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A Remotely Controlled Calibrator for Chemical
Pollutant Measuring-Units

Alessio Carullo, Simone Corbellini, and Sabrina Grassini

Abstract—The increasing diffusion of pollutant measuring
units, which are installed over wide areas, along with the short
calibration interval of several sensors for pollutant quantities,
requires new calibration infrastructures to be developed. This
paper describes an attempt to develop an innovative calibration
system which is based on traveling standards and which does not
require units to be removed from the measuring site during the
calibration process. The calibration system is based on a traveling
standard, which is composed of one or more cylinders that contain
gas mixtures, a cell with standard sensors, and a control unit
with networking capabilities, which allows the traveling standard
to be remotely exercised. A prototype of the proposed system is
described and the preliminary results reported.

Index Terms—Calibration, environmental factors, intercon-
nected systems, large-scale systems, measurement standards.

I. INTRODUCTION

HE ATTENTION toward the risks that are related to expo-

sure to chemical pollution is rapidly increasing, because
of the direct correlations that have been established among
pollutants and human diseases. For this reason, a continuous
monitoring of the different pollutants is often implemented, and
obtained pollutant levels are compared with attention and alarm
thresholds in order to highlight possible dangerous situations.

Monitoring of chemical pollutants is usually performed by
means of systems that are based on a distributed architecture:
Different measuring units are interconnected in a wired or wire-
less data network and remotely managed by means of a central
control unit. In such a way, the data the different units provide
can be collected and processed in real-time, thus allowing
dedicated algorithms to be implemented that interpolate the
pollutant levels among different units or provide a sort of “pol-
lutant forecast” [1]-[3]. Furthermore, the distributed architec-
ture allows large geographical areas to be monitored, especially
when the Internet is employed as the network support.

A common problem of existing monitoring networks is poor
spatial density, which is mainly due to the high investment that
is required to activate the measuring units. Each unit is indeed
a set of expensive chemical analyzers that are very similar
to those employed in a chemical laboratory. Such analyzers
employ different measuring techniques, such as chemilumi-
nescence for NO,, nondispersive cross modulation infrared
analysis for carbon monoxide (CO), and molecular fluorescence
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for SOx. Furthermore, high management costs have to be
considered that are mainly due to the periodical calibration
of each analyzer.

With the aim to solve such problems, many researchers have
developed simpler devices for pollutant detection, which are
now commercially available as electrochemical and solid-state
sensors. The most interesting features of such devices are their
low cost and small size, while the main drawback is a poor
selectivity, since their output is affected by different kinds of
gases. Cheap and compact measuring units can be therefore
arranged, which usually employ sensors that sense different
target gases, thus allowing the different outputs to be suitably
processed in order to improve the gas selectivity [4], [5].
Another interesting application of such sensor-based measuring
units is the monitoring of urban areas, which is performed by
placing the units on vehicles running on the streets. In this
case, some solutions are proposed for verifying the metrological
characteristics of the involved devices [6], [7].

Like the chemical-analyzer-based units, also the sensor-
based units require a frequent calibration that makes their
management expensive. The distributed architecture further
complicates the calibration procedure, since the acquisition and
processing programs that are involved in the measuring path
also have to be verified. In order to simplify the metrological
management of such kinds of systems, the authors of [8] have
suggested a procedure that requires the availability of remotely
controlled traveling standards [9], which are sent to the different
units and controlled by means of the central control unit. The
calibration results the central unit acquires can be eventually
employed to perform the metrological confirmation of the
whole measuring system [10].

Unfortunately, traveling standards that are able to generate
known gas concentration are not commercially available, thus
preventing the remote calibration technique to be performed.
For this reason, the authors have designed a traveling standard
that can be employed for the remote calibration of sensor-based
pollution measuring units [11].

II. TRAVELING STANDARD

The proposed traveling standard, whose basic architecture is
shown in Fig. 1, mainly consists of a control unit, a gas cylinder,
and a calibration cell.

