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Abstract

A new capability for processing Rocket Balloon Instrument (ROBIN) sphere tracking
data has been added to the New Statistical Trajectory Estimation Program (New-
STEP). The primary modifications to NewSTEP are to the equations of motion
used in the Kalman filter state propagation. The modified process model consists
of a set of differential equations describing the translational degrees of freedom un-
der the influence of aerodynamic drag. The motion of the sphere, as measured by
ground-based radar tracking stations, can be used to reconstruct the atmospheric
properties by processing the data in a Kalman filter. Three types of Kalman filters
are implemented in NewSTEP for solving this atmosphere reconstruction problem:
an Extended Kalman Filter (EKF), a Divided Difference Filer (DDF), and an Un-
scented Kalman Filter (UKF). Each filter is tested with a simulated ROBIN sphere
trajectory, and real data from a meteorological rocket launch at the Pacific Missile
Range Facility (PMRF) recorded in June 2015. The ROBIN sphere reconstruction
results generally agree with results from a legacy data processing tool generated
by meteorologists at PMRF. The new capability added to NewSTEP for processing
ROBIN sphere tracking data is expected to be useful in future flight test projects
that require high altitude atmosphere reconstruction.
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Nomenclature

axc = Geocentric north sensed acceleration, m/ s?

ayc = Geocentric east sensed acceleration, m /s’

azc = Geocentric down sensed acceleration, m/ 52

Cp = Drag coefficient

€xc, €yc, €zc = Unit vectors of the Geocentric (GC) coordinate system

€xr, €y, €zr = Unit vectors of the Earth Centered Earth Fixed (ECEF)
coordinate system

€x1, €y1, €21 = Unit vectors of the Earth Centered Inertial (ECI) coordi-

nate system

Jo = Zonal harmonic coefficient

M = Mach number

R, = Reynolds number

r = Radius, m

S = Reference area, m?

U = Geocentric north velocity, m/s

Geocentric north wind velocity, m/s
Vo = Wind-relative velocity vector, m/s
v Geocentric east velocity, m/s

2
g
Il

Uy = Geocentric east wind velocity, m/s

w = Geocentric down velocity, m/s

Wey = Geocentric down wind velocity, m/s

0 = Longitude, rad

A = Sidereal angle of the Earth’s prime meridian, rad
I = Earth’s gravitational parameter, m? /s

p = Density, kg/m?

¢ = Declination, rad

Q = Earth angular velocity, rad/s



Abbreviations

DDF = Divided Difference Filter

DOF = Degrees of freedom

ECEF = FEarth Centered Earth Fixed

ECI = Earth Centered Inertial

EKF = Extended Kalman Filter

GC = Geocentric

IMU = Inertial Measurement Unit

LDSD = Low Density Supersonic Decelerator

NewSTEP = New Statistical Trajectory Estimation Program

NRLMSISE-00 = Naval Research Laboratory, Mass Spectrometer and Inco-
herent Scatter, Exosphere, 2000

PMRF = Pacific Missile Range Facility

POST2 = Program to Optimize Simulated Trajectories II

PWN = Soft Pad, Weather, Probe

ROBIN = Rocket Balloon Instrument

SFDT = Supersonic Flight Dynamics Test

UKF = Unscented Kalman Filter



1 Introduction

The Rocket Balloon Instrument (ROBIN) sphere is an inflatable device typically
deployed at high altitude from a sounding rocket [1-3]. The sphere is inflated
after deployment from the sounding rocket, and is tracked by radar as it descends
through the atmosphere. The radar tracks can be processed to obtain estimates of
the atmospheric density and winds along the trajectory of the sphere by assuming
the drag coefficient of the sphere is known. The spheres, designated as PWN-12A 1,
are made of metallic mylar with a 1 meter diameter and 1200 Pa internal pressure
when inflated. ROBIN spheres have been extensively employed over the last 60
years to measure the atmosphere from altitude ranges of 30 to 120 km [5-10].

The typical ROBIN sphere concept of operations is shown in Figure 1. The
instrument is launched on a sounding rocket where typically a booster burns out
and then separates while the dart payload containing the sphere coasts to apogee.
Some example launcher configurations corresponding to the Loki and Super Loki
rockets are shown in Figure 2.
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Figure 1: PWN-12A concept of operations [11].

