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Abstract: This paper deals with the traceability-assurance This evolution has enormously increased the use$sin
problems that are faced when a distributed meagurinof measuring systems: thanks to the capillarity té
system is employed. These problems are highliglited Internet, a distributed measuring system allows the
different distributed-system architecture, then & ®f measurement of several quantities distributed avéarge
guidelines is provided in order to correctly manayeh area to be obtained at a reasonable cost. Typipdications
systems from a metrological point of view. The mrepd are the monitoring of the environmental pollutiordaf the
solution is based on a network-assisted -calibratiopower quality. On the other hand, the traceabdiggurance
procedure, which requires suitable travelling stadd that is a very difficult task, because the obtained mezments
are sent to the nodes of a distributed system undare the combination of hardware and software pesesethat
calibration and are remotely controlled through lthternet. take place over a wide-distributed environment. eDth
Two prototypes of travelling standard are also deed that problems arise due to the data exchange over ttveorie
have been designed in order to implement the prapossuch as net latency and lack of synchronizationrammits
calibration procedure. The first prototype can bedufor the [2-3]. These issues are tackled in the next sestidry
calibration of system, which require tight temporalproviding a set of guidelines that allows a disitédl
coherence, while the second one is able to cadibratmeasuring system to be correctly managed from a
measuring nodes that monitor the chemical pollution metrological point of view.

Keywords: Measurement, quality assurance, large-scale. TRACEABILITY IN A DISTRIBUTED
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1 INTRODUCTION Traceability, which is a fundamental aspect of any
measurement that has to be compared with other
In the last decades, measuring-system architecharés measurements or with acceptance limits, is defiagd4]
been deeply changing, due to the availability afitdl the property of the result of a measurement or the value of a
instruments and telecommunication networks. Inp@&t, an  standard whereby it can be related to stated references,
important milestone in the measurement field wae thusually national or international standards, through an
development of communication buses devoted to thanbroken chain of comparisons, all having stated
instrumentation, such as the IEEE-488, which gawe t uncertainties.
possibility to arrange automatic test-bench, in olehi The traceability assurance, which for a stand-alone
different digital instruments share a communicatiols and instrument is obtained by periodically calibratirthe
are controlled through a Personal Computer (PC)nstrument against devices that are directly orirgudly
Nowadays, the instrument-communication bus can beelated to the primary standards, becomes a diffiask for
extended in order to cover very large areas, thaokhe automatic test-benches, and a tricky problems iiriduted
availability of both wired and wireless networksiffBrent measuring systems. Both these kind of systems geovi
automatic test-benches, as well as smart transsliteand results that typically depend on:
instruments that embed a network card, can be - the measurements that different instruments carry

interconnected through this extended bus, thusgimg a out;
distributed measuring system, which can either &=t on + the software processes such measurements are
a centralized or a grid architecture. The formdereto a subjected to.

system that is managed by means of a central P@hwh | aqdition, distributed measuring systems prederther
remotely configures the different sub-systems, @egirom  traceability-related problems, since instruments asually
them the corresponding measurements and, after fmme spread over a large area and their number coulsebg
of processing, makes the final results availableneousers. pigh. This situation makes the common calibratippraach
In the latter architecture, each measuring node hagsystainable, since it is required that instrusieate
management capabilities and co-operates with therot moyved to a laboratory, with high cost for caliboatiand

nodes on a peer-to-peer basis. transportation. Furthermore, during the calibratidhe



different nodes are unavailable, thus making ttsériduted
measuring system not completely operative. Otheblpms
arise from the verification of software programsttlare

involved in the measuring process, since the soéwe

process could be either split between the centndl the
peripheral PCs or, in the case of a grid architestu
distributed over the different nodes. For this oeast is
more convenient to verify the whole “software clidiman
verify each program independently from each othegood
solution seems to be a whole calibration procedwrech
allows both hardware and software sections of yiséem to
be verified.

Other problems could make the traceability asswanc
difficult task, which depend on the performed megsu
task as described below.

