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a b s t r a c t

Strapdown inertial navigation system (SINS)/global positioning system (GPS) integrated
system is an important way of accurate measurement of the mapping sensors for high res-
olution aerial mapping. However, for keeping the mapping sensor level and appointed
direction, inertially stabilized platform (ISP) will be applied and rotate its three gimbals.
The lever arm between inertial measurement unit (IMU) and GPS antenna will be time-
varying. Therefore, the precise compensation of the effect of the dynamic lever arm will
be significant for the measurement accuracy of SINS/GPS integrated system. An algorithm
which tackles the problem is proposed, the dynamic lever arm is originally considered as
the summation of two relative constant lever arms. Then, with the aid of the encoder data
of ISP, the algorithm of dynamic lever arm compensation is derived in the paper. As the
nonlinearity of the system, the demand of the on-line and off-line processing, unscented
Kalman filter and smoother for nonlinear estimation are applied. Finally, the proposed
algorithm of dynamic lever arm compensation is applied to a flight data of aerial mapping
experiment. It is shown from the experiment results that the proposed algorithm can more
effectively compensate the degradation of the measurement information than the tradi-
tional algorithm.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Aerial mapping is a kind of high technology which uti-
lizes aerial mapping sensors to acquire the spatial and geo-
graphical information of the surface of earth [1,2]. The
ideal motion trajectory of aerial sensors for high quality
mapping images is moving along a straight line with con-
stant speed. During the practical aerial mapping, the aerial
vehicles will inevitably deviate aerial mapping sensors
from the ideal motion trajectory as the effects of gust, air
turbulence and the error of flight control. Consequently,
the resolution of the mapping images will be degraded.
At the same time, as the effects of the drift angle, the
images will be obtained in the incorrect direction.

Therefore, the demand of the overlapping images will not
be satisfied which will result in the failure of the mapping
[2]. Therefore, to realize the mapping with high accuracy
and efficiency, the isolation of the flight disturbances and
motion compensation must be done. To isolate the flight
disturbances and the effects of the drift angle, inertially
stabilized platform (ISP) is usually utilized which is com-
posed of three gimbals. The mapping sensor is kept level
and appointed direction through the servo control of the
three gimbals of ISP [3,4]. However, ISP can only isolate
the angular disturbances, the motion of translation cannot
be eliminated. Therefore, strapdown inertial navigation
system (SINS)/global positioning system (GPS) integrated
system must be utilized to measure the actual flight trajec-
tory of mapping sensor precisely for motion compensation
[5,6].
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SINS/GPS integrated system is a sort of multi-sensor
data fusion system. SINS has the advantage of indepen-
dence, high accuracy in short period and high data rate.
As there are the bias errors in the gyroscopes and acceler-
ometers, the error of SINS solution will grow unbounded
with time elapsing. So aided information must be utilized
to correct the errors [7,8]. GPS receiver can receive the sig-
nals from GPS satellites, and provide the position and
velocity information of the vehicle with error bounded.
However, the output rate of GPS is low, and the GPS signals
are easily blocked and jammed [8,9]. Therefore, through
the integration of the solutions of SINS and GPS, the
advantages of both technologies are combined to give an
independent, high-bandwidth, complete navigation
solution with high long- and short-term accuracy [7,10].
However, it is impossible to have the phase center of GPS
antenna coincide with the measurement center of inertial
measurement unit (IMU) as the limitation of installation.
Generally, the GPS antenna is mounted on the roof of the
plane for better visibility of GPS satellites, and IMU is
installed inside the cabin of the plane. The displacement
of the two points is named lever arm. This spatial separa-
tion makes the position and velocity propagations of these
two points different from each other during most circum-
stances. Once the information of SINS and GPS are fused
through estimation algorithms directly without remedia-
tion, the accuracy of the estimation results will degrade
severely, even causing the divergence of the estimator.
Therefore, the effect of lever arm must be compensated
for SINS/GPS integrated system [11].

