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range is 0.5 g peak — see Appendix 0). The total combined acceleration seen is 3.40 g’s (this takes into

account the angular offset or mounting angle of approx. 45 degrees of the accelerometer).
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Figure 32: Flight Nutation Angle, Sphere 40.091
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Precession Rate
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Figure 33: Flight Precession Rate, Sphere 40.091

Assuming that the balance of the sphere was to remain the same, in order to not go into saturation, the
spin rate of the sphere would have to be 1.54Hz or less. (For calculating the centripetal acceleration due to
the wobble, 7y,,. was used for 7. In calculating the centripetal acceleration due to the sphere’s spin rate, /.,

was used for r. Refer to section § DYNAMICS.G: Accelerometer Response, for definition of distances).

D. Further Processing of Flight Data

An Extended Kalman filter is used to process the data measurements to estimate the attitude of a
spacecraft during flight or post flight. The quaternion is used to represent the attitude because it has no
singularities and the kinematics equation is bilinear. The filter will process magnetometer data and Inertial
Measurement Unit (IMU) data using a discrete time method. Both the magnetometer and the IMU have the
same sample rate of 50 Hz, so there is a measurement from each at every time step. For the full filter
derivation of equations and process see ref [8]. A summary of the filter steps and equation can be found in

Table 4.



Table 4: Discrete Extended Kalman Filter for Attitude Estimation

Initialize 4(to) = o, B(to) = Bo, P(t,) = P,
K= Pk_HIZPresidual_li Presiquat = [HkPk_HIZ +R]
Gain [A(@ 1 X] O3y
[A(q_)rn X] 03x3
P¢ = [loxe — KicHi)Pic [l6x6 — KicHiel™ + K RK}{ (Joseph Form)
AX} = K[§, — hy], residual,e = [§, — hy]
AZF = [5a;T ABT]
A(@)n
hk =
A(G)m
Update R 1
Qi = i +5E@)da;
~ 61/ . .
q= —— (Normalize the Quaternion)
Va'g
aen = [Aal3x3 + [0 X]
2(q) =[ * 3’“3_QT ] 0 = [0:19295]"
B = P + 0BE
of = @ — Bt
Brs1 = AI:-
Qierr = UBOGi
1 ~+ T+ T+
- cos (E ll@g "At> Iy — [i %] Yi
Propagation WUap) = ~ 1
i cos (5 1ot 1)
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1 1
(a&At + ga,fAH) Lz — (E aﬁAtZ) L33

Qk = 1
- (E szAt2> L343 (05A) 553
b b
P = [ 11 12]
Dy Dy,

. 1, ~
sin (3 |@l|at) L= cosCla1140)
&l ll&][2

Dy =I5y — [@ X]

{1 — cos(||@|lAt)}

(DIZ = [a X] ”8”2 - I3X3At
®||At — sin(||@]|At
e {llall s 3(II llAD)}
lla]|
Dy1 = 0343
Doy = Izx3

where[x X] is the cross product matrix, defined in Eq. (4.1.6)

The filter is first initialized to a known state variable and error-covariance matrix. The filter state is the
attitude angle error and the gyro bias. The attitude equations are linearized and the quaternion scalar part is
approximately one, that is,q, = /. Therefore, the state vector is reduced by one state and goes from a 7x1 to
a 6x1. The error-covariance matrix is comprised of the variances on the attitude in the 1** three diagonal
terms, and the gyro error variance in the last three diagonal terms.

The initial quaternion is found from the known orientation of the launch vehicle on the launch pad.
From the known initial position, a rotation matrix from Inertial to Body (sphere) coordinates can be
determined. The rotation sequence will go from Earth Centered Inertial (ECI) to North East Down (NED)
and then from NED to Body coordinates. Given the Azimuth, elevation, and rail orientation of the launch

vehicle’s initial position, the orthogonal rotation matrix from ECI to Body is expressed as,

] [t

B _ pB_ pNED _ |57 |5

Ricr = RyepRec = | | |ie (10.4.1)
i7d Lih

Which are essentially two rotations from a NED frame to a reference frame. From Body to NED, the unit

vectors are
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U X Ry 10.4.2

* T UP X Ry | (1042
~ _RBy

P, = (10.4.3)
7 ||Rsy |

i, =i x {7 (10.4.4)

where UPis a unit vector in the “up” direction, or in the negative NED “down” vector. The vector Rg,is a
vector in the direction of the spin axis of the sphere. This is simply the spherical coordinates to the origin of
the Body coordinate axes represented in Cartesian coordinates. The elements of the spherical coordinates
are the given Azimuth, elevation and range. This is clearly seen in Figure 34. The orientation of the sphere
in the rocket with respect to the rail is the positive z-axis points towards the launch rail.

