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Abstract: In free-space optical (FSO) communication, high-precision pointing is a critical
technology required for rapid acquisition to reduce link establishment time and increase
communication time. FSO communication on a motion platform is necessary to expand the
communication area and to promote the establishment of a global communication network.
However, the pointing accuracy of an optical communication terminal on a motion platform
is low due to numerous error sources and error coupling. This paper evaluates the error
sources and proposes a pointing model to avoid problems resulting from error coupling. This
proposed pointing model was designed to improve the pointing accuracy of a gimbals-type
optical communication terminal (GOCT) on a motion platform. The effectiveness of the pro-
posed pointing model was verified by tracking star experiments. The modified residual error
of the proposed point model was 94.8 μrad compared to 1324.2 μrad without correction.
Additionally, the modified residual error was 94.8 μrad of the proposed pointing model
compared to 140.2 μrad of the existing model. The actual open-loop pointing error was
reduced from 150.4 μrad of the existing model to 101.3 μrad of the proposed model. Thus,
the pointing accuracy of a GOCT on a motion platform was significantly improved after
correction by the proposed pointing model.

Index Terms: FSO communication, GOCT, motion platform, pointing error analysis, point-
ing model.

1. Introduction
Free-space optical (FSO) communication is widely used in the communication field due to its
superior performance. A gimbals-type optical communication terminal (GOCT) is the most common
communication terminal in FSO communication. A GOCT has an extensive tracking range and is
easy to control. Laser communication technology is evolving from a fixed platform to a motion
platform to meet global communication networking needs. The laser beams are very narrow
in long-distance point-to-point laser communication. Thus, high-precision pointing systems are
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required to ensure the rapid acquisition of the two communication terminals with high probability.
The rapid acquisition of the two communication terminals reduces the link establishment time
and increases the communication time. However, the pointing accuracy of a GOCT on a motion
platform is low due to numerous error sources and error coupling. Reducing pointing errors by using
high-precision devices and mechanical manufacturing processes is costly. Thus, it is necessary to
model and correct the pointing errors of a GOCT on a motion platform.

The design of a pointing system for a GOCT on a motion platform is based on research on the
pointing systems for GOCTs on fixed platforms. Previous research reports good correction results
for the pointing systems of GOCTs on fixed platforms. Geometric and nonlinear errors are the main
pointing error sources for GOCTs on fixed platforms. He et al. [1] used a mount model to correct a
telescope’s geometric errors in satellite–ground quantum experiments. Yan et al. [2] used an Allan
variance based semi-parameter model to correct pointing errors in alt-az telescopes. Huang et al.
[3] analyzed the errors from a telescope’s kinematics using a semi-parametric regression model
to eliminate the geometric and nonlinear errors. Tang et al. [4] analyzed geometric error sources
using quaternions. They proposed a semi-parametric model based on a least square collocation
method. Fisk et al. [5] studied the pointing system of a gimbaled inertial stabilized platform and
employed a physical mathematical model to address the geometric errors. Wu et al. [6] modeled
the pointing error angles in periscope-type optical communication terminals. Luck [7] investigated
mount model stability as a technique for maintaining high-precision pointing for an extended length
of time.

Unlike a fixed platform, a motion platform is equipped with an attitude sensor. However, the
attitude sensors introduce attitude errors and installation errors. Shim et al. [8] and Epple [9] used
a strap-down initial navigation system (INS) in combination with a global positioning system (GPS)
as the initial pointing system sensor for achieving the initial pointing for a line of sight (LOS). Wu
et al. [10] introduced an extended Kalman filtering technique into attitude estimation to improve
pointing accuracy in airship–ship and aircraft–aircraft experiments. Zhao et al. [11] used a LOS
calibration method to improve the performance of the pointing system in a short-distance aircraft
laser communication demonstration experiment. Shrestha et al. [12] used a tracking star method
to improve pointing accuracy. However, this study did not provide a calibration model.