The mechanization and compensation method of the
lever arm between IMU and GPS are analyzed in
[10,12,13]. However, the lever arm is difficult to be mea-
sured in some situations. The estimation of the lever arm
and corresponding observability analysis are tackled in
[14,15]. Besides considering the effect of lever arm
between the IMU and GPS, the lever arm between IMU
and odometer is also taken into accounted in [16]. So more
accurate results of the system are obtained for the naviga-
tion of land vehicles. The effect of lever arm between
Locata antenna and IMU is compensated for Locata/SINS
integrated system to replace the vulnerable GPS for mari-
time application in [17]. Several kinds of lever arms of
SINS/GPS integrated system are examined in [11], the
impacts on the accuracy of the system is also studied with
the conclusion that the effect of lever arm is an important
factor to the precision of the system. Furthermore, the
effect of lever arm is also critical for transfer alignment
between two or more IMUs, the effect must be compen-
sated precisely for effective transfer alignment [15,18,19].

To keep the mapping sensor level and appointed direc-
tion in the process of aerial mapping, ISP need to rotate the
three gimbals. Consequently, the lever arm between the
measurement center of IMU and the phase center of GPS
antenna will change. The problem is named dynamic lever
arm compensation in the paper. As the traditional lever
arm compensation does not consider the change of the
lever arm, the measurement information from GPS will
deteriorate after the traditional lever arm compensation.
Therefore, the accuracy of the integrated system will
become worse correspondingly. A new algorithm which

tackles the problem of dynamic lever arm compensation
is proposed in the paper.

The paper is organized as follows. The error model of
nonlinear SINS/GPS integrated system and problem state-
ment are presented in Section 2. The principle of dynamic
lever arm compensation and estimator for nonlinear SINS/
GPS integrated system are discussed in Section 3. In
Section 4, a flight data of aerial mapping experiment is
utilized to demonstrate the effectiveness of the proposed
algorithm. Finally, Section 5 concludes the paper.

2. System description and problem statement

2.1. System description

SINS and GPS are very complementary in the error char-
acteristics. Therefore, operating the two systems together
yields benefits over operating either system alone. SINS/
GPS integrated system discussed here is a loosely coupled
system, the position and velocity of SINS and GPS solutions
are compared, the resulting differences forming the mea-
surement inputs to an estimator. As SINS provides more
information than GPS, and it is more independent. SINS is
chosen as the reference solution of the integrated systems,
GPS will provide the error bounded data of position and
velocity to aid SINS. The error model of SINS/GPS inte-
grated system is fundamental for the integrated estimation
which will be presented in the following.

2.1.1. State equation
Since SINS is the reference solution, the error equation

of SINS forms the state model of the integrated system.
The east-north-up local-level frame is chosen as the navi-
gation frame. Also, the widely used 15-dimension state
model is applied in this paper. To obtain more accurate
estimation results, the nonlinear error model of SINS/GPS
integrated system is utilized which is presented in detail
in the following.

The differential equation of orientation errors is given
by

_un ¼ ðI3 � Cp
nÞxn

in þ dxn
in � Cn

be
b � Cn

bx
b
e ð1Þ

where un ¼ ½uE;uN;uU �
T denotes the orientation error

vector, the superscript T denotes the transpose. xn
in

denotes the angular rate of the navigation frame with
respect to the inertial frame, dxn

in denotes the angular rate
error of xn

in. eb ¼ ½ex; ey; ez�T is the constant drift vector of
gyroscopes, xb

e is the noise vector of gyroscopes, I3 denotes
the 3� 3 identity matrix, Cp

n is the orientation error matrix,
Cn

b is the coordinate transformation matrix from the body
frame to the navigation frame.

The differential equation of velocity errors is presented
as

d _mn ¼ ðI3 � Cn
pÞC

n
bf b � ð2dxn

ie þ dxn
enÞ � mn � ð2xn

ie

þxn
enÞ � dmn þ Cn

brb þ Cn
bx

b
r ð2Þ

where dmn ¼ ½dmE; dmN; dmU �T is the velocity error vector, f b is
the specific force vector obtained by accelerometers, xn

ie is
the angular rate of the earth frame with respect to the
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