Downloaded by Jozef van der Haon May 7, 2013 | http://arc.aiaa.org | DOI: 10.2514/1.A32338

JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 50, No. 2, March—April 2013

Trajectory Estimation of the Hayabusa Spacecraft During
Atmospheric Disintegration

Michael A. Shoemaker*
Kyushu University, Fukuoka 819-0395, Japan
Jozef C. van der Hal
Mission Design and Operations, Deming, Washington 98244
Shinsuke Abet
National Central University, Taoyuan 32001, Taiwan, Republic of China
and
Kazuhisa Fujita¥
Japan Aerospace Exploration Agency, Kanagawa 229-8510, Japan

DOI: 10.2514/1.A32338

The Hayabusa spacecraft was intentionally destroyed in the atmosphere at superorbital velocity at the conclusion of its
asteroid sample return mission in June 2010. This study uses single-station ground-based video observations of the reentry
to analyze the breakup of the spacecraft and estimate the trajectory of 80 individual spacecraft fragments. An extended
Kalman filter with batch initialization is used to estimate the position, velocity, and aerodynamic ballistic coefficients of the
fragments. The breakup is characterized and compared with preflight predictions. A high area-to-mass object is seen
early during the reentry, which matches closely with the predicted solar panel separation. Nearly all fragments have
decreasing freestream dynamic pressure during their observed trajectories. Fragments with high drag ballistic
coefficients are more likely to be observed early in the reentry. Assuming simple aluminum spheres, the estimated ballistic
coefficients show that the fragments would have radius and mass on the order of centimeters and grams, respectively. The
ablation coefficient is also calculated for several fragments using the estimated velocities and ballistic coefficients; results
resemble natural meteors and agree with other studies of the Hayabusa reentry using different methods.
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c = camera frame
D = drag
H = heat transfer
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inertial frame

i

k discrete time instant
L = lift

t = trajectory frame
Superscripts

- = filter a priori value
+ = filter updated value
* = reference value
Accents

batch a priori value
= estimated value

~

I. Introduction

HE Hayabusa technology demonstration mission of the Japan

Aerospace Exploration Agency (JAXA) ended successfully on
13 June 2010 with the planned atmospheric reentry of the asteroid
sample return capsule and main spacecraft. These bodies reentered
the atmosphere at night over the Woomera Prohibited Area (WPA) in
South Australia, creating bright fireballs. As part of the capsule
recovery efforts, JAXA [1] and NASA [2] organized several
observation systems to observe the reentry and provide data on the
capsule and reentering spacecraft. One of these systems was used to
estimate the capsule’s trajectory using an extended Kalman filter
(EKF) and ground-based camera measurements [3]. The present
paper focuses on the postflight trajectory estimation of the main
spacecraft, rather than the capsule, using a modified version of the
estimation system described in [3]. The objective of the present work
is to characterize the breakup of the main Hayabusa spacecraft, which
also has implications for general studies of the atmospheric reentry of
spacecraft.

Modeling of spacecraft disintegration during reentry has been an
active area of research for many years, which has often come to the
attention of the aerospace community following high-profile reentry
events. One goal of such research is to use fundamental aerothermo-
dynamic principles to predict the heating and breakup of reentering
spacecraft, used to assess the risk [4] of surviving fragments
impacting the ground. Several computational tools exist to predict the
reentry heating and disintegration of spacecraft. NASA’s Object
Reentry Survival Analysis Tool (ORSAT) tool has been used to
predict the reentry survivability hazard of several spacecraft and
rocket bodies [5—8]. The vehicle breakup analysis tool is a Jet
Propulsion Laboratory/Raytheon package; Salama et al. [9] describe
its use for analyzing the off-nominal Earth return of the Genesis
spacecraft. The European Space Agency (ESA) uses the Spacecraft
Atmospheric Reentry and Aerothermal Breakup code [10-12].
Reference [13] shows another example of a numerical simulation soft-
ware. Others have used a probabilistic modeling approach to account
for the inherent uncertainty in reentry modeling parameters [14,15].

JAXA generated its own predictions of the Hayabusa spacecraft’s
disintegration and reentry hazard to obtain permission from the
Australian government for recovery operations at WPA. Although
the details of these codes and simulation results have not been widely
published by JAXA, some general predictions have been shared and
are discussed in Sec. V. A program called Range Safety Template
Toolkit was used by an Australian team as an independent
verification of the Hayabusa sample return capsule’s risk of reentry
failure [16,17], but it does not appear to have been applied to the main
spacecraft.

It has been claimed [18] that there is a need to collect more flight
data on destructive reentry. Such data may be useful to further
validate these and other reentry modeling methods. However, data on
destructive reentry (i.e., flight telemetry, optical measurements,
recovered fragments) are scarce; the precise locations of unplanned
reentry events (e.g., orbital decay of space debris) are difficult to
predict, and planned reentry events (e.g., disposal) are usually
performed over isolated areas. Both cases make it difficult to position

appropriate sensors or recover pieces. Recently a “black box” flight
data recorder was proposed as one method to overcome some of these
difficulties in collecting reentry data [19,20]. Although not using
flight data, some studies [21,22] have compared the results from
different reentry codes as one means of cross validation.