There are more pointing error sources for a GOCT on a motion platform than for a GOCT on a
fixed platform. However, the cited literature does not include the entire error sources when calibrat-
ing pointing errors. He et al. [13] evaluated simultaneous installation errors and geometric errors.
They used the least square method twice to estimate the installation errors and geometric errors,
respectively. Their method has the problem of coupling of error parameter calculations because
the error parameters are not calculated simultaneously. Also, most of the literature investigated
short-distance pointing, which is simpler than long-distance pointing. The laser divergence angle
can be increased in short-distance pointing to reduce the pointing precision requirements. In this
paper, we propose a pointing model to improve the pointing accuracy of a GOCT on a motion
platform for long-distance FSO communication. The proposed model not only simultaneously
considers attitude errors, installation errors, and geometric errors, but also avoids the influence
of error coupling. The proposed model was verified by tracking star experiments. The experimental
results showed that the pointing accuracy of a GOCT on a motion platform was significantly
improved after correction by the proposed pointing model.

2. Error Sources Analysis and Modeling
2.1 Error Sources Analysis

The structure of a GOCT is shown in Fig. 1. The LOS points to a target by rotation of the azimuth
axis and elevation axis. High-precision pointing is required for rapid acquisition before starting FSO
communication. However, the LOS cannot accurately point to the target due to attitude errors,
installation errors, and geometric errors. Pointing error is defined as the difference between the
actual direction and the ideal direction. As shown in Fig. 2 [3], the vector of pointing errors is given
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Fig. 1. Structure of the GOCT.

Fig. 2. Pointing errors of the GOCT [3].

by � = [�A,�E ]T . The pointing errors are defined by Equation (1):{
�A = A − Â
�E = E − Ê

(1)

where �A is the pointing error of the azimuth axis, and �E is the pointing error of the elevation axis.
A and E are the encoder measurement values of the azimuth axis and elevation axis, respectively,
when the target is imaged at the center of a charge-coupled device (CCD). Â and Ê are the
encoder guide values for the azimuth axis and elevation axis, respectively. The target position,
device attitude, and pointing error compensation are used to calculate the encoder guide values.
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Fig. 3. Installation errors between the GOCT and attitude sensor [13].

�A and �E must be reduced to reduce the pointing error. Thus, the encoder guide values (i.e., Â
and Ê ) must be closer to their respective encoder measurement values (i.e., A and E ).

Attitude errors, installation errors, and geometric errors are the primary pointing error sources for
a GOCT on a motion platform. Attitude errors occur when an attitude sensor inaccurately measures
its own attitude. Installation errors refer to the installation deviation between an attitude sensor
and the GOCT device. Installation errors cause a deviation angle between the measuring axis of
the attitude sensor and the GOCT pointing axis. Installation errors are illustrated in Fig. 3 [13].
Geometric errors occur during the manufacturing, assembly, installation, and operation of a GOCT.
Geometric errors include azimuth and elevation bearing errors, azimuth and elevation encoder
errors, non-orthogonality of the azimuth and elevation axis, and misalignment of the optical axis
and tube flexure. The azimuth and elevation bearing errors are caused by the radial runout of the
azimuth and elevation axis during rotation. The azimuth and elevation encoder errors refer to the
measurement errors of the rotation angles of the azimuth and elevation axis. The misalignment of
the optical axis is caused by the optical axis not being perpendicular to the azimuth and elevation
axis. The tube flexure mainly refers to the deformation of the tube caused by gravity, which makes
the LOS point to a lower elevation.

2.2 Error Sources Modeling

The Denavit–Hartenberg (D-H) convention [14] was used to model error sources. In the D-H
convention, each error source is represented by a 4 by 4 matrix. This matrix represents the rotation
and translation of the LOS. Rotation is important, and translation is usually small with a negligible
effect on pointing for long-distance in a GOCT [14]. Therefore, the rotation-only D-H convention
was selected to model error sources. In this study, each error source was represented by a 3 by 3
rotation matrix.

In this study, the rotation matrix was divided into two types: a rotation matrix representing the
rotation of the coordinate system and a rotation matrix representing the rotation of a vector in the
coordinate system. The rotation angle is also directional. In the commonly used GOCT system
on a motion platform, the attitude sensor measures the rotation Euler angle of its own coordinate
system relative to the Northeast celestial coordinate system. This includes the yaw angle H rotating
around the z-axis, the pitch angle P rotating around the x-axis, and the roll angle R rotating around
the y-axis. Looking against the rotation axis direction, H is positive when rotating clockwise, while
P and R are positive when rotating counterclockwise. When the azimuth and elevation encoders
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Fig. 4. Schematic diagram of the coordinate system of a GOCT on a motion platform.

