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Abstract. Effect of micro-motion dynamics on infrared (IR) radiation signatures for orbital
objects is studied in this work, by considering the micro-motion modes and physical principles
based heat transfer. Micro-motion modes of an object on orbit such as spin stabilization, three-
axis stabilization or roll motion are modeled using Rodrigues formulation. Heat transfer
equations, including three-dimensional (3-D) heat conduction, radiation on outer surface
including thermal dissipation as well as heating from the sun and earth, and thermal radiation on
innermost surface, are formulated and solved using numerical techniques to obtain the time-
evolving temperature field on the object. IR signatures in 8~16um bands are calculated by
integrating the self-emitted and surface-reflected components, with different surface emissivity
being considered. Numerical results of the micro-motion effect on IR signatures for a cylindrical
object on orbit are presented with in-depth phenomenological analysis.
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1 Introduction

The temperature of a orbital object tends to be time-evolving due to the heat loss, surface heating from
the Sun and Earth in space [1]. Viewed from a spaceborne sensor, IR radiation of the object mainly
contains three components, namely self-emitted energy, surface-reflected energy from the Sun and Earth.
Self-emitted energy depends on temperature and surface emitting properties, while the surface-reflected
radiation relates with the Solar/Earth irradiation and surface reflecting properties (i.e., bidirectional
reflectance distribution function, BRDF) of the object [2-3].

Temperature and infrared characteristics of space objects have been studied in many papers. Han et al.
presented an infrared model of satellite for distinguishing the working and no-working satellite [1]. Zuo
et al. analyzed the rigid-flexible-thermal coupling of satellite solar-panels in low earth orbit [4]. Wang et
al. established an infrared model of the on-orbit target to detect the satellite using material properties [5].
Wau studied the influence of the multilayer heat insulation materials on satellite temperature as well as
infrared signature [6]. Lu et al. calculated the effect of solar absorption coefficient on temperature of a
three-axis stabilization satellite [7]. Shen et al. simulated the optical properties of sun-synchronous orbit
satellite and then verified the result using experimental data [8]. Yang et al. modeled the periodical
temperature as well as the infrared radiation of an orbital satellite [9]. Generally, a 2-D network might be
enough for thin-walled objects or objects with spinning motion [10], but a 3-D heat transfer network is
required to deal with objects with thick-walls [11].

Spinning and three-axis stabilization are two common ways to stabilize orbital objects such as
satellites. When the object is out of control, it might undergo roll motion. Surface heating can be easily
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calculated when the object keeps still. However, it will be complicated if the object undergoes micro-
motion dynamics such as spinning or rolling. These motions, namely micro-motions, can affect not only
the temperature distribution, but also the IR radiation characteristics of an orbital object [12]. Zhu et al.
performed an experiment to study factors of influencing the temperature of a space object, including
surface heating and spinning, et al [13]. Mao et al. studied the influence of spin and roll motion on
balloons in space [14]. Liu et al. estimated the parameters of micro-motion dynamics and geometrical
shape of exoatmospheric infrared targets [15]. Studies above reveal that the temperature as well as
infrared characteristics of space objects differs a lot under different motions.

In this paper, a complete procedure is developed to calculate the temperature and IR radiation
characteristics for orbital objects. Using the procedure, the IR characteristics of a cylindrical object on
orbit with different surface emissivity and stabilization modes are calculated and phenomenologically
analyzed. The remainder of the context is organized as follows. Dynamics model for space objects is
established and aspect transform matrices are derived in Section 2. Physical principles based heat transfer
is discussed, and the unsteady-state temperature as well as the IR radiation is calculated in Section 3.
Time-evolving surface temperature and thermal IR radiation for a cylinder object with different
emissivities and stabilization modes are studied with detailed phenomenological analysis in Section 4.
Conclusion is provided in Section 5.

2 Dynamics Model for Orbital Objects

2.1 3-D Rotation of a Rigid Body

Spin stabilization, three-axis stabilization and roll-motion can all be seen as rigid body dynamics, which
has been described in detail previously [16]. Consequently, motions involved for orbital objects will be
described in brief.

