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Abstract: Space cameras play a pivotal role in various fields, such as astronomical exploration. When
operating in orbit, these cameras encounter the relative motion between the target and the camera
during the exposure, resulting in image motion, which affects the imaging quality. Therefore, it is
necessary to compensate for this image motion. This paper investigates the in-orbit image motion
compensation (IMC) method for space cameras with a long integration time based on a two-axis
pointing platform. Firstly, the mechanical design of the camera is introduced. Secondly, the in-orbit
IMC model for the camera is analyzed, and the angular motion needed for compensating for the
image motion by the two-axis pointing platform are derived. Factors influencing the compensation
accuracy are also analyzed. The effectiveness of the IMC model is verified through simulations.
Finally, the in-orbit experimental results indicate that the energy concentration of the target star
images obtained exceeded 70%, demonstrating excellent performance in space cameras and effectively
enhancing imaging quality using IMC technology.

Keywords: space camera; image motion compensation; two-axis pointing platform

1. Introduction

Space cameras play a crucial role in various fields, such as Earth observation and
astronomical exploration, due to their advantages of being less affected by atmospheric
disturbances and not being limited by geographical locations [1–3]. With the increasing de-
mand for detecting faint celestial objects in space, cameras often require a longer integration
time. Space cameras mounted on satellites face challenges when taking photographs due
to the orbital motion and attitude motion of the satellite. During the integration time, there
is a relative motion between the target and the camera that results in image blur. Therefore,
the image motion compensation (IMC) technique is needed to enhance image clarity and
resolution [4,5]. This is particularly true for cameras that require long integration times to
capture faint and weak targets. The commonly used methods for IMC include the optical
IMC method, the image-based IMC method, and the mechanical IMC method.

Optical IMC methods involve rotating or moving optical components in the optical
path to change the direction of light and to compensate for image motion in accordance
with the principle of matching the image motion speed on the camera focal plane [6].
A common approach is to compensate for forward image motion by rotating a reflecting
mirror that is located in front of the objective lens. In [7], a novel IMC method was proposed
to compensate for both image rotation and image translation simultaneously using a scan
mirror. In [8], a two-axis, fast steering mirror was designed for aerial dynamic scans and
a stare imaging system. The effectiveness of the fast steering mirror and IMC algorithm
was verified by the dynamic imaging test in the laboratory and flight tests. Through
adopting the optical IMC method, the mirror-reflected optical paths faced issues such as
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inconsistency between the center and the edges of the field of view, deviations in the optical
axis, and even defocusing caused by compensation. It was challenging to completely
eliminate the image motion in the resulting images.

Another approach is to compensate for image motion through digital image processing
algorithms. These algorithms, such as image registration and motion estimation, are used to
correct the image motion and motion blur in the captured images [9]. In [10], an improved
Wiener filtering algorithm was proposed to restore the blurred image. Experimental results
showed that the absolute average error of the image for improved algorithms decreased
by 9.31%, and the peak signal-to-noise ratio increased by 13.98% when compared to the
traditional Wiener filter method. Ref. [11] proposed a blind image restoration method
using the Huber–Markov prior model to both regularize the image and the blur parameters.
Experiments were performed to demonstrate the effectiveness of the proposed approach.
Ref. [12] proposed a new blind deblurring learning framework that utilizes alternating
iterations of shrinkage thresholds, and they proposed a learnable blur kernel proximal
mapping module to improve the accuracy of blur kernel reconstructions. The experiments
demonstrated that the proposed framework yields superior image restoration quality for
blurred images with varying levels of deterioration. However, due to the blurring during
the imaging process, some of the information in the image may have been lost, resulting in
limited compensation accuracy through digital image processing algorithms.

The mechanical IMC method utilizes a mechanical structure to move the camera in the
direction of the image motion during exposure [13,14]. The compensation speed for each
point on the image plane was consistent, enabling two-axis compensation. This method
is commonly used in ground or airborne cameras, but less frequently employed in space
cameras. In space cameras, two-axis pointing platforms are often used to increase the
pointing range, but they are rarely used to compensate for image motion [15].