are 0, the elevation axis, LOS, and azimuth axis of the GOCT are aligned with the x-axis, y-axis,
and z-axis of the attitude sensor, respectively. The rotation range of the azimuth axis is 0∼360°,
and the encoder value A is positive when the GOCT rotates clockwise. The rotation range of the
elevation axis is 0∼90°, and the encoder value E is positive when the LOS moves upward. The
coordinate system of a GOCT on a motion platform is shown in Fig. 4. O-XnYnZn represents
the Northeast celestial coordinate system, and O-XgYgZg represents the attitude sensor coordi-
nate system. The O-XnYnZn coincides with the O-XgYgZg after successive yaw, pitch, and roll
rotations. To correspond with the commonly used GOCT system on a motion platform, we define
the rotation matrix of the coordinate system rotation by Equation (2):

Rx1 =

⎡
⎢⎣1 0 0

0 cos θ sin θ

0 − sin θ cos θ

⎤
⎥⎦ , Ry1 =

⎡
⎢⎣cos θ 0 − sin θ

0 1 0
sin θ 0 cos θ

⎤
⎥⎦ , Rz1 =

⎡
⎢⎣cos θ − sin θ 0

sin θ cos θ 0
0 0 1

⎤
⎥⎦ (2)

The rotation matrix of the vector rotation in the coordinate system is defined by Equation (3):

Rx2 =

⎡
⎢⎣1 0 0

0 cos θ − sin θ

0 sin θ cos θ

⎤
⎥⎦ , Ry2 =

⎡
⎢⎣cos θ 0 − sin θ

0 1 0
sin θ 0 cos θ

⎤
⎥⎦ , Rz2 =

⎡
⎢⎣ cos θ sin θ 0

− sin θ cos θ 0
0 0 1

⎤
⎥⎦ . (3)

where Rx1, Ry1, and Rz1 represent the rotation of the coordinate system around the x-axis, y-axis,
and z-axis, respectively. Rx2, Ry2, and Rz2 represent the rotation of the vector around the x-axis,
y-axis, and z-axis, respectively.

Based on the coordinate system and rotation matrix definitions, we summarize the error sources
in Table 1. The symbols represent the error angles of the error sources. The use of some symbols
refers to the reference [14]. Rotation type 1 represents the rotation of the coordinate system, and
rotation type 2 represents the rotation of the vector in the coordinate system. The matrix of each
error source needs to be calculated. A small angle approximation is applied during calculation
because each error angle is very small [15]. For a small angle �, we have sin � ≈ �, cos � ≈ 1
and � · � ≈ 0. Additionally, each rotation matrix is an orthogonal matrix that satisfies R−1 = RT .

The attitude errors include the yaw angle error �H , pitch angle error �P, and roll angle error �R.
We denote the yaw, pitch, and roll attitude matrices measured by the attitude sensor as Rh, Rp and
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TABLE 1

Summary of Error Sources

Rr , respectively. The attitude matrices Rh, Rp and Rr are given by Equation (4):

Rh =
[

cos H − sin H cos H 0
0 0 1

]
, Rp =

⎡
⎢⎣1 0 0

0 cos P sin P
0 − sin P cos P

⎤
⎥⎦ , Rr =

⎡
⎢⎣cos R 0 − sin R

0 1 0
sin R 0 cos R

⎤
⎥⎦ (4)

The corresponding attitude error matrices R�h, R�p and R�r are given by Equation (5):

R�h ≈

⎡
⎢⎣ 1 −�H 0

�H 1 0
0 0 1

⎤
⎥⎦ , R�p ≈

⎡
⎢⎣1 0 0

0 1 �P
0 −�P 1

⎤
⎥⎦ , R�r ≈

⎡
⎢⎣ 1 0 −�R

0 1 0
�R 0 1

⎤
⎥⎦ (5)

Rc is used to correct the three attitude angle errors. Therefore, we derive Equation (6):

R�rRrR�pRpR�hRh = RcRrRpRh (6)
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Transforming Equation (6), we get Equation (7):

Rc = R�rRrR�pRpR�hRT
p RT

r

≈

⎡
⎢⎣ 1 �P sin R − �H cos R cos P −�R + �H sin P

−�P sin R + �H cos R cos P 1 �P cos R + �H sin R cos P
�R − �H sin P −�P cos R − �H sin R cos P 1