Fig. 1 illustrates a moving object in geocentric inertial coordinate system (U, V, W). The angular
velocity vector @ =[w,, ®,, w.]" is defined in local coordinates (x, y, z) attached to the object itself. A
reference coordinate system (X, Y, Z), which parallels to the system (U, V, W) and shares the same
origin with the system (x, y, z), is also introduced to simplify the analysis required for the rotating object.

Z  target local coordinates
(x,2)

»Z
G,
w
Y
X
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U L . reference coordinates
geocentric (lilje{t/l%i/ ;:oordmates (X.Y.Z)

Fig. 1. A rotating object in geocentric inertial coordinate system

Viewed from the reference coordinate system (X, Y, Z), the unit vector of the rotation for the object is

‘81

o'=[w,, 0, o] =R,

nit ||

I )

where Q=|| @ || is the vector module and Ry, is the initial orientation matrix of the object. According to

Q&

the Rodrigues formula [16], the rotation matrix as a function of time ¢ can be expressed as

R, =1+@'sinQt+&" (1-cosQt). ?2)

where [/ is the identity matrix, and @' is a skew symmetric matrix
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Thus, an initial position r¢=[xo, v, zo]" in local coordinate system (x, y, z) will be Ry ro in the
reference coordinate system. At time ¢, the corresponding position moves to #=RR;,,;Fo.

2.2 Rotation Matrices of Spin, Three-axis Stabilization and Roll Motion

As shown in Fig. 2(a), consider an object rotates with a scalar angular velocity w; around its z-axis in
local coordinate system, the corresponding angular velocity vector @ is [0, 0, w,]". Substitute the vector
@ into Egs. (1)-(3), we will get the spinning rotation matrix, R, in reference coordinate system.

In this article, the three-axis stabilization will be simplified as the object keeps still in in reference
coordinates (X, Y, Z), as depicted in Fig. 2(b). As a result, the rotation matrix for the three-axis
stabilization will not change as a function of time, and can be written as R;~ R;,;, where the R;,; is the
initial orientation matrix of the object.

As illustrated in Fig. 2(c), the roll motion in this article is defined as the object’s rotation around its y-
axis. Assume the object rolls with a scalar angular velocity w,=2n/T,, where T, is the rolling period, the
corresponding angular velocity vector @ can be written as [0, w,, 0]'. Thus the rolling rotation matrix R,,
can be obtained by substituting the vector @ into Egs. (1)-(3).

V4 target local coordinates
(xy:2)

(\ reference coordinates
M (X,Y,Z)
Yy

(a) spinning (b) 3-axis stabilization (c) rolling motion
Fig. 2. A spinning, three-axis stabilization, and rolling object in reference coordinate system

3 Temperature and Infrared Radiation Calculation

Without loss of generality, we analyze the heat transfers of a cylindrical object on orbit. Given a cylinder
radius, height, and thickness of material, the object is built, as shown in Fig. 3(a). Then the object is
decomposed into volume elements in cylindrical coordinates for the preparation of heat transfer
calculation. The difference equation of energy conservation for p-th volume element is

T, (t + Ar)-T, (1)
oA,

v dv=W.(t+A)+ W, (t+At)+ W, (t + At) + qdb. C))

where p, ¢, and dv are density, specific heat of material, and differential volume, respectively. T denotes
temperature in kelvins, and A¢ is time increment step. W., W,,, and W,, are net incoming heat flow of the
conduction heat transfer, surface heating and radiative heat transfer on inner-surface, respectively. ¢ is
the volume heat source term. The left side of the Eq. (4) stands for the increased internal energy, while
the right side is the energy flows into a volume element. Note that W,,, and W;, are zeros if an element is
surrounded by other elements. Temperature variation of the element can be solved by using numerical
methods [17-18].
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Fig. 3. Geometry and volume elements of a cylindrical object
3.1 Conduction Heat Transfer
As depicted in Fig. 3(b), heat conduction from the six surrounding elements can be written as
6 S
W) =2k HTO =T, ®)

where £; is the thermal conductivity for i-th element, S; is the contact area of two neighboring elements,
and d; is the conduction distance between two elements, respectively. Note that the surrounding nodes
can be less than six if the element happens to be on the outermost or innermost surface.