Due to the limitations of optical systems and the need for detecting faint and weak star
point targets, optical- or image-based IMC methods cannot be used. Therefore, a mechanical
IMC method was designed to compensate for the image motion in long-integration space
cameras using a two-axis pointing platform.

The rest of this paper is structured as follows: Section 2 provides a detailed description
of the mechanical design of the camera. Section 3 analyzes the image motion of the camera
in orbit using homogeneous coordinate transformations, as well as calculates the required
compensation angles for the two-axis pointing platform. At the same time, an analysis of
the factors that affect the accuracy of IMC is also conducted. In Section 4, the simulation
analysis demonstrates that images without IMC exhibit trailing effects after imaging, while
images with IMC achieve ideal imaging results. Section 5 presents the imaging results
obtained in orbit. Section 6 concludes the paper.

2. Mechanism Description

A structure diagram of a space camera with a two-axis pointing platform is given
in Figure 1. The platform consists of two axes, namely the elevation axis and azimuth
axis. The two axes are orthogonal and rotate independently, allowing for the simultaneous
adjustment of imaging directions. The base is installed on the spacecraft. The azimuth
mechanism is assembled on the elevation mechanism, and the camera is assembled on
the azimuth mechanism. When the elevation axis rotates, the azimuth axis will rotate
accordingly. The rotation range of the elevation axis is −10◦ to 35◦, and the rotation
range of the azimuth axis is −40◦ to 40◦. A large rotation range ensures that the camera
can capture targets that require a large angle of rotation, thus increasing the detection
range. Meanwhile, the camera achieves IMC through the rotation of the two-axis pointing
platform. The setting of the rotation range can include the entire stroke needing rotation
by the IMC.
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Figure 1. Structure diagram of a space camera with a two-axis pointing platform.

Permanent magnet torque motors were used to drive the shaft of each axis directly,
which eliminate transmission clearance and guarantee rotation accuracy. High-precision
encoders were installed on the shaft for the real-time acquisition of the mechanism rotation
angle. The direct drive mechanism improves structural stiffness and accordingly increases
the closed-loop bandwidth of the servo system.

During the in-orbit imaging period, the IMC calculation module calculates the pointing
platform guidance position in real time, guiding the platform to rotate (this will be discussed
in the next section).

3. Model of Image Motion
3.1. Coordinate Systems

In the process of transforming the coordinate systems from object remote sensors to
optical remote sensors in a space camera, the right-hand Cartesian coordinate systems
was adopted. Using homogeneous coordinate transformation matrices is a convenient
method for expressing coordinate transformations. The position relationship between each
coordinate system is shown in Figure 2. The coordinate systems involved in mapping from
the object to the image plane are defined in the following section.
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Figure 2. Imaging coordinate system of a space camera.

1. Geocentric inertial coordinate system OI − xIyIzI : The origin OI is geocentric, xI
points to the intersection of the orbital plane and the equatorial plane, zI points to the
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north pole, yI is perpendicular to xI and zI , and the coordinate system maintains the
inertial space.

2. Spacecraft orbit coordinate system Ob − xbybzb: The origin Ob is in orbit, with the
xb pointing forward along the orbit and the zb pointing toward space. It also passes
through the origin of the geocentric inertial coordinate system . The xb and zb axes
are located within the track plane, while the yb axis is perpendicular to the track
plane. The spacecraft orbit coordinates are located in the geocentric inertial coordinate
system and move in orbit at an angular velocity Ω.

3. Spacecraft coordinate system Os − xsyszs: The origin Os is the same as the origin Ob
of the spacecraft orbit coordinate system. When the spacecraft is stationary without
motion, the spacecraft coordinate system Os − xsyszs coincides with the spacecraft
orbit coordinate system Ob − xbybzb. When the spacecraft has an attitude motion,
the spacecraft coordinate system can be obtained by rotating the spacecraft orbit
coordinate system. The roll angle is φ, the pitch angle is θ, and the yaw angle is ψ.