⎤
⎥⎦
(7)

The installation errors include three error angles α1, α2, and α3. Rotating the coordinate system
of the attitude sensor around the z-axis, x-axis, and y-axis by the α3, α2, and α1 angles, respectively,
can eliminate the installation errors. The installation error matrix Rϕ is given by Equation (8):

Rϕ ≈

⎡
⎢⎣ 1 0 −α1

0 1 0
α1 0 1

⎤
⎥⎦

⎡
⎢⎣1 0 0

0 1 α2

0 −α2 1

⎤
⎥⎦

⎡
⎢⎣ 1 −α3 0

α3 1 0
0 0 1

⎤
⎥⎦ ≈

⎡
⎢⎣ 1 −α3 −α1

α3 1 α2

α1 −α2 1

⎤
⎥⎦ (8)

The encoder errors include encoder offset, scale error, and eccentricity error. The offset errors of
the azimuth and elevation encoder are denoted by Aβ1 and Eβ1, respectively. The scale errors of the
azimuth and elevation encoder are expressed as m1A/2π and n1E/2π , respectively [7], [16]. The
eccentricity error of the azimuth encoder is expressed by m2 sin A and m3 cos A. The eccentricity
error of the elevation encoder is expressed by n2 sin E and n3 cos E [16]. A and E are the azimuth
and elevation encoder values, respectively. We use Aβ2 to represent the sum of scale error and
eccentricity error of the azimuth encoder (Eq. 9). We use Eβ2 to represent the sum of scale error
and eccentricity error of the elevation encoder (Eq. 10).

Aβ2 = m1A/2π + m2 sin A + m3 cos A (9)

Eβ2 = n1E/2π + n2 sin E + n3 cos E (10)

Therefore, the actual rotation angles of the LOS around the azimuth and elevation axis are
A + Aβ1 + Aβ2 and E + Eβ1 + Eβ2, respectively. The azimuth rotation matrix RA is given by Equation
(11):

RA =

⎡
⎢⎣ cos(A + Aβ1 + Aβ2) sin(A + Aβ1 + Aβ2) 0

− sin(A + Aβ1 + Aβ2) cos(A + Aβ1 + Aβ2) 0
0 0 1

⎤
⎥⎦

≈

⎡
⎢⎣ 1 Aβ1 0

−Aβ1 1 0
0 0 1

⎤
⎥⎦

⎡
⎢⎣ cos A − Aβ2 sin A sin A + Aβ2 cos A 0

− sin A − Aβ2 cos A cos A − Aβ2 sin A 0
0 0 1

⎤
⎥⎦ (11)

Which is separated into Equation (12):

RAβ1 =

⎡
⎢⎣ 1 Aβ1 0

−Aβ1 1 0
0 0 1

⎤
⎥⎦ , RAβ2 =

⎡
⎢⎣ cos A − Aβ2 sin A sin A + Aβ2 cos A 0

− sin A − Aβ2 cos A cos A − Aβ2 sin A 0
0 0 1

⎤
⎥⎦ (12)

Thus, Equation (13) is determined:

RA ≈ RAβ1RAβ2 (13)

The elevation rotation matrix RE is given by Equation (14):

RE =

⎡
⎢⎣1 0 0

0 cos(E + Eβ1 + Eβ2) − sin(E + Eβ1 + Eβ2)
0 sin(E + Eβ1 + Eβ2) cos(E + Eβ1 + Eβ2)

⎤
⎥⎦
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≈

⎡
⎢⎣1 0 0

0 cos E − (Eβ1 + Eβ2) sin E − sin E − (Eβ1 + Eβ2) cos E
0 sin E + (Eβ1 + Eβ2) cos E cos E − (Eβ1 + Eβ2) sin E

⎤
⎥⎦ (14)

The remaining errors are geometric errors. The misalignment of the optical axis, the azimuth
bearing error, and the elevation bearing error are divided into two corresponding tilt items, as
shown in Table 1. The tube flexure, the azimuth bearing error, and the elevation bearing error are
dynamic errors. These error angles can be expressed as a function of azimuth or elevation angle
[14]. For example, the tube flexure can be expressed as δT cot E . The error matrix results from the
substitution of the error angle symbol into the rotation matrix and is based on the rotation axis and
rotation type. For example, substituting δT cot E into Rx2 for the tube flexure results in Equation (15):

RF =

⎡
⎢⎣1 0 0

0 cos(δT cot E ) − sin(δT cot E )
0 sin(δT cot E ) cos(δT cot E )

⎤
⎥⎦ ≈

⎡
⎢⎣1 0 0

0 1 −δT cot E
0 δT cot E 1

⎤
⎥⎦ (15)

The matrix models of all error sources are now determined.