3.2  Surface Heat Transfer

As shown in Fig. 3(c), heat transfer on outer-surface mainly contains three parts: thermal dissipation into
the space (W,), surface heating from the Sun (W) and the Earth (#,), which yields

Wi @) =W () + W (1) =W, (D). (6

As the orbital object moves continuously around the Earth, the judgment of the object in or out of the
Earth’s shadow is required head of Eq. (6). Furthermore, as the object undergoes micro-motions
continuously, it is possible that a surface element receives the solar radiation at this moment and can’t
receive solar energy at that moment. Thus a factor, #;, is introduced to quantify the solar illumination on
each surface element during one heat transfer step [#, #+Af), which can be easily calculated by averaging
the cosine of the angle between the solar vector and surface norm [12]. In this way, the solar energy
absorbed by a surface element is written as

W.(0) = En,(Da,S,. (M

where E, is the solar constant, 1367W/m2, o, is the solar energy absorption coefficient, S, is the surface
area.

For simplicity, the Earth is considered as a greybody with equilibrium temperature 7, and emissivity &,.
Thus the energy absorbed by a surface element can be express as

VI/e(t):((c"ogeo-]-;4 (]ee/},;)bj)2 +asErs)776 (Z)So (8)

where ¢ is Steven-Boltzmann constant, ¢, is the emissivity of the surface element, R, denotes the Earth
radius and r,, represents the distance between the object and the Earth center. E,, is the solar flux
reflected from the Earth (known as the albedo flux and typically taken to be equal to 0.3E),), and 7, is the
average illumination coefficient of the Earth during one heat transfer step.

The self-emitted heat loss of the surface element is governed by the Stefan-Boltzmann’s law

W, (=0T ()¢S, ©)

where T, is the temperature of the surface element.
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3.3 Radiative Heat Transfer

The surface of the enclosure is assumed to be diffuse-gray. Based on the assumptions, radiative exchange
between any two surface elements can be calculated using the view factors. As shown in Fig. 4, the
surface radiosity J for element i consists of two parts: the self-emitted heat flux and the reflected
incoming irradiation [17]

Outer-surface

. Volume element

A = \,m

ole Enclosure

i eSSl

P~
W wall

Fig. 4. Radiative heat transfer of the enclosure

J (t)=€0T" (1)+p,G (7). (10)

where ¢; is surface emissivity, p; is reflectivity, and G; is the irradiation on surface i.
Surface irradiation G; can be obtained by adding up the energy which leaves surface j and is
intercepted by surface i

G015, 08,5590

Sl Jj=

-
]

where s, is the surface area of the i-th element. Note that the law of reciprocity is applied in derivation
procedure.
The net radiative heat absorption for surface i is written as

Ql.(t)zgi(G,.(t)—O'Tl.4 (I))si. (12)

Let’s suppose that the temperature 7 and view factor F is prescribed. Then the surface radiosity J for
each surface in Eq. (10) could be solved by using Gauss-Seidual iteration method, and net radiative heat
absorption O, in Eq. (12) (corresponding to W;, in Eq. (4)) would be calculated consequently.

3.5 Thermal Infrared Radiation

IR radiation from a space object involves self-emitted energy, reflected energy from the sun, earth, and
background energy such as stars, et al. In this article, only the first three components are considered in
this article. Thus, viewed from a spaceborne IR sensor, surface radiance within a waveband from 4, to 4,
for element i can be calculated as

N
L= [ (LD +L (A0 +L,(4,0)dA 13)

where L,(4, ?) is the self-emitted spectral radiance, which can be calculated from the Planck equation. Ly(4,
?) and L.(4, ) are the spectral radiance reflected from the Sun, and Earth, respectively. Both of them can
be obtained by multiplying the bidirectional reflectance distribution function of the surface with the
corresponding spectral irradiance of the Sun or Earth.