There are several examples in the literature of collecting data from
reentry observations. NASA’s ORSAT reentry simulation code was
validated during its development [5] using flight-test data collected
by NASA and Sandia Corporation in the 1960s from inert models of
nuclear fuel rods [23]; data were collected during these tests using
telemetered test vehicles and ground-based and airborne optical
instruments [24]. The citations in [2] provide additional historical
examples from the 1960s and 1970s. ORSAT was used to model the
Space Shuttle Columbia for the postflight accident investigation;
the heating evidence on some recovered fragments showed
discrepancies with the tool’s predictions [25]. Video captured of the
Columbia destruction was used to identify separation time and
ballistic coefficients of several fragments of the vehicle [26].
Airborne cameras also recorded the first reentry of ESA’s Automated
Transfer Vehicle [27]; de Pasquale et al. [28] report that the estimated
trajectories of major fragments were close to predicted, but they omit
details of the estimation method. Optical observations of the Genesis
[29] and Stardust [30] sample return capsules provided data on
radiation spectra and other data useful for evaluating the thermal
protection systems.

This paper makes the following contributions. Mission results are
presented on the trajectory estimation of the breakup of the main
Hayabusa spacecraft. Others have done simulations of low-Earth-
orbit (LEO) debris reentry estimation in the past [31,32]. This paper
expands on the EKF for reentry estimation given in [31] by adding
the batch initialization process, and by using the unit vector as
the measurement instead of the angles. This paper also makes
contributions to the area of space debris reentry and survivability,
because the drag and lift ballistic coefficients for the disintegrating
spacecraft fragments are estimated. This study is unique because 80
individual reentry fragments are analyzed, as opposed to [33], which
estimated the trajectories of a smaller number of bright Hayabusa
fragments (or fragment groups) using meteor-based methods and
multiple cameras. Watanabe et al. [34] analyzed the number of
Hayabusa fragments over time using similar video as in the present
study, but did not attempt to estimate the trajectories. The Hayabusa
reentry mission itself offers a unique opportunity because it is one of
the few times such measurements have been made on a disintegrating
spacecraft reentering at superorbital velocity.

Furthermore, the ablation coefficients of several Hayabusa
fragments are estimated using methods borrowed from meteor
researchers. Meteor physics have been used since the 1960s by
aerodynamicists and engineers to provide insight into atmospheric
entry [35-39]. The ablation coefficient is often used to characterize
the material composition and ablation processes of meteors. Here, it
is also used to check the validity of the estimated drag ballistic
parameters and to compare results with other estimation methods
used on Hayabusa reentry observations [33]. Note, however, that the
trajectory estimation methods used in this paper and those typically
used by meteor researchers (e.g., [40-42]) are fundamentally
different: the three-dimensional trajectory estimation of a meteor
requires multistation line-of-sight (LOS) measurements because
there is no a priori knowledge (e.g., the plane of the reference
trajectory) that can be used to form an initial state estimate. In this
paper, the ablation coefficient is calculated without explicitly
including the mass-loss equation in the trajectory estimation
procedure (i.e., the ablation coefficient is calculated after the
trajectory is estimated, in contrast with meteor methods in which the
mass-loss equation is included directly in the method of solution).

This paper is organized as follows. First, the observation system
design and calibration are discussed. Then a description is given of
the trajectory dynamics model used in the estimation system, as well
as the design and configuration of the estimation algorithm itself.
Next, the results of the trajectory estimation are given for all objects,
followed by the analysis of the estimated ablation coefficients.
Although this paper does not focus on the capsule’s trajectory
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Table1 Camera and lens
specifications (GOS3N)

Item Specification
CCD type WATEC WAT-100N
Total pixels 811 x 508
Effective pixels 768 X 494
Gamma setting Off

Focal length 25 mm

Focal ratio 1.2

Field of view 14.59 x 10.97 deg

estimation, the drag and lift ballistic coefficients of the capsule are
estimated as one means of validating the estimation system.

II. Observation System

Of the four ground observations sites (GOS) established by JAXA
near the reentry area [1], the camera used in this study was located at
GOS3. The GOS locations were chosen based on their geometric
diversity and for logistical reasons (see [3] for location details). The
commercial off-the-shelf charge-coupled device (CCD) video
camera, with specifications given in Table 1, was used at GOS3. A
collection of several videos of the reentry (including video recorded
from GOS3) can be found online at JAXA’s digital archives.!

In contrast with the stationary, wide-field-of-view (FOV) cameras
used for rapid trajectory estimation of the capsule [3], the single camera
used in this study had a narrow FOV and was manually tracked to
follow the capsule. Although the original intent of this video system
was to collect video of the capsule, the video also contained data on the
main spacecraft and fragments, making it useful for the present study.
Figure 1 shows an image sequence of the reentry captured with this
narrow-FOV observation system, where the times are measured in
Coordinated Universal Time (UTC) (with the reentry epoch at 200 km
altitude defined as 13 June 2010 13:51:12.19). A commercial-grade
GPS receiver was used with custom-written software to record the GPS
time signal onto each video frame of the wide-FOV cameras. The
narrow-FOV camera times were estimated by comparing its recorded
flare brightness (Fig. 2) with the time-stamped wide-FOV video,
resulting in a 1o timing uncertainty of 0.01 s.