A cross section of the dart upper stage is shown in Figure 3. The dart stage
contains the sphere, associated inflation devices, and an ejection piston. The sphere
is deployed from the dart at apogee and inflates as the staves break away from the
body. The ejection and inflation process is illustrated in Figure 4. A picture of an

'PWN is a designation in which P = Soft Pad (Launch Environment), W = Weather (Basic
Mission), and N = Probe (Vehicle Type) [4]. The 12A designation is an alpha-numeric design
number and model identifier.
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Figure 2: Loki dart (top) and Super Loki dart (bottom) PWN-12A
launchers [12,13].

inflated PWN-12A sphere is shown in Figure 5. The inflated sphere then descends
through the atmosphere and is tracked by a ground-based radar. The data from
the radar track can be used to determine the atmospheric properties based on the
ROBIN sphere descent trajectory and estimates of the aerodynamics of the sphere.
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Figure 3: PWN-12A dart cross section [11,14].

Methods for computing estimates of the atmosphere along the trajectory of the
sphere have been developed in [15-21]. The methods are generally deterministic
in nature, meaning that uncertainties in measurements and parameters are not
considered according to a statistical method and thus pose a problem in producing
optimal estimates of the atmosphere and the associated uncertainties. The first step
in the process is to compute the trajectory of the sphere from the individual radar
tracks. The position is then twice differentiated to obtain velocity and accelerations,
with various smoothing techniques employed to remove noise from the numerical
derivatives. The density is then computed from the vertical velocity and acceleration
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Figure 4: PWN-12A payload ejection and inflation [11].

Figure 5: Inflated PWN-12A ROBIN sphere.



of the sphere, based on an assumed drag coefficient and no vertical component of
winds. The horizontal winds are then determined from the kinematics of the sphere’s
motion in the plane perpendicular to the vertical axis.

The New Statistical Trajectory Estimation Program (NewSTEP) [24-26] is a
Kalman filtering tool developed at NASA Langley Research Center for solving post-
flight trajectory reconstruction problems. NewSTEP generally operates as a ground-
based inertial navigation filter in which accelerations and angular rates measured by
an Inertial Measurement Unit (IMU) are integrated in the process model to prop-
agate the filter states in time, and the states are then updated based on various
sources of measurement data using a Kalman filter. Three specific types of filters
are implemented in NewSTEP: an Extended Kalman Filter (EKF) [24,25], a Di-
vided Difference Filter (DDF) [26], and an Unscented Kalman Filter (UKF) [26]. A
forward and backward pass through the data using the filter is generated to solve a
fixed-interval smoothing problem, in which an optimal estimate of the trajectory at
each instant in time is computed based on all available measurement data.

In this work, the NewSTEP trajectory reconstruction filter has been modified
for solving the ROBIN sphere atmosphere estimation problem. The main modifi-
cation to the method for this problem is to replace the IMU data integration with
an aerodynamic model corresponding to the inflated sphere for the filter’s process
model. The remainder of this document is organized as follows: Section 2 describes
the reformulated equations of motion implemented in the NewSTEP Kalman filter.
A simulation case used to test the implementation is described in Section 3. Data
from a real ROBIN sphere launch is processed and the results are described in Sec-
tion 4 and compared with results from legacy ROBIN sphere data processing tools.
Concluding remarks are given in Section 5.

2 Kalman Filter Formulation

2.1 Equations of Motion

The main modification of NewSTEP has been made to the equations of motion for
modeling drag on the spherical body rather than integration of IMU sensed linear
accelerations and angular rates. The sphere is assumed to be uniform in shape such
that it can be treated as a point mass with three translational degrees of freedom.
The translational equations of motion implemented in NewSTEP are [24, 25]

= —w (1)
- @

- 7 COS @ B (3)
U=axc+ % (uvw — v® tan ¢) — 32’117:12 sin 2¢ (4)
@zayc—I—%(uvtanqS—i—vw) (5)
w:azc—%(ﬁ—l—v?)—l—?%—g;f (2—3cos2d>) (6)