The familiar unit vectors in NED are,

Iy =1lg X1 A,
iy =11 x 1% (10.4.5)
N wEXRSC
lp=—" 10.4.6
E = Twp X Rocll (10.4.6)
_Rsc
i = — 10.4.7
> = Rel (10.4.7)

whereR is the position vector from the center of the earth to the cg of the spacecraft, and wy is the rotation
rate vector of the earth in rad/s.

With a given DCM from ECI to Body, the initial quaternion can be calculated as [14],

qs = £0.5/1+ Ayy + Ayy + A3z (10.4.8)
q1 = 0.25(Az3 — A32)/qa (10.4.9)
q, = 0.25(43, — A13)/q4 (10.4.10)
qs = 0.25(41, — 431)/4, (10.4.11)

where A4 is the DCM calculated in Eq. (10.4.1), and ¢, is the scalar part of the quaternion and ¢q;, ¢,, and g¢;

is its vector part.
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The initial bias input to the filter comes from the gyro calibration data. The bias is taken as the average

on the 0 deg/s input on each of the 3 axes. From the gyro calibration data, the initial bias is (in SCF

coordinates),
Bo = [0.330,—0.210,—0.148]7 (deg/s) (10.4.12)

From this data, the standard deviation is calculated across the sample and the variance is determined as

the square of the standard deviation. The covariance on the gyro is (in SCF coordinates),

0'2 0 0 2
g9.x 0.377 0 0

Pyro=|0 a2, 0= 0 06372 0 |[(deg/s)> (10.4.13)
0 0 a2 0 0 03342

The initial error-covariance matrix is the combination of the attitude covariance matrix and the gyro
covariance matrix. The attitude covariance matrix is taken from the launch conditions. It is assumed that

the initial position of the launch vehicle is known to within £15 degrees. Then the attitude covariance and

North (N)

East (E)

Down (D) |

Figure 34: Azimuth, Elevation & Range to NED

initial error-covariance matrix are,
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Tax 01 152 0 o
Purtituae =| 0 02y 0 |=|0 152 0 [(deg)? (10.4.14)
0 0 o2 0 0 152
P 0
Po — [ att(l)tude (3x3) P (3x3) ] (10.4.15)
(3x3) gyro (3x3)

To improve the performance of the filter a batch method, also known as a smoother, is used to
“smooth” out the effects of measurement noise. The disadvantage to using a smoother is they cannot be
used in real-time, which in this case is not a problem since all the data processing is done post flight. The
advantage, however, is in providing the state estimates with a lower error-covariance than sequential
methods. The batch method used in this model is a Fixed-Interval Smoothing type. This type uses the entire
batch of measurements within an interval to estimate the states within in the interval. Smoothers use
measurements made before and after a certain time z. The smoother uses two filters: a forward-time filter
and a backward-time filter. This is seen in the illustration below in Figure 35for a fixed interval. The most
common fixed-interval smoother, the Rauch, Tung, and Striebel (RTS) smoother will be used. This

smoother combines the backward filter and smoother into one single backward recursion[8].

= Backward Filter
<«—XR1s & Smoother
AN
e N
L 1 1 1 |
0 fer fr frel v
. /
h'd
Xy —»
Forward Filter

Figure 35: Forward and Backward Filtering & Smoothing

The full derivation of the RTS Smoother is given in [8], a summary of the smoother is given in Table 5.
The Forward Kalman Filter is executed using the equations and steps outlined in Table 4 above. The

propagated and updated states and covariance from the forward filter are used to compute the gain and
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covariance of the smoother. The smoother estimate equation is executed backward in time. (Subscript f

indicates a forward-time filter, and subscript b indicates a backward-time filter).