Figure 2 shows an approximate measure of the main spacecraft’s
brightness, as observed by several cameras (where “L” or “R”
following the GOS number indicates the left or right wide-FOV
cameras described in [3], and GOS3N indicates the narrow-FOV
camera described in Table 1). The approximate brightness in Fig. 2 is
calculated as the number of pixels in the fireball exceeding a certain
threshold, normalized by the maximum fireball pixel count observed
by a given camera. Although this brightness is not calibrated for
absolute magnitude studies, it is useful for describing the relative
change in brightness during the destructive reentry. Based on the
spacecraft flare brightness and the time when the fragments become
visible, the spacecraft main disintegration can be described as
beginning during the first large flare event around 13:52:13 and
ending during the second large flare event at 13:52:20.

See [3] for a description of the procedure for calibrating the camera
lens model and estimating the camera frame F . attitude relative to the
inertial frame. To summarize the procedure: The background stars in
each video frame were manually identified and measured in pixel
coordinates; these star measurements were used in an iterative
procedure to estimate simultaneously the camera model (i.e., descrip-
tion of lens distortion, etc.) and camera frame attitude. Comparing
the cataloged star positions with their measured directions from
the calibrated camera model results in errors having a mean of
approximately zero and a variance of 1 X 10~ rad.

After performing this calibration, the pixel coordinates of a reentry
object were measured in each video frame and used with the camera
model and attitude to construct p, the unit line-of-sight vector in F;.
Although the catalog star positions used for the camera calibration

Data available online at http://jda.jaxa.jp/en/ [retrieved 17 July 2012].

account for astronomical refraction, the measured p require a
separate correction for the refraction experienced by targets within
the atmosphere. The video was manually analyzed frame by frame
to identify reentry objects and to correlate a given object’s
measurements between frames. Only reentry objects that were clearly
defined on multiple frames and that were less likely to be
misidentified (e.g., by passing behind another target or reentry wake)
were kept for analysis.

III. Trajectory Dynamics

A three-degree-of-freedom, point-mass model is used to describe
the translational motion of a reentering body:

i‘:—%r—l—aL—i-aD €))

in which the two-body gravity, lift, and drag accelerations are
considered. Figure 3 shows these accelerations acting on the body
and introduces several reference frame definitions. Frame F; is the
inertial frame centered on the Earth, here taken to be the J2000
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Fig. 1 Inverted grayscale image sequence of reentry, showing capsule
(marked with “C”’) and spacecraft fragments, with UTC time rounded to
nearest second.
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Fig. 3 Sketch of reentry dynamics and reference frames.
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reference frame. Frame F, is centered on the body, with the one-axis
unit vector aligned with the body’s Earth-relative velocity vector v,
the two-axis unit vector in the cross-track direction, and the three-axis
unit vector completing the right-handed coordinate system. The unit
vectors along these three F, axes, expressed in F;, are

Ver

t; = (2)
|Ver|
tli Xr

ty = 3

2i |t1i v l‘| ( )

ty =t; Xty C))

The Earth-relative velocity expressed in F; is

Vo =V—wXT )

The lift and drag ballistic coefficients are defined, respectively, as
pr =8SC/m and fp = SCp/m, and the lift and drag accelerations
can be easily expressed in F; with

a,=[0 0 _pvgrﬁL/z]T (6)

ap, =[-pvifp/2 0 O] (7

These accelerations are expressed in F; using the rotation matrix C¥,
thatis,a; = C'"a; ,andap = Cap,,where C"' = [t|; ty t3;].
Thus, this dynamics model only considers the forces acting in the
instantaneous trajectory plane consisting of the Earth-relative
velocity vector and position vector. Also, the aerodynamics model
neglects the effects of atmospheric winds relative to the surface of
the Earth.

The atmospheric density is modeled with the CIRA72 exponential
model:

hep — ho
P = po exp [— —a ®)
where pg, hg, and H are defined over 10 km altitude bands, resulting
in a piecewise-continuous density variation (see [43], pp. 537 for a
table of these parameters). The term Ay, is the altitude above an
ellipsoidal Earth:

r2 R2 —%
hen =r—Re[1+—3(—"—1)] ©)
P r2 R%

wherer =[r; 1, r3]l.

IV. State Estimation

Because the detailed fragmentation of the Hayabusa spacecraft
was only captured on one of the JAXA team’s cameras, it is
impossible to do a three-dimensional trajectory reconstruction using
geometric methods (e.g., triangulation). The EKF can be used with
angles-only measurements from the single ground site to estimate the
trajectory, assuming an initial state estimate and a model of the state
dynamics are available. This study makes use of the following
assumption: Because the nominal capsule trajectory is known a
priori, and the capsule’s estimated reentry trajectory was shown to
match closely with the nominal trajectory [3], the fragments are
assumed to be in the same plane as the capsule’s nominal trajectory to
calculate an initial state estimate. A similar planar restriction was
used in [20] to estimate the relative motion of debris fragments with
respect to the Columbia orbiter’s reference trajectory using single-
station video data. Although the line-of-sight measurements from a
single ground site used in the present study cannot provide range

information, they allow trajectory estimates that are valid within the
assumed dynamics model.

This section describes several processes that make up the state
estimation system: the EKF, the batch initialization, the method for
generating an initial state estimate, and the configuration used for the
present study. Although the EKF is a sequential estimation method, in
this study there was no requirement to process data in real time and
thus all processing was done after the reentry had occurred.

A. Extended Kalman Filter

The continuous-discrete form of the EKF [44] is used for this
study, where the state vector is definedas X =[r! vI' g, g, ]".

