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made 12-V “primary” lithium manganese dioxide battery, manufactured by
Ultralife Batteries, powered the entire system. Burke et al. (2000) described the
battery development. Power distribution electronics, encoder electronics, and
IMU signal-conditioning electronics were designed within three individual
printed wiring boards (PWBs) and were assembled between the battery
mounting plate and transmitter mounting plate.

2.3 GPS Section

The GPS section was designed and fabricated by APL. It consisted primarily of a
custom GPS translator, a COTS GPS antenna pre-amplifier, and a COTS S-band
summer. Support electronics included a radio frequency (RF) filter, a COTS
power amplifier, and a COTS isolator. APL and NAWC together designed the
power regulation PWB within this GPS section. The translator converts the L-
band signal from a GPS antenna to an intermediate frequency where it is filtered
and combined with a pilot carrier. The composite signal is then converted to S-
band and is transmitted to ground.

2.4 Antenna Section

The conical, wrap-around antenna was mounted within the nose of the warhead
and shielded by an RF transparent, glass fiber-reinforced plastic radome. A
linearly polarized L1/S (receiving/transmitting) dual band antenna from Ball
Aerospace was used to obtain the IMU-GPS telemetry data. A rendering of this
subassembly is shown in Appendix A, Figure A-3.

3. Mecharical Packaging

3.1 Design and Analysis

ARL’s effort entailed mechanically mating the previously developed AMIP
telemetry and IMU sections with the GPS section and antenna components. The
design intent was to (1) provide modularity of section subassemblies; (2) provide
ease of section assembly and disassembly; (3) maintain simple GPS section
component laycut, mounting, and space efficiency; and (4) provide attachment
means to the warhead’s main housing and antenna adapter forward bulkhead
(AAFB) parts. The assembly drawings detailing the warhead’s main housing,
AAFB, and internal components are presented in Appendix A.

The GPS section’s mounting plate part was designed as a “T” section aluminum
6061 alloy plate whose leg thickness provided allowance for stainless steel
machine screw hardware with thread sizes of 4-40 and 18-8 used in its assembly
and its attachment to the housing. Its two-piece design provided cost reduction
in comparison to a one-piece configuration. The strength of this mounting plate
was secondary because of the relatively low operational loads. Aluminum was
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Abstract

The U.S. Army Research Laboratory (ARL) has been evaluating global
positioning system (GPS) technology and strap-down inertial
measurement units (IMUs) configured from inexpensive, miniature
micro-electro-mechanical systems for the purposes of obtaining
aerodynamics, trajectory reconstruction, and/or diagnostic
information. A GPS translator from the Johns Hopkins University
Applied Physics Laboratory and a low-cost IMU designed by ARL
from commercial off-the-shelf components were combined with a
telemetry system, packaged into a 2.75-inch HYDRA-70 rocket
platform, and flight demonstrated. The on-board IMU sