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In order to realize fast maneuvering imaging of the target area with high resolution agile satellite, a new attitude

matching algorithm is developed. A strict mosaic imaging model of ray trace and the velocity vector mapping are

built according to the strip mosaic imaging principle and the relationship between imaging target and the camera fo-

cal plane. The three-axis attitude is deduced based on the principle of optimal tracking of the maneuvering path. Fi-

nally, the geometric scaling simulation is carried out through the time delayed and integration (TDI) charge coupled

device (CCD) prototype system, satellite attitude control physical simulation platform and the LED earth target sim-

ulator. The experimental results show that the algorithm could realize the matching band seamless splicing imaging

of the target very well, confirming the correctness of the algorithm.
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With the development of remote sensing, the imaging
requirement of regional target is enhanced'"). Since the
area is larger and the shape is more irregular, traditional
methods could not achieve a full coverage of the
regional target in an orbit cycle when its width exceeds
the satellite payload index. Modern agile satellite with
integrated design has high imaging resolution, strong
maneuverability and large imaging width so as to
realize high resolution band splicing imaging rapidly'®.
During the process of band splicing imaging, the agile
satellite needs to rapidly maneuver and maintain a
specific attitude aligned with starting point of each
band to perform matched push-broom imaging in
different orbital positions. At present, a representative

of band splicing imaging is the French Pleiades satellite.

It adopts the way of making the whole satellite rotate
around the roll axis and pitch axis so that the
observation angle can be adjusted in a short time. When
the roll angle is 30°, its maximum observation area can
be up to 60 km (perpendicular to the track, three bands)
x 315 km (along the track)"*!.

There have been some researches on the band
splicing imaging of agile satellite. Ref.[4] proposed
one-orbit multi-stripes splicing imaging for agile
satellite. In Ref.[5], the observed bands of the regional
target were divided by the satellite field angle and the
overlap rate. In Ref[6], the foreground and the
background pixels of two bands were respectively

stitched and deformed after the band images transmitted
to the ground. Ref.[7] discussed the attitude guidance
technology for the cross-track acquisition of imaging
mode of dynamic imaging mission. In the above reports,
only preliminary analyses were carried out on the
imaging of band splicing. They cannot solve the
problem of satellite band splicing imaging systemically.

In this paper, a new attitude algorithm of band
seamless splicing imaging is proposed. It solves the
problem of uncertainty and mismatch between adjacent
bands caused by the satellite large-angle maneuver and
the earth curvature, according to the optimal
maneuvering path and the matching relationship
between the band velocity vector and imaging direction.
Finally, the ground simulation is carried out to
demonstrate the correctness of the algorithm. The
computational process is simplified at the same time.

The design of the band seamless splicing imaging
needs to establish the relationship between the ground
target and the image plane. The rapid maneuver of
satellite leads to the motion of satellite body coordinate
system relative to the orbit coordinate and inertial
coordinate!™. The corresponding position vector and
velocity vector are related in different three-
dimensional coordinate systems. In order to facilitate
subsequent mathematical modeling, it is necessary to
define a reference coordinate system, as shown in
Fig.1!,
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Fig.1 Reference coordinate system definition

In order to achieve the band splicing imaging, we need
to determine the imaging sequence and mark off bands
according to the satellite maneuver capability, camera
width constraint, and band overlapping rate'”. As shown
in Fig.2, the satellite position is S, H is the orbit altitude,
n is the view angle of the satellite, and the earth's radius
is R.. The view angle corresponding to the overlap region
1S Hoverlap, Whose value is constant all the time. 4, B and C
are the starting points of each band, respectively. Assum-
ing that the latitude and longitude of 4 are (y,4, 14) and its
roll angle is ¢, the roll angle of B can be obtained as'"!
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Fig.2 Geometric relationship of band splicing imaging

The orbit inclination is ;. The ground track intersects
the equator at M. 4B is perpendicular to the ground track,
whose pedal is K. Due to the geometrical relationship,
AAKF is similar to AABE. In the same way, the exact
location of the starting point C can be achieved. The
bandwidth is the width of the satellite on the ground.
Then we have
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The optical axis of the detector should be coincident
with the observation vector, as shown in Fig.3. For most
of the earth observation satellites, the Euler axis is per-
pendicular to the yaw axis. That is to say, the value of
the yaw angle is not unique, while the other two have the
only values regardless of the Euler rotation order.
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Fig.3 Schematic diagram of the band splicing
imaging