2.1. Measuring tasks performed by a distributed measuring
system
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Fig. 1. Remotely-controlled calibration techniquefor a distributed
measuring system.

results and those of the adjacent nodes. Such @& gri

The simplest task a distributed measuring system caarchitecture makes the traceability assurance ay ver

perform consists in collecting the results thatheaode

complicate problem, since the system is a multistap

provides. In this case, the central PC acquires thgulti-outputs distributed instrument, whose calilma

measurement results from each node and makes the@yuires to verify each node while stimulating tbier
available to the users: each node performs indegend nodes with known inputs.

measurements. An example is a system that moniters
environmental pollution over a geographical arehpse
main goal consists in comparing the results of eactie
with alarm thresholds. The traceability assurancesdnot
present particular problems, since each node can
calibrated independently of the others.

The situation becomes more difficult if the centRC
provides results that are obtained by processing
measurements the different nodes provide: the @eRt is
no longer a data collector, but is a part of theasneing
chain. A typical application consists in monitorirthe
power quality. In this case, each node processeadfuired
data and estimates electrical quantities, suchoagepand
energy, and quality indices; such quantities arg e the
central PC, where the harmonic power flow is esttiand
harmonic sources are localized [5-6]. Such estonatiften
requires a strict synchronization among the diffemodes,

In the next section, a remotely-controlled calilnat
technique is proposed with the aim to tackle thetinaed
problems.

e REMOTELY-CONTROLLED CALIBRATION
TECHNIQUE

th The proposed technique requires the availability
remotely-controlled travelling standards, which cae
commercially-available equipment, such as multifigrc
calibrators and signal generators, or specificatgigned
devices [8]. The travelling standards, which hawebe
equipped with a network interface, are sent todifierent
nodes and are remotely controlled through the teter
If the distributed system implements the second kif
measuring task, the calibration can be remotelyoised by
the central PC, which manages the travelling stafsjan

of

which is usually obtained by employing the Globalorder to apply known stimuli at the node inputspfagures

Positioning System (GPS) [5,7]. The traceabilitguaance
is definitely a not trivial operation: the distrii@d measuring
system has to be considered as a large instrumdmtse
inputs are located at the different nodes, whike dlatputs
are available at the central PC. Such an instruinasto be
calibrated by contemporaneously stimulate the wdifie
nodes with synchronized signals, in order to eualuhe
robustness of the whole system with respect to-tdek
synchronization.

The most difficult situation is encountered wherchea
node of a distributed system performs a measuasg by

processing local measurement and data obtainedth®sr o

nodes, according to the grid paradigm. In this cdke
presence of a central PC is not mandatory, eveungtindgt
can be present for managing or storing purposes syhtem

the involved nodes and acquires the corresponding
measurements, as shown in the figure 1. The olataine
results are compared with the expected ones i todgate

the “conformity” or “non-conformity” of the wholeystem.

If the system performs measuring tasks that require
synchronization among the different nodes, syndhesh
stimuli have to be employed during the calibraibrase.

The calibration of a distributed system that parfeithe
third kind of measuring task, i.e. those based ogrid
architecture, can be viewed as the set of calimatof the
different nodes. The remotely controlled technigillews a
set of travelling standards to be employed in ortter
stimulate different nodes, one of which is the natheler
calibration. Since a central PC that manages thiraton
procedure is not always present in such systensgdns

is therefore made up of interconnected nodes witfonvenient to configure the employed travellingietrds as
networking and processing capabilites. A possibléd 9rid architecture: the calibration of a grid systis

application is the localization of harmonic sourdesthe
mains, which each node can perform by processiagtim

therefore performed by means of a grid of standaads
shown in the figure 2. This means that each stahbas to
be able to communicate with the other standards tand



therefore validates the software section of theesysthat
follows the measuring devices.

During the second step, the inputs of the distabut
system are stimulated by means of the travelliagdsrds,
which provide a reduced test-set. In this situatitime
measurements acquired at the central PC allow the
verification of the measuring devices to be perfedmsince
the results the central PC receives follow a pdtht t
includes the already validated software section.

4. TRAVELLING-STANDARD PROTOTYPES

In this section, two prototypes of travelling stardk are
briefly described that have been conceived to implet the
proposed remotely-controlled calibration technique.

4.1. GPS-synchronised travelling standard

A travelling standard has been developed by thbaasit
and is now under characterisation that is suitdbtethe
Fig. 2. Remotely-controlled calibration techniquefor a distributed cahbratlpn of measu”ng, sygtems used for the roini of
measuring system based on a grid architecture. the mains power quality in a three-phase systene Th

calibration of such systems requires one to stiteuthe
different nodes of the measuring system by emptpyin
manage the calibration procedure: one of the stasdaill ~ synchronised signals, therefore the developed lItnage
be configured as the calibration manager, whose naaks standard is designed be synchronised with the other
consist in controlling the other standards and g@ssing the ~standards employed in the calibration. Fig. 3 shaviock
calibration results. scheme of the proposed device, whose main partarare

The number of nodes of a grid measuring systenbean embedded Single Board Computer (SBC), a GPS module,
very high, thus requiring a great number of tramgll and two boards that provide the stimuli to be aplo the
standards. However, from a measurement point ofv,vie measuring node.
only the adjacent nodes typically affect the resaltnode The SBC (model EX9529) embeds a LAN 100/10M
provides. For this reason, it is convenient to mefa co- interface, which provides networking capabilitiend a
operation area, which includes all the nodes thatually  low-power 300 MHz CPU, which gives the full potexity
affect each others. In the figure 2, as an examjde, of a personal computer: this makes the standatetseifor
highlighted the co-operation area for the node3, 3, 6 and the calibration of a distributed measuring systexseldl on a
8. The calibration of a node of such a co-operatioga central PC, as well as for the calibration of atesysbased
therefore requires five travelling standards. on a grid architecture, since it can be configuesdthe

I calibration manager. The SBC is equipped with &MBte
3.1. Calibration test-set Disk-On-Chip and is operated in a Linux environment

A measuring system is usually calibrated in a grofip The GPS module (Tyco Electronics model A1029) sffer
test points, which is hereafter referred to asgestThe test- the synchronization capability and is connectethto SBC
set has to be suitably chosen in order to be reptative of ~ through an RS-232C serial port. The received GPS-
the operative conditions of the system, thus makiiiective ~ sentences are processed by the SBC in order tacestre
the calibration. Such a choice involves severaketsp such  Universal Time Coordinated (UTC), which is employied
as range and nature of the measured quantitiesatope  Synchronise different travelling standards by stgrtthe
principle and configuration of the instruments, aimdthe  Signal generation at a defined time. However, #1gd time
case of a distributed system, the system architeetod the  skew due to the transmission delay of the seriai would
operative conditions at the different nodes. Anpthenot allow a good synchronisation to be obtained. ths
important aspect to be considered is the possiblé-input ~ reason, the signal generation is started simultasigavith
nature of the processing algorithms that are impleed at  the edge of the 1 Pulse Per Second (1 PPS) sigmatipd
each node and at the central PC: this situatiotddead to by the GPS module: the 1 PPS and the UTC informatio
a test-set with a very high size, thus making uisnsble allows different travelling standards to be syncized
the proposed procedure. within less than 1us.

For this reason, a modified version of the proposed A micro-controller (1C) based board and an analogue
technique is proposed, which is performed in twoboard implement an arbitrary-signal generator. The
subsequent steps. During the first step, complgardhms  uC-based board interacts with the SBC through a /1
are validated, by feeding the nodes where suchrittigts bus (see Fig. 3) and embeds two micro-controllers
are implemented with a great amount of data, byleynmpy ~ (Microchip PIC-16F877) and a RAM. The first micro-
a test-set file (see figure 1). The correspondigpits are controller implements a Direct Digital Synthesis D®)
processed at the central PC or at the PC configasethe technique, thus providing a local clock at the érecyfe
calibration manager of a grid measuring systemhSitep that is locked to the GPS clock. The micro-congmwll
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Fig. 3. Basic architecture of the GPS-synchronisetiavelling standard.

measures the frequency of the local clock by mexdriss :
internal counter, which employs the 1 PPS impulse¢ha 4.2. Gas calibrator
gate signal: the control word of the DDS generaor Another travelling standard has been designed ighat
therefore adjusted in order to obtéirperiods per second.  able to generate known concentrations of gas, dhosing
The samples of the signals that have to be gemkratethe calibration of distributed measuring systenas thonitor
which are computed by means of a specific prograat t the chemical pollution to be performed. The blockeme
runs on the SBC, are written into the RAM throudie t of the prototype is shown in Fig. 4, where threemtdocks
second micro-controller, which manages the comnadinio  are highlighted: a control unit, a gas cylinder,d aa
with the SBC through the PC/104 bus. During thecalibration cell.
generation phase, such a micro-controller suitadigresses The calibration cell, which is made up of a cylidt
the RAM in order to provide the signal samples i@ t central body and two removable circular stoppessthie
analogue output board. Such a board has been ddsign chamber where known gas concentrations are gederate
provide six independent channels: three of thesmmdéls One stopper, which is referred as the referencel,hisa
provide voltage signals, while the other ones mtexdurrent  equipped with standard sensors of gas concentratibase
signals. Each channel employs low-offset and loift-dr measurements represent the reference values feetisors
components and is based on a 16-bit Digital-to-Agaé  under calibration. The other stopper, which is mefe: to as
Converter (Maxim model MAX542A) and an externalthe test head, embeds the sensors under calilration
voltage reference (Maxim model MAX6325). The DACs a The control unit is based on the same single board
serially fed by the samples that are stored in® RAM.  computer employed for the GPS-synchronised cabibrat
The voltage channels are made up of two operationghat offers networking and processing capabilitidhe
amplifiers (Analog Devices model OP177), whichefiland  reference measurements of gas concentration adreaésd
amplify the DAC output, and an output stage thatvise from the standard-sensor output signals, which are
voltage signals in the range of -400 V to +400 \heT conditioned and acquired by means of a micro-cdetro
current channels employ the same operational aiewpés a board and then transferred to the single board otenp
filter and a high-current operational amplifier ander to A gas cylinder is connected to the calibration cell
provide current signals in the range of -10 A t@ AL through an electromechanical valve, which is cdledoby
The prototype is able to provide voltage and currenthe control unit: this way approximately known voiess of
signals with arbitrary waveforms, fundamental freqey of  gas mixture can be inserted into the cell, so thfierent
50 Hz and harmonic components up to 2.5 kHz, ipetau  concentrations can be generated. The referencewalfithe

the 5@h harmonic. generated concentrations are provided by meankBeofjas
A preliminary characterisation of the developedstandard-sensors.
prototype can be found in [9], where the synchratiis In the prototype the authors have developed, the

capability has been experimentally estimated im$wf reference head embeds two thick-film metal-oxide
time skew of the signals generated by means of tweemiconductor devices (Figaro models TGS2106 e
different travelling standards. Different measuratgeries TGS2442), which measure the concentration of carbon
acquired in 3D-fix condition for the GPS-modulesvéia monoxide (CO) and nitrogen dioxide (MO The basic
shown a maximum deviation of the time skew of al#@@ principle of these devices is the resistance chaogeto the
ns, thus confirming the possibility to synchronififierent  concentration change of the target gas that is wadiy
travelling standards within fis. adsorbed and desorbed on the sensor surface. Sikanee
outputs of the two sensors also depend on temperand
relative humidity, therefore the reference head asbeds
a temperature sensor (National Semiconductor model
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Fig. 4. Block scheme of the gas calibrator.