The radiant intensity of the object ,,; can be obtained by summing up the contributions of surfaces
facing the sensor
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Ly (D)= X L()As, (1) (14)

where As; is the projected area of the surface i seen by the sensor, which can be obtained by Z-buffer
algorithm.

4 Numerical Results and Analysis

To demonstrate, the time-evolving temperature as well as IR signatures for a cylindrical object with
different motions and surface emissivities on a near-earth orbit is studied. As shown in Fig. 8, the
geocentric inertial coordinate system is defined to describe the object’s space position, whose U-axis
points to the vernal equinox, W-axis runs along the earth’s rotational axis pointing to the North, and V-
axis satisfies right-handed coordinate system. The orbit used here is an ideal sun-synchronous orbit,
which is modeled by two-body orbit motion formula based on the six orbital elements [19]: semimajor
axis a=7077.37km, eccentricity e=0, inclination i=98.183°, right ascension of ascending node Q=0°,
argument of perigee w=0° and time past perigee #,=0s. The orbit period is then calculated to be 7, =
5925s.

For simplicity, a long wave (LWIR) 8~16um band sensor is assumed to locate along the plus X-axis in
reference coordinate system (just ahead of the object) and runs together with the object. The solar
incidence angle in zenith and azimuth direction is 90° and 0°, respectively, pointing to the minus U-axis.
The Earth temperature is assumed to be 290K.

The cylindrical object, with 50cm in radius and 120cm in height, consists of only one material layer,
which is supposed to be 1.6cm thick aluminum, as illustrated in Fig. 3(a). The outer-surface emissivity ¢
is set to be equal to solar absorptivity a,, which is respectively assumed to be 0.9, 0.5 and 0.1. The initial
orientation of the object is shown in Fig. 8, which can be obtained by rotating the local coordinate system
(x, y, z) clockwise around its x-axis by 81.817° in reference coordinate. In the current case, the z-axis of
the local coordinate system (x, y, z) will be perpendicular to the orbital plane.

Spin stabilization, three-axis stabilization as well as rolling are respectively introduced to calculate the
temperature distribution and study the impact of micro-motion on IR signatures of orbital objects. With
spin stabilization, the spinning frequency is 1Hz, rotating around its x-axis. For roll motion, the
corresponding period is assumed to be 50s, rotating around its y-axis. Initial temperature field of the
object is set to be 300K.

As can be seen in Fig. 5, at r=0s, the object starts from location P,. Surface temperature of the object
gradually rises due to the solar radiation. However, when the object enters into the Earth’s shadow,
surface temperature tends to decrease until it moves out of the shadow again. Fig. 6 illustrates the surface
temperature at P, (the intersection point of x-axis with outer-surface) as a function of time for the
spinning object with surface emissivity ¢é=0.9. Apparently, after dozens of orbital circles, it gradually
achieves dynamic equilibrium and finally demonstrates a periodical variation. Note that the remaining
results presented below are obtained when the object is in dynamic equilibrium.

4.1 Surface Temperature of the Object with Different Stabilization Modes

Suppose the surface emissivity is 0.9. As illustrated in Fig. 7, surface temperature at P, demonstrates
obvious periodicity in all the three cases (i.e., spinning stabilization, three-axis stabilization and roll
motion). During one period [0, 5925s), the object firstly runs in sunshine space before =1906s, then
enters into earth’s shadow from /=1906s to 4018s, and moves into the sunshine space again for the
remaining time. Surface temperature at P, apparently demonstrates an increasing-decreasing-increasing
process for all the three cases.