4. Camera installation coordinate system Oc − xcyczc: The origin of the camera instal-
lation coordinate system is the main point of the camera objective. When the error
between the camera and the spacecraft is within the installation allowable range,
the camera installation coordinate system completely coincides with the spacecraft
coordinate system.

5. Camera object plane coordinate system Od − xdydzd: The origin is located at the
object main point of the camera. The plane Odxdyd is the object principal plane of the
camera, and the axis zd is the optical axis direction, forming the right-hand coordinate
system. When the positioning star is located on the optical axis, the camera object
coordinate system coincides with the camera installation coordinate system. If the
positioning star is not on the optical axis, the camera needs to rotate the two-axis
pointing platform to make the positioning star on the optical axis. The camera object
plane coordinate system can be obtained by rotating the camera installation coordinate
system. The azimuth angle of the turntable is At, and the elevation angle is Et.

6. Camera image plane coordinate system Op − xpypzp: The origin is the main point
of the image plane. The plane Opxpyp is the main plane of the image plane of the
camera, and the axis xp points toward the direction of the imaging element integration
sequence and is parallel to the axis xd. The axis zp is the normal direction of the
main plane of the image plane. For coaxial optical systems, the normal direction of
the image plane is the same as the optical axis direction, so the axis zb and axis zp
directions are the same, forming a right-hand coordinate system.

Following the procedures shown in Figure 3, the coordinate transformation from the
geocentric inertial coordinate system OI − xIyIzI to the camera image plane coordinate
system Op − xpypzp can be given as follows.

1. Geocentric inertial coordinate system OI − xIyIzI to spacecraft orbit coordinate system
Ob − xbybzb:
The spacecraft orbital coordinate system is obtained by the geocentric inertial coordi-
nate system after translation and then rotation, where γ0 is the initial orbit angle, Ω is
the orbital angular velocity, i0 is the orbit inclination angle, R is the Earth radius, and h
is the orbit height. Therefore, the transformation matrix between the two coordinate
systems at time t can be expressed as

T1 =


cos(i0) sin(i0) 0 0
− sin(i0) cos(i0) 0 0

0 0 1 0
0 0 0 1




cos(γ0 + Ωt) 0 − sin(γ0 + Ωt) 0
0 1 0 0
sin(γ0 + Ωt) 0 cos(γ0 + Ωt) 0
0 0 0 1




1 0 0 0
0 1 0 0
0 0 1 R + h
0 0 0 1

. (1)
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Geocentric inertial coordinate system OI − xIyIzI

Spacecraft orbit coordinate system Ob − xbybzb

Spacecraft coordinate system Os − xsyszs:

Camera installation coordinate system Oc − xcyczc

Camera object plane coordinate system Od − xdydzd

Camera image plane coordinate system Op − xpypzp

Shift (R + h), Rotate (γ0 + Ωt), Rotate i0

Rotate φ, θ, and ψ

Rotate θp, ψp, and φp

Rotate At and Et

Scale β

Figure 3. The coordinate transformations’ detailed operations.

2. Spacecraft orbit coordinate system Ob − xbybzb to spacecraft coordinate system Os − xsyszs:
The spacecraft orbital coordinate system Ob − xbybzb is sequentially transformed into
the spacecraft coordinate system Os − xsyszs through a rotation of the roll angle φ,
pitch angle θ, and yaw angle ψ. The transformation matrix T2 can be expressed
as follows:

T2 =


cos ψ 0 − sin ψ 0

0 1 0 0
sin ψ 0 cos ψ 0

0 0 0 1




1 0 0 0
0 cos θ sin θ 0
0 − sin θ cos θ 0
0 0 0 1




cos φ sin φ 0 0
− sin φ cos φ 0 0

0 0 1 0
0 0 0 1

. (2)

