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a b s t r a c t

The modern civil aircrafts use air ventilation pressurized cabins subject to the limited space. In order to
monitor multiple contaminants and overcome the hypersensitivity of the single sensor, the paper con-
structs an output correction integrated sensor configuration using sensors with different measurement
theories after comparing to other two different configurations. This proposed configuration works as a
node in the contaminant distributed wireless sensor monitoring network. The corresponding mea-
surement error models of integrated sensors are also proposed by using the Kalman consensus filter to
estimate states and conduct data fusion in order to regulate the single sensor measurement results. The
paper develops the sufficient proof of the Kalman consensus filter stability when considering the system
and the observation noises and compares the mean estimation and the mean consensus errors between
Kalman consensus filter and local Kalman filter. The numerical example analyses show the effectiveness
of the algorithm.

& 2017 ISA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Modern civil aviation aircrafts use atmospheric ventilated
pressurized cabin to ensure the flight safety of passengers and
crew members. It is well known that the safe and comfortable
cabin environment is an important factor for passengers to choose
airlines, and is also the health guarantee for crew members who
work for a long time in cabins. With the continuous development
of aviation industry, civil aviation puts forward higher require-
ments on the cabin environment quality. Many countries and re-
gions have clearly defined the limits of relevant cabin environ-
mental parameters in the corresponding civil aviation standards
[1–3]. However, these standards are only for temperature, pres-
sure, humidity and other basic environmental parameters. Smoke
is the only prescribed contaminant indicator, but only works as a
supplementary means for fire monitoring. However, in reality, due
to the narrow space of aircraft cabin and crowded passengers, it is
necessary to detect the contaminants immediately and accurately
in order to protect the passengers and crew members from direct
damages during long-range flight. In particular, this paper can
provide a new method for new aircraft airworthiness certification
of cabin environment.

In recent years, many countries have carried out the relevant

experimental works on aircraft cabin contaminants. Literature [4]
tested contaminant levels for 81 different types of aircrafts from
three airlines and compared the test results with those from civil
buildings. Literature [5] randomly selected 16 flights of a certain
commonly used flight types and measured the variations of volatile
organic compounds and carbon dioxide throughout the whole flight
process. The above experimental results demonstrated that various
types of contaminants can be detected in the aircraft cabin, most of
which are lower than the limits of current environmental standards
for civil buildings. Only a small number of contaminants exceed the
limits. Other works include the protection against contaminant in
cabin [6] and the improvement of cabin air quality [7].

When monitoring contaminants in the cabin, due to the ex-
cessive sensitivity of local individual sensors, a large error in the
measurement results will lead to spurious alarms when noises
exist. Therefore, it is necessary to design a stable and accurate
parameter estimation model. When the serious warning occurs
during actual flight, the pilot must operate aircraft to land in other
airports in the vicinity immediately. Spurious alarm will seriously
affect the normal flight schedule and cause heavy human and fi-
nancial resources losses. Increasing the threshold of alarm can
reduce the spurious alarm rate, however, it has a serious potential
safety hazard. Therefore, the priority concern of the design aims at
increasing the accuracy of the sensor measurement. Today, the
most mature application field of integrated sensor is aircraft in-
tegrated navigation system as presented in [8]. A new integrated
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system is designed to perform micro-environmental monitoring
by taking the advantages of the wireless sensor network in [9]. In
hi-tech environment, a strict surveillance system often utilizes a
group of distributed sensors that obtain information from the local
targets and then uses the distributed Kalman filter (DKF) for data
fusion [10]. The distributed sensors are often organized as net-
worked control systems. The output-feedback communication and
event-triggered strategy for the distributed networked systems are
proposed in [11]. In networked control systems, the time delay is
an essential problem that influences the stability. Literature [12]
considered the Markov network-induced delay and then in-
vestigated the finite-time event-triggered H1 boundedness for
network-based Markovian jump nonlinear system. And Literature
[13] considered the networked control systems with random time
delay and given a tuning method of optimal fuzzy PID controller.

Consensus strategy is a kind of the important method in the
DKF which can make the estimation value of each sensor con-
sistently approach the true value. Olfati-Saber proposed the clas-
sical Kalman consensus filter (KCF) in [14]. In order to eliminate
the estimation error among the local node and its neighbors, the
consistency term is added in the state estimation in Kalman filter,
and the corresponding stability analysis for continuous-time
condition was provided. Literature [15] introduced a scalable sub-
optimal KCF algorithm, and then gave the stability proof for dis-
crete-time condition. In [16], a new energy efficient DKF is pro-
posed based on the classical KCF and the site percolation model
which is a kind of random graph. In the stability analysis of all the
above algorithms, the system noises and the observation noises
are ignored, finally the algorithms prove that the estimation values
of each sensor asymptotically converge to the true values. How-
ever, in practical applications, the measured dynamic systems and
sensors are inevitably affected by noises. And computer simulation
results also show that there is a certain deviation between the
estimated value and the true value for each sensor. From the en-
ergy optimization point of view, the Literature [17] proposed an
event-triggered KCF algorithm and considered the effect of noise
about algorithm stability.