3. Pointing Model Derivation
The proposed pointing model consists of an error parameter calculation model and a guide value
calculation model. The error parameter calculation model calculates the value of each error source.
The guide value calculation model calculates the guide value of the encoder for pointing.

3.1 The Error Parameter Calculation Model

The location of the target is known in the pointing process. The position angles An and En of the
target are located in the Northeast celestial coordinate system of the GOCT location. The unit
direction vector (xn, yn, zn )T of the target in the Northeast celestial coordinate system is determined
based on the position angles, as shown in Equation (16):⎧⎪⎨

⎪⎩
xn = cos En sin An

yn = cos En cos An

zn = sin En

(16)

Then, the unit direction vector (xg, yg, zg)T of the target in the attitude sensor coordinate system
is determined using attitude information from the attitude sensor, as shown in Equation (17):

(xg, yg, zg)T = RrRpRh(xn, yn, zn)T (17)

Next, the order of rotation represented by each error matrix of rotation type 1 is determined
by multiplying the relevant matrices by (xg, yg, zg)T , as shown in Equation (18). This calculation
determined the direction vector (xt , yt , zt )T of the target in the GOCT body coordinate system. The
body coordinate system refers to the coordinate system determined by the current position of the
GOCT after the generation of these error sources. Equation (18) assumes that the GOCT only has
rotation type 1 error sources:

(xt , yt , zt )T = RB2RB3RB4RϕRc (xg, yg, zg)T (18)

The rotation type 2 error source affects the LOS position vector in the body coordinate system.
The position vector of the LOS is (0, 1, 0)T without these errors. The optical axis tilting toward the x-
axis and z-axis and the tube flexure only affect the position of the LOS. The non-orthogonality of the
azimuth and elevation axis and the elevation bearing tilting toward the z-axis cause the LOS and the
elevation axis to rotate around the y-axis simultaneously. Consequently, the LOS and the elevation
axis deviate from their ideal positions. Therefore, the LOS rotates around a non-ideal elevation axis
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in the actual rotation. However, the LOS is first rotated around the ideal elevation axis and then
around the y-axis in the calculation. This calculation has the same effect as the actual rotation.
Additionally, the elevation rotation needs to be performed before the azimuth rotation because
the azimuth rotation changes the position of the elevation axis. The position vector (xs, ys, zs )T of
the LOS in the GOCT body coordinate system after the rotation of azimuth and elevation axis is
expressed by Equation (19):

(xs, ys, zs )T = RARNRB1RE RF RMxRMz (0, 1, 0)T (19)

The LOS points to the target after the azimuth and elevation rotation, as expressed by Equation
(20):

(xt , yt , zt )T = (xs, ys, zs )T (20)

Equation (18) and Equation (19) are substituted into Equation (20) to produce Equation (21):

RB2RB3RB4RϕRc (xg, yg, zg)T = RARNRB1RE RF RMxRMz (0, 1, 0)T (21)

Next, Equation (13) is substituted into Equation (21). Using the properties of an orthogonal matrix
and after determining that the matrix multiplication is commutative, Equation (22) is obtained:

RT
Aβ1RϕRc (xg, yg, zg)T = RT

B4RT
B3RT

B2RAβ2RNRB1RE RF RMxRMz (0, 1, 0)T (22)

Substituting the expression of each error matrix into Equation (22) yields Equation (23):

(xz, yz, zz )T = B · �c (23)

where (xz, yz, zz )T = (xg − sin A cos E , yg − cos A cos E , zg − sin E )T ,

B =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

zg 0 −xg

−yg sin R xg sin R − zg cos R yg cos R
yg cos R cos P − zg sin P −xg cos R cos P − zg sin R cos P xg sin P + yg sin R cos P
0 −zg yg

yg −xg 0
− sin A sin E − cos A sin E cos E
cos A − sin A 0
− sin A cos E − cos A cos E cos E cot E
− cos A sin E sin A sin E 0
− cos A sin E cos E sin A sin E cos E 0
cos Acos2E − sin Acos2E 0
0 − cos A sin E cos2A cos E
cos A sin E 0 − sin A cos A cos E
A cos A cos E/2π −A sin A cos E/2π 0
sin A cos A cos E −sin2A cos E 0
cos2A cos E − sin A cos A cos E 0
−E sin A sin E/2π −E cos A sin E/2π E cos E/2π