The calibration cell is a sealed chamber where known gas
concentrations are generated. It is made up of a central body
of cylindric shape and of two removable circular stoppers. One
stopper, which will be referred to as “reference head,” is a
component of the traveling standard and is equipped with a
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Fig. 1.
during the calibration of the reference head.

set of standard sensors of gas concentration, temperature, and
humidity. The measurements such devices provide represent
the reference values for the sensors under calibration. The other
stopper, known as the “test head,” embeds the sensors under
calibration, and therefore, it belongs to the pollutant measuring
unit. A measuring unit can be therefore remotely calibrated
if its measuring head can be adapted to the calibration cell.
Furthermore, in order to apply the calibration procedure
proposed in the next section, the measuring unit has to access
to the network, as highlighted in Fig. 1.

The control unit has to offer networking capabilities to
allow the traveling standard to be remotely programmed and
processing capabilities to permit the estimation of the reference
values of gas concentration, temperature, and humidity from the
output signals of the standard sensors.

A cylinder that contains a gas mixture is connected to the
calibration cell through an electromechanical valve, which is
controlled by the control unit. This allows approximatively
known volumes of gas mixture to be introduced into the cell so
that different concentrations can be generated, whose values are
measured by means of the gas standard sensor. The proposed
scheme can be easily extended by employing different gas
cylinders, thus allowing the verification of different sensors or
the cross-sensitivity of a single sensor to be verified.

A. Traveling-Standard Prototype

The prototype the authors have developed has been special-
ized for the calibration of pollutant-measuring units that detect
the concentration of CO and nitrogen dioxide (NO3). The refer-
ence head embeds two thick-film metal-oxide—semiconductor
devices (Figaro models TGS2106 e TGS2442), whose basic
principle is the resistance change due to the concentration
change of the target gas that is chemically adsorbed and des-
orbed on the sensor surface. The resistance changes of the two
sensors are converted into voltage changes by means of two
simple voltage dividers.

The signal outputs of the two sensors also depend on the
temperature, which affects the chemical reaction on the sensor
surface, and on the relative humidity, since the water vapor
adsorbed on the sensor surface results in a resistance change.
For this reason, the reference head also embeds a temperature

Architecture of the traveling standard for the calibration of sensor-based pollution measuring-units. The differential pressure gauge is employed only

Fig. 2. Photograph of the single-board computer connected to the
microcontroller-based board.

sensor (National Semiconductor model LM35) and a relative
humidity sensor (Humirel model HM1500), thus allowing the
effects of these quantities on the gas sensors to be compensated.

The reference head is equipped with two quick gas connec-
tors that are employed to insert a gas mixture into the cell and to
connect a pressure gauge. The gas mixture, which has a known
concentration, is contained into a cylinder; the pressure gauge
is employed only during the calibration of the standard sensors,
as explained later.

The control unit is based on an EX9529 embedded single
board computer (SBC) and on a dedicated measuring board.
The former is a general-purpose computer which operates in
a Linux environment. Thanks to both the 32-MB disk-on-chip
and the embedded LAN 100/10M interface, such a computer is
able to communicate with a central server and allows the stan-
dard to be remotely programmed. The second board is instead
an application-specific measuring system, which performs both
the measurements of gas concentration inside the calibration
cell and the control of the gas flow. These functions are
achieved by means of a microcontroller device (PIC18F2620
by Michrochip) and its embedded devices.

Fig. 2 shows the SBC connected to the microcontroller board
(uC-board) by means of an RS-232C interface. The board
includes a few voltage regulators that are necessary to provide
the power for heating the gas sensors. The timers of the micro-
controller are employed in order to provide specific heating
pulses and perform the measurement sequence that is required
by the CO sensor [12]. The output of all the sensors are first
amplified and then acquired by the analog-to-digital converter
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Plexiglass calibration-cell of the traveling standard.

of the microcontroller, which employs 10 bits of resolution.
Such a resolution corresponds to a maximum quantization
uncertainty of about 0.25 °C for the temperature and 0.1% RH
for the relative humidity. The quantization uncertainty for the
concentration measurements depends on the sensitivity of the
gas sensor and can be as low as 0.1% of the measuring range.

Fig. 3 shows the prototype of calibration cell, which is made
of plexiglass. The sensor connections are obtained by means of
a gas-tight connector.

III. CALIBRATION PROCEDURES

The proposed traveling standard is suitable for calibrating
single pollutant measuring units, as well as large distributed
systems.

