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Abstract: In order to keep stable navigation accuracy when the
blind node ( BN) moves between two adjacent clusters, a
distributed fusion method for the integration of the inertial
navigation system (INS) and the wireless sensor network
(WSN) based on H,_ filtering is proposed. Since the process
and measurement noise in the integration system are bounded
and their statistical characteristics are unknown, the H_ filter
is used to fuse the information measured from local estimators
in the proposed method. Meanwhile, the filter can yield the
optimal state estimate according to certain information fusion
criteria. Simulation results show that compared with the
federal Kalman solution, the proposed method can reduce the
mean error of position by about 45% and the mean error of
velocity by about 85% .
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he global positioning system ( GPS)/inertial naviga-
Ttion system (INS) integration can provide superior
performance in comparison with either a GPS or an INS
stand-alone system. However,
GPS-based integrated systems depends on the accuracy of
GPS solution, which may encounter problems in urban
21 " Thus, the development of
the wireless sensor network ( WSN) has greatly encour-

the performance of the

and indoor environments

aged the use of sensors in the GPS-outage area. For in-
stance, in order to achieve continuous position determina-
tion, Retscher et al. ™ employed RFID to correct the er-
rors of the INS as the GPS does. Aiming at the poor
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measurement information observability of traditional
loosely positioning methods, Xu et al.' proposed a
tightly-coupled integrated positioning model of the WSN/
INS based on the Kalman filter (KF). However, the tra-
ditional KF has difficulty in solving the problems for the
integrated positioning system with unknown statistical
characteristics of measurement noise such as correlated
random noise, bias instability and angle random walk and
so on. In order to solve these problems, some researchers
attempt to use the H  filtering technique since the exoge-
nous input signal in the H_ setting is assumed to be ener-
gy bounded rather than Gaussian"*'. Meanwhile, the
method proposed by Xu et al. ' is actually centralized fu-
sion, and the data measured by sensors need to be trans-
mitted to a computing center for processing. It is bound
to create large network traffic which may increase the risk
of network congestion. It can also result in severe compu-
tational overhead due to overloading of the filter with
more data than that it can handle. Since the H_ filter is
designed such that the H_ norm of the system, which re-
flects the worst-case “gain” that the filter has, is mini-
mized, it also has been widely used to cope with disturb-
ances of partially unknown statistics but with an upper
bound of the signal power” .

In order to keep stable navigation accuracy when the
BN moves between two adjacent clusters, a distributed
H _ fusion method for INS/WSN integrated positioning is
proposed. In this method, the H_ filter is used to esti-
mate errors of position and velocity for the INS/WSN in-
tegrated positioning system while the WSN is designed by
distributed clustering network. The filter that fuses the in-
formation from local estimators can yield the optimal state
estimate according to certain information fusion criteria.
A simulation experiment is performed to evaluate the per-
formance of the proposed method, and the results show
its effectiveness.

1 Structure of the INS/WSN Integration

The structure of the distributed H_ fusion filter for the
INS/WSN integration is shown in Fig. 1. In order to re-
duce the network traffic, the RNs in the WSN are
grouped by different clusters, and each cluster has a head
node used to communicate with adjoining clusters and the
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fusion center. The velocity and the position of the BN are
measured by the INS and the WSN, respectively. Thus,
the errors among measurement information are independ-
ent and not relevant. The distributed fusion filter accepts

Cluster head node
Blind node

Reference node

Position| Velocity

INS error

X estimate
Fusion
fiter =

Ar,Av
J Cluster 2

Cluster 1

the difference values of the velocity and the position
measured by the INS and those measured by the WSN as
measurement information.

Start”point

Navigation
solution

Fig.1 The structure of INS/WSN integrated positioning

The following stochastic discrete time system model is
considered for the whole INS/WSN integrated positioning
system in one cluster of the WSN.