− sin Asin2E − cos Asin2E sin E cos E
− sin A sin E cos E − cos A sin E cos E cos2E

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

T

�c is the error parameter vector:

�c = [�R + α1,�P,�H, α2, α3 + Aβ1, Eβ1 + γx , γz, δT , η, ξB1, ξB2, ξB3, ξB4, m1, m2, m3, n1, n2, n3]T .

The error parameter vector �c in Equation (23) is estimated using the least square method, as
expressed in Equation (24):

�c = (BT B)−1BT (xz, yz, zz )T (24)
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The error parameter calculation model is now complete. The error parameter calculation model is
comprised of Equations (16), (17), and (23). The least square method is used to estimate the error
parameters. The coupling of error parameter calculations is minimized because all parameters are
calculated simultaneously. Coupled error parameters in �c still exist, including parameters �R + α1,
α3 + Aβ1, and Eβ1 + γx . However, these coupled error parameters do not influence the guide value
calculation.

3.2 The Guide Value Calculation Model

After determining the error parameters, the encoder values A and E are calculated to guide the
pointing. It is difficult to determine the encoder values based on Equation (23). Thus, the encoder
values A and E are determined using Equation (22). The guide value calculation is generated based
on Equations (25–32):

(xc, yc, zc )T = RT
Aβ1RϕRc (xg, yg, zg)T (25)

(xp, yp, zp)T = RT
B4RT

B3RT
B2RAβ2RNRB1RE RF RMxRMz (0, 1, 0)T (26)

Thus,

Ac = arctan
(

xc

yc

)
, Ec = arcsin zc (27)

A + �Ac = arctan(
xp

yp
), E + �Ec = arcsin zp (28)

This results in Equation (29):

A = Ac − �Ac, E = Ec − �Ec (29)

�Ac and �Ec are minimum values because each error term is a minimum value. Thus,

tan(A + �Ac ) = sin(A + �Ac )
cos(A + �Ac )

≈ sin A + �Ac cos A
cos A − �Ac sin A

sin(E + �Ec ) ≈ sin E + �Ec cos E (30)

Based on Equations (26), (28), and (30), Equation (31) is obtained:

�Ac = γz sec E − η tan E − ξB1 sin E + ξB2 cos E + ξB3 sin A cos A tan E

+ ξB4cos2A tan E + m1A/2π + m2 sin A + m3 cos A

�Ec = Eβ1 + γx + δT cot E + ξB3cos2A − ξB4 sin A cos A + n1E/2π

+ n2 sin E + n3 cos E (31)

Substituting Equation (29) into Equation (31) along with �Ac,�Ec and each error term being
minimum values, yields Equation (32):

�Ac = γz sec Ec − η tan Ec − ξB1 sin Ec + ξB2 cos Ec + ξB3 sin Ac cos Ac tan Ec

+ ξB4cos2Ac tan Ec + m1Ac/2π + m2 sin Ac + m3 cos Ac

�Ec = Eβ1 + γx + δT cot Ec + ξB3cos2Ac − ξB4 sin Ac cos Ac + n1Ec/2π

+ n2 sin Ec + n3 cos Ec (32)

The guide value calculation model is now complete. Equations (25), (27), (29), and (32)
comprise the guide value calculation model. For Equation (25), RT

Aβ1RϕRc is represented by
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Fig. 5. The GOCT system.

Equation (33):

RT
Aβ1RϕRc =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 −α3 − Aβ1 + �P sin R −α1 − �R + �H sin P
−�H cos R cos P

α3 + Aβ1 − �P sin R 1 α2 + �P cos R
+�H cos R cos P +�H sin R cos P

α1 + �R − �H sin P −α2 − �P cos R 1
−�H sin R cos P

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(33)

The coupled error parameters are substituted into the calculation as a whole. Consequently, the
coupled parameters do not influence the guide value calculation.