Coordinate frames relevant for these equations of motion are illustrated in Fig-
ure 6. This figure shows the axis systems for the Earth Centered Inertial (ECI)
frame (vectors €x7, €y, and €zy), the Earth Centered Earth Fixed (ECEF) frame
(vectors €xr, €y, and €zF), and the Geocentric (GC) frame (vectors €xc, €yc,
and €z¢). The longitude and declination angles (6 and ¢, respectively) are defined
as illustrated in Figure 6. The radius r is the distance from the center of the Earth
to the origin of the GC frame, which is carried by the ROBIN sphere body. The
inertial velocities u, v, and w, are the components directed along the €x¢, €yc,
and €z¢ unit vectors, respectively. The sensed acceleration components axc, ayo,
and azc are likewise defined as components along the GC frame unit vectors. The
sidereal angle A relates to the motion of the ECEF frame relative to the ECI frame,
which are treated as coincident at ¢ = 0, thus A = Q.

A\ €z1.€zr

éyr

Figure 6: ECI, ECEF, and GC frame [24].

Dynamic equations for the atmospheric states are based on the hydrostatic equa-
tion and the ideal gas law for pressure and density states (denoted as p and p, re-
spectively), and the winds are modeled as a random walk process. This process
treats the winds as constant between measurement updates and the user-specified
process noise covariance controls the amount of variability in the random walk pro-
cess [25]. The winds are modeled as three axis components in the GC frame, which
are denoted by wy,, vy, and w,,, respectively. The resulting dynamic equations for

10



the atmospheric states are given by

=5 ™)
w 2

- Nprg (8)

iy = 0 (9)

G =0 (10)

thy = 0 (11)

The accelerations in Egs. (4-6) are modeled for the ROBIN sphere problem as
the acceleration due to aerodynamic drag, given by

axc 1
ayc ¢ = —5lIVulllVuCp (M, Re) S (12)
azc

where S is the reference area, and the wind-relative velocity is given by

u Uy
V=3 v—rQcos¢ p—1 vy (13)
w Wy

The drag coefficient (Cp) is a user-defined table look up based on Mach (M)
and Reynolds (R.) numbers, which is discussed in the next subsection.

2.2 Drag Modeling

The ROBIN sphere atmosphere reconstruction approach is dependent on an assumed
drag coefficient of the sphere for integration of the equations of motion described in
the previous subsection. ROBIN sphere drag has been studied extensively in various
experimental facilities such as those described in [22] and [23]. The ROBIN sphere
drag coefficient data were plotted as a function of Mach and Reynolds numbers
in [19], as shown in Figure 7.

The data shown in Figure 7 were digitized and implemented as a Matlab table
lookup suitable for implementation in the NewSTEP equations of motion. The
digitized data are shown in Figure 8 as a function of Mach and Reynolds numbers.
Note that the drag coefficient table lookup is set to extrapolate in both Mach and
Reynolds numbers by holding the last value.

11



150

400 REYNOLDS

DRAG TABLE
SUPERSONIC - HEINRICH (REF. 5)

075 SUBSONIC - SAMNDIA (REF. 4)

050

ele) 05 [L+] 15 20 25 30 35 40 45 50
MACH NUMBER

Figure 7: ROBIN sphere drag coefficient [19]. The Sandia and Heinrich
sources are given in [22] and [23], respectively.
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Figure 8: ROBIN sphere drag coefficient digitized from [19].
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Table 1: Drag coefficient uncertainty from [20].

Altitude Cp 30 uncertainty
km percent
100 and above 10
95
90
85
80
75
70
65
60
55 and below

N Wk OON R~ WO o

The uncertainties in the drag coefficient data as given in [20] are shown in Table 1.
The filter accounts for the uncertainties in the modeled drag coefficient using a
consider parameter approach [27].