Xeke :Acxv,k +Bz-wv.k
Yo.=Cx_,+DE , (1)
Z..=L.x,, k=0,1,2, ...

where x_, € R" is the c-th cluster system state, x_, =
[ec,x,k vk Coumr € vv,k]T; (e e €yi)
(€, x> €., ¢) are the position and velocity errors of the
BN, respectively; y_, € R'(c=1,2,...,N) is the c-th
measurement output in the c¢-th cluster, y , =
[Ar, .« Ar . Av . Ar, ] b (Ar, > Ar, ) and
(Av, .. Av, ) are differences between the position and
velocity errors of the BN measured by INS and those
measured by the c-th cluster in WSN; £, is the measure-

and

ment noise which belongs to /,[0, »); w_, € R" is sto-
chastic process noise which also belongs to ,[0, ©); z_,
e R’ is the state combination to be estimated; B_, C., D,
and L_ are the constant matrices of the appropriate dimen-
sions. A_in Eq. (1) can be expressed as

ﬁOTOI:I
@1 0 T[]
4@ o 1 o 2)
ld o o 14

where T is the sampling time.
For convenience, in order to construct the fusion filter,
system (1) can be rewritten as

Xekr =Ax, +Br1§c,k

Yo.=Cx. +D (., (3)
vak:LCx(,yk k=0,1,2,..,
where B, = [B. 0], D, = [0 D.], and ¢ , =

T T T
[wee &.4]-

Now, the H_ filter for the c-th cluster measurement
system is built as

f{:,kﬂ :Afc,k + K(:(y(-,k - C(:'f(:,k)} (4)

z/:, k= erc, k
where £, e R", Z_, € R are the estimations of x_, and

Z. 4 respectively, and K_is the Kalman gain. Let X , =

xc,k _xc,k’ Zc,k =Z(‘,k

X e :At'xt',k +Bc§i,k
Ze,k :zr:,k _zf,k :Lcic,k

A

-Z..» and we can obtain

(3)

where A, =A, -K.C,, B, =B, - K.D,. For the whole
distributed fusion system, the global system state estima-
tor £, e R" for x, should satisfy

N
'fk = ZMchc,k

c=1

(6)

where M (c =1, 2, ..., N) are the weighted matrices,
they should satisfy

(7)

i=1

The performance index for a given scalar y, >0 for Eq.
(5) is defined as
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J. = Ez(zzkzc,k _’yzgzkgr,k) c=12..,N
=0
(8)

For the distributed H_ fusion filter, we seek estimators
from the system Eq. (4) such that for each nonzero ¢_,,
the above performance index J, <0 under the constraint of
Eq. (7).

2 Distributed H_ Fusion Filter Design

Considering each subsystem of Eq. (3) and applying
Schur’s complement theory and the discrete-time bounded

I we obtain the following result in the INS/

real lemma
WSN integrated positioning system.

If there exist feasible solutions P =P" >0
to linear matrix inequality (9), the distributed H_ fusion

filter is available for INS/WSN integrated positioning.

Theorem 1

D ATEH T
oF e e
0 -1 K'P 00, 9)
A PK -P 0 Q
Lhr o o -1t

where
A =diag(A-P;'Q,C,,A-P,'0Q,C,, ..., A-P;'Q,C,)
M=[M.M,,.. M,

K:diag(B| _PI_]QIDII’BI _PZ_IQZDZI""’BI _P/\_IIQNDNI)

0 0 5
= I 0 O]
- o .. oU
D o P,

Here, P, = Pf >0, 0.(c=1,2,...,N) are the feasible
solutions to the following linear matrix inequality:

O -P 0 AP -CIQ] L O
Ll oo B | B'P.-D'Q" o U
0O Y. 1 e leC 20
g(A -0.C. PB -0D, - P, 0 =
O L, 0 0 -10
(10)
Proof We first define
FIEIC N SURNNE SN (11)
M=[M.M,, .. .M, (12)
where x_,, M. (c=1,2, ..., N) are the same definitions

as in Eq. (4) and Eq. (5). Combining the state error vec-

tor of each subsystem defined in Eq. (4), we can obtain
.., =A% +K{, & =Mz, (13)

where A =diag(A -K,C,,A -K,C,, ..., A-K,C,);K =
diag(B, -K,D,,,B, -K,D,,, ...,B, -K,D,,); and £, =

[grlr.k’ ;;r,k’ LRA} g;k] T.