3. Spacecraft coordinate system Os − xsyszs to camera installation coordinate system
Oc − xcyczc:
The installation angle errors in the pitch, yaw, and roll directions are θp, ψp, and φp,
respectively. The transformation matrix is as follows:

T3 =


cos φp sin φp 0 0
− sin φp cos φp 0 0

0 0 1 0
0 0 0 1




cos ψp 0 − sin ψp 0
0 1 0 0

sin ψp 0 cos ψp 0
0 0 0 1




1 0 0 0
0 cos θp sin θp 0
0 − sin θp cos θp 0
0 0 0 1

. (3)

4. Camera installation coordinate system Oc − xcyczc to camera object plane coordinate
system Od − xdydzd:
The camera object plane coordinate system Od − xdydzd is obtained by rotating the
camera installation coordinate system Oc − xcyczc. The azimuth angle of the turntable
is At, and the elevation angle is Et. The transformation matrix is

T4 =


cos At 0 − sin At 0

0 1 0 0
sin At 0 cos At 0

0 0 0 1




1 0 0 0
0 cos Et sin Et 0
0 − sin Et cos Et 0
0 0 0 1

 (4)

5. Camera object plane coordinate system Od − xdydzd to camera image plane coordinate
system Op − xpypzp:
The matrix transformation is related to the action matrix of optical components.
Assuming the focal length of the object and the image are f and f ′, respectively,
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the lateral magnification of the optical systems is β, and the transformation matrix
can be expressed as follows:

T5 =


β 0 0 0
0 β 0 0
0 0 − f ′

f β 0
0 0 0 1

. (5)

The coordinate transformation matrix T from the geocentric inertial coordinate system
OI − xIyIzI to the object plane coordinate system Od − xdydzd is

T = T5T4T3T2T1. (6)

Supposing the right ascension and declination coordinates of the target star are
(αp, λp), then the homogeneous coordinates of the unit vector of the star’s direction in the
geocentric inertial coordinate system are

RI =


cos(λp) cos(αp)
cos(λp) sin(αp)

sin(λp)
1

. (7)

During the exposure time, the image of the target star is always maintained at the
center of the image plane through the motion of a two-axis pointing platform, and the
coordinates of the image in the camera image coordinate system are

Rp = [0, 0, f , 1]T. (8)

Given the satellite orbital motion parameters, satellite attitude parameters, and camera
installation matrix, as well as by guaranteeing the matching of objects and images during
in-orbit exposure by transforming the matrix T, the following equation is satisfied

Rp = TRI , (9)

where the azimuth and the elevation angle of the two-axis pointing platform At and Et can
be obtained.

3.2. Analysis of In-Orbit Disturbances

During the imaging process in space, a space camera is subjected to various sources of
disturbances. These disturbances not only affect the spacecraft’s attitude, but also impact
the control precision of the pointing platform. As a result, the accuracy of the image motion
compensation by the camera is compromised, thereby affecting the quality of the captured
images. In light of these challenges, the following analysis can be made:

3.2.1. Disturbances of Spacecraft

A spacecraft in space is subject to various sources of disturbances, including but not
limited to the following:

1. Attitude control system: The operation of the attitude control system may introduce
internal feedback disturbances, such as vibrations or noise in control signals. These
disturbances can negatively impact the stability of the spacecraft’s attitude.

2. Solar radiation pressure: Solar radiation exerts pressure on the spacecraft’s surface,
thus generating small forces that can induce attitude changes.

3. Gyroscope drift: Gyroscopes on the spacecraft may experience drift, thus leading to
errors in attitude measurement and affecting the precision of the stable platform.
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These dynamic disturbances can influence the spacecraft’s attitude, thereby impacting
the accuracy of camera image motion compensation and ultimately affecting the image qual-
ity. To mitigate these disturbances, the corresponding compensation angles are calculated
based on the real-time monitoring of satellite attitude parameters in the IMC model.

