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This paper briefly introduces a new approach to estimate some orbital parameters of on-orbit satellite fragmentations (specifically, the direction of angular momentum at a specific time and the time change in direction of angular momentum) from in-situ debris measurements. This approach, as in previous studies, adopts a constraint equation derived from the fact that a piece of debris detected shares the geocentric position vector with an in-situ debris measurement satellite. However, unlike previous studies, this approach does not adopt a constraint equation that can be applied to the rate of change in right ascension of the ascending node of a broken-up object. Instead, this approach determines the inclination of a broken-up object from the maximum or minimum geocentric declination at the time of detection. Then, this approach finds out a candidate for the rate of change in right ascension of the ascending node of a broken-up object by assuming a circular orbit with a radius of the geocentric distance at the time of detection. Finally, using the constraint equation adopted, this approach estimates the right ascension of the ascending node at the time of breakup and calculates a correction for the rate of change in right ascension of the ascending node. This paper also verifies that this new approach works effectively under ideal conditions where all detections are assumed to be at the line of intersection of the two orbital planes of a broken-up object and an in-situ debris measurement satellite.
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1 INTRODUCTION
This study aims at an environmental estimation for tiny debris in the low Earth orbit (LEO). Whereas space debris larger than 10 cm in size are currently tracked from the ground and their orbital information is maintained and updated in some databases, those under 10 cm are not, mainly because of their low traceability. As seen in a verification experiment followed by the incident of ADEOS-II spacecraft of the Japan Aerospace Exploration Agency (JAXA), sub-millimeter-size debris can damage components of a spacecraft such as an electrical wiring harness. Therefore, building a collision flux model of sub-millimeter-size debris is urgent to mitigate the risk of their collision with spacecraft in operation.
There are two main approaches to measure an environment of sub-millimeter-size debris in LEO, that is, “ground-based” and “space-based” approaches. The former has been conducted by radar observations (Goldstein et al., 1998; Matney et al., 1999; Stokely et al., 2009). They are currently available to debris’ size limited to approximately 2 mm. On the other hand, as an example of the latter approach, in-situ debris measurement missions using debris impact sensors mounted on spacecraft body surfaces have been proposed (Ae et al., 2013; Hanada, 2013; Kitazawa et al., 2013; Bauer et al., 2014; Bauer et al., 2015; Anz-Meador et al., 2019; Oikonomidou et al., 2021) to detect micro-debris down to sub-millimeter in size.
Another advantage of those impact sensors for the in-situ debris measurement missions is that they can estimate a sub-millimeter-size debris environment more promptly than the other methods. For example, Kyushu University pursued a project for an In-situ Debris Environmental Awareness called “IDEA,” which aims at a prompt estimation of sub-millimeter-size debris environment utilizing small measurement satellites (Ae et al., 2013; Hanada, 2013). The final goal of the IDEA mission was to identify the position of on-orbit satellite fragmentations, which may generate a myriad of fragments. Whereas in conventional in-situ debris measurement approaches (McDonell et al., 1993; Aceti and Drolshagen., 1995), debris impact data on the retrieved spacecraft (or devices) have mainly time-integrated information, the proposed mission was expected to conduct a real-time measurement, that contributes to estimating a more exact orbital environment of space debris.
This study proposes a new approach to estimating some orbital parameters of on-orbit satellite fragmentations from in-situ debris measurements. Specifically, orbital elements herein indicate the direction of angular momentum at a specific time, that is, the right ascension of the ascending node (RAAN) and the inclination.
In the previous studies (Doi, 2013; Fujita et al., 2016; Furumoto et al., 2017; Kodama et al., 2019), based on a constraint equation of orbital conditions on both debris from specific on-orbit satellite fragmentations and a measurement satellite, some estimation techniques were applied for those unknown orbital parameters including in the constraint equation. Despite many refinements of the techniques applicable to actual locations of debris impact, the previously proposed methods are hard to solve the problem of converging into local minima because of the non-linear property seen in the constraint equation.