Result also indicates that temperature at P, is obviously higher for the object with three-axis
stabilization, compared with the other two cases. It’s because that for three-axis stabilization case, P, is
always facing the sun in sunshine space, making its temperature keep rising in sunshine space. With spin
stabilization, as the object is rotating around its z-axis in the current case, the outer-surface is illuminated
uniformly along the circumference, making the corresponding temperature lower than the three-axis
stabilization case. For the roll motion, it is similar to the spinning case. It can be imagined that the
temperature of the surface that facing back to the Sun for object with three-axis stabilization will be
lower than that with spinning or roll motion.
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Fig. 8 illustrates surface temperature distribution of the object in three cases at =1481s, corresponding
to the orbital position P, in Fig. 5. For the object with spinning motion (rotating around its z-axis), as the
IR sensor is assumed to locate in the positive X-axis, the projected area of the object viewed from the
sensor does not change as a function of time. The projected area of the object with spinning motion is just
the same to the three-stabilization. However, the projected area viewed from the IR sensor keeps
changing for the rolling object with y-axis as its rotation axis, thus producing a different projection area
compared with the other two cases, as depicted in Figs. 8(a)-(¢c).

As shown in Fig. 8(b), as the object with three-axis stabilization keeps still in reference coordinate
system, surface temperature is apparently higher than the other two cases. As illustrated in Fig. 8(a), the
temperature difference is tiny along the circumference due to the spinning motion. In addition, with roll
motion, although the surface temperature difference is not quite apparent, it also demonstrates some
variation along the circumferential direction, as shown in Fig. 8(¢).

320K 320 K

310

300

290

280

270

(a) spin stabilization (b) three-axis stabilization (c) roll motion

Fig. 8. Surface temperature distribution at 7=1481s
4.2 Radiant Intensity of the Object with Different Stabilization Modes

Fig. 9 illustrates the radiant intensity incident into the IR sensor from the orbital object with three
stabilization modes. It can be seen that although the radiant intensity of the object with roll motion
undergoes fast fluctuations, however, all the three cases demonstrate apparent periodical variation, where
the period is just the same as the orbit period. From the figure, it can be seen that, first, the IR radiant
intensity of the spin stabilization, as well as the three-axis stabilization case, shows a similarity to its
temperature frame illustrated in Fig. 7. In fact, the mean value of the rolling case also shows the same
tendency to its temperature variation. The reason why the radiant intensity of the object with three
motions is so different in Fig. 9 can partially be explained in Fig. 10.
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Fig. 9. Radiant intensity of the object with different types of motion in band 8-16um
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As illustrated in Fig. 10, for the current observing geometry, the projected area to the sensor is always
1.2m* when the object undergoes spin stabilization or three-axis stabilization on orbit. According to Wien
displacement law, the max radiant wavelength of the surface temperature in Fig. 7 is just among the
sensor’s band, 8~16 um. As a result, the radiant intensity is mainly determined by the self-emitted energy
when the emissivity is high. In this case, the surface temperature is 0.9. Thus the radiant intensity of the
object with spinning or three-axis stabilization shows a similar tendency with their temperature curves.

Second, with roll motion, the corresponding radiant intensity demonstrates double time-scale variation.
The larger scale corresponds to the orbital period, while the smaller scale is coincident with the micro-
period of the roll motion. In fact, it is the fluctuation of the projected area that results in the violent
variation of the IR signature. As depicted in Fig. 8(c), viewed from the IR sensor, the projected area of
the object will change periodically when it rotates around it y-axis. The fluctuation of the projected area
within several rolling periods is shown in the zoom-in area in Fig. 10.

4.3 Thermal Infrared Characteristics with Different Emissivities

As can be seen from Section 4.1 and 4.2, the radiant intensity of the object is mainly determined by both
the temperature and the projected area when the surface emissivity of the object is relatively high.
However, it is not always the case, especially when surface emissivity is low.