3.2.2. The Disturbances of a Pointing Platform

The pointing platform, which is driven by a permanent magnet synchronous motor in
orbit, is subject to various sources of disturbances, including the following:

1. Transition from a gravity environment to microgravity environment: The transition from
a gravity environment on the ground to a microgravity environment in space involves a
release of gravity. This can cause structural deformations as the structure adapts to the
absence of gravity, resulting in changes in the friction forces between the motor shaft
and the structure. These changes in friction forces can impact control precision.

2. Temperature variations: In a space environment, there are significant temperature
variations. These variations can cause changes in the magnetic materials and coil
parameters inside the motor, thereby affecting the motor’s output characteristics and
control performance.

3. Radiation and electromagnetic interference: The presence of radiation and electro-
magnetic interference around the spacecraft can interfere with the control circuits and
sensors of the motor, leading to fluctuations in torque and speed.

To overcome these disturbances, the motor design and material selection can be
optimized to enhance the motor’s resistance to magnetic field interference and temperature
adaptability. Additionally, it is essential to design more robust control algorithms to
improve the precision of pointing platform tracking control, which will be introduced in
the next subsection.

In general, the disturbances of a spacecraft affect the accuracy of satellite attitude and
orbit parameters h, φ, θ, and ψ, which will reduce the accuracy of IMC calculations and
reduce imaging quality. At the same time, the disturbances of a pointing platform will
affect the pointing accuracy of said pointing platform, i.e., At and Et, which will reduce the
compensation accuracy and affect the imaging accuracy.

3.3. Disturbances Rejection Strategy

Disturbances affecting satellites can ultimately impact the accuracy of their orbital and
attitude parameters. By enhancing the measurement precision of these parameters, it is
possible to effectively mitigate the influence on the accuracy of IMC.

For the disturbances affecting a pointing platform, a disturbance rejection control
strategy is employed to enhance the disturbance rejection performance. The pointing
platform utilizes a three-loop control method involving current, velocity, and position.
The current loop employs PI control, with a linear control design that features a sufficiently
high bandwidth to ensure a rapid response speed for the current. Within a velocity loop,
sliding mode control (SMC) is used to improve the system’s ability to reject disturbances
and enhance the dynamic response performance of the system. The position loop control
ensures the tracking accuracy of the system. The specific controller design for the velocity
loop is as follows:

The mechanical motion of the permanent magnet torque motor is described by

Jω̇ + Bω = Ktiq + d, (10)

where J is the mechanical inertia of the motor and load, B is the coefficient of viscous
friction, d is the load disturbance, and Kt is the torque constant.

Setting ωr as the reference speed, the speed error can be defined as

e = ωr − ω. (11)
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We can define the sliding surface as

s = e + c
∫ t

0
e(τ)dτ, (12)

where c is a positive constant.
A sliding mode controller with the exponential reaching law can be designed as

iq =
1
Kt

(ω̇r +
B
J
+ ce + k1sign(s) + k2s), (13)

where k1, k2 are positive constants.
The stability proof of the controller can be found in [16].
The block diagram of the imaging control is shown in Figure 4. The camera first

receives the orbit and attitude information of the satellite, as well as the position of the
target star. Based on the above information, it performs IMC calculations and calculates
the angle At and Et that need to be compensated for pointing to the two-axis of the
platform. The pointing platform achieves a high-precision, three loop control based on
At and Et, thereby realizing a high-precision pointing of the platform and controlling the
camera rotation.
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Figure 4. Block diagram of the imaging control.

