictive maintenance
(PdM) involves a combination of techniques such as CbM, machine learning, and
analytics to predict upcoming machine or asset failures. When monitoring the
health of a machine, it is critically important to select the most suitable sen-
sors to ensure faults can be detected, diagnosed, and even predicted. There are
many sensors currently used to sense and detect faults, in rotating machinery
and their loads, with the end goal of avoiding unplanned downtime. Ranking
each sensor is difficult as PdM techniques are applied to a multitude of rotating
machines (mators, gears, pumps, and turbines) and nonrotating machines (valves,
circuit breakers, and cables).

Many industrial motors are designed to work up to 20 years in continuous produc-
tion applications such as chemical and food processing plants and power generation
facilities, but some motors do not reach their projected lifetime.! This could be
due to insufficient operation of the motor, insufficient maintenance programs,
lack of investment in PdM systems, or not having a PdM system in place at all.
PdM enables maintenance teams to schedule repairs and avoid unplanned down-
time. Early prediction of machine faults through PdM can also help maintenance
engineers identify and repair motors running inefficiently, enabling increased
performance, productivity, asset availability, and lifetime.

The best PdM strategy is one that efficiently utilizes as many techniques and
sensors as possible to detect faults early and to a high degree of confidence, so,
there is no one-sensor-fits-all solution. This article seeks to clarify why predictive
maintenance sensors are vital to early detection of faults in PdM applications, as
well as their strengths and weaknesses.

System Fault Timeline

Figure 1shows a simulated timeline of events from the installation of a new
motor to motor failure along with the recommended predictive maintenance
sensor type. When a new motor is installed, it is under warranty. After several
years, the warranty will expire, and it is at this point that a more frequent manual
inspection regiment will be implemented.
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Figure 1. Machine health vs. time.

If a fault emerges in between these scheduled maintenance checks, there is a
likelihood of unplanned downtime. What becomes vitally important in this case
is having the right predictive maintenance sensor to detect potential faults as
early as possible and, for this reason, this article will focus on vibration and
acoustic sensors. Vibration analysis is generally perceived as the best starting
point for PdM.2

Predictive Maintenance Sensors

Some sensors can detect certain faults, such as bearing damage, much earlier
than others, as shown in Figure 1. In this section, the sensors most commaonly
used to detect faults at the earliest possible moment are discussed, namely
accelerometers and microphones. Table 1shows a list of sensor specifications
and some of the faults they can detect. Most PdM systems will anly employ some
of these sensors, so it is imperative to ensure potential critical faults are well
understood along with the sensors that are best suited to detecting them.
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Table 1. Popular Sensors Used for CbM

ke normation Target Fuls

Low noise, frequencies up to 30 kHz, well

RIEZ0laCCElerommEten established in CbM applications

Vibration

Vibration MEMS accelerometer  Low cost/power/size, frequencies up to 20 kHz+

Sound pressure Microphone Low cost/power/size, frequencies up to 20 kHz

Sound pressure Ultrasonic microphone  Low cost/power/size, frequencies up to 100 kHz

Shunt, current Low cost, noninvasive, usually measured at motor

Motor current

Bearing condition, gear meshing, pump cavitation, misalignment,
imbalance, load condition

Bearing condition, gear meshing, pump cavitation, misalignment,
imbalance, load condition

Bearing condition, gear meshing, pump cavitation, misalignment,
imbalance, load condition

Pressure leaks, bearing condition, gear meshing, pump cavitation,
misalignment, imbalance

Eccentric rotors, winding issues, rotor bar issues, supply

transformer supply

A F Hall, magnetometer, Low cost/size, frequencies up to 250 Hz, stable

Magnetic field search coil over temperature
Expensive, accurate, multiple assets/sources of
Temperature Infrared thermography [P
Temperature RD, th;'_rmocouple, Low cost, size, accurate
igital

0il quality Particle monitor Viscosity, particles, and contamination

Sensor and System Fault Considerations

More than 90% of rotating machinery in industrial and commercial applications
use rolling-element bearings.® The distribution of failed components of a motor
are shown in Figure 2, where it is clear to see that, when selecting a PdM sensor,
it is important to focus on bearing monitoring. In order to detect, diagnose,
and predict potential faults, a vibration sensor must have low noise and wide
bandwidth capabilities.

% Occurances of Motor Faults

W Rotor Related Fault W Other Stator Faults

W Stator Insulation Faults

Other Faults W Bearing Fault

Figure 2. Percent of occurrences of failed motor components.*

imbalance, bearing issues
Rotor bar, end ring issues

Heat source location due to friction, load changes, excessive
start/stop, insufficient power supply

Change in temperature due to friction, load changes, excessive
start/stop, insufficient power supply

Detect debris from wear

Table 2 shows some of the most common faults associated with rotating machines
and some corresponding vibration sensor requirements for use in PdM applica-
tions. In order to detect faults as early as possible, PdM systems typically require
high performance sensors. The performance level of the predictive maintenance
sensor used on an asset is correlated to the importance of assets being continu-
ously able to operate reliably in the overall process and not at the cost of the
asset itself.

Table 2. Brief Overview of Machine Fault and Vibration
Sensor Considerations

Sensor Requirements Common Machine Faults

Imbalance Misalignment Eg?g&g Dgﬁaacrts
t?[\;votﬁgr}wf%um noise v v
Low noise <100 pg/VHz 4 4
Bandwidth: 5= to 10x v v
fundamental frequency
Bandwidth: >5 kHz v v
Multiaxis sensing v v
Low frequency response for v
slow rotating machines
High g-range v

The amount of energy in the vibration or movement (peak, peak-to-peak, and rms) of a
motor allows us to determine whether the machine is imbalanced or misaligned,
among other things. Some faults, such as bearing or gear defects, are not as
obvious, especially early on, and can't be identified or predicted by an increase
in vibration alone. These faults typically require a high performance predictive
maintenance vibration sensor with low noise (<100 pg/vHz) and wide bandwidth
(>5 kHz) paired with a high performance signal chain, processing, transceivers,
and postprocessing.®
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Vibration, Sonic, and Ultrasonic Sensors for PdM

Microelectromechanical system (MEMS) microphones contain a MEMS element
on a PCB, typically contained in a metal case with a bottom or top port to allow
sound pressure waves inside. MEMS microphones offer low cost, small size,
and effective means of sensing machine faults such as bearing condition, gear
meshing, pump cavitation, misalignment, and imbalance. This makes MEMS
microphones an ideal choice for battery-powered applications. They can be
located at significant distances from the noise source and are noninvasive. When
multiple assets are in operation, microphone-based performance may suffer due
to the amount of audible noise from other machines or environmental factors
such as dirt or humidity, accessing the port hole in the microphone. Most MEMS
microphone data sheets still list relatively benign applications such as mobile
terminals, laptops, gaming devices, and cameras, etc. Some MEMS microphone
data sheets list vibration sensing or PdM as potential applications, but they also
mention that sensors sensitive to mechanical shock and improper handling
can cause permanent damage to the part. Other MEMS microphone data sheets
state a mechanical shock survivability up to 10,000 g. There is still a lack of
clarity on whether some of these sensors are suitable for operation in very harsh
operating environments in the presence of potential shock events.

MEMS ultrasonic microphone analysis enables the monitoring of motor health in
complicated assets, in the presence of increased audible noise, because it listens
to sounds in the nonaudible spectrum (20 kHz to 100 kHz) where there is far less
noise. The wavelengths of low frequency audible signals typically range from
approximately 1.7 cm to 17 m long. The wavelengths of high frequency signals
range from approximately 0.3 cm to 1.6 cm long. When the frequency of the
wavelength increases, the energy increases, making the ultrasound mare direc-
tive. This is extremely useful when trying to pinpoint a failure in a bearing or housing.

Accelerometers are the most commonly used vibration sensor and vibration
analysis is the most commonly employed PdM technique, mainly used on large
rotating equipment such as turbines, pumps, motors, and gearboxes. Table 3 and
Table 4 show some of the key specifications for consideration when selecting
high performance MEMS vibration and acoustic sensors vs. the gold standard
piezo vibration sensor. Data in each column is representative of the min/max
variation within that category and doesn't correlate to adjacent columns.

The CbM industry is due to have significant growth over the next five years with
wireless installations accounting for a significant amount of this growth.? Piezo
accelerometers are less suitable for wireless CbM systems due to a combination
of size, lack of integrated features, and power consumption, but solutions do
exist with typical consumption in the range of 0.2 mA to 0.5 mA. MEMS acceler-
ometers and microphones are highly suited to battery-powered PdM systems due
to their small size, low power, and high performance capabilities.

All sensors have suitable bandwidths and low noise, but MEMS accelerometers
are the only sensors than can offer a response down to dc, useful for detection
of imbalance at very low rotational speeds and tilt sensing. MEMS accelerom-
eters also have a self-test feature where the sensor can be verified to be 100%
functional. This could prove useful in safety-critical installations where meeting
system standards is made easier by being able to verify if a sensor is still functional.

It is possible to completely hermetically seal MEMS accelerometers in ceramic
packages and piezo accelerometers in mechanical packages for use in harsh,
dirty environments. Table 4 focuses on physical, mechanical, and environmental
performance of the sensors. This is where the key differences can be seen between
each sensor such as integration, tolerance to harsh environments, mechanical
performance, and attachment to a rotating machine or mount.

Table 3. Predictive Maintenance Sensor Performance Specifications

Cost DC Potential Battery Life for
(1k unit price) 3 dB Bandwidth Noise/SNR Wireless CbM Self-Test

Piezo

Ncoglerometer 20 10$500+ 2.5 kHz to 30 kHz+ <1 pg/VHz to 50 pg/ Mz Short to Medium
E&ﬁerometer $10 to $30* 3 kHz to 20 kHz+ Yes <25 yg/vHz to 100 pg/VHz Medium to Long Yes
Hm?phone <STto$2 20 kiz No 57 dB to 74 dB Long No
ﬂﬁ?ﬁsomc <S1to $2 100 kHz No 65 dB Long No

*MEMS accelerometer modules can cost more than $30, but they are full system solutions, whereas all other parts referenced are sensors only.

**Key: Worst, Medium, Best
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Table 4. Predictive Maintenance Sensor Mechanical Specifications

Sensor Size NUT)?:; of M\lezgtr:iocll
Package
Piezo Accelerometer Medium 1to 3 Yes
MEMS Accelerometer Small/Medium* Tto 3 Yes
MEMS Microphone Small 1 No
MEMS Ultrasonic Small 1 No

Industry- .
Integrated ] Environmental

NENEL] Mechanical Attach

Interface Features Tolerance
Yes No Yes Excellent
Yes Yes Yes Excellent
No No Noncontact Good
No No Noncontact Good

*MEMS modules typically contain ADCs, processors, and filtering tuned to the sensor for optimum performance, saving on signal chain space requirements.

**Key: Worst, Medium, Best

Detecting vibration data in three axes offers more diagnostic insights and can
lead to better fault detection. While this is not necessary in every PdM installa-
tion, it is a distinct advantage offered by piezo and MEMS accelerometers in
terms of data quality, wiring, and space savings.