The discrete-time measurement vector at time ¢, :k € {1, ..., K} is
Y. =G(Xp) + & (10)
where
G(Xy) =p/lpl =p an

is the 3 X 1 unit line-of-sight vector, p =r —c¢, and ¢; is the
measurement noise modeled as a zero-mean, Gaussian white-noise
random process with covariance R; = E(ege}).

The nonlinear system of state equations is written in continuous-
time form as

X(1) =F(X.n +q() (12)
where (1) is the process noise, modeled as a zero-mean, Gaussian
white-noise random process with autocorrelation function Q(#), such
that E[q(£)q" ()] = Q(¢)5(¢ — 7). The dynamics of 8, and j3; are

modeled as an integral of zero-mean, Gaussian white noise (i.e.,
random walk). Thus, the system dynamics from Eq. (12) are written

as
. v q,

w-[F1 8] e
0551 4p

The state estimate 5((1) = E(X(r)) has a state estimate error
covariance of

P() = E(X() - XOIX©) - X0} (14)
The Jacobian of the state equations is

oF

AKX, p) = [KLW (15)

where the subscript denotes evaluation on X(t). Likewise, the
Jacobian of the measurement equation is

0G(X)}

16)

H (X)) = [ X

The state estimate is propagated by numerically integrating the
nonlinear differential equations of motion from #;_; to #;:

~ A~ 1, ~
X; =X, + /k F(X,7)dr (17)

Tk

and the continuous-time Lyapunov differential equation for the state
estimate error covariance

P(1) = AKX, NP(t) + P(OAT(X. 1) + Q(r) (18)

is propagated over the same time interval:



Downloaded by Jozef van der Haon May 7, 2013 | http://arc.aiaa.org | DOI: 10.2514/1.A32338

330 SHOEMAKER ET AL.

[/
P, =P +/k P(c) dr (19)

Tk

The integrals in Eqs. (17) and (19) are solved numerically using a
fourth-order Runge—Kutta method. The Kalman gain matrix K is
defined as

K, = PP HI(X)H(X)OP HI (X)) + R (20

The state estimate is updated at time 7, with the help of the
measurements Y, with

X; = Xi + K Y, - G(Xp)] @1

wherey, =Y, — G(f(,:) is the EKF measurement residual. The state
estimate error covariance is updated with

P/ = [I - K,H(Xp)]P; (22)

This estimator includes the aecrodynamic parameters ; and fp, in the
state vector, whereas the EKF state vector in [3] includes a density
scale factor for estimating the capsule’s trajectory. The reason for this
difference is that the aerodynamic parameters of the capsule were
assumed known a priori, whereas they are assumed unknown for the
main spacecraft fragments. There are also differences between the
current EKF and that in [31]: No post-EKF smoother is used here; S,
is used directly in the state, rather than its square root; the
measurements are the unit LOS vector, rather than the topocentric
right ascension and declination angles; and a batch initialization
process is added. The first two differences are made for the sake of
simplicity in the formulation, and the third was added to avoid
kinematic ~singularities near the celestial poles. The batch
initialization is used to refine the initial state estimate X, and initial
state estimate covariance matrix P, which are both required inputs to
the EKF.

B. Batch Initialization

One advantage of using this batch initialization technique
(compared with simply defining a diagonal matrix) is that the
resulting P, contains off-diagonal terms that capture the dynamic
coupling between states. Similar batch initialization processes have
been used for missile tracking studies during their exoatmospheric
[45] and boost [46] phases to improve estimation performance. The
formulation in this subsection is based on a batch orbit determination
algorithm in [47].

The state deviation vector is defined as x(r) = X(7) — X*(¢),
where X* is the reference trajectory. A given iteration of the batch
process has initial conditions X*(#), an a priori state deviation vector
estimate X, and an a priori state error covariance estimate Py. An
iteration of the batch process results in a new estimate of the
covariance P, and the state deviation vector X, both at #,. The so-
called normal equation for a given iteration of the batch processor is

(H'R™'H + P;")%, = H'R 'y + P;'x, (23)

Note that the terms R, H, and y without the subscript k denote the
matrix quantities for the entire batch. Because the observations are
assumed to be uncorrelated in time (i.e., R is a block diagonal
matrix), the following summations are used to populate the batch
matrix quantities:

L
H'R™H =) [H@(t. 1) "R H (1. 19) (24
k=1

L
HTR-y =) " [H,®(1. 1) Ry 'y 25)
k=1

Analogous to the measurement residual in the EKF, the term y, in
Eq. (25) is evaluated with y, = Y, — G(X}).

The reference trajectory X* = F(X*,r) with initial conditions
X*(ty), and state transition matrix ®(z, 1)) = A(X*, 1)®(t, ty) with
initial conditions ®(#y, 1y) = I, are solved via the same Runge—Kutta
numerical integration mentioned earlier. Note that the batch filter
formulation does not include process noise, that is, the system
dynamics in F(X*, ¢) include only the first term on the right-hand
side of Eq. (13). The estimated initial covariance and state deviation
vector are found from a given iteration of the batch process with

P, = (H'R"'H)"! (26)

%o = P,H'R"ly @7

The batch process is iterated a specified number of times with the
following changes to the inputs: X is added to X#; —X is added to
X(; and the original value of Py is reused each time. If the batch
process has completed its iterations, the initial state estimate X, =
X + X¢ and covariance matrix from Eq. (26) are fed into the EKF.

C. Initial State Estimate

An initial state estimate is needed for the batch initialization
process. For an exoatmospheric orbiting body, there are several
methods available for obtaining an initial orbit estimate using angles-
only measurements (e.g., [43], chapter 7). For the present problem,
the reentry fragments are already experiencing drag, and so it is
assumed that they are approximately coplanar with the nominal
capsule trajectory and that their reentry path can be approximated
with a straight line with constant speed during a short measurement
span. Note that the ballistic coefficient initial guesses are defined
separately in the next section.

Ifitis assumed that the reentry body is in the plane of the capsule’s
nominal trajectory, then this information can be used to approximate
the range from the sensor to the body and thus construct an
approximate position vector. Let i be the unit vector normal to the
nominal reentry plane. Then the planar constraint on r yields

n-r=n-(c+p) =0 (28)
Because p = p|p|, this can be rearranged to solve for |p|:
lo| = —(-c)/(np) (29)

and thus the position vector is r = ¢ + p|p|.

Given the approximated position vector “measurements” r, a
linear least-squares approach is used to estimate v. This procedure is
equivalent to the polynomial batch filter initialization from [46], in
which the acceleration and jerk terms have been neglected. The
position vectors can then be written as r;, = vy(t; — y) + ry, and
then rearranged as Ary =r;, — rg = At,v,. Defining the matrices

Ar,;
y=| ¢ (30)
Ar;
At 353
C= : (€2))
Atrl3y;

then ) = Cv,, which can be solved with

vy = (CTO)~ICTy (32)
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D. Estimator Configuration
For the batch initialization, the initial covariance is set to

P — diao(o2 o2 62 2. 62 &2 52 o2
Py = diag(0;0s: Oposs Oposs Orels Oiel» Orel» 5, 05,)  (33)

where o, = 1x10* m?, o2, =1x10* m?/s>, o} =1x

107 m*/kg?, and o5 = 1x 10~ m*/kg?. The initial guesses of
Pp and B, used for each reentry target are 5.3 x 107> m?/kg and
0 m?/kg, respectively. Regarding the number of points, the choice of
L affects the suitability of P: Setting L too low may not capture the
correlations between the position and velocity, whereas setting L too
high will also result in smaller error correlations [45]. Also, although
the EKF models the dynamic ballistic coefficients via process noise
terms, the batch filter includes no process noise and thus assumes
constant ballistic coefficients. Thus, the batch filter may diverge if L
is too high and a given reentry object has significantly dynamic f, or
. It was found in this application that running the batch for 10
iterations, with L = 100 points per iteration, produced acceptable
inputs to the EKF. For some fragments with short measurement
spans, L was set to the total number of measurements (the minimum
of which was L = 30). Furthermore, / = 9 measurements were used
to find the initial state estimate for each object.

The EKF’s process noise Q() is defined through trial and error as
part of the estimator design process. Tardy and Kluever [32] use a
“dynamic integral state” model for the process noise, in which the
estimated velocity and ballistic coefficients are included in Q(z). This
study uses the simpler model from [31], in which Q(¢) is assumed to
be a constant diagonal matrix, with the position and velocity terms set
to zero, leaving only terms for fp and f; :

Q(t) = Q = diag(0,0,0,0,0,0,1 x 1078 m*kg=2s7!,
1x1078 m*kg=2s71) (34)

The definition of R; assumes only zero-mean Gaussian noise in the
image plane having variance o,e,s. Other sources of error in the
measurements (e.g., ground site position knowledge) are assumed to
be much smaller and are thus neglected. Shuster [48] showed that, for
a unit line-of-sight measurement from a narrow-FOV camera, R
expressed in F,. can be approximated with 62, I5x; (and this
diagonal matrix Ry, is the same when expressed in F . or F;). For the
debris fragments, a variance of 6, = 4 X 107* rad is selected. A
value of 6pey = 1 X 1073 rad is used for the main spacecraft to
account for the increased brightness and the corresponding CCD
saturation.

V. Trajectory Estimation Results

A total of 230 fragments were first tracked in the video. Because
some fragments had short measurement spans, it was decided to only
analyze fragments having at least 1 s of data (i.e., around 30
measurements). Of the approximately 100 fragments that met this
minimum number of measurements, approximately 20 had poor
estimation results; the estimator either diverged or produced
unrealistic values (e.g., negative drag). These 20 fragments may have
been poorly measured during the video-analysis step, or the estimator
configuration may have been insufficient for these objects. The rest of
the analysis is restricted to the remaining 80 fragments that had
acceptable results.

Table 2 shows some quantities that evaluate the performance of the
estimator for the 80 fragments. The first four quantities represent the
state elements in X, after the first batch iteration, which give an
indication of how much correction is needed to the initial state guess
X{. These values of X, are reasonable considering the initial
covariance P, defined in Eq. (33) and the approximations used in
forming the initial state estimate (Sec. IV.C). Also, the rms of the
observation residuals from both the batch process and the EKF are
used as a measure of their effectiveness. The rms for the EKF is

Table2 Summary of fragment estimation results

Quantity Mean Standard deviation
Norm of r elements of X, km 0.07 0.03

Norm of v elements of X, km/s 0.13 0.08

Bp element of X,, m?/kg 0.07 0.07

B, element of X, m? /kg 5% 107 4% 1073
Batch rms, rad 2x10™* 7% 1075
EKF rms, rad 2x107* 7%x107°

1 & 1/2
rms = (MZyZyk) (39)
k=1

where M = K X 3 is the total number of measurements for a given
reentry fragment (and similarly for the batch process, where L
replaces K). The mean and standard deviation of these rms values for
all 80 fragments are given in Table 2 as a summary of the results
(where the batch rms values are for the final iteration only). Thus, the
measurement residual rms for both the batch and EKF are around
2 x 107* rad, which is half of the assumed measurement noise
variance of ;s = 4 X 107* rad. The time history of these residuals
do not show significant biases; Fig. 4 gives an example of the EKF
measurement residuals for one of the fragments. Figure 5 is a plot of
the EKF measurement residuals for the main spacecraft fireball,
which shows some biases likely due to the higher CCD saturation and
difficulty in accurately measuring the fireball centroid (recall Fig. 1).

Figures 6-8 show the EKF’s estimated r = |r|, v = |v|, and ffp,
where the error bars represent the 1-¢ variances (i.e., the square root
of the trace of the corresponding elements in P}"). The data gap from
13:52:19 to 13:52:22 corresponds to a large flare event (see Fig. 2),
which prevented accurate fragment measurements. Comparing the
main spacecraft’s estimated v in Fig. 7 with the preflight prediction of
approximately 12.1 km/s, it is clear that the EKF’s estimate is offset
by nearly 0.5 km/s. Although this discrepancy is within the 3-¢
estimation uncertainties, it may be attributable to the filter’s poor
observability of the velocity at the beginning of the reentry with a
nearly head-on view.

The altitude range of the main disintegration event (from 13:52:13
to 13:52:20 in Fig. 2) can be estimated by propagating the main
spacecraft’s path forward in time in Fig. 6; these times correspond to
radial positions between 6440 and 6430 km (i.e., approximately 70—
56 km altitude). Separate spectroscopic observations [49] support
this conclusion; lithium from the Li-ion battery was detected at 55 km
altitude, and xenon from the remaining ion engine propellant was
detected from 63 to 55 km altitude. The observed result is slightly
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Fig. 4 Example of one fragment’s EKF measurement residuals y;,
expressed in F,.
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Fig. 6 Estimated radial position from Earth’s center (with 1-¢

uncertainties).

lower than some LEO debris reentry studies [8,21,50] that cite 70—
80 km as the typical altitude of main disintegration.

The first fragment with measurements at 13:52:09 is possibly one
of the solar panels. This fragment can be seen in other recorded video
[1] around 13:52:07, but was not detectable in this study’s camera
until 2 s later. According to JAXA’s preflight analysis, the solar panels
were predicted to separate at 80 km altitude. At 13:52:09, this
corresponds to 6448 km (i.e., around 80 km altitude); if indeed this

141 .
main spacecraft

ey [«— other fragments —>|

&
—
\

1 1 1 1 1 1 1 1
51:50 51:55 52:00 52:05 52:10 52:15 52:20 52:25 52:30
Time, UTC (MM:SS)
Fig. 7 Estimated inertial velocity (with 1-6 uncertainties).
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Time, UTC (MM:SS)
Fig. 8 Estimated drag ballistic coefficient (with 1-6 uncertainties).

first observed fragment is one of the solar panels, this result matches
closely with the prediction. This fragment has a high area-to-mass
ratio, reflected in the fp estimate (see Fig. 8), which supports the
notion that it is a solar panel. Note that, although a group of fragments
appear in Fig. 6 having similar radial position magnitude as the
suspected solar panel (i.e., from 13:52:13 to 13:52:19), these
fragments have a large angular separation from the solar panel and
thus are likely unrelated.

The freestream dynamic pressure (pv2./2) can be calculated using
an object’s estimated position and velocity. Figure 9 shows the
freestream dynamic pressure versus geodetic altitude (without error
bars); the overall trend of the observed objects as a group is that
dynamic pressure increases with decreasing altitude, which is
reasonable considering the exponential density increase. However, it
is important to note that almost all individual fragments are observed
after they have experienced maximum dynamic pressure (i.e., an
individual fragment has decreasing dynamic pressure with
decreasing altitude). This decreasing dynamic pressure trend (which
has also been observed in some meteor fragmentation studies [51]) is
likely a feature of the observation system in this case; most fragments
are only visible several seconds after a fragmentation event has
occurred due to the bright flashes and CCD saturation that tend to
accompany these events (Fig. 2).

Figures 10 and 11 show the estimated ballistic coefficients versus
dynamic pressure, and Fig. 12 shows the estimated lift-to-drag ratio
for the fragments. It is clear that most objects have drag that is one or
two orders of magnitude more than the lift. From Figs. 10and 11, one
can see that the drag and lift parameters have less uncertainty at
higher dynamic pressure. This result is expected because the
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Fig. 10 Estimated drag ballistic coefficient versus freestream dynamic
pressure (with 1-6 uncertainties). Uncertainty in the calculated dynamic
pressure is ignored in this plot.

aerodynamic forces are larger at higher dynamic pressure; thus, these
states have more effect on the trajectory and are more observable in
the estimation process. Also, the fragments at higher dynamic
pressure (i.e., later in the observation span) had more measurement
points because they were easier to detect after the main flares had
ended. Estimation theory tells us that the uncertainty should tend to
decrease if more measurements are available. It is difficult to draw
conclusions on the main spacecraft’s estimated f, and f§; early in the
reentry; there is high uncertainty in the EKF’s estimates of these states
at low dynamic pressure, and preflight predicted values also have
high uncertainty because the spacecraft is expected to begin tumbling
soon after reentry. Another apparent trend in Fig. 10 is that fragments
with high area-to-mass ratio (reflected in ) are more likely to break
off earlier (e.g., solar panels).

