Journal of Scientific & Industrial Research
Vol. 71, May 2012, pp. 334-340

Wireless sensor system for monitoring of compressed air filters
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This study presents a wireless filter monitoring system (WFMS) for compressed air filters based on a very low power
consumption microcontroller. Proposed system consists of two separate units (sensor and base), which constantly monitor
filters. It is very easy to install in existing manufacturing systems, simple and efficient for production and use, inexpensive,
non-invasive, and continuous system with almost real-time update possibilities. It can be easily extended for monitoring other

components that cause pressure drop.
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Introduction

Compressed air systems (CAS), widely used in
factories and workshops, are reported very expensiveto
operate!. Contaminants in compressed air lead to aloss
of air pressure. Therefore, there is an increase in
electricity to produce required pressure for a system’s
applicatior?. Compressed air filters (CAFs), if not
replaced or cleaned regularly, reduces systems' efficiency
significantly. Pressure drop of one bar in CASresultsin
a 7% increase in electrical power input required to
compress air®. A 2% reduction of annual energy
consumption in CASscan be expected by morefrequently
changing filters*. A poorly selected filter medium could
result in contamination downstream. Filter lement, in
that situation, requires frequent maintenance, and has a
high cost of operatior?. Replacement of systematic
maintenance by condition-based maintenance (CBM)
strategies based on online monitoring®” isvery important.
Companies (65%) are reportec? to perform cleaning air
linefiltersregularly. One of the critical elementsrelated
to efficiency and safe use of filter cartridges is their
operational life spar®. CASs could include filter service
indicators'® to warn for change of cartridges. Major
disadvantages with this kind of indicators are active
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monitoring by user. Inaccessible locations, rotating
machinery, hazardous or restricted areas, and mobile
assets can now be reached with wireless sensors!?.
According to a survey'?, more than 58% of respondents
plan to implement wirelesstechnology for CBM and 24%
plan to increase usage of technology. Usage of wireless
monitoring systems include measurements of
meteorological data (solar radiation, air temperature,
relative humidity, pressure, wind speed, etc.) based on
wireless data acquisition system monitoring'®, monitoring
of respirator filter cartridges®, monitoring of ambient air
filtersin HVAC systems, tilt measurement®, monitoring
of engines in aircraft and ships and land-based
gpplications'®, wirdess hull monitoring system'’, wireless
bridge monitoring system'®, wireless structural health
monitoring systemt®, water quality monitoring system?®
and health monitoring?*. Most of these devices
communicate using | EEE 802.11b standards and wireless
LAN that existsin the plant or is planned to beingtal lec.
In order to avoid dependence on LAN, a low cost,
autonomous wireless acquisition systen?® had been
developed. Wirdess communication can remedy cabling
problem and significantly reduce maintenance cost
associated with cabling®*.

This study presentsimplementation of wirelessfilter
monitoring system (WFMS) along with proof of stahility,
and laboratory and field validation tests. Even though
other network topol ogies (peer-to-peer) are more suitable
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for industrial control and monitoring?®, WFMS is based
on asimple star topology wireless sensor network.

Experimental Section
Principle of Wireless Filter Monitoring System (WFM S)

In WEMS, central device is base unit (BU) that
communicates with separate sensor units (SUs),
connected with differential manometer on compressed
air filters, and PC. The data collected by BU are
transmitted to a PC, with an USB connection, where
they could be displayed on monitor or stored for further
processing. Base station receives incoming data
(Fig.1), processes locally on an integrated
microprocessor?4, shows it on alphanumeric display,
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buffersit ininterna memory, and later transfersit viaan
USB connection to a PC for processing. Display and
buttons provide a convenient-to-use environment for
system operator. WFMS enables continual monitoring
of level of dirtiness of CAFs based on digital outputs of
differential manometer, processing of those data, wireless
communication, audio and visua sgndization and storing
the collected data.

Prototype of Wireless Filter Monitoring System (WFM S)
WFMS consists of up to 10 SUs and one BU
(Fig.2). Each SU is connected with differential
manometer placed on compressed air filter and registers
the level of pressure drop on it. SUs transfer collected
data only when receive arequest from BU (half-duplex
communication). Wireless communication between BU
and SUs is based on ZigBee technology, which is based
on |EEE 802.15.4 standard and mostly used in
applications that require a low data rate, long battery
life, and secure networking?®, so it is suitable for
developed WFM S, In order to achieve a long range,
XBee-PRO 802.15.4 was chosen instead of basic XBee
radio modules?®. Xbee modules build wireless persona
area network (WPAN), which is reliable in heavy
industrid condiitions (-40to 85°C), fast (1 200 bv's- 250 kb/s),
and secure (AES encryption). Dueto simple technology,
the costs of production, use, and maintenance of these
devices are very small. Energy consumption during
communicationisvery low. XBee provides security, data
integrity and very good performances even in noisy
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Fig. 2—Wireless filter monitoring system (WFMS): a) Block diagram; and b) Prototype
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circumstances. Integrated wire antenna, which was
chosen for data transfer between BU and SUSs, is the
best solution for WFMS, if one considers the size of
antennaand itsrange. For realization of WFMS, the most
important pins of XBee PRO module were DI (Data In),
DO (DataOut), CTS(Clear To Send) and RTS (Request
To Send)?8. DI and DO module pins are used for serial
communication with microcontroller (MC). RTSand CTS
module pins provide RTS and/or CTS flow control. CTS
flow control provides an indication to the host to stop
sending serid datato the module. RTSflow control dlows
host to signal the module not to send data in serial
transmit buffer out the UART (universal asynchronous
receiver/transmitter).

Base Unit (BU)

BU is a small portable remote device that enables
staff to acquire data on filter condition, shows collected
data, and transfers it to a PC. Handling of BU is very
simple, with only three buttons; one for sending requests
and recelving data from SU, second for displaying data
and third one for data transfer to PC. It consists of six
modules (MC ATtiny 2313°, power supply module,
module for wireless communication, display module,
module for USB communication, and signalization
module). Main component of BU is MC (memory
capacity: 128 bytes SRAM, 128 bytes EEPROM, 2 kB
Flash), which providesahighly flexible and cost effective
solution to many embedded control applications. While
primary function of MC is to coordinate the activities of
wireless sensors (collect, store and communicate data),
it is also used to perform some rudimentary processing
of raw sensor data (calculating pressure drop and
displaying filter current state)*°. Prototype was designed
like system for one step data collecting and then
transferring to PC. Therefore, this MC was the best
solution. Extremely small amount of RAM available on
processing board prevented storage of accumul ated data.
This memory limitation was dedlt with by implementing
damage detection algorithm in arecursive manner at the
cost of consuming additional processing time, and alower
sampling rate. Typica power consumptionis1 MHz, 1.8V
and 230 pA in active mode and < 0.1 pA in power-down
mode. |dle mode stops CPU while dlowing SRAM, timer/
counters, and interrupt system to continue functioning.
In standby mode, crystal/resonator oscillator is running
whiletherest of deviceisdeeping. Thisalowsvery fast
start-up and low-power consumption.

MC communicates with both, modules for wireless
and USB communication, using RS232 standard through
RX and TX pins. It had been necessary to find the way
to route these signals to one or the other module. This
problem was solved by using two-way four-channel
multiplexer (demultiplexer) CD4052, and used just two
channels. Multiplexer is connected in such a way that
binary combination of itsinputs, A and B, decideswhether
RX and TX signalswould be connected with XBEE_TX
and XBEE_RX pins of wireless communication module,
or FT_TXD and FT_RXD pins of USB communication
module. Since there are two possible choices, one output
is enough. Therefore, input B was set to be always “0”,
connecting to theground (GND), and input A isconnected
to microcontroller. Depending on the Situation on input
A, one has following scenario:

A =0 - radio communication between base and sensor
unit: RX = XBEE TX and TX ® XBEE RX;

A =1 - USB communication between base unit and
PC:RX = FT_TXDand TX ® FT_RXD.

Pressing button T1, MC sends request to SUs and
then waits for a response. When MC through its TX
output sends arequest in the form of 10-bit data (1 start
bit, 8 data bits, no parity control, 1 stop bit), the data
through multiplexer (A = 0) coming to XBee input
XBEE_RX, XBee forwards that request to SUSs.
Communication takes place by RS232 standard, at a
speed of 9600 bit/s. This module aso has to receive the
data from SUs. Received data are processed in Xbee
and then sent to RX input on MC viaXBEE_TX outpui.
Before transmission, SUs briefly check to see that no
oneistaking before start. In many applicationsit is not
critically important if asmall percentage of packets are
lost®2, but for WFMSitisvitd to haverdiabletransmisson
of data.

For communication between BU and PC, FT232R
(a USB to seriad UART interface device) was used.
During USB communication, MC sends data through its
TX output to FT_RXD input of FT232 chip of themodule
for wirelesscommunication. Chip FT232RL needs power
supply of 4-5.25V at 15 mA from USB port or its own
power supply. Interna oscillator frequency is 12 MHz.
Data transfer rates from 300 baud to 3 Mbaud (R$422,
R$485, RS232 ) at TTL levels. FT232RL has an
integrated 1 024-bit EEPROM for storing device
descriptors and CBUS I/O configuration. This chip then
adapts the data to requirements of USB protocol and
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sends datato PC viaUSBDP and USBDM signals. The
device should draw current up to 100 mA on plug-in to
USB and up to 2.5 mA in USB suspend mode. Pressing
button T2, the current state of SUs had been displayed.
This study chosen aphanumeric display AC-082A32,
which has two lines (8 character positions); first line to
write the name of afilter (Filter 1) and second line to
write the condition of filter. Conditions of all units are
aternately displayed.

Signdization module has to warn the stuff, visualy
and acoustically, that there has been a change in certain
SU. This module consists of an electromagnetic
loudspesker and red light emitting diode. In a case that
dl filtersare clean, thismoduleisinactive. If at least one
of the 10 filters is dirty, sSigndization module is active.

It is necessary to provide autonomous power supply
for BU. Due to the characteristics of components used
inthisdevice, abattery source (min. voltage, 7 V) should
be provided. According to the dimensions and nominal
battery voltage, the best solution for power supply isblock
battery of 9 V. To minimize power consumption, man
MC and wireless transmitter operates in two modes
(active and sleep). Each component is capable of being
placed in deep mode where power usage is significantly
reduced.

Sensor Unit (SU)
SUs perform loca data acquisition. Construction of

each SU isidentical; only differenceisthat each SU has
unique address, which allows BU to access them
separately. SU isconnected to adifferential manometer,
piezoresistive pressure sensor *3, which measures
pressure drop on a CAF. This study used differential
manometer with two digital outputs (PNP or NPN). Itis
possible to define two pressure limits on differentia
manometer. When pressure drop reaches any of these
limits, thereisasigna on the certain output. With pressure
limits, one can define three possible level of dirtiness of
each filter: i) If a pressure drop is below the low limit,
thereisno signa on outputs, meaning that filter is clean;
ii) If a pressure drop reaches the first limit, there is a
sgna on one output, indicating that filter is dirty and
need to be changed soon; and iii) If a pressure drop is
equa or higher than the high limit, there is a signa on
both digita outputs, indicating thet filter hasto be changed
immediately.

SU has to respond on BU’s request and to send
information on filter condition. SU consists of four
modules (MC, power supply, module for wireless
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Fig. 3—Outdoor testing results

communication and Sgndization module). MC ATtiny2313
constantly monitors outputs of differential manometer.
On the basis of these outputs, it gives information on the
condition of CAF. MC communicates with the module
for wirdless communication and controls operation of
signdization module. When the value of pressure drop
reaches any of the defined pressure limits, differential
manometer Sgnalsoutput. Operation and implementation
of modules for wireless communication are same as in
BU. SU isfixed and connected to differential manometer.
Therefore, industrial power source (24 V) was used for
its power supply. If, for some reason, communication
between BU and SU is disabled, sgndization module will
providesound and light sgndization. If filter iscontaminated
and warn the Stuff, it is necessary to change the filter.

Results and Discussion

SUs and BU were tested by several laboratory and
field experiments to determine sensitivity of sensors,
communication reliability & bandwidth, and robustness
of system components. WFM Stesting included: i) Range
testing, where range of device was tested in open air
with optical visibility and closed space, where data
communication was carried out through obstacles such
aswalls, windows, doors, furniture, etc.; ii) Accuracy of
registered pressure drop was tested during 16 weeks,
when SU was connected to two different filtersand each
measurement was made for three different air flows; iii)
Current consumption of BU during communication with
SU at different distances in open space; and iv)
Consumption of SU in listening and transmission mode.
Outdoor range was tested for eight different distances,
with 50 readings for each distance (Fig. 3). For up to
400 m distance, 100% successful data transmission was
found. For longer distances, rate of successful
transmission varied. Therefore, a safety factor of 0.75
was adopted, and claimed that WFMS is 100% current
and reliablein datatransmission for distancesup to 300 m
(manufacturer specifications)?.



During indoor testing, BU and SUs were placed in
different rooms having brick walls (30-40 cm thick), and
communication was done through common barriers in
the building (walls, windows, doors, furniture, equipment,
etc.). Totd length of facility was 36 m. SU is fixed in
one room, and BU istransferred from one laboratory to
another. For each position, 50 readings were made. It
was achieved 100% of success and accuracy of data
transfer. Manufacturer guarantees reliability for up to
100 mfor indoor range®. It was verified that glass, metal,
wood, equipment, and furniture do not have a major
impact on data in tested range.

Second testing method enclosed accuracy of
registered pressure drop. SU was connected to two
different filters mounted on CASfor an automated device
(air pressure, 6 bar). First filter (LF-D-5M-MINI, Festo)
has 5 um grade of filtration and second one (L F-D-40M-
MINI, Festo) 40 pm; both sintered filter with centrifugal
separator. Every measurement, conducted once aweek,
was made for three different air flows (200, 400 and
600 I/min). Data from differential pressure gauge
(Fig. 4) was compared and displayed on BU (transferred
via WFMS) and matching rate was found 100%.
Consumption of SU in listening and transmisson mode
(Fig. 5) showed average consumption at 27 mA during
listening, and at 35 MmA during transmitting mode.

For battery life, one could propose afilter monitoring
schedule in a single plant. With a weekly inspection of
condition of 10 filters, battery life can be estimated as*

| g » LI I, + T - IT+TSF°-TL-TT' l, (1)
SFC SC SFC
where T . -Super frame cycle (estimated on 30 min),

T, -Transmission time (0.908 s per SU), T, -Listening
time (estimated on 30 min), | g ~Average current of BU,
| -Average current during transmission and I, -Average
current during listening.

If 10 messages (10 SUs) are sent per super frame
cycle (T =1800s, T,=9.08 s), average current is 5.32
mA.. One 9-volt battery has 565 mAh capacity, so if SU
isin operation for 30 min per week, expected operating
time is 106 h (or 4 y). WFMS is designed to be used
occasiondly, daily, weekly, monthly and the period of itsuse
(0.908 stransmission time per SU) isirrdlevant for energy
efficiency analysisin termsof dectric energy from battery.

Energy Efficiency of Compressed Air System (CAS)
On both filters and for dl air flows (Fig. 4), thereis

growing trend in pressure drop. For highest flow
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Fig. 4—Pressure drop ranges for testing WFMS

(600 I/miny), for which pressure drop was measured on
just one filter, one gets annual compressed air
consumption of 216,00 ?. With average price®* of 0.02
€/md, total production costs of these volume of
compressed air takesto 4,320 €. It ispossible to achieve
savings of 2% by more frequently changing filters. In
this case, it would be 86.4 €. If costs (new filter cartridge,
6 €, saff time, 4 €) for filter cartridge changing amount to
10 €, there is savings of 76.4 €. In the case of more
frequent filter replacement and greater number of filters,
it is obvious saving capacity in this segment of CASs. If
WFMS can monitor ten filter units, saving can go up to
760 € per year.

Application Program

For displaying and storing the data on filter condition
from up to 10 SUs (filter stations or service units) on the
computer, Visual Basic was used. After receiving the
data on filter condition, these data are stored in BU
memory, SO it IS necessary to connect it to PC. During
data transmission, BU must be switched on. Upon
receiving the data, filter conditions are automatically
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displayed on the monitor (Fig. 6). For eachfilter, program
shows one of three possible states: i) Filter is clean.
(green mark); ii) Filter is dirty! (yellow mark); and iii)
Changefilter immediately! (red mark). If filter statewere
not read for any reason, it would be displayed amessage:
Station was not in a range! The transferred data on
filter condition could be saved and if necessary re-
examined. The agpplication alows creating and deleting
files and folders in order to facilitate data handling.

Conclusions

This study described a general WFMSS architecture,
important implementation issues, and prototype WFMS
made for monitoring the actual leve of dirtiness of CAFs.
Developed WFMS is very easy to install in existing
manufacturing systems. It is very smple, efficient, and
cheap for production and use. Components of BU and
SUsarereadily availablein the market. Testing hasfound
high reliability and accuracy during the operation of the
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device. Further improvement of WFMSis planned to be
related with: i) Integration of a differentiad manometer
and SU to asingle device; ii) Improvement in design of
BU and SUs; iii) Improvement of BU such that data can
be stored locally in a compressed format and then later
transmitted; iv) Output signa could be used to stop the
production of compressed air, until certain filter is
changed; and v) Improvement of the application program
in the manner of predicting the trend.

Refer ences

1

2

10

11

12

13

14

15

16

Talbott E M, Compressed Air Systems: a Guidebook on Energy
Savings, 2" edn (The Fairmont Press Inc, Lilburn) 1993.
Dickenson C, Filtersand Filtration Handbook, 4" edn (Elsevier
Science, Oxford) 1997.

Plackett-Smith M, Optimizing energy efficiency in compressed
air filtration, Filtr Segp 35 (1998) 251-253.

Saidura R, Rahimb N A & Hasanuzzamana M, A review on
compressed-air energy use and energy savings, Renew Sustain
Energy Rev, 14 (2010) 1135-1153.

Hunter P D, Improving compressed air filtration, Filtr Sep,
online (2009).

Garcia E, Guyennet H, Lapayre J C & Zerhouni N, A new
industrial cooperative tele-maintenance platform, Comp Ind
Eng, 46 (2004) 851-854.

CamposJ, Development in the application of ICT in condition
monitoring and maintenance, Comput Ind 60 (2009) 1-20.
Sedlija D, Ignjatovieel, DudizeS & Lagod B, Potential energy
savingsin compressed air systemsin Serbig, Afr J BusManage,
5 (2011) 5637-5645.

Favas G, End of Service Life Indicator (ESLI) for Respirator
Cartridges. Part I: Literature Review (Defence Science and
Technology Organisation, Victoria, Australia) 2005.

Norgren, Clean compressed air, The Norgren guideto effective
air preparation, (onlineg) 1999.

Das A, Popa D, Ballal P & Lewis F, Data-logging and
supervisory control in wireless sensor networks, Int J Wirel
Mob Comp, 6 (2009) 13-27.

PlantServices, Condition monitoring implementation survey,
(online) 2009.

Benghanem M, Measurement of meteorological data based on
wireless data acquisition system monitoring, App Energy 86
(2009) 2651-2660.

Kintner-Meyer M & Brambley M, Pros & cons of wireless,
ASHRAE J, 44 (2002) 54-59.

MogaD, Munteanu R A, Dumitrean M, DobraM & MogaR,
Wireless system for remotetilt measurement in monitoring and
control applications, Adv Elect Comp Eng, 8 (2008) 32-36.
ThompsonH A, Wirdessand Internet communicationstechnol ogies
for monitoring and control, Control Eng Pract, 12 (2004) 781-791.

17

18

19

20

21

22
23

24

25

26

27

28

29
30

31

32
33

SwartzaR A, Zimmerman A T, Lynchb JP, Rosario J, Brady T
et al, Hybrid wireless hull monitoring system for naval combat
vessels, Sruct Infrastruct Eng online (2009).

GangoneM V, Whelan M J & Janoyan K D, Deployment of a
dense hybrid wireless sensing system for bridge assessment,
Sruct Infrastruct Eng, 7 (2009) 369-378.

Wang Y, Lynch JP & Law K H, A wireless structural health
monitoring system with multithreaded sensing devices: design
and validation, Struct and Infrastruct Eng 3 (2007) 103-120.
O'Flynn B, Regan F, Lawlor A, Wallace J, Torres J &
O’ Mathuna C, Experiences and recommendationsin deploying
areal-time, water quality monitoring system, Meas Sci Technol,
21 (2010) 1-10.

Milenkovic A, Otto C & Jovanov E, Wireless sensor networks
for personal health monitoring: Issues and an implementation,
Comp Commun, 29 (2006) 2521-2533.

SKF, KF Wireless monitoring system V/T, (online) 2008.
Egea-Lopez E, Martinez-SalaA, Vaes-Alonso J, Garcia-Haro
J & Malgosa-Sanahuja J, Wireless term communications
deployment in industry: a review of issues, options and
technologies, Comp Ind, 56 (2005) 29-53.

Tanner N A, Wait JR, Farrar C R & Sohn H, Structural health
monitoring using modular wireless sensors, J Intell Mater Syst
Struct, 14 (2003) 43-56.

|EEE Computer Society. Part 15.4: Wireless Medium Access
Control (MAC) and Physical Layer (PHY) Specifications for
Low-Rate Wireless Personal Area Networks (IEEE-I nstitute of
Electrical and Electronics Engineers, New Y ork, USA) 2003.
Neumann P, Communication in industrial automation—What
isgoing on?, Control Eng Pract, 15 (2007) 1332-1347.
Gutiérrez JA, Callaway E H & Barrett R, Low-rate Wireless
Personal Area Networks: Enabling Wireless Sensorswith |EEE
802.15.4 (IEEE-Ingtitute of Electrical and Electronics Engineers,
New York, USA) 2003.

Digi Internationa Inc, XBee®/XBee-PRO® ZB RF Modules,
product datasheet, (onling) 2008.

Atmel Corporate, ATtiny 2313, product datasheet, (online) 2010.
Cho S, Lynch JP, Lee JJ & Yun C B, Development of an
automated wireless tension force estimation system for
cable-stayed bridges, J Intell Mater Syst Struct, 21 (2010)
361-376.

Pakzad S N, Fenves G L, Kim S & Culler D E, Design and
implementation of scal ablewireless sensor network for structural
monitoring, J Infrastruct Syst, 14 (2008) 89-101.

Ampire, AC-082A, product datasheet, (online) 2002.

Festo, Pressure sensors SDE 3, product datasheet, (online)
2006.

BCAS-British Compressed Air Society, BCAS fact sheet No.
10, The costs of compressed air, (online) 2007.