Table 5: Discrete-Time RTS Smoother

X1 = PrXp + Dewye + Grewy, wi~N (0, Q)
Model
Ik = Hgxy + vy, ve~N(0, Ry)

Forward Filter Execute Forward Filter, See Table 4

Smoother Initialize o o
be:x;N' szv:P}LN

Gain _ -1
Kpr = Pf+kq)£(Pf k1)
Covariance _
Py = Pf+k - Kbk[Pfk+1 - Pbk+1]ng
Estimate

o _ o+ P A
Xpr =Xk +Kp kR ka1 — xfk+1]

To verify if the Extended Kalman Filter is running correctly, simulated data can be created from the
dynamic prediction model (using the governing equations of motion, Eq. (4.1.3) and Eq. (4.1.4)). The
magnetic field and all inputs need to be known. All inputs or specs to the would-be-sensors can come
directly from either the MEMSense spec sheet or the calibration data, i.e. noise levels, sample frequency,
etc...

The results from a simulation were interesting. As seen in Figure 36, the Extended Kalman filter is not
keeping up with the dynamics of the simulation. The error shown is much too high. The sampling rate is
too small (50 Hz) for the spin of the spacecraft, which is spinning at approximately 6.6 Hz. At that spin
rate, the sphere is rotating at 2376 deg/s (degrees per second)! Yet with a sampling rate of 50 Hz (At =0.02
s), it is only capturing data at every 47.52 degrees. That kind of resolution does not provide any useful
attitude information. Generally, in order to capture the dynamics adequately it is desired to sample every
0.1 degrees or less, with a maximum at 1.0 degrees. Even at capturing at a desired maximum resolution (1.0

degrees), the sampling frequency of the nIMU (magnetometer & gyros) would need to be 2376 Hz, or
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approx. 2.4 kHz. For a resolution to 0.1 degrees, the pIMU sampling frequency would need to be approx.

24 kHz! A more realistic sampling rate of 4.8 kHz would give a 0.5 degree resolution. Even at that, the
pIMU sampling rate is nowhere near the required rate. For comparison, at 4.8 kHz sampling rate the
attitude can be estimated much more accurately as shown in Figure 37.

With only a magnetometer sensor on board and average gyros, the attitude is not determined at this
sampling rate with this filter design. This is a time varying system and a magnetometer is NOT observable
at an instant in time. However, for a finite length of time and with a changing magnetic field, the system
can be observable.

(The following data will be shown for illustrative purposes for the case of a sampling rate of 4.8 kHz, it
is also representative of the data ran at 50 Hz. It is only run for 20 seconds of data). A quick look at the
angular momentum will indicate if the simulation is working as it should. For a properly working
simulation and filter estimation, the angular momentum should remain constant. With real data (or
simulated “real” data) this should be fairly constant and is evident in Figure 38. As another check, the

residuals should look like a zero mean Gaussian random white noise signal; this is seen in Figure 39.

ESTIMATED Quaternion, q
W, = [0; 6.6;, 0] Hz

sampling rate of 50 Hz
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- - - - Actual a,

Attitude, q

Actual a,

1 ---- Actual dg

% Error, qu [%]

Time, t [s]

Figure 36: EKF Estimated Quaternion @ 50 Hz sampling rate
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Figure 39: EKF Residuals of Simulated Data

The estimated rotation angles of the sphere to ECI coordinates are shown in Figure 40. It is clear that
the yaw angle is the rotation angle (rotation + 180°). The error of the rotation angles are shown in Figure
41. It is apparent that the filter had trouble tracking the yaw angle, w, which is about the spin axis. The yaw
angle rotates through a = 180 degrees. As it approaches a roll-over, going from +180 deg to -180 deg, any
deviation between the actual angle of rotation and the estimated angle will result in an extreme error. This
is seen by the large data spikes in the yaw angle error (Figure 41).

The Bias estimation and angular velocity estimation are shown in Figure 42 and Figure 43respectively.
It is evident that the filter is converging to a solution within a relatively short time frame (less than 1

minute).
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Figure 40: EKF Euler Rotation Angles: Roll, Pitch, Yaw of Simulated Data
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Figure 41: EKF Roll, Pitch, & Yaw Estimation Errors on Simulated Data
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Figure 42: EKF Bias Estimation of Simulated Data
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Figure 43: EKF Estimated Angular Velocity of Simulated Data
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ORGANIZATION

The project was funded by the National Science Foundation (NSF) and there were many individuals and

organizations involved. The management structure is illustrated in Figure 44.