Because the fragments have low f; /5, one can assume that they
have simple spherical shapes to approximate their mass and size (and
also to analyze their ablation coefficients, see Sec. VI). The radius
and mass are calculated for two assumed shapes: a solid sphere and a
spherical shell having thickness 0.1 times the outer radius. For both
cases, Cp = 1 and the material is assumed to be aluminum. The
range of calculated mass and radius is shown in Fig. 13 over a domain
of input fp. Comparing the results of Fig. 13 with the estimated Sp
(Fig. 10), the observed fragments would each have a radius on the
order of millimeters or centimeters, and mass on the order of grams.
This result supports JAXA’s preflight prediction that the spacecraft
would be entirely consumed during reentry with low probability of
large fragments surviving to impact.

It is important to note that Figs. 10 and 11 may be biases of the
observation system that was operated to track the capsule. Objects
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Fig. 11 Estimated lift ballistic coefficient versus freestream dynamic
pressure (with 1-6 uncertainties). Uncertainty in the calculated dynamic
pressure is ignored in this plot.
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Dynamic pressure, Pa x 10*

Fig. 12 Lift-to-drag ratio, ignoring uncertainties.

that are more “cannonball-like” (i.e., low fp) will have less
deceleration, so that, toward the end of the observation span, it is
more likely that objects that appear closer to the capsule in the along-
track direction will be observed (recall Fig. 1). Along similar
reasoning, in the beginning of the measurement span, objects with
high area-to-mass (i.e., high fp) are more likely to be observed
because they are the ones that deviate from the main fireball (i.e.,
objects closer to the main fireball are obscured). Thus, this analysis
may be useful for future studies or observation system designs
because it gives insight into the probability of observing different
kinds of fragments during spacecraft disintegration.

Although this study does not focus on the trajectory estimation of
the capsule because such results have been previously published
elsewhere [3], the capsule can serve as a useful check of this system’s
ability to estimate p and f;. The capsule’s mass (m = 17 kg) and
cross-sectional area (S = 0.128 m?) are well known, and it likely had
a near-nominal reentry for several reasons (e.g., estimated trajectory
matching within 2 km of nominal [3]). The predicted values of Cp
and C; depend on the Mach number and attitude motion of the
capsule [52]. Approximate values of Cp = 1.1 and C; = 0 are used
here for the purposes of this check, resulting in nominal values of

» = 8 x 1073 and #;, = 0 m?/kg. The EKF and batch initialization
are run with the same settings as described in Sec. IV.D, with the
capsule’s #p and f3; estimation results shown in Fig. 14. Itis clear that
the EKF’s estimated values converge closely to the nominal values
after approximately 5 s. Although some of the debris fragments have
a shorter measurement span, this result gives additional confidence in

Solid sphere, Al .- - Spherical shell, Al

Outer radius, m
4

Mass m, g
-
o
:
1
1
.

107 10° 10 10
Drag ballistic coeffcient 8p, m?/kg

Fig. 13 Theoretical fragment radius and mass, assuming aluminum
spheres.
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this estimator’s results, especially for those fragments having long
measurement spans at the end of the reentry.

VI. Ablation Coefficient

Mass loss by ablation is one of the dynamic equations often used to
solve for the trajectory and physical parameters of a meteor [40-42].
A well-known result is that, by dividing the scalar deceleration
equation with the scalar mass-loss equation, one obtains

dm dv,
— =cmv
ar My

(36)

The ablation coefficient is defined as ¢ = C /(Cpé), and here the
symbol ¢ is used instead of ¢ (which is commonly used by meteor
researchers) to avoid confusion with the standard deviation. The heat
of ablation £ depends on the body’s material properties and type of
ablation (e.g., vaporization, liquid runoff). The coefficients Cp and
Cy depend on the body configuration and aerodynamic flow regime
(e.g., rarefied, continuum).

The physics of meteor reentry commonly assume (e.g., [36] p. 6)
that 1) the rate of heat radiation from the body is small compared with
the total heat input rate, and 2) the rate of heat storage within the body
is negligible compared with the total heat input rate. The first
assumption is valid for all but very small particles at high speed (e.g.,
dust-sized meteors). The second assumption is valid when the
thermal conductivity of the body is low. Because this theory and the
associated trajectory estimation methods [i.e., derived from Eq. (36)]
have been successfully applied to a range of stony and ferrous
meteors (including recovered kilogram-sized meteorites [51,53—
55]), this paper assumes that the heating assumptions can also be
applied to the fragments of the Hayabusa spacecraft.