3 Simulation Test Case

A simulated ROBIN sphere trajectory was created in the Program to Optimize
Simulated Trajectories II (POST2) [28]. The trajectory begins just after ROBIN
sphere inflation at an altitude of 100 km. The simulation was created based on
a ROBIN sphere mass of 156.5 grams, a constant drag coefficient of 1.25 with 3¢
uncertainty of 1%, and the 1962 US Standard Atmosphere [29] with a constant east
wind of 10 m/s. The resulting altitude and velocity of the ROBIN sphere are shown
in Figure 9.

100 ¢ 800,
90
T sol 7 600
~ £
= 70} —
3 2400
:g 60} §
= I 0
< 50 S 200
a0}
30 ] ] ] 0 ] i : i
0 250 500 750 1000 0 250 500 750 1000
Time [s] Time [s]
(a) Altitude. (b) Velocity.

Figure 9: Simulated ROBIN sphere trajectory.
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Range, azimuth, and elevation data were computed based on the trajectory and
site coordinates to create simulated radar data. The simulated radar measurements
are shown in Figure 10. The simulated radar data set was created at a sample rate
of 10 Hz. The radar 30 measurement uncertainties were assumed to be 30 m in
range, 0.45 mrad in azimuth, and 0.6 mrad in elevation [25].

1307 707

°.125 o

c
b S
=] -
E g
N (V]
R 120 2

i i 1 2 ! ] !
0 250 500 750 1000 o 250 500 750 1000
Time [s] Time [s]

(a) Azimuth. (b) Elevation.

115

=
[
o

=
o
(V]

Range [km]
(=]
(-] [=]
(6] (=]

(<]
o

<]
3]

250 500 750 1000
Time [s]

(c) Range.
Figure 10: Simulated ROBIN sphere radar measurements.

The simulated radar measurements were processed by the EKF, DDF, and UKF
using the ROBIN sphere process model to estimate the atmosphere along the trajec-
tory. The filters were initialized assuming zero winds, introducing a 10 m/s initial
error in the east wind component. The filters were initialized with 3o position and
velocity uncertainties of 45 m and 3 m/s, respectively, and atmosphere uncertain-
ties of 30% in density and pressure, and 60 m/s in each horizontal wind component
and 15 m/s in the vertical wind component. The equations of motion in the pro-

cess model were integrated numerically using a 4th order fixed-step Runge-Kutta
method with time step of 0.01 s.
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The results of the atmosphere reconstruction are shown in the following figures.
Figures 11 and 12 shows the reconstructed atmosphere and winds from the ROBIN
sphere tracking data compared to the 1962 Standard Atmosphere and the assumed
winds that were used in the generation of the simulated data. Figure 11 shows the
reconstructed density, pressure, and temperature and the associated 3o uncertainties
from the filter covariance. The black curves indicate the 1962 Standard Atmosphere
used in generating the trajectory simulation, the magenta curve indicates the solu-
tion from the EKF, the blue curve indicates the solution from the DDF, and the
red curve is that from the UKF. The reconstructed atmospheric states match with
the 1962 Standard Atmosphere, indicating that the filters were able to estimate the
truth atmosphere from the simulation. The DDF and UKF results both produce
uncertainties smaller than that of the EKF, approximately 0.05 m/s smaller in wind
uncertainties, 0.2 K in temperature uncertainty, 0.005% in pressure uncertainty, and
0.1% in density uncertainty. This result is expected since the DDF and UKF are
both second-order filters [26]. The reduced uncertainty comes with a cost of nearly
300% of the run time of the EKF for this problem.

Similarly, the results of the wind state reconstruction are shown in Figure 12.
As noted previously, the filters were initialized with a 10 m/s error in the easterly
wind component. The estimate of the wind tracks towards the truth value as the
filter processes data, converging close to the truth value of 10 m/s at an altitude
of roughly 70 km and below. The second-order DDF and UKF results converge
slightly faster than the EKF as shown in a detailed view of the east winds over an
altitude range of 70 to 90 km in Figure 13. Some small transients are visible in the
north and down components of the wind shown in Figure 12.

15
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Figure 11: Simulated ROBIN sphere atmosphere reconstruction.
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Figure 12: Simulated ROBIN sphere wind reconstruction.
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Figure 13: Detailed view of reconstructed east wind components over
altitudes from 70 to 90 km.