4. Experiment and Results
We developed a GOCT system (Fig. 5) to verify the proposed model. The results of our proposed
model were compared to the results of the model in reference [13]. We refer to the model in
reference [13] as Model A and our proposed model as Model B. We put the device system on
a slope and rotated the whole device to change the attitude. This procedure simulated the motion
platform. The GPS/INS integrated navigation system was installed on the GOCT system, which
served as the attitude sensor for measuring the attitude of the device. The attitude angle errors
respectively are 0.18mrad (1σ ) in the yaw angle, 0.09mrad (1σ ) in the pitch angle and the roll
angle. The encoders of the azimuth axis and the elevation axis of the GOCT system have very high
closed-loop guidance accuracy of 0.0005°(root-mean-square, RMS), which has a negligible effect
on the pointing accuracy.

The method of tracking stars was applied in this experiment. Initially, the GOCT system tracked
and measured a batch of stars in different attitudes. The GOCT system automatically recorded
the position angles of the star in the Northeast celestial coordinate system (An, En), the attitudes
of the device (H, P, R), and the encoder values (A, E) when the star was imaged at the center
of the CCD. These measurement data were used in Model A and Model B to calculate the error
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Fig. 6. The residual error before correction.

parameters and the modified residual errors. The residual error before correction is shown in Fig. 6.
The residual error before correction is the initial pointing error of the system, which is determined by
the manufacturing accuracy of the equipment and the measurement accuracy of the sensors. The
modified residual errors after correction by Model A and Model B are shown in Fig. 7 and Fig. 8,
respectively. Then, the GOCT system tracked and measured some stars in other different attitudes,
and recorded the measurement data. These measurement data and the previously obtained error
parameters were used to verify the open-loop pointing accuracy of Model A and Model B. The
open-loop pointing errors of Model A and Model B are shown in Fig. 9 and Fig. 10, respectively.
The total pointing error δt ot al is given by Equation (34):

δt ot al =
√

δ2
azimut h + δ2

el evat ion (34)

where δazimut h (RMS) is the azimuth pointing error and δel evat ion (RMS) is the elevation pointing error.
All experimental data results are displayed in Fig. 6-10. Based on the data results displayed in

Fig. 6 and Fig. 8, the modified residual error of Model B was 94.8 μrad compared to 1324.2 μrad for
no correction. Based on the data results displayed in Fig. 7 and Fig. 8, the modified residual error of
Model B was 94.8 μrad compared to 140.2 μrad of Model A. Based on the data results displayed in
Fig. 9 and Fig. 10, the open-loop pointing error of Model B was 101.3 μrad compared to 150.4 μrad
of Model A. The results of these comparisons demonstrate that our proposed model can greatly
correct the initial pointing error of the GOCT under the same equipment accuracy conditions. In
addition, since our proposed model considers more error sources and avoids the influence of error
coupling, our proposed model has better pointing correction ability than the existing model. In short,
the results of these experiments indicate that the proposed pointing model significantly improve the
pointing accuracy of the GOCT on a motion platform.
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Fig. 7. The modified residual error after correction by Model A.

Fig. 8. The modified residual error after correction by Model B.
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Fig. 9. The open-loop pointing error of Model A.

Fig. 10. The open-loop pointing error of Model B.
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5. Conclusion
Attitude errors, installation errors, and geometric errors are the primary error sources that nega-
tively affect the pointing accuracy of a GOCT on a motion platform. This study conducted detailed
analysis and research on these error sources. The error matrix model of each error source
was determined. Based on these error matrices, we derived a pointing model to improve the
pointing accuracy of a GOCT. Our pointing model was comprised of an error parameter calculation
model and a guide value calculation model. The error parameter calculation model simultaneously
calculates all parameters, thus minimizing the coupling of parameter calculations. The guide value
calculation model avoids the influence of coupled errors on the guide value calculation. The tracking
star experiments verified the effectiveness of our proposed model. Compared with no correction,
our proposed model reduced the modified residual error from 1324.2 μrad to 94.8 μrad. In addition,
compared with the existing model, our proposed model reduced the modified residual error from
140.2 μrad to 94.8 μrad. Finally, compared with the existing model, our proposed model reduced
the actual open-loop pointing error from 150.4 μrad to 101.3 μrad. Thus, the pointing accuracy of
a GOCT on a motion platform was significantly improved after correction by the proposed pointing
model.
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