When a single measuring unit has to be verified, the traveling
standard is sent to the unit site and is remotely controlled in
order to apply known gas concentrations to the unit sensors.
The measurements the unit provides are then acquired and
compared with the reference values in order to perform the
metrological confirmation of the measuring unit. One should
note that expert technicians are not required at the unit site, thus
drastically reducing calibration costs.

If a distributed system has to be verified, the calibration
procedure depends on the measuring task the system performs.
If the system is a set of independent measuring units, i.e.,
when the central control unit only configures the different units
and acquires the measured data, the same procedure employed
for a single unit can be implemented for each unit at a time.
If the central control unit instead performs some forms of
processing that involve measurements that different units pro-
vide, a distributed calibration procedure can be implemented.
Such a procedure requires the availability of different traveling
standards (TSy, ..., TSy ) that are sent to the different units and
remotely controlled by the central unit, as shown in Fig. 4.

The traceability of the measurements the traveling standard
provides is assured by calibrating the standard sensors without
removing them from the reference head. The traceability chain
is summarized in Fig. 5.

Initially, the reference head is inserted into a climatic
chamber, and temperature and humidity sensors are calibrated
against traceable devices. Then, the calibration cell is sealed
by means of a stopper and a gas mixture with a known con-
centration is introduced into the cell. Since the gas mixture is
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introduced into a cell that has a constant volume, it is possible
to express the generated gas-concentration ¢, inside the cell as

Ty (Be_ B
' (Tg TO) M

where P, and T} are pressure and temperature inside the cell at
the initial conditions, P, and T}, are pressure and temperature
inside the cell after the insertion of a certain amount of gas
mixture, and ¢, is the volume gas-concentration inside the
cylinder. The previous equation is valid for gases that normally
have a negligible concentration in the air, e.g., CO and NOs.

If the temperature is subjected to negligible changes during
the sensor calibration, i.e., if T; ~ Tg, (1) becomes

cg:cv~<l—%) 2)
g

that can be rewritten as

1
= Cy " 1—— 3
e[y N

where AP is the pressure increase inside the cell that is due
to the inserted gas mixture, which is measured by means of a
differential pressure gauge (see Fig. 1).

If the initial pressure Py is known with negligible uncertainty,
the standard uncertainty u(cg) of the gas concentration gener-
ated inside the calibration cell can be expressed as [13]

u2(cg): <1 — —1£> ~u?(ey) + —(](sz+ 12)1)3)4 -u?(AP)

“

where the gas concentration inside the cylinder and the pressure
measurements have been considered uncorrelated quantities,
ie., p(cy, AP) = 0.

For the calibration of the gas sensors of the developed pro-
totype, the authors have employed two different gas cylinders
with traceable concentration of CO (¢, = 396 ppm,u(cy) =
4 ppm) and NOz(¢, = 54 ppm, u(c,) = 0.7 ppm) and a differ-
ential pressure gauge with a range of 130 mbar and a standard
uncertainty of 0.3 mbar at the full range. As an example, Fig. 6
shows the achievable concentration of NO, inside the calibra-
tion cell and the corresponding relative standard uncertainty
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Fig. 6. Achievable concentration of NO2 and corresponding relative standard
uncertainty.

that has been estimated by considering the initial pressure P,
equal to the atmospheric pressure.

The output signals the standard sensors provide for differ-
ent gas concentrations and different temperature and humidity
values are measured by means of the control unit. In such a
way, the calibration of the whole measuring chain is performed,
since also the measuring hardware and the processing software
are involved in the calibration process. The acquired signals are
then employed in order to estimate the calibration function !
of each gas sensor, i.e., the relationship that allows one to obtain
a gas-concentration estimation ¢, from the output voltages of
temperature, humidity, and gas sensors, as highlighted in Fig. 5.

Alternatively, if a discrete number of a priori known gas
concentrations has to be generated, the traveling standard can
be characterized by means of a calibration table. Such a table
can be built by generating such gas concentrations and stor-
ing the corresponding voltage outputs. During the use of the
traveling standard, in order to reproduce the same gas concen-

trations, a gas mixture is introduced into the calibration cell
until the stored voltage outputs are obtained. In such a way,
lower uncertainties can be obtained, since the performance of
the traveling standard is not affected by the deviation of the
estimated calibration function with respect to the real behavior
of the sensors. When a calibration table is employed, the main
uncertainty contributions are the ones related to the short-term
stability of measuring hardware and standard sensors.