Lastly, the radar measurement residuals are shown in Figure 14(a), (c), and (e)
and the corresponding 3o residual uncertainties are shown in Figure 14(b), (d), and
(f). Note the differences in scale between the residual values and the uncertainties.
The residuals from the three filters are roughly the same with a small transient after
initialization but otherwise are close to zero over the entire reconstruction. The DDF
and UKF residual uncertainties are slightly smaller than those of the EKF. These
results are indicative of good filter performance for this sample problem.

18



= 0.1 T 0.47]
B —EKF Residual o —EKF 30
E ——DDF Residual £ ——DDF 30
£ 0.05 - - UKF Residual © 0.465 | - = UKF 30
[ 2
3 3
= 0 S 0.46
9 S
& Q0
= o
"5 -0.05 £ 0.455
=
£ >
N E
< 01 . : . ; § o0as . . : :
0 250 500 750 1000 V] 250 500 750 1000
Time [s] Time [s]
(a) Azimuth. (b) Azimuth 30 uncertainty.
— g r
5 0.1 S 0.62
© ——EKF Residual = ——EKF 30
£ ——DDF Residual E —DDF 30
= 0.05 - - UKF Residual rg 0.615 | - - UKF 30
T -
S 3
n 0 S o0.61}
9 0
(- [}
5 p T
- c
-_g 0.05 o 0.605
)
>
K >
w -0.1 g o6
0 250 500 750 1000 w 0 250 500 750 1000
Time [s] Time [s]
(c) Elevation. (d) Elevation 3¢ uncertainty.

10 31
—— EKF Residual = ——EKF 30
'E' ——DDF Residual E ——DDF 30
s’ - = UKF Residual 30.8 - - UKF 3¢
5
- M
® s5¢i s
3 S 30.6
.g 3
7]
© d 30.4
) ox
= ()
s 930.2}
o ©
-4
-5 . . . - 30 : . . '
V] 250 500 750 1000 V] 250 500 750 1000
Time [s] Time [s]
(e) Range. (f) Range 30 uncertainty.

Figure 14: Simulated ROBIN sphere reconstruction residuals and uncer-
tainties.
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4 Application to ROBIN Sphere Data from the Pacific
Missile Range Facility

This section describes the application of the Kalman filter formulation to data ac-
quired from a PWN-12A ROBIN Sphere launch on June 8 2015 at the Pacific Missile
Range Facility (PMRF). The ROBIN sphere launch was conducted in support of
the second Supersonic Flight Dynamics Test (SFDT) of the Low-Density Supersonic
Decelerator (LDSD) project [30-32]. A total of four PWN-12A ROBIN spheres
were launched in support of the flight test. In addition, two weather balloons were
launched from the ground to provide low altitude atmospheric conditions [32]. A
timeline of the ROBIN sphere sounding rocket and weather balloon launches in
support of the flight test is given in Table 2, from [32].

Table 2: SFDT-2 Atmospheric data collection launches [32].

Time (HST) Event
05:59 Weather balloon 1 launch
08:45 Sounding rocket 1 launch
08:59 Weather balloon 2 launch
09:15 Sounding rocket 2 launch
12:35 Sounding rocket 3 launch
13:05 Sounding rocket 4 launch

Each ROBIN sphere was tracked by two radar stations. The ROBIN sphere
tracks were processed using legacy tools by meteorologists at PMRF to provide the
reconstructed atmosphere to be used in conjunction with other data to evaluate the
test vehicle performance, as described in [32]. In this section, the new formulation
for NewSTEP to reconstruct the atmosphere from ROBIN sphere tracks is applied
to real data from this test. The results are compared to the legacy tool results that
were used by the meteorologist to produce atmosphere profiles for the trajectory
reconstruction described in [32]. Specifically, data from the second ROBIN sphere
sounding rocket launch measured from one radar station are processed as a test case
in the NewSTEP reconstruction. The radar track from this ROBIN sphere is shown
in Figure 15. The radar track provided data for atmosphere reconstruction from an
altitude of approximately 74.75 km to 30.25 km, over a corresponding time interval
of 598.85 s. The radar measurements were recorded at a sample rate of 40 Hz.