Assuming that the coordinate of 4 in the geography
coordinate system is (o, f4, h4), the position vector of 4
in the geocentric inertial coordinate system can be ex-
pressed as

X4 cos fcosa
R.=|y.|=|R|| cosBsina (5)
z'a sin 8 ’
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where|R, | is the length of the vector from point 4 to the

core of the earth, and a. and b, are the long half axis and
the short half axis of earth, respectively. The observation
vector RY in the orbit coordinate system can be de-

scribed as
RS, = A7 (R, —R{) = A7 (AR} — RY) )
A? =R, (~n/2)R, (~T/2)R, ()R, ()R, (2), (8
where 4’ is the transformation matrix from the ground
coordinate system to the orbit coordinate system, RS' is

the position vector of satellite in geocentric inertial coor-
dinate system, which can be given by the GPS, u is
epoch angle, Q is right ascension of ascending node, and
R, () represents the coordinate transformation matrix
around /; axis with a rotating angle €. The unit vector
u’, along the direction of observation vector in orbit
coordinate system is
RU
u() — SA
S4
IR ©

and the satellite quaternion @ is

CA N T
9,= COSE esmE =[CIA0 9 Y9 qA}] . (10)
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In order to make the optical axis u° coincide with the

observation vector ugA , the satellite has a number of ma-

neuver paths. When the shortest path is selected, the ex-
pected four elements from the orbit coordinate system to
the satellite body coordinate system can be expressed as

u’ u,
¥ = arccos -
W] an
u’ Xug,
e=—4
|u0><u0 , (12)

where & is the angle between the observation vector and
the optical axis, e is a vertical unit vector to the observa-
tion vector and the optical axis, and q4g, 41, 42 and q4;
are the expected four elements.

When the 1-2-3 rotation is selected, the expected roll
angle and the pitch angle in the satellite body coordinate
system relative to the orbit coordinate system can be ob-
tained as

¢A = arCSin[z(ququ + qA]qA3 )] 5 (13)
2 —_
6, = arctan z(q’uqz’” onquz) (14)
Qoo=9n— 9 t49s -

As shown in Fig.4, the ground resultant velocity is
composed of two parts: a precession velocity caused by
the orbital motion of the satellite and a velocity caused
by the rotation of the earth. When the roll angle and pitch
angle are known, the ground resultant velocity vector of
the starting point can be confirmed as

V=V AV.V, =t[R - L cosg,], (15)

V. =w R cosi,, (16)

L,=(H+R) cosp,—

(R -(H+R)'sin’p, |, (17)

where V; is the ground velocity along the scanning direc-
tion generated by the orbital motion of the satellite, V. is
the tangential velocity caused by the spin motion of the
earth, 7 is the angular velocity of orbital precession, and
@, 1s the rotational angular velocity of the earth.

I, M Ground track
Fig.4 Equivalent circuit diagram with satellite lateral
swing

In Fig.4, Vy, V,, V3 and ¢ are
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V.=V +V.cose | (18)
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p=0, (22)
The relationship between the vector maps from the ob-

ject coordinate system to the image plane coordinate
system is
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Due to the high investment and risk, it is necessary to
build a simulation system on the ground to test and veri-
fy the band splicing algorithm. As shown in Fig.5, the
experimental system establishes the orbit model with
PXI dynamic server. The attitude control system with
sensitive part simulates the satellite platform maneuver.
The time delayed and integration (TDI) charge coupled
device (CCD) camera system is placed on the attitude
control system platform. They work together to carry out
the imaging of the P4 type LED earth dynamic screen.
The attitude control system includes triaxial flotation
turntable and attitude control groupwares composed of
fiber optical gyro, tilt sensor, flywheel and data acquisi-
tion card, etc, as shown in Fig.6(a). Fig.6(b) shows the
TDI CCD camera system, which consists of lens, light
aperture and mirror components.
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Fig.5 Schematic diagram of experimental setup
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“Attitude control system Camera system

Fig.6 Composition of the experimental equipment

The curvature radius of the earth is 6 378 km. The or-
bit altitude is 500 km. The TDI CCD pixel size is
8.75 um and its corresponding resolution is 0.625 m. The
focal length of camera is 7 m. The moving speed of sat-
ellite relative to the ground is 7.3 km/s and the rotation
speed of the earth is 370 m/s, the ratio of which is ap-
proximately 20:1.