MEMS microphones have shown distortion of up to -8 dB when exposed to increased
humidity for prolonged periods.” While this is not a distinct weakness, it is worth
considering if your PdM application exists in a harsh environment with high
humidity. In such cases, electret condenser microphones (ECMs) have shown
advantages over MEMS microphones. Other environmental conditions that can
affect microphones are wind, atmospheric pressure, electromagnetic fields, and
mechanical shock.8

In benign environments, MEMS microphones offer excellent performance in PdM
applications. Currently, there is a lack of information available on mounting MEMS
microphanes in harsh operating environments with excessive vibrations, dirt, or
humidity. Vibration can affect the performance of MEMS microphones, and this is
an area that needs consideration; however, they do have lower vibration sensitiv-
ity than ECMs.® If a wireless PdM solution were to use a MEMS microphone, the
mounting box would need to have a hole or port to allow the acoustic signal to
reach the sensor, adding further design complexity and potentially making other
electronics susceptible to dirt or humidity.

Recent advancements in capacitive MEMS accelerometer technology have allowed
small, low cost, low power, wireless CbM solutions to be implemented on lower
priority assets, allowing further diagnostic insights into facilities management
and maintaining critical system uptime. These advancements also moved MEMS
accelerometers closer to piezo performance for use in more traditional, wired CbM
systems. Having such low noise and wide bandwidth, coupled with industry-standard
connections (ICP and IEPE), piezo accelerometers have been the gold standard
sensor used in vibration measurement for decades. MEMS accelerometers
have been adapted to interface with [EPE standard modules, as shown in Figure
3. The conversion circuit is based on a Circuits from the Lab" reference design.
The circuit was designed on a special PCB that has been characterized to
perform over wide bandwidths and is ready to be designed into a mechanical
module at a later stage.

Figure 3. MEMS accelerometer, IEPE reference, PCB design allowing retrofit of the ADXL100x
family of CbM accelerometers in IEPE mechanical modules. Note: Analog Devices does not
produce IEPE mechanical modules.

The device shown in Figure 4 contains three single-axis MEMS accelerometers,
three ADCs, a processor, memory, and algorithms, all in a mechanical module
with a resonance over 50 kHz. This highlights the capability of MEMS accelerometers
to integrate intelligence at the sensor node, ensuring the sensor is paired with
the best signal chain and processing to achieve the best performance possible.
This module can perform FFTs, trigger various time domain or frequency domain
alarms, and generate time domain statics vital for algorithms or machine learn-
ing tools to predict failures.

s
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Figure 4. Three-axis MEMS CbM module with integrated ADC, processor, FFT, and statistics, as
well as a mechanical package with resonant frequency over 50 kHz.
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When it comes to choosing the most suitable vibration sensor for your PdM solu-
tion, the real challenge lies in pairing sensors to meet the most likely potential
failure modes of your assets. MEMS microphones are not yet proven to be robust
enough to reliably detect all vibration-based failure modes in the harshest of
environments, whereas the industry standard for vibration sensing, accelerome-
ters, have been successfully implemented and performed reliably for decades.
MEMS ultrasonic microphones have shown promising performance in detecting
bearing faults earlier than accelerometers, and this potential symbiotic relation-
ship could deliver the best PdM solution for your asset's vibration analysis needs
in the future.

While it is difficult to recommend a single vibration sensor for use in a PdM system,
accelerometers have a successful history and continue to evolve and improve.
Analog Devices offers a range of MEMS accelerometers from general purpose,
low power, low noise, high stability, and high g, as well as intelligent edge-node
modules shown in Figure 4. The ADcmXL3021 is just one example of a dedicated
PdM module solution. Analog Devices was first to market with a family of PdM-
capable MEMS accelerometers (20 kHz+ bandwidth, 25 ug//Hz noise density)
and remains the only MEMS accelerometer supplier with these performance
levels. Analog Devices is continuing to lead the way in providing sensors, signal
chain solutions, mechanical modules, platforms, machine learning algorithms,
artificial intelligence software platforms, and total system solutions to enable predictive
maintenance of industrial rotating machines in the most challenging environments.

Visit analog.com/CbM or contact CIC.EMEA@analog.com for more information.
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