In this study, a fundamentally different approach is applied to avoid such a local minima problem. Instead of directly estimating unknown parameters of the constraint equation, the new approach firstly estimates one of the unknown orbital parameters, the inclination, by utilizing the timing that its amount coincides with the geocentric declination at the time of detection. Since the timing occurs when the geocentric declination has a maximum or minimum value, which should periodically appear during the orbital motion of measurement satellite and fragments from a specific on-orbit satellite fragmentation, we can estimate it from actual time-series observation data.
Once the inclination of the satellite fragmentation is estimated, the rate of change in RAAN can be subsequently estimated by utilizing a relationship between the two parameters implying an effect of [image: image] perturbation. Finally, the RAAN at a specific time can be obtained from the previously estimated rate of change in RAAN.
The following sections describe the above new approach in detail, as well as the constraint equation, which strongly affects the orbital parameters for both the fragmentation debris and the measurement satellite.
2 CONSTRAINT EQUATION
Ae et al. (2013) have investigated the nature of orbits on which debris may contribute to the collision flux to an in-situ debris measurement satellite. For this investigation, they applied an apogee-perigee filter to known objects in the catalog to eliminate objects which never approach the measurement satellite. Then, they evaluated the collision flux into the measurement satellite due to the objects not being eliminated by the apogee-perigee filter based on a spherical finite element model. Finally, they picked up contributors to the collision flux.
Furumoto et al. (2015) and Furumoto et al. (2017) have derived a constraint equation that can be applied to the contributors picked up by Ae et al. (2013). When an in-situ debris measurement satellite detects a piece of debris, the measurement satellite and the piece of debris share the geocentric position vector at the time of detection (see Figure 1). The angular momentum vector of the piece of debris should be perpendicular to the geocentric position vector at the time of detection. Therefore, it is possible to derive a constraint equation that can be applied to the orbital plane where the piece of debris was. Letting the geocentric position vector be [image: image] and the unit vector along the angular momentum be [image: image], then the following constraint equation can be derived.
[image: image]
Note that [image: image] is given by [image: image] in the geocentric equatorial coordinate system, where [image: image] and [image: image] are the RAAN and the inclination, respectively.
[image: Figure 1]FIGURE 1 | Relative orientation of orbital planes. A piece of debris detected shares the geocentric position vector with an in-situ debris measurement satellite.
Tasaki et al. (2014), Fujita et al. (2016), and Kodama et al. (2019) adopted this constraint equation to estimate some orbital parameters of a broken-up object from in-situ debris measurements. Since objects in LEO experience nodal precession or regression mainly due to [image: image] perturbation (or Earth’s oblateness), it can be assumed that the rate of change in RAAN is constant. On this assumption, the RAAN at an arbitrary time of [image: image], [image: image], can be expressed as
[image: image]
where [image: image] is the RAAN at a specific time of [image: image] and [image: image] is the rate of change in RAAN. If [image: image] represents the time of breakup, then [image: image] and [image: image] represent the orbital plane of a broken-up object at the time of event. Since the inclination can also be assumed to be constant, the orbital parameters of a broken-up object to estimate are [image: image], [image: image] and [image: image]. Letting [image: image] and using Eq. 2, then Eq. 1 can be written in the following form:
[image: image]
Equation 3 can also be written as
[image: image]
Where [image: image] is the rotation matrix about an axis specified by the superscript with an angle given by the subscript. Since [image: image] is [image: image] at the time of [image: image], [image: image] is on the plane defined by [image: image] and [image: image]. Kodama et al. (2019) have derived a constraint equation from this fact to find out candidates for the rate of change in RAAN. If three vectors are on the same plane, then the dot product between the cross product of the two vectors and the remaining vector must be zero. For example, if there are three detections at time [image: image], [image: image], and [image: image], and the geocentric position vectors at that time are [image: image], [image: image], and [image: image], respectively, then the following constraint equation can be obtained.
[image: image]
In this study, the above constraint equation derived by Kodama et al. (2019), which can be applied to the rate of change in RAAN, is not utilized, but only the constraint equation given by Eq. 3 is utilized.
3 NEW APPROACH
Fujita et al. (2016) and Kodama et al. (2019) have demonstrated the importance of finding out a better candidate for the rate of change in RAAN of a broken-up object when they have verified their approaches theoretically. Especially, Kodama et al. (2019) have derived a constraint equation that can be applied to the rate of change in RAAN of a broken-up object. Instead, this study determines the inclination of a broken-up object from the maximum or minimum geocentric declination at the time of detection. Then, this approach finds out a candidate for the rate of change in RAAN of a broken-up object by assuming a circular orbit with a radius of the geocentric distance at the time of detection.