Take spin stabilization for example. Fig. 11 illustrates temperature variations as a function of time at
the specified point P, on object when surface emissivity is 0.9, 0.5 and 0.1, respectively. From Fig. 11, a
conclusion can be drawn that higher emissivity produces higher temperature fluctuation, which can be
explained from the fact that object with higher emissivity can absorb more solar/Earth radiation, thus
producing a higher temperature during the same time period. When the surface emissivity is 0.9, the
temperature difference over a period is as high as 10K in the current case. On the other hand, it is less
than 2K when the emissivity is 0.1. At this time, the periodicity can barely be seen. Furthermore, the
average temperature tends to descend as the surface emissivity gets lower.
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Fig. 11. Surface temperature at P,, with different emissivity, spin stabilization
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Fig. 12 illustrates the radiant intensity of the spinning object when the surface emissivity is 0.9, 0.5
and 0.1, respectively. The energy components of the radiant intensity, namely the self-emitted energy,
reflected energy from the Sun and the Earth, are also depicted in Fig. 16 for the object with different
surface emissivities.
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Fig. 12. Radiant intensity with different emissivity, 8~16um, spin stabilization

From Fig. 12, for long wave IR band, it can be also been seen that as surface emissivity decreases, the
corresponding average radiant intensity decreases, too. This can be explained as follows. As the
emissivity decreases, the temperature decreases too, and this can be evidenced by Fig. 11. Thus the self-
emitted energy of the surface will decreased correspondingly. In such cases, although the increased
reflectivity leads to an increase in surface reflection, as shown in Fig. 13(a) through (c), however, the
decreased amount of the self-emitted energy is more than the increased surface energy. As a result, the
average radiant intensity of the object decreases along with the surface emissivity. In addition, although
the self-emitted component dominates the total energy in long wave band when the surface emissivity is
close to 1, as shown in Fig. 13(a), however, surface-reflected energy from the earth becomes dominant
with low emissivity, as can be seen in Fig. 13(c).

60

60

60

total
50 50 50
s s total
= = 3 total
2 Femi 2 £ 40
g 40 self-emitted ] S ¢
2 2 2
g % g g3
£ = E ¢ tdflected earth [
5 g If-emitted 5 o :
8 20 % 20 seli-emitte 5 20
8 [} reflected earth g B :
reflected earth H 3
Self-emit
10 reflected sun 10 E -., 10 : H
reflgtted sun kY {:'
........................ ; *, reflected sun
) SRR o : 0 bt st o 0 ket e e W
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000
time (s) time (s) time (s)
(a)e=0.9 (b)e=10.5 (c)e=0.1

Fig. 13. Radiant components of the object with different emissivity, 8~16um, spin stabilization
5 Concluding remarks

In this work, the periodical temperature and thermal IR signatures of a near-earth orbital object with
different motions are calculated and studied, considering the heat-transfer, stabilization mode as well as
specified observation geometry. The impact of surface emissivity on temperatures and IR signatures is
also analyzed. Numerical results indicate that: (1) For all the three cases, i.e., spin stabilization, three-axis
stabilization or roll motion, the object demonstrates periodical characteristics on temperature and IR
signatures. However, different stabilization modes result in different steady-state variation of surface
temperatures; and (2) In long wave IR band, the higher the surface emissivity is, the larger the fluctuation
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of the surface temperature and total IR radiant intensity are. As a consequence, in order to keep the
temperature constant on orbit, materials with small emissivity need to be used.

Note that all the numerical results in this paper are physics based and under the assumptions that the
earth is a greybody with constant temperature. As a consequence, the corresponding irradiation on the
orbital object from the earth is approximated. In order to get more accurate results, the irradiation above
the atmosphere is time-and-space dependent because of the combined impact from the temperature
distribution of the earth’s surface, the atmospheric effect and so on. This will be further studied in the
future.

Acknowledgements

This work was supported by Beijing Natural Science Foundation (No. 3164043), National Natural
Science Foundation of China (No. 61671069) and Science and Technology Projects of Beijing Municipal
Education Commission (No. KM201411232009).

References

[1] Y.G. Han, Y.M. Xuan, Infrared feature of the satellite, Infrared and Laser Engineering 34(1)(2005) 34-37.

[2] J.H. Choi, T.K. Kim, Characteristic analysis of IR signatures for different optical surface properties by computer modeling
and field measurement, in: Proc. SPIE 7830, 2010.

[3] F. Yang, Y.M. Xuan, Y.G. Han, Infrared characteristics of spacecraft undulating surface, Infrared and Laser Engineering
45(5)(2016) 0504003.

[4] Y.S. Zuo, J.Y. Liu, Rigid-flexible-thermal coupling dynamic modeling a satellite-solar panels system in low earth orbit,
Journal of Vibration and Shock 36(6)(2017) 38-46.

[S] HY. Wang, W. Zhang, Infrared characteristics of on-orbit targets based on space-based optical observation, Optics
Communications 290(2013) 69-75.

[6] X.D. Wu, Influence of multilayer heat insulation material on infrared feature of a satellite, Infrared and Laser Engineering
44(6)(2015) 1721-1725.

[7] Y.J. Lu, Y.G. Han, Research on thermal characteristics of three axis stabilized satellite, Journal of Naval Aeronautical and
Astronautical University 32(4)(2017) 351-357.

[8] W.T. Shen, D.Q. Zhu, L.C. Shi, G.B. Cai, Optical properties of sun synchronous orbit satellite, Journal of Beijing University
of Aeronautics and Astronautics 39(1)(2013) 6-10.

[9T1 L. Yang, X.Y. Lv, W. Jin, J.J. Zhao, H. Yang, The model and calculation of the satellite infrared radiation periodic features,
Opto-Electronic Engineering 41(2)(2014) 69-74.

[10] M.A. Gadalla, Prediction of temperature variation in a rotating spacecraft in space environment, Applied Thermal
Engineering 25(14-15)(2005) 2379-2397.

[11] F.B. Li, X.J. Xu, Infrared signature simulation model for space objects, Journal of Beijing University of Aeronautics and
Astronautics 35(11)(2009) 1330-1334.

[12] F.B. Li, X.J. Xu, Modeling time-evolving infrared characteristics for space object with mircromotions, IEEE Transactions
on Aerospace and Electronic Systems 48(4)(2012) 3567-3577.

[13] D.Q. Zhu, W.T. Shen, G.B. Cai, W.N. Ke, Numerical simulation and experimental study of factors influencing the optical
characteristics of a spatial target, Applied Thermal Engineering 50(2013) 749-762.

[14] H.X. Mao, H. Nan, J. Ma, Y.B. Dong, K.F. Wu, Analysis of influence of motion of attitude to optical character of space

203



Thermal Infrared Radiation Calculation of Orbital Objects with Micro-motions

target, Infrared and Laser Engineering 36(suppl.)(2007) 411-414.

[15] JL. Liu, Y.B. Wu, H.Z. Lu, B.D. Zhao, Micromotion dynamics and geometrical shape parameters estimation of
exoatmospheric infrared targets, Optical Engineering 55(11)(2016) 113103.

[16] V.C. Chen, F. Li, S.S. Ho, H. Wechsler, Micro-doppler effect in radar: phenomenon, model, and simulation study, IEEE
Transactions on Aerospace and Electronic Systems 42(1)(2006) 2-21.

[17] J.P. Holman, Heat Transfer, ninth ed., McGraw-Hill, NewYork, 2005.

[18] D.R. Croft, D.G. Lilley, Heat Transfer Calculations using Finite Difference Equations. Applied Science Publishers, London,
1977.

[19] S.L. Gao, X.Y. Tang, Y. Yu, F.T. Xue, The modeling and simulation of the artificial space object, in: Proc. SPIE 7383,
2009.

204




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHT <FEFF005B683964DA300C005000440046002800310032003000300064007000690029300D005D0020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        8.503940
        8.503940
        8.503940
        8.503940
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 400
        /LineArtTextResolution 1200
        /PresetName <FEFF005B9AD889E367905EA6005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 0
      /MarksWeight 0.283460
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /JapaneseWithCircle
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