Integrating Eq. (36) from 7, to #;, one obtains

exp{c[vd(t7) — v&(10)]/2} = m(t) /m(ty) 37

where ¢ is assumed constant over the limits of integration. It is
straightforward to show, using the definition of 3, that

m(t;)/m(to) = [Bp(10)/Bp (1) (38)

for reentry bodies having time-invariant material density and shape
(e.g., a sphere remains a sphere). Thus, given the initial and final
values of v, and f, one can solve for ¢ by substituting Eq. (38) into
Eq. (37) and rearranging

¢ =6Mm[By(t)/Pp ([f)]/[vgr(tf) - v3(19)] (39

where a solution for ¢ exists if Bp(ty)/Bp(ty) >0 and
Ver(ff) # Ver(t9). Given the expected case, in which the reentry
body decelerates [i.e., Ve, (/) < Ver(fp)], then In[f, (1) /fp ()] must
be negative for ¢ to be positive (and hence physically meaningful).
Therefore, because the EKF’s estimated 3, is allowed to increase or
decrease as a result of being modeled as a random walk, the ablation
coefficient analysis must be restricted to cases in which
Po(ty) < Pp(ty). For a reentry fragment satisfying this restriction,
the average ¢ over the measurement span is calculated by setting #,
and #; to that fragment’s initial and final data points, respectively.
Because the derivation of Eq. (37) assumes nonlifting reentry
dynamics, only fragments with 3; /fp < 0.1 (i.e., those that are
approximately nonlifting) are used to calculate ¢.

Figure 15 shows the calculated ablation coefficients, and two
reference lines representing the approximate maximum values for
iron and aluminum serve as a check. These two elements are used as a
check because of their presence in the spacecraft structure. The upper
limit of ¢ is found with & corresponding to the heat of fusion of the
element. The maximum value for Cy/Cp for a sphere is 0.5,
regardless of the flow regime or type of heating (i.e., purely
convective or purely gas-cap radiation) [36]. It is more difficult to
determine a lower limit for ¢ because the body’s ablation may include
some combination of vaporization and liquid runoff, which affects
the choice of £ and Cy. Figure 15 shows that the calculated ¢ are
reasonable because they almost entirely fall below the theoretical
maximum. The calculated ¢ values in this study agree with those
given in [33], which used multiple ground-based long-exposure
cameras to estimate ablation coefficients of 7 x 1078 and 1 x
1076 s2/m? for two Hayabusa fragments using other trajectory
estimation methods. The values of ¢ for the Hayabusa fragments are
also similar to those for several meteors given in the literature:
3x 1070 s2/m? [51], 1x 1078 s2/m? [53], and 2 x 1078 s2/m?
[54]. The ablation coeftficients shown in Fig. 15, which are well below
the theoretical maximum, suggest that the ablation occurred due to
melting and evaporation of the material surface [51].

There are other possible approaches to analyzing the ablation of a
reentering body that were not considered in this study. Meteor
researchers often relate the measured brightness of a meteor to its
mass loss and deceleration (e.g., [56], pp. 361-370), with one such
relation being

(40)

2\ vi dm
[= -t 1 Yer O
Tlum( * gvé) 2 dr

where [ is the meteor luminosity and 7, is the dimensionless
luminous efficiency. However, one difficulty of this approach involves
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Fig. 15 Ablation coefficients.
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the proper choice of z,,,; this parameter is variable and depends on the
spectral region of observations, chemical composition of the meteoroid
and the atmosphere, and the meteoroid velocity and mass.

If the surface temperatures of the body can be measured, this
information can be used to validate ablation models (assuming
one also has knowledge of the body’s material properties and
aerodynamic flow conditions). Although the space shuttle orbiter
does not use an ablative thermal protection system, [57-59] are
examples of using infrared and near-infrared thermal imaging of the
reentering orbiter to validate boundary-layer transition and turbulent
heating prediction methods. Airborne spectral observations of the
reentering Stardust capsule were used to assess the surface
temperatures, which were then compared with computational fluid
dynamics simulations and material response predictions of its
ablative heat shield [60—63]. Similar airborne [64-66] and ground-
based [49] spectral observations and surface temperature analyses
were performed on the Hayabusa capsule. However, it would be
challenging to apply these methods to the ablation analysis of the
main spacecraft fragments; in addition to the uncertainty in the
material properties and flow conditions, it may be difficult to achieve
the necessary spatial resolution of the spectral emissions or to
distinguish between wake and surface effects.

VII. Conclusions

An extended Kalman filter with batch initialization is used to
estimate the position, velocity, and drag and lift ballistic coefficients
of the Hayabusa main spacecraft and fragments during destructive
atmospheric reentry. This study makes contributions by providing
trajectory estimation data on spacecraft atmospheric disposal, which
is often difficult to obtain. The ground-based video observations used
in this study were also unique because they captured a large number
of fragments against the clear night sky, of which 80 individual
fragments were analyzed.

The main spacecraft disintegration begins around 70 km altitude
and ends at approximately 60 km altitude. Some fragments are
observed early during the disintegration, but most fragments are
measurable after the main disintegration (and after maximum dynamic
pressure). The first observed fragment is suspected to be a solar panel,
because it has high area-to-mass ratio and its time of separation
matches within several seconds with the preflight predictions. Almost
all fragments are estimated to have drag forces several orders of
magnitude larger than their lift forces, which validates ballistic
modeling. Assuming simple spherical shapes shows that the observed
fragments would have radius and mass on the order of centimeters and
grams, respectively, supporting the preflight prediction that the
spacecraft fragments would have low probability of survival to impact.
Objects with lower drag ballistic coefficients are more likely to be
observed later during the reentry, but this may be partially due to the
measurement system operation. Estimated ablation coefficients for the
fragments were lower than the theoretical maximum and suggest that
the fragments were ablating due to surface melting and evaporation.
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