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ABSTRACT 

Orbital plane flips, which means a transition from prograde to retrograde motion or vice versa, a phenomenon due to 

solar radiation pressure are investigated. We consider initial near-circular orbits with different inclinations, including 

the vicinity of orbits of the GNSS satellites, GEO, geosynchronous orbits, and super-GEO region. Dynamical 

evolution of orbital debris is studied from a numerical simulation. Initial conditions for the objects are chosen in the 

GNSS orbit regions (GLONASS, GPS, BeiDou, Galileo) as well as 450–1100 km above to nominal semi-major axes 

of the navigation orbits, and in the vicinity of GEO, geosynchronous orbits, and super-GEO region. Initial data 

correspond to nearly circular orbits with the eccentricity e = 0.001. The initial inclination is varied from 0° to 80°. 

Initial values of longitude of ascending node Ω are varied from 0° to 350°. Area-to-mass ratio γ is varied from small 

values corresponding to satellites γ = 0.02 m2/kg to high values, which correspond to orbital debris. Dynamical 

evolution covers periods of 24 and 240 years. 

1 INTRODUCTION 

The transition from prograde motion, when inclination of the orbit i is less than 900, to retrograde motion with 

orbital inclination more than 900 or vice versa is called flip. This phenomenon can occur due to various factors, one 

of which, for example, is the Lidov-Kozai effect [1]. In [2], while studying the dynamic ptoperties of orbits that can 

be used to store satellites that have completed their intended purpose, was shown that flips of the orbit plane due to 

light pressure are observed in the vicinity of the orbits of the satellites of global navigation systems. In the following 

paper, a more detailed study of flips in the vicinity of the navigation satellite motion region is carried out. 

2 METHODS 

The dynamical evolution of space debris is studied using a numerical simulation. Initial conditions for the space 

objects are chosen for the GNSS regions (GLONASS, GPS, BeiDou, Galileo) and orbits 450 − 1100 km above with 

respect to nominal semi-major axes of the navigation orbits aGNSS  (Table 1). Here ad is the semi-major axis of the 

disposal orbit, which is chosen as a resonant. 

Table 1. GNSS orbits and potential disposal orbits. 

GNSS GNSS orbit Disposal orbit i0 [deg] 

Resonance aGNSS [km] Resonance ad [km] 

GLONASS 8:17 25508 14:29 25947 64.8 

GPS 1:2 26559 15:29 27168 55 

BeiDou 7:13 27907 4:7 29034 55 

Galileo 10:17 29600 3:5 29994 56 

 

The initial conditions take values corresponding to the studied orbits. Initial values of semi-major axes are varied 

from 25600 km (near the orbits of the GLONASS) to 30000 km (above orbits of Galileo). The initial value of the 

inclination depends on the navigation system and varies from 550 to 64.80. The initial value of the eccentricity 

corresponds to a near-circular orbit with e  = 0.001. Initial values of the longitude of the ascending node Ω are varied 
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from 00 to 3600. The initial value of the argument of pericenter is g = 2700. The pericenter is directed toward the Sun 

when Ω = 2700. The direction of the Sun is normal with respect to the orbital plane when Ω = 00 and 1800. The area-

to-mass ratio γ is chosen on the range of values from 16 to 80 m2/kg. These large values of area-to-mass ratio 

correspond to the space debris. The dynamical evolution covers periods of 24 and 240 years. Initial epoch T0 is 

00h00m00s UTC 21.03.1958. 

The dynamic evolution of space debris in the vicinity of the area of motion of satellites of global navigation systems 

is studied based on numerical simulation. The orbital evolution of space objects is modeled in “Numerical Model of 

the Motion of an Artificial Satellites” [3, 4] developed at the Tomsk State University. The model of perturbing 

forces takes into account the major perturbing factors: the gravitational field of the Earth (EGM96 model [5], 

harmonics up to the 27th order and degree, inclusive), the gravitation of the Moon and the Sun, the tides of the Earth, 

the direct radiation pressure taking into consideration the shadow of the Earth (coefficient of reflection of the 

satellite surface k = 1.44), the Poynting-Robertson effect, and the atmospheric drag. The equations of motion are 

integrated by the Everhart's method of the 19th order 

3 RESULTS 

As we can see in the graphs given below, there is a relationship between the orbital inclination from several 

parameters. Such parameters like longitude of the ascending node, area-to-mass ratio and the value of the semi-

major axis. It could be noted that the evolution of the motion of the object on the process of modeling will depend 

on the initial parameters of the satellite and orbit. If we consider the orbit above Galileo near 3:5 resonance area, 

with the initial value of semi-major axis 29994 km. The longitude of the ascending node is 180°. The area-to-mass 

ratio is γ = 60 m2/kg, and the initial value of orbital inclination is 56°. If we choose the initial parameters like these, 

we obtain the dependence of the orbital inclination on time (Fig. 1). 