Let’s imagine an oblique spherical triangle on the celestial sphere with the orbits of an in-situ debris measurement satellite and a piece of debris detected, as illustrated in Figure 2. As in the previous section, variables with prime indicate those of a piece of debris detected. Therefore, variables without prime indicate those of an in-situ debris measurement satellite. For example, [image: image] and [image: image] are the RAAN and the inclination of an in-situ debris measurement satellite, respectively.
[image: Figure 2]FIGURE 2 | Relative orientation of orbital planes. An orbit in red represents the orbit of a measurement satellite, while the other orbit in blue represents the orbit of a piece of debris detected at the line of intersection.
From the sine formula, we obtain
[image: image]
where [image: image] is the angle between the two orbital planes and [image: image] is the argument of true latitude at the line of intersection of the two orbital planes. Thus,
[image: image]
[image: image]
From analog to the cosine formula for angles, we obtain
[image: image]
Therefore, [image: image] can be calculated by using Eqs 4, 6. From the cosine formula for sides, we obtain
[image: image]
Multiplying Eq. 7 by [image: image] and substituting Eqs 4, 6 into the resulting equation, then we obtain
[image: image]
Finally, [image: image] can be calculated by using Eqs 5, 8. Note that from the cosine law we obtain
[image: image]
Since the geocentric declination at the line of intersection of the two orbital planes can be expressed as [image: image], it can be maximum or minimum when [image: image]. Therefore, it is necessary to drive the rate of change in the argument of true latitude at the line of intersection. If we differentiate Eqs 4, 6, and use Eq. 9, then we obtain
[image: image]
[image: image]
Subtracting Eq. 11 multiplied by [image: image] from Eq. 10 multiplied by [image: image], and using Eq. 4 through Eq. 7, then we obtain
[image: image]
Except for special conditions such as [image: image] and [image: image], therefore, a condition for the geocentric declination at the line of intersection to be maximum or minimum are
[image: image]
because the inclinations ([image: image] and [image: image]) are not supposed to change over time.
The geocentric declination at the line of intersection can also be expressed as [image: image]. Therefore, substituting [image: image] into [image: image], then we obtain [image: image] or [image: image]. This fact means that the inclination of a broken-up object can be determined from the maximum or minimum geocentric declination at the line of intersection. Note that this approach is not available in special cases such as [image: image] and [image: image]. As will be described later, this study assumes an in-situ debris measurement satellite in a Sun-synchronous orbit. If a broken-up object is also in a Sun-synchronous orbit, then [image: image]. This special case is probable therefore we must come up with another approach. For example, Fujita et al. (2016) have found that multiple in-situ measurement satellites are required in such special cases. It can be identified as the special cases when the geocentric declination at the time of detection does not change over time, however.
The secular variation of RAAN due to [image: image] perturbation is given by
[image: image]
where [image: image] is the Earth’s mean equatorial radius, [image: image] is the second-order zonal harmonic coefficient, [image: image] is the semi-latus rectum, and [image: image] is the mean motion. For a broken-up object, we may be able to estimate the inclination as described previously but not the semi-latus rectum and the mean motion yet at this moment. The geocentric distance at the time of detection may be used as a semi-major axis, however. Therefore, assuming a circular orbit with a radius of the geocentric distance at the time of detection, Eq. 12 gives candidates for the rate of change in RAAN. The mean of candidates for the rate of change in RAAN may be adopted as a better candidate.
4 VERIFICATION
Doi (2013) has demonstrated the time-averaged flux per unit area per day of fragments down to 100 μm from the Chinese anti-satellite missile test using Fengyun 1C in early January 2007 to a satellite in a Sun-synchronous orbit as a function of geocentric right ascension and declination. He observed that the time-averaged flux of fragments from the test into the satellite has two peaks along the orbit of the satellite. The two peaks are exactly located at the line of intersection of the two orbital planes of the satellite and the broken-up object. Therefore, this study assumes that an in-situ debris measurement satellite may detect a piece of debris from a broken-up object at the line of intersection of the two orbital planes.
Let’s assume that an in-situ debris measurement satellite in Table 1 detects fragments from a broken-up object also in Table 1 every 5 days, with a total of 74 in 1 year. It is also assumed that all detections are at the line of intersection of the two orbital planes. Figure 3 provides the history of geocentric declination at the time of detection. It looks like two waves with different phases are plotted together. This is because there are two points along the line of intersection, where the two orbital paths are close to each other. For this study, however, it is assumed that detections are only at a point with a closer distance between the two orbital paths along the line of intersection. Note that an orbit propagator used for this study considers not only [image: image] perturbation but also [image: image] and [image: image] perturbations, atmospheric drag, gravitational attraction due to Sun and Moon, and solar radiation pressure.
TABLE 1 | Orbital parameters at the time of breakup.
[image: Table 1][image: Figure 3]FIGURE 3 | History of geocentric declination at the time of detection.
4.1 Inclination
The argument of true latitude corresponding to a given geocentric declination can be calculated by using [image: image] and [image: image] where [image: image] represents the geocentric right ascension at the time of detection. From the history of argument of true latitude corresponding to the geocentric declination at the time of detection (see Figure 4), the argument of true latitude can be split into two ranges: [image: image] and [image: image]. Of course, we can split the history of geocentric declination at the time of detection into two data sets according to the two ranges of argument of true latitude. Instead, however, we may reverse the sign of geocentric declination in the latter range of argument of true latitude (i.e., [image: image]) to treat the history of geocentric declination at the time of detection as one data set. Figure 5 provides the history of geocentric declination at the time of detection after reversing the sign of geocentric declination, where the corresponding argument of true latitude is between 90 and 270°. Figure 5 also shows a fitted nonlinear model (periodic curve) with a solid line. With this fitted nonlinear model, we can obtain the maximum geocentric declination of 50.7014°. Therefore, the inclination of the broken-up object may be 50.7014 or 129.2986°. There are no objects with an inclination close to 129.2686°, and no further estimation could be made meaningfully in the case of 129.2986°, however. Therefore, this study decides to continue the case of 50.7014° but not the case of 129.2986°.
[image: Figure 4]FIGURE 4 | History of argument of true latitude corresponding to geocentric declination at the time of detection in Figure 3.
[image: Figure 5]FIGURE 5 | History of geocentric declination at the time of detection after reversing the sign of geocentric declination, where the corresponding argument of true latitude is between 90 and 270°. A solid line represents a fitted nonlinear model (periodic curve).
4.2 Rate of Change in Right Ascension of the Ascending Node
As described in Section 3, the rate of change in RAAN can be obtained from Eq. 12 by assuming a circular orbit with a radius of the geocentric distance at the time of detection. Applying this assumption to all data, then we can obtain candidates for the rate of change in RAAN, as shown in Figure 6. Since we do not know which candidate is better, this study adopts the mean of the candidates (i.e., −4.1755° per day as shown by a thick solid line) as a final candidate.
[image: Figure 6]FIGURE 6 | History of the rate of change in RAAN at the time of detection. A thick solid line represents the mean of the candidates.
4.3 Right Ascension of the Ascending Node
With the inclination estimated in Section 4.1 and the final candidate for the rate of change in RAAN obtained in Section 4.2, the RAAN at the time of breakup can be found as a root of the constraint equation derived in Section 2 (i.e., Eq. 3). Figure 7 shows a set of 74 constraints on [image: image] and [image: image] obtained from Eq. 3. The final candidate for the rate of change in RAAN obtained in Section 4.2 is not a true value, but all constrains intersect each other at approximately two ranges of RAAN. Since the inclination estimated in Section 4.1 is 50.7014° as shown by a thick solid line in Figure 7, the true value of the RAAN at the time of breakup may be between 0 and 40°.
[image: Figure 7]FIGURE 7 | A set of 74 constrains on [image: image] and [image: image] when [image: image]. A thick solid line represents the inclination estimated in Section 4.1.