Here, we define the following performance index:

7= EY (8% - V4L (14)
where y >0 is a given scalar. We seek an estimator from
the system Eq. (13) such that for each nonzero £,, the
above performance index J <0. In Eq. (13), K.(c =1,
2, ..., N) are unknown, and they are the parameters of the
H, filter to be designed for each cluster measurement sys-
tem. Considering the system of Eq. (4) and applying the
discrete-time bounded real lemma'”', given y, >0, a nec-
essary and sufficient condition for J, in Eq. (8) is nega-
tive for all nonzero ¢, € [,[0, ). There exist feasible
solutions P, =P! >0,c=1,2, ..., N, to the following in-
equality:

-P,+A'PA_+A'PBO 'B'PA +LL <0
(15)
where @, >0 and @, =y'I - B!P_B,. Applying Schur’s

complement theory to inequality (15), then it is equiva-
lent to the linear matrix inequality (16).

+P +LL, 0 AP
% 0 B | B(T_P(_%O (16)
] PA, PB, -P [

Then, substituting A, and B, into (16) and defining Q,
=P K, _and K, =P 'Q., we can obtain the linear matrix
inequality (10). So the proof is complete.

In Theorem 1, if we let y. =7, ¥° =7 and if the line-
ar matrix inequalities (9) and (10) are linear with respect
to {P,,0Q,,v.} and {P,M_, y}, we can obtain the option-
al H_ fusion filter by solving the optimization problem u-
sing the Matlab software.

3 Simulation and Performance Evaluation

All of the RNs are divided into three clusters in the
simulation. The distance between the RNs is set to 7 m,
and the communication range is set to 12 m. In the simu-
lation, ultrasound-based wireless localization is used due
to its high precision, and the accuracy of localization is
assumed to be about 20 cm. As the WSN is a low speed
wireless communication technology, we set the sampling
time in Eq. (2) to be 0.02 s, and the mean and the stand-
ard deviation of system noise are set to be 6.5 and 1.2,
respectively. For the INS, in all directions, we set the
accelerometer bias to be 0. 15 m/s’; the accelerometer
scale factor error is set to be 0.5% ; and the accelerome-
ter white noise standard deviation is set to be 0.017 m/
s’ According to Theorem 1, we obtain the following re-
sults.

Figs.2(a) and (b) display the position errors for the
INS-only, the federal Kalman and the proposed method in
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the x direction and the y direction, respectively. And the
velocity errors for the INS-only, the federal Kalman and
the proposed method in the x direction and the y direction
are shown in Figs. 3(a) and (b), respectively. Simula-
tion results show that the proposed method reduces the
position errors in the x direction by about 80% compared
with the INS only, and 50% compared with the federal
Kalman solution. In the y direction, the position errors
are reduced by about 85% compared with the INS only,
and 40% compared with the federal Kalman solution. For
the velocity errors, in the x direction, the proposed method
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Fig.2 The position errors. (a) x direction; (b) y direction
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Fig.3 The velocity errors. (a) x direction; (b) y direction

reduces the errors by about 40% compared with the INS
only, and 90% compared with the federal Kalman solu-
tion; in the y direction, the proposed method reduces the
errors by about 80% compared with the INS only, and
83% compared with the federal Kalman solution.

4 Conclusion

The distributed H_ fusion filter for WSN/INS integrat-
ed positioning is discussed. Applying H_ filtering theory
and LMI methods, one theory and a design methods for
the fusion filter are proposed. Simulation is used to
evaluate the performance of the proposed method. The re-
sults show that both the federal Kalman solution and the
proposed method solution can reduce the drifts of position
errors and velocity errors for the INS. It can be seen that
the proposed method is more effective than the federal
Kalman solution. Obviously, it is very valuable in the
study of distributed data information for the WSN/INS
integrated positioning system, while many other problems
merit further study.
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