 

Fig. 1. Evolution of the orbital inclination i for a satellite above Galileo orbit near the 3:5 resonance region for the 

area-to-mass ratio γ = 60 m2/kg (a0 = 29994 km, i0 = 56°). 

 

We also can see in Fig. 1 that chosen object with that initial parameters will spend almost a lot of time in retrograde 

motion. The period of orbital flips can be calculated, and it is approximately 10 years. The maximum inclination is 

about 108°. 
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For a better view of flips and evolution of the orbital inclination, we shorten the time of modeling from 240 to 24 

years (see Fig. 2). Figure 2 shows us how an orbital inclination evolves in time with defined initial parameters and 

different values of the ascending node. The total time in retrograde motion is approximately half of the whole time 

of modeling, and the amplitude of the inclination is about 110°. 

 

a) b) 

  

c) 

 

Fig. 2. Evolution of the orbital inclination i for a GLONASS satellites near the 8:17 resonance region with the initial 

value of the ascending node: a) 150°, b) 180°, and c) 210° (a = 25508 km, i = 64.80, γ = 35 m2/kg). 

 

It is also noticeable the presence of some additional disturbances at 150° and 210° and absents at 180°. 

Fig. 3a and 3c for satellites of the GLONASS's orbits show us that the eccentricity does not exceed the value of 0.55 

with the initial values of the ascending node of 150° and 210° with defined initial values of the area-to-mass ratio, 

semi-major axis, and inclination. That fact proves that we are dealing not with the Lidov-Kozai effect, which 

requires the presence of a large eccentricity during the flip. The same situation is in Fig. 3b where the initial value of 

the ascending node is 180°. The eccentricity does not exceed 0.4, because of the condition, which was presented in 

[6].  

This effect is rose by equality between the initial longitude of pericenter π and the longitude of the Sun λS. In [6] the 

existence of a stationary point (e0, π0) was demonstrated in the phase plane “eccentricity e and longitude of 

pericenter π”, corresponding to the following initial conditions e0 = 3/2 kγP (cos(ε/2))2 (a n nS)–1 ≈ 0.01 kγ, π0 = λS. 
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Here P = 4.56 ∙ 10–6 Nm–2 is the radiation pressure, ε is the obliquity of the ecliptic to the equator, n and nS are mean 

motions of a satellite and the Sun, and λS is the ecliptic longitude of the Sun. 

 

a) b) 

  

c) 

 

Fig. 3. Evolution of the eccentricity e for a GLONASS satellites near the 8:17 resonance region with the initial value 

of the ascending node: a) 150°, b) 180°, and c) 210° (a = 25508 km, i = 64.8°, γ = 35 m2/kg) 

 

From Fig. 3b we can calculate the period of oscillations of eccentricity. It is about 167 days. Here in cases Fig. 3a 

and 3c, we can also see modulation and oscillation due to any perturbations present, which are absent at the 

longitude of the ascending node 180°.  

Further, we have Fig. 4a and 4c, which show us the libration of the argument of pericenter near 0° or 360° passing 

into libration near the 180° and vice versa in case of the longitude of the ascending node 150° and 210° 

correspondingly approximately at the same time when the orbital inclination comes from prograde to retrograde 

motion. Simultaneously, when the longitude of the ascending node is 180° we can see circulation of the argument of 

pericenter and its libration near 90° and 270°. 

Everything that was given earlier was done with fixed initial semi-major axis, initial orbital inclination, and area-to-

mass ratio. Now we want to find out how the inclination will evolve depending on the initial inclination, which in 

turn depends on the satellite navigation system we are considering. As a result of modeling, we obtained that with an 

increase in the initial inclination of the orbit, its maximum inclination will also increase with the growth of the major 

semi-axis (see Fig. 5). 
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a) b) 

  

c) 

 

Fig. 4. Libration of the argument of pericenter g for a GLONASS satellites near the 8:17 resonance region with the 

initial value of the ascending node: a) 150°, b) 180°, and c) 210° (a = 25508 km, i = 64.80, γ = 35 m2/kg). 