Mission Pl
Rob Pfaff
NASA Goddard

Mission Co-I
Miguel Wallops Flight

Falling Sphere PI
Chad Fish
SDL/USU

LarsenClemson Facility
University

FS Instrument

Integration & Development

S OlalEE e Launch Wayne Sanderson

Lead Engineer

Figure 44: High Level Organizational Chart

For some of the specific responsibilities of SDL see Figure 45.
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Figure 45: SDL Work Breakdown
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For the individual roles and responsibilities of the author see Table 6.

Table 6: Individual Roles & Responsibilities of Author

Category

Sub-category

Role & Responsibilities

Dynamic Simulation

Flight Trajectory

Finalized flight dynamics, including adding the
effects of Mach flight, adding various types of
drag on the sphere (pressure, skin friction,
shockwave and drag due to excrescencies), and
adding an atmospheric model for altitudes up to
1,000 km.

Verified rigid body dynamic equations of motion.

Accelerometer Response

Added various sources of errors to the
accelerometer signals to simulate real life
instruments (scale factor, bias, noise, sensitivity,
etc...).

Sphere Balance

Center of Mass

“Involved in the concept and design of the weight
system to balance the sphere.

Refined technique and process of the multiple
point weighing method used in SDL’s NOVA lab.

Performed Balancing technique described in
section § BALANCING.A: Center of Mass (CM)

Moments of Inertia

"Designed component (blue nylon ring) key in
stabilizing the sphere as a major axis spinner, or
oblate spinner.

"Key individual in concept of performing the
MOI measuring technique discussed in section §
BALANCING.B: Moments of Inertia (MOI)

“Performed the MOI measurement technique.

Calculated nutation angle and precession rate
from the inertia tensor.

Component Layout

Designed the layout of each component that goes
into the sphere. There are physical constraints to

Design None each component as well as an effect on the MOI
of the sphere.
Developed the Kalman filter and smoother that
Attitude Estimation None estimates the orientation of the sphere throughout
flight (based on ref [8]).
Developed and wrote procedure for a vibe shake
Accelerometer None for the science accelerometer calibration.
Calibration

"Designed sphere to vibe table interface fixture.

"Assisted in task by Phillip Anderson, Grad Student Utah State University
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CONCLUSIONS

The desire of accurately modeling and understanding the atmospheric winds at a lower cost than current
methods created the need for this particular project. The intent is to find a cheaper more robust way of
measuring the winds in the Ionosphere than the chemical release method. This project, although not a
complete success, shows that this objective can be accomplished. The sensors and equipment used are
mostly commercial, off the shelf products. Even though the electronics were saturated due to undesired
conditions, the rigid sphere can be a robust system, not needing the clear sky conditions or near dusk timing
that is required by the chemical method. With a little better understanding of the electronics involved to
improve the sphere, this method can be a superb one. For the current design, the flight spin rate must be

1.54 Hz or less to maintain a non-saturated state with the science accelerometers.

A. Lessons Learned
There were many lessons learned and many more yet to be learned. There are many lessons that are
naturally learned in a project like this. They are the things like how to manage a schedule, keeping on track
with that schedule. Other things include how to better setup and conduct tests, and record processes and
procedures, as well as communication between involved parties. However, there are a few lessons learned
that are unique to this project.
a) The flight was intended to be in a certain environment, with expected conditions (i.e. spin rate).
However, those conditions did not exist and the environment was a rather radical one that far exceeded
the initial expectations. The capability of the sphere must be adjusted to compensate for more extreme
conditions and/or environment. From this, however, came the better understanding of how the FS
sensors responded to this extreme environment and some characterization was made, i.e. time constants,
giving response time.
b) The deployment mechanism needed to be better understood. The Wallops Flight Facility was over
the design, fabrication and integration of the deployment system of the sphere ejecting from the rocket.
There were no set requirements on the deployment mechanisms other than ejection velocity. In order to

facilitate a successful launch, hard test numbers should have been required.
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c) A setup to analyze the post flight data needed to be in place before the actual flight. There were 3

out of 4 flight data samples lost during flight from the recording. The cause and the solution still remain
unknown. Had all the tools and/or programs needed for looking at the recorded data been in place
throughout all the calibration and characterization tests, this problem may have been detected before
flight.

d) Since several people and organizations were a part of this project, it is essential to leave a paper
trail of work performed. It became extremely difficult to pick up on a task where someone had left off
where there was little to no understanding as to what the previous individual did or the direction in
which he or she was heading in with the work.

e) Lastly, the importance the center of mass and MOI have on the balance of the sphere. The ability to
change the center of mass (which also affects the moments of inertia) without opening the sphere or
exposing the final assembly of electrical components was essential. This capability was designed,
refined, and tested at SDL. Through the balancing of the sphere and with the blue nylon ring at the
equator of the hemispheres, the sphere was spin stabilized and was changed from a minor axis spinner

to a major axis spinner.

B. Future Work

Complete analysis of the data is beyond the scope of this project and text. Further work and analysis is
required to better understand the results of the flight data. Key to estimating the attitude would be to adjust
the Kalman filter to accommodate the small sampling rate. With a fast enough CPU, the propagation step
size could be set to a small enough step size to capture the dynamics between measurements to propagate
the state and state covariance. Also, the attitude estimation could be further improved by having 12 states in
the Kalman filter to include the 6-DOF in addition to the attitude error and gyro bias. The filter could also
be improved by including measurement data from the gyros, accelerometers, magnetometer and GPS. The
integration of the GPS data and the Inertial measurement data into the filter for attitude estimation is

discussed in more detail in Refs [18], and [19].
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Further process and analysis could be performed to determine if any neutral wind measurements could

be determined from the flight data. Calculating the neutral winds is simply done by running the math
prediction model (§ DYNAMICS) backwards.

From the information collected on the flight data from the first sphere, improvements or design changes
should be noted and implemented into second sphere 41.090. Possible changes could include, but are not
limited to, having a more precise IMU device with a sampling rate of 4.8 kHz or higher, different gains and
settings for the science board to accommodate higher signals, different science accelerometers with a larger
range of operating conditions, and possibly a different configuration for the science accelerometers to

mitigate the effects of the accelerations see from spinning.
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APPENDIX

A. Flight Environment

The predicted stagnation temperature and pressure of the sphere as well as predicted ambient
temperature and pressure where calculated and compared to published results. Since the sphere had no pitot
tube to measure the stagnation pressure, nor did it have any thermal sensors on the outer shell, there are no
results to compare to. The predicted values are shown below in Figure 46 and Figure 47.

Although the calculated results indicate that the sphere would see temperatures higher than the material’s
melting point, with the sphere nutating as it was and given the short flight duration, the sphere did not see
any adverse effects. This is verified in collecting data until very low altitudes (approximately 30 km or
lower), indicating that the system was completely functional until then.

The ambient pressures and temperatures agree with the data presented in ref [20]. These results give an
indication that the stagnation temperatures and pressures are at least on the right track as far as having the

correct inputs to the calculations. These ambient conditions are shown in Figure 48 and Figure 49.
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Figure 46: Predicted Stagnation Pressure on the Sphere [kPa]
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B. Spec Sheets

Instrumentation specifications

Science Accelerometers, by Wilcoxon Research:

Model 731-207: Ultra low frequency seismic accelerometer

Dynamic

Sensitivity, £10%, 25°C.....ccciiiiiiiniiiinie s 10 V/g
ACCElETAtioN TANZE.....c..evveeiveierierieie ettt ereeseneeneas 0.5 g peak
Amplitude NONINEATILY.....c.coveveeeririeiiirieicireeieceee e 1%

Frequency response, nominal:

+5%.... ..0.6 - 650 Hz

FL0%0 i 0.5-850Hz

E3 B 0.2 - 1,300 Hz
Resonance frequency, mounted, nominal...........c.occeeviriecnnnnne. 2.4 kHz
Transverse SenSitivity, MaX........ccoerveeeererieinenieeeeseeseeeeeseeees 1% of axial

Temperature response:

—0%C —18%
FBOOC e +8%
Electrical
Power requirement: vOItage SOUICE.........c.ceevverirerrenveireerieneeene 18 -30 VDC
current regulating diode..........c.coceceeennnnnee 2 -10 mA

Electrical noise, equiv. g, nominal:

Broadband 2.5 Hz to 25 kHz
Spectral 38 5 O 0.28 pg/\NHz
LO HZe oo 0.09 pg/NHz
100 HZuooooeoeeeeeeees e 0.03 pg/NHz
Output iMpedance, MAX.........cccvrreeererierierinreieeerereeeerenseneeeeens 500 Q
Bias output voltage, nominal..........ccoceeeereieinnerenneenieecenne 10 VDC
GIOUNAING. ...ttt st case grounded
Environmental
Temperature range 0 to 80°C
ViIbration IMit.........ecveuerieieririeieeeesieeee et 50 g peak
SHOCK HMIL....eoveiieiiieiciceee e 250 g peak
Electromagnetic sensitivity @ 60 Hz...........coceccoiveenneennecnnnne 20 ug/gauss
Base Strain SeNSIIVILY.......coceoveuererieerinereeeeeereeeeese e 0.0005 g/ustrain
SCALINE . ...eeveete ettt ettt aenene hermetic design
Physical
WRIGNL. ..ttt ettt 50 grams

Case material. .316L stainless steel
MOUNEING. ...ttt st 10-32 UNF

OULPUL CONNECLOT. ...ttt 10-32 coaxial
98069 Rev.C.2 1/01

(Courtesy Wicoxon Research Inc. and MEGGITT, www.meggitt.com)
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pIMU sensors:
PARAMETER SPECIFICATION UNITS CONDITIONS

Operational Requirements

Operating Supply Voltage 8010130 vVDC Unregulated; Note 1

Supply Current 180 mA typical

Alignment Error +1 %

Mass 95 grams
Acceleration IM02 IM05 IM10

Dynamic Range +2 5 10 9

Offset +30 +30 +30 mg 0to 70 °C Maximum

Nonlinearity +04(£1.0) +04(x10) +04(1.0) % of FS | Typical (Maximum)

Noise 0.6(0.8) 1.1(13) 2.1(2.8) mg Typical (Maximum), 1 ¢

Digital Sensitivity 9.1553x10° 22888x10™ 45776 x10™ g/bit See Equation 1 on page 8

Bandwidth ' 50 50 50 Hz -3dB point; Note 2
Angular Rate -0150C050 0300C050 -0600C050 -1200C050

Dynamic Range +150 +300 +600 +1200 *Is

Offset +-1.5 +-15 +-15 +-15 “Is 0to 70 *C Maximum

Cross-Axis Sensitivity +-1 +-1 #-1 +1 % Maximum

Nonlinearity 01 0.1 0.1 0.1 % of FS | Best fit straight line

Noise 0.36 (0.95) 0.56 {0.95) 0.56 (0.95) 0.56 (0.95) °Is Typical (Maximum), 1 ¢

Digital Sensitivity 6.6664x10” 1.3733x10° 2.7465x107 5.4932x10° *lshbit | See Equation 1on page 8

Bandwidth ' 50 50 50 50 Hz -3dB point; Note 2
Magnetic Field

Dynamic Range +19 gauss

Drift 2700 ppm/*C

Nonlinearity 05 % of FS | Bestfit straight line

Noise 0.00056 (0.0015) gauss Typical (Maximum), 1 ¢

Digital Sensitivity 8.6975x10° gauss/bit | See Equation 1 on page 8

Bandwidth' 50 Hz -3dB point; Note 2
Optional Acceleration

Dynamic Range +135 +50 g

Digital Sensitivity 1.6022x10° 2.2888x10° g/bit See Equation 1.on page 8

Noise 10 10 mgMHz"

Bandwidth' 50 50 Hz -3dB point; Note 2
Temperature

Digital Sensitivity 1.8165 x 107 °Clbit
Absolute Max Ratings

Acceleration Powered 2000 max g Any axis 0.5ms

Input Voltage Range -0.3 (min) +13 (max) VDC Note 1

Operating Temperature C - Commercial *C

Temperature Range 0to+70 40 to +85

Storage Temperature -25t0 +85 C

Typical Values at 25°C, Vaugoy

=8.3VDC, 0 °/s, unless otherwise noted
Note: pIMU configurations are not subject to ITAR export controls.

1. When using a USB Data Acquisition Board specified for a maximum voltage of 8.5 volts applying a higher voltage will damage the USB Data
Acquisition Board. Optional 12 V versicn of USB DAQ is available.
2. Other bandwidth configurations are available upon request.