Recently, sensor scheduling became an effective methodology
in the field of distributed filtering. The deterministic scheduling
and stochastic scheduling have been investigated [18–20]. These
scheduling strategies provide an enlarged set of feasible activation
solutions, therefore, they can improve the estimation performance
and reduce power assumption. Another important methodology is
the pinning control approach, which has been applied both in the
field of distributed filtering and the complex networks [21–24]. By
this approach, only a small fraction of sensors need to be mea-
sured and controlled, and the network could still be controlled.

There are two contributions for this paper. One is to provide a
distributed integrated sensor network architecture applied on
monitoring cabin contaminants in this paper. For each type of
contaminants, two sensors with different principles are integrated
in a single measurement node called the integrated sensor. These
nodes are connected to a distributed network and use KCF for data
fusion. This network finally outputs the accurate contaminant
concentration and the evaluation index of the environmental
condition. On the other hand, the paper considers the interference
of noise working condition. In general, under noises condition, the
classical KCF cannot converge to the true state value asymptoti-
cally. By using Lyapunov-based approach, we present a sufficient
condition for the stability analysis of the distributed integrated
monitoring network in order to ensure that the estimation error of
the classical KCF is exponentially bounded in mean square under
the noise interference condition.

The rest of this paper is organized as follows. The complete
distributed integrated cabin contaminant monitoring network is
established in Section 2. Section 3 gives the abstract mathematical

model of integrated sensor structure and uses the classical KCF for
contaminant monitoring. A sufficient condition for ensuring the
stochastic stability of the proposed algorithm is given in Section 4.
Section 5 illustrates a numerical example and analyses in detail.
Conclusions are finally summarized in Section 6.

2. Distributed integrated cabin contaminant monitoring
network

2.1. The architecture of cabin contaminant monitoring network

Although there are ubiquitous contaminants in the aircraft
cabin, current civil aviation regulations and design standards have
not covered these into scope of study. Referring to existing mea-
surement data and building indoor environmental standards, the
following categories of contaminants are considered. The corre-
sponding limits and measurement methods are shown in Table 1.

During the actual pollutants tests in cabin, the over sensitive
single sensor often leads to spurious alarm. In order to overcome
the limitation of single sensor, modern industry has widely used
the distributed multi-sensor information fusion technology. This
technology can optimize the various data provided by the spatially
distributed multi-sensors in order to monitor parameters accu-
rately. The proposed cabin pollutants monitoring network installs
sensors on the typical locations of the cabin, including the top,
bottom, windows, seats, etc. The wireless sensor network sketch
for monitoring the cabin contaminants is shown in Fig. 1. The
specific deployment architecture of distributed sensor network in
cabin can refer to Ref. [18].

As Fig. 1 shown, = ( )G U , E, A represents the topological
structure diagram of the monitoring network. = { … }U v v v, , n1 2 is
the set of sensor nodes, and ⊂ ×E U U is the set of information
exchange edges between them. It is called ‘connected’ that two
nodes communicate directly with each other.

= { ∈ |( ) ∈ }N U Ev v v,i j i j is the set of neighborhood nodes for node i.
The number of neighbors of node i is called degree and is denoted
by =d Ni i . The degree matrix D is a diagonal matrix with element
di. = [ ]F aij is the adjacent matrix of G where =a 1ij if and only if
node i is connected with node j, and =a 0ij , otherwise. L ¼ D - F is
the Laplacian matrix of G. If the Laplacian matrix L has a nonzero
eigenvalue, the undirected graph is connected.

Table 1
The classification of cabin contaminants.

Contaminants Unit Limits Measurement methods

Carbon Dioxide ppm r5000 Non-dispersive Infrared Absorp-
tion Spectrometry

Carbon Monoxide ppm r10 Non-dispersive Infrared Absorp-
tion Spectrometry

Ozone ppm 9750 m r
0.25
8230 m r
0.10

Chemiluminescence
VIS-Spectrometer (623 nm)

Inhalable Particulate μg/m3 PM2.5 100 ASTM D6699
Acetone ppm r99 GC/FID
Acetaldehyde r1 (24 h) HPLC, UV detector, 245 nm

HPLC, UV detector, 365 nm
Formaldehyde ppm r0.08 GC/FID

HPLC, UV detector, 365 nm
Methylbenzene ppm r40 ISO 16017-1

ISO 16000-6
Dichloromethane ppm r0.86 (24 h) GC/FID
Endotoxin ng/m3 r4.5 (8 h)

9�170 (peak
value)

LALM, Limulus amebocyte lysate
method
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