 

If we continue the simulation up to the values of the semi-major axes corresponding to the geostationary orbit, then 

we will get the following. Figure 6 shows us that the tendency of increase of the maximum orbital inclination with 

increasing of the semi-major axis follows up to the geostationary orbit. Also from Fig. 6, we can emphasize that the 

amplitude of the flip increases with increasing of the area-to-mass ratio value, which is theoretically quite 

reasonable. 

It was previously mentioned that March 23, 1958 was chosen as the initial epoch. Simulations were also conducted 

at different dates. Figure 7 shows the dependency of the maximum inclination of the orbit on the longitude of the 

ascending node, depending on the area-to-mass ratio value at different starting dates with defined semi-major axis 

(a0 = 25508 km) and initial inclination (i0 = 64.8°). All graphs show us that the maximum of inclination is observed 

at a value of the longitude of the ascending node of 180° and increases with increasing of the area-to-mass ratio. 

That tells us that flips depend not only on the parameters of the orbit but also on the properties of the object. 

Figure 7b gives us two peaks with an area-to-mass ratio 30 m2/kg. The appearance of two maxima near 160° and 

210° is a manifestation of periodic perturbations of the orbital inclination, which are absent at a longitude of 180°. 

The orange line of Fig. 7c contains a gap in itself for the reason that with longitudes of the ascending node from 

160° to 210° and such a large area-to-mass ratio (γ = 35 m2/kg), objects fall to the Earth. Conceptually, these graphs 

are no different, and this tells us that the initial epoch does not need to be included in the list of parameters for 
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variation. Since a change in the initial epoch simply means a change in the initial position of the bodies relative to 

each other in space, which, when integrated over an interval 24 or 240 years, does not somehow radically change the 

results and does not introduce any new laws or dependences on some parameters of the orbit on others.  

 

 

Fig. 5. Dependence of the maximal inclination imax from the semi-major axis a for different initial values of the 

inclination with fixed value of the area-to-mass ratio γ = 20 m2/kg and the initial value of the longitude of the 

ascending node Ω = 180°. 

 

a) b) 

  

Fig. 6. Dependence of the maximal inclination imax from the semi-major axis a for different initial values of the area-

to-mass ratio with fixed value of the initial inclination i0 = 64.8° and the initial value of the longitude of the 

ascending node Ω0 = 180°. 
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a) b) 

  

c) 

 

Fig. 7. Dependence of the maximal inclination imax from the longitude of the ascending node Ω for initial epochs: 

a) 22.06.1958, b) 23.09.1958, and c) 22.12.1958 with fixed value of the initial inclination i0 = 64.80. The different 

area-to-mass ratios are shown in the legend of the graphs and indicated by color. 

 

4 CONCLUSIONS 

In conclusion, we would like to note that GNSS orbits and possible burial orbits were examined from the point of 

view of searching for orbits with minimal variations. There is a dependence of the long-period evolution of objects 

with a large area-to-mass ratio on the initial value of the ascending longitude, which was shown in the graphs. While 

flips are possible only for objects with a large area-to-mass ratio (γ > 15 m2/kg). Moreover, the flips studied in this 

work are caused precisely by light pressure, and not by the Lidov-Kozai effect. A range of values for γ was also 

obtained for some of the aforementioned semi-major axes, at which the flip will appear (see Table 2). 

Table 2. Parameters at which flips occur. 

Orbit a [km] i0 [deg] Ω [deg] γ [m2/kg] 

GLONASS 25508 64.8 180 16–39 

Above GLONASS 25947 64.8 180 16–76 

Above Galileo 29994 56 180 18–80 
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And those orbits for which flips were noticed cannot be used as orbits for long-term storage of debris. In addition, 

all this is done for those reasons that now there is an intensive development of near-earth orbits. That leads to an 

increase in the amount of spacecraft, which in turn leads to an increase in space debris, from which we must protect 

the currently functioning spacecraft. So that, before the methods for recycling orbital debris are implemented, 

whether it be shooting with a laser or fishing in the net, we must use all the methods that we have, and burial orbits 

are no exception. 
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