Root-finding is made by applying the constraint equation to all data. Since the candidate for the rate of change in RAAN may include an error due to assumptions made in Section 4.2, the roots found are linearly time-dependent, as demonstrated in Figure 8. Some roots are out of the trend because of some difficulties with root-finding, but most roots change linearly over time. Figure 8 also shows a fitted linear model given by [image: image] with the coefficient of determination ([image: image]) of [image: image]. With this fitted linear model, we can obtain the RAAN at the time of breakup and a correction for the rate of change in RAAN obtained in Section 4.2. Table 2 summarizes and compares the final estimation results with the true values.
[image: Figure 8]FIGURE 8 | RAAN at the time of breakup. A solid line represents a fitted linear model.
TABLE 2 | Final estimation results with true values.
[image: Table 2]Given the corrected rate of change in RAAN, then Figure 9 shows a set of 74 constraints on [image: image] and [image: image] obtained from Eq. 3. It can be observed clearly, as Kodama et al. (2019) demonstrated, that all constrains intersect each other at two points. This fact means that the corrected rate of change in RAAN can be expected to work in the same way as the true rate. Ultimately, the estimates obtained here can be used as first values for a nonlinear least-squares method to lead better estimates, which Tasaki et al. (2014), Fujita et al. (2016), and Kodama et al. (2019) have utilized.
[image: Figure 9]FIGURE 9 | A set of 74 constrains on [image: image] and [image: image] when [image: image].
4.4 Comparison
Kodama et al. (2019) found an appropriate candidate for the rate of change in RAAN and then found appropriate combinations of [image: image] and [image: image] as first values for a nonlinear least-squares method. Instead, here we adopt the inclination estimated in Section 4.1 and the final candidate for the rate of change in RAAN obtained in Section 4.2 as first values. This is because the constraints intersect each other at approximately two ranges of RAAN, as shown in Figure 7. Regarding the RAAN at the time of breakup, a worse root found in Section 4.3, that is 42.3597° at [image: image] as in Figure 8, is adopted as a first value. Table 3 summarizes the first values for a nonlinear least-squares method and the estimation results. The estimates in Table 3 are close enough to the true values in Table 2, despite the error in the final candidate for the rate of change in RAAN obtained in Section 4.2. Compared with the present approach, the rate of change in RAAN is the same but the inclination and the RAAN at the time of breakup are slightly better. The present approach has an advantage that it needs fewer calculation steps in comparison to Kodama et al. (2019), however.
TABLE 3 | First values for a nonlinear least-squares method and estimation results.
[image: Table 3]5 CONCLUSION
This paper has proposed a new approach to estimate the direction of angular momentum of a broken-up object at a specific time from in-situ debris measurements. This new approach does not require a nonlinear least-squares method that Tasaki et al. (2014), Fujita et al. (2016), and Kodama et al. (2019) have utilized so that there is no concern to avoid local minimal solutions. In addition, this new approach does not require a constraint equation that Kodama et al. (2019) have derived to find out candidates for the rate of change in RAAN. Instead, this approach determined the inclination of a broken-up object from the history of geocentric declination at the time of detection. Then, this approach found a candidate for the rate of change in RAAN of a broken-up object by assuming a circular orbit with a radius of the geocentric distance at the time of detection. Finally, using the constraint equation derived from the fact that a piece of debris detected shares the geocentric position vector with an in-situ debris measurement satellite, this approach estimated the RAAN at the time of breakup and calculates a correction for the candidate rate of change in RAAN.
It is desirable to have more choices for the estimation approach because it leads to an increase in the flexibility of analysis. In practical use, this new approach may provide an appropriate initial value that ultimately leads to a better estimation in a nonlinear least-squares method that Tasaki et al. (2014), Fujita et al. (2016), and Kodama et al. (2019) have utilized. It is convinced that this paper has made a great contribution in this regard. When this paper has confirmed that this new approach is effective, however, all detections are assumed to be at the line of intersection of the two orbital planes of the broken-up object and the measurement satellite. Thus, it is still necessary for practical use to develop a technique to exclude or to weight detections not following the assumptions as future work. It is also necessary for practical use to clarify the conditions under which this new approach can be applied as future work. Especially, it is necessary to verify when either a broken-up object or an in-situ debris measurement satellite is in an elliptical orbit, and when both are in elliptical orbits.
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