IV. EXPERIMENTAL RESULTS

The reported experimental results refer to the NOy and CO
sensors of the reference head. Such sensors have to be char-
acterized from a metrological point of view, since the manufac-
turer specifications are not suitable as calibration functions: The
sensor resistances in clean air, as well as their sensitivities with
respect to the gas concentration, are stated as large intervals,
thus indicating a poor reproducibility among different sensors.

Initially, the sensor sensitivities in air with respect to the
influence quantities have been estimated by placing the cali-
bration cell inside a climatic chamber and acquiring the sensor
outputs at different levels of temperature and relative humidity.
Different tests have been performed in the temperature range of
10 °C-30 °C at a fixed humidity (40% RH) and in the humidity
range of 20% to 60% RH at a fixed temperature (23 °C). The
obtained results for the NOg sensor are shown in Figs. 7 and 8.
The estimated sensitivities are of about —0.1 kQ(°C)~! with
respect to the temperature and of about —0.12 kQ2(%RH) !
with respect to the relative humidity.

Then, the sensor sensitivities with respect to the gas con-
centration have been estimated by implementing the calibration
technique described in the Section III. Fig. 9 shows the obtained
results for the NOs sensor during a test session in the concentra-
tion range of 0-5.5 ppm: The obtained sensitivity with respect
to the concentration of NOj is of about 4.3 kQ2(ppm) !, while
the time constant of the sensor is of about 20 s.

The obtained results allow a preliminary estimation of the
expected uncertainty to be obtained. If the sensor resistance is
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Fig. 9. Example of results obtained during a calibration session of the NO2 sensor.

measured with a standard uncertainty of 0.1 k{2 and the uncer-
tainty of the influence quantities is of 1 °C for the temperature
and 2% RH for the relative humidity, the NOy concentration
can be estimated with a standard uncertainty of less than
0.1 ppm. Other uncertainty contributions that have to be taken
into account are the calibration uncertainty and the sensor drift.
The former does not affect the total uncertainty in a significant

way, since its value reaches 0.1 ppm only for concentration of
NO; higher than 6 ppm (see Fig. 6). The latter is now under
investigation, since it requires more tests for its estimation.
The same tests have been performed for the CO sensor. As an
example, Fig. 10 shows the results that refer to the behavior in
air of the sensor output with respect to the temperature at a fixed
relative humidity (60% RH). The estimated sensitivities with
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Example of results obtained during a calibration session of the CO

respect to the influence quantities are —0.9 kQ(°C)~! for the
temperature and —0.05 kQ(%RH) ! for the relative humidity.
Fig. 11 shows the resistance output of the CO sensor during a
calibration session that has been performed in the concentration
range of 0—40 ppm at a temperature of about 23 °C.

V. CONCLUSION

The traveling standard proposed in this paper has been con-
ceived to perform an in situ calibration of sensor-based measur-
ing units that monitor chemical pollutants in the atmosphere.
The main peculiarity of the developed device is its remote pro-
grammability, which allows the whole calibration procedure to
be exercised without intervention of technicians at the unit site,
with the exception of the set-up of the calibration cell, which
is the environment where the sensors under calibration are
subjected to known gas concentrations. Single measuring units,
as well as distributed measuring systems, can be calibrated by
employing different traveling standards, which are managed by
a central control unit.

A prototype of a traveling standard that is able to generate
known concentrations of CO and NOs has been developed
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according to the proposed architecture. A procedure has also
been proposed for calibrating the reference gas sensors of the
traveling standard, and preliminary tests have been performed,
whose results have shown the effectiveness of the proposed
calibration procedure. Further tests are required in order to
estimate the long-term drift of the gas sensors so that a complete
estimation of the expected uncertainty can be stated. Another
aspect that has to be considered is the cross sensitivity of
the employed sensors that will be investigated by performing
specific experimental tests.
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