The simulation parameters need to be selected accord-
ing to the scaling principle on the ground. The curvature
radius of P4 type LED dynamic screen is designed to be
32 m. The object distance is 2.5 m. The pixel size is
8.75 um and its corresponding resolution is 4 mm. The
camera focal length is 5.5 mm. The speed of target is
20 pixels per second. The simulation speed of the earth
rotation is 1 pixel per second. Considering the ranges of
the camera roll angle and the pitch angle, the LED large
screen size is designed to be 5 mx3 m. The other specific
parameters are shown in Tab.1.

It is necessary for satellite to be with high attitude
control accuracy, rapid mobility, and high precision hori-
zontal matching to ensure the band strict registration.
The three-axis attitude angles of band starting points can
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be calculated through Eq.(13), Eq.(14) and Eq.(24). The
attitude and imaging parameters are shown in Tab.2.

Tab.1 Scaling parameters

Original parameter ~ Value Simulation parameter ~ Value
Earth radius 6378 km LED radius of curvature 32 m
Orbit altitude 500 km Relative object distance 2.5 m
Camera focal length 7m Camera focal length 5.5 mm
Pixel size 8.75 pm Pixel size 8.75 pym
Imaging resolution  0.625 m Imaging resolution 4 mm
Roll angle range +40° Corresponding swath 4.2 m
Pitch angle range +25° Corresponding swath 2.3 m
Motion speed of L 20 pixels
. . Target velocity in X
satellite relative to 7.3 km/s o per  sec-
direction
ground ond
. Target velocity in ¥ 1 pixel per
Earth rotation speed 370 m/s L
direction second

First of all, as shown in Fig.7, the dynamic target
speed is adjusted to be 20 pixels per second along X axis
and 1 pixel per second along Y axis. Secondly, take the
center of screen as the benchmark and adjust the turnta-
ble alignment to the target 4. Open the camera and the
three-axis attitude angles are kept as (10°, 30°, 2.44°)
respectively for 5s. Thirdly, the turntable maneuvers to
the target B in 20 s in accordance with the speed of 2°/s.
And then maintain the attitude (9.53°, 0°, 2.82°) and car-
ry out the imaging of the band2 for 5 s. Finally, the turn-
table maneuvers to the target C in 20 s. The attitude an-
gles are (9.1°, —=30°, 2.45°) respectively. The imaging
process lasts for 5 s.

Tab.2 Imaging theoretic attitude, actual attitude and the deviation between them

. o X . Roll angle Pitch angle Yaw angle
Theoretic roll Theoretic pitch Theoretic yaw Actual roll  Actual pitch Actual yaw o L L.
deviation deviation deviation
angle (°) angle (°) angle (°) angle (°) angle (°) angle (°) © © ©
Band1 10 30 2.44 10.018 30.012 2.427 0.018 0.012 -0.013
Band2 9.53 0 2.82 9.515 0.011 2.804 —0.015 0.011 —0.016
Band3 9.1 -30 2.45 9.119 -30.014 2.468 0.019 —0.014 0.018
20s 20s . . . . N .

The imaging simulation is carried out on the emula-
tional target and the scene image. There are three kinds
of target shapes: single pixel, horizontal strip, and longi-

P Band 1 Band 2 Band ; tudinal strip. The result images are shown in Fig.8.
Bl Cre= There is overlapping of 7 pixels and dislocation of one

=38 =5s =55 . .
Ie) r pixel between bandl and band2, whose overlapping rate
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v

Fig.7 Process of simulation imaging

is 10.93%. Between band2 and band3, there is overlap-
ping of 5 pixels and dislocation of two pixels, whose
overlapping rate is 9.09%. This warp has little effect on
the imaging quality, which can be ignored.

In this paper, an attitude determination problem is ana-
lyzed based on the band splicing imaging principle of
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Fig.8 Sketch map of pixel overlap and dislocation

agile satellite. The image matching attitude algorithm for
each strip is determined according to the matching rela-
tionship between the optimal tracking path and the direc-
tion of the thrust. Finally, the three-band geometric scal-
ing experiment is carried out. The experimental results
prove that the algorithm is accurate, and it can realize the
matched band splicing imaging.
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