LM35) and a relative humidity sensor (Humirel model

HM1500), thus allowing the effects of these quagiton
the gas sensors to be compensated. The refereackihe
also equipped with two gas quick connectors: ommeotor
is employed to insert the gas mixture into the, aellile the
other one allows a pressure gauge to be connectedgd
the calibration of the standard sensors, as exgdalater.
Fig. 5 shows the prototype of calibration cell, @hihas
been made in plexiglass.

The micro-controller board is an application-spiecif
measuring system, which is connected to the SBaugir
an RS-232C port and performs both the measurenants
gas concentration inside the calibration cell amel ¢ontrol
of the gas flow. These functions are achieved bgmaef a

micro-controller (Microchip model C18F2620) and its

embedded devices. Fig. 6 shows a photograph ahttweo-
controller board that includes a few voltage retprg
which are necessary to provide the power for hgatie gas
sensors. The CO sensor requires also specificrigeptilses

and measurement sequences, which are obtainedsthank

the micro-controller timers. The output of all thensors are
first amplified and then acquired by the analoguehgital
converter of the micro-controller.

The metrological characteristics of the employed ga

sensors, such as output sensitivity with respedhéogas
concentration and effects of the influence quaetitiare

| pressure gauge

Preliminary experimental results are available tedgr
to the calibration of the N{Osensor of the reference head. In
the measuring range of 0 ppm to 7 ppm of ,NO
concentration, a sensitivity of 4.3QKppm)* has been
estimated for the sensor output-resistance. Alsoefifiects
of temperature and humidity have been estimatedhén

ranges (1830) °C and (2670) %RH respectively,
obtaining a sensitivity of -0.1¢k (°C)* with respect to the
temperature and a sensitivity of -0.1% K6RH)* with
respect to the relative humidity. Such results shioat the
gas concentration can be estimated with a standard
uncertainty of 0.1 ppm provided that the sensastasce is
measured with a standard uncertainty of 0Q knd
temperature and humidity are estimated with stahdar
uncertainties of 1 °C and 2 %RH respectively.
Unfortunately, the main uncertainty contributionredated

to the sensor repeatability, that gives a contidloubf about
0.3 ppm. For this reason, the authors are testithgro
sensors, with the aim to obtain better repeatgbitis well

as better reproducibility.

5. CONCLUSIONS

The increasing diffusion of distributed measuring
systems has made more difficult the traceabilityussnce.
Besides the problem that is faced in the estimatién

stated by the manufacturer as large intervals, thusetwork-related effects on the measurement unogytaihe

highlighting a poor reproducibility among differegié¢vices.
As an example, the resistance output of the, Néhsor in
clean air is stated as the range§B) kQ. For this reason, a
preliminary calibration of such devices is mandatavhich
is performed without removing them from the refe®n
head. The calibration cell is sealed by means sfoaper
and a gas mixture with known concentration is iteskmto
the cell: since the gas mixture is inserted infgystem at a
constant volume, it is possible to express the igdeé gas-
concentration as a function of the gas pressurganthe
cell, which is measured by means of a differengi@ssure
gauge connected to the second gas quick connether.
details of such a procedure, as well as the estmaif the
calibration uncertainty, can be found in [10].

calibration of such systems could become a tediodsvery
expensive activity if performed in the common wagr this
reason, an innovative approach has been proposdtuisin
paper for the calibration of a distributed measyisystem,
with the aim to make such an activity both econathjcand
technically sustainable.
The main advantages the proposed procedure offers a
- possibility to calibrate multi-inputs multi-outputs
distributed measuring systems;
- minimization of the out-of-service time of a
distributed system;
« low management cost, since its implementation
does not require the presence of skilled
technicians at the different nodes;



Fig. 4. A photograph of the calibration cell.

« possibility to store the calibration results in a
centralized database and automatically process
them in order to dynamically manage the[9] A. Carullo,
calibration interval of the whole system, thanks to

the available history.
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