The Naval Research Laboratory, Mass Spectrometer and Incoherent Scatter, Ex-
osphere, 2000 (NRLMSISE-00) [33] model was used to provide an initial guess of
the atmospheric pressure and density for the reconstruction. The winds were initial-
ized as zero in all components. The position states were initialized from the radar
measurements, and the velocity states were initialized based on numerical differen-
tiation of the radar measurements. The equations of motion in the process model
were integrated using a 4th order fixed-step Runge-Kutta method with step size of
0.0125 s (half the sample rate of the radar measurements). The reconstruction made
use of the drag coefficient model shown in Figure 8 and the associated uncertainties
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Figure 15: ROBIN sphere radar measurements from sounding rocket 2.

listed in Table 1. The Reynolds number was computed assuming a 1 m reference
length and dynamic viscosity for air computed using Sutherland’s law.

The reconstruction results are shown in the following figures in comparison to
a reconstruction generated by meteorologists at PMRF. The reconstructed atmo-
spheric state and uncertainties are shown in Figure 16. The reconstructed density
and pressure are in general agreement with each other and with the PMRF recon-
struction. The UKF and DDF reconstructions are nearly identical, which is expected
as these filters are both second-order and have a similar structure as sigma-point
filters [26]. The second-order nature of these filters is reflected in the reduced state
uncertainties compared to those of the EKF. Note that the PMRF reconstruction
did not include any uncertainties to compare with.
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Figure 16: ROBIN sphere atmosphere reconstruction.

The reconstructed wind states are shown in Figure 17. There is some variability
in the reconstructed upper altitude winds but below roughly 55 km the reconstruc-
tions agree with each other and with the reconstruction from PMRF. The DDF
and UKF both indicate a small downward component of wind in the lower altitude
regime. Note again that the PMRF reconstruction did not include uncertainties.
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Figure 17: ROBIN sphere wind reconstruction.

The radar measurement residuals are shown in Figure 18(a), (c), and (e) and
the corresponding 3o residual uncertainties are shown in Figure 18(b), (d), and (f).
Note the differences in scale between the residual values and the uncertainties. The
residuals are roughly zero mean and largely within the £30 bounds, indicating the
reconstruction was a fit to the measured radar track without systematic error or
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other indicators of problematic filter performance.

The DDF and UKF produce

slightly smaller residual uncertainties than those of the EKF.
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Figure 18: ROBIN sphere reconstruction residuals and uncertainties.
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The reconstructed Mach number, Reynolds number, and the ROBIN sphere
drag coeflicient evaluated along the trajectories are shown in Figure 19. The drag
coefficient shown in Figure 19(c) is the result of evaluating the model data shown
in Figure 8 along the reconstructed trajectories. The reconstructed drag coefficients
from the three filter solutions are shown relative to the model data in Figure 20. The
reconstructions are within the data set initially with Mach and Reynolds numbers
of approximately 1.1 and 900, respectively. As the ROBIN sphere descends, the
Reynolds number shown in Figure 19(b) exceeds the upper range of the model data,
and the model is set to hold the last value beyond the limits of the data. Thus, the

reconstructed drag coefficients follow the curve corresponding to a Reynolds number
of 1600.
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Figure 19: ROBIN sphere drag coefficient model inputs and output.
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Figure 20: ROBIN sphere drag coefficient output compared to model
data. The DDF and UKF curves are similar to the EKF curve and are
not shown for clarity (see Figure 19(c)).

5 Conclusions

A new capability for processing ROBIN sphere tracking data has been added to the
NewSTEP trajectory reconstruction software. The additions to the code are mainly
to the process model used for propagating states forward in time in the filter. The
changes to the process model include implementing a drag-only aerodynamic force
model. The drag coefficient of the sphere can be any user-specified model, though
sample drag coefficient data from prior ROBIN sphere data reduction algorithms
was digitized to be included as a default model. The modifications to NewSTEP
were tested with a simulation case and actual ROBIN sphere tracking data from
a rocket sounding that was launched to provide atmospheric data in support of a
flight test. The new ROBIN sphere data reduction capability is expected to provide
useful support for future high-altitude flight testing projects.
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