4. Simulation

In this section, the imaging by a space camera is simulated and analyzed. The center
of the field of view is aligned with the target star when the pointing platform is at the
initial angle of 0. As the satellite moves along its orbit and undergoes attitude variations,
the pointing platform maintains the target star at the center of the field of view during
a six-second integration time by compensating for image motion using the IMC model.
The satellite operates in a low Earth orbit: the orbit height h is 400 km and the earth radius
R is 6400 km. The satellite’s attitude changes, caused by disturbance factors, are also
taken into consideration. At 3 s, a disturbance of adding 100 arcseconds to the satellite’s
three-axis attitude angles is introduced. The sampling frequency of the simulation is
200 Hz. After calculating the IMC model, the two-axis reference position, actual position,
and the position tracking errors of the pointing platform were determined, as shown
in Figures 5 and 6, with the azimuth axis in Figure 5 and the elevation axis in Figure 6,
respectively. The pointing platform was able to achieve high control accuracy and ensured
compensation for the image motion.
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Figure 5. Position tracking and error of the azimuth angle.
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Figure 6. Position tracking and error of the elevation angle.

In using ideal point-source imaging, multiple image points within the exposure time
were accumulated and displayed on the image plane. The optical coordinates of the stars
within a 4 × 4 degree field of view on the image plane, without compensation for image
motion and post-image motion compensation using the pointing platform, are shown
in Figures 7 and 8, respectively. From the figures, it can be observed that, after applying
IMC, the camera produces star-like points, which closely resemble the ideal point sources.
In contrast, when the camera does not utilize IMC, there is significant trailing observed in
the images, thus rendering them ineffective for accurate observations of celestial objects.
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Figure 7. Image without IMC.
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Figure 8. Image with IMC.

5. In-Orbit Verification

In this section, the in-orbit experimental results are presented. The satellite operates in
a low-earth orbit, with the orbit height h being 400 km. The camera utilizes a CMOS imaging
sensor with a pixel size of 5.5 µm. The orbit and attitude information of the satellite is sent
in real time to the camera to calculate the compensated image motion. Figure 9 presents
two typical in-orbit images of stars that were captured using the IMC technique with the
local area of the target star and gray-scale three-dimensional images of the corresponding
image data. From the figure, it is evident that the imaging results were excellent after
compensating for image motion through the pointing platform. The energy concentrations
of 5 × 5 pixels in Figure 9a,b are 71.8% and 73.4%, respectively. The calculation method
of energy concentration is given in (14), where I(i, j) represents the DN value of a pixel.
The energy concentration of the target stars in the overall captured images exceeds 70%,
thus meeting the requirements for detecting high-magnitude celestial targets. As it is
generated after the image motion compensated, the image is representative enough to
illustrate the IMC method using the two-axis pointing platform for space cameras.

E =
∑1

m,n=−1 I(i + m, j + n)

∑2
m,n=−2 I(i + m, j + n)

. (14)
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(a1) (a2) (a3)

(a)

(b1) (b2) (b3)

(b)

Figure 9. Images of the star targets captured by cameras in orbit. (a1,b1): Original image captured
by camera; (a2,b2): local area of the target star; (a3,b3): gray-scale three-dimensional images of the
corresponding image data.

6. Conclusions

This paper proposes the utilization of a two-axis pointing platform to achieve IMC
for long-exposure space cameras. By employing homogeneous coordinate transformation,
the image motion model was derived, and the required compensating pointing angles for
the two-axis pointing platform were calculated. Factors that affect the precision of IMC
were also analyzed. The effectiveness of IMC was verified through simulation results.
In-orbit experimental results further validated the effectiveness of the proposed method,
which effectively enhances the detection capability of faint stellar objects. This provides a
feasible design for future in-orbit space camera studies with a long integration time.

In the future, we will enhance the imaging quality from two aspects based on IMC
technology. On the one hand, will achieve this by employing more advanced sensor fusion
techniques to improve the measurement accuracy of satellites, thereby enhancing the
computational precision of IMC. On the other hand, we are also committed to developing
advanced control algorithms and designing more sophisticated control algorithms, such
as adaptive control methods and neural network approaches, to make the compensation
more accurate. These strategic enhancements will be pivotal in achieving superior imaging
performance, and they will also be integrated into our future work to further bolster the
efficacy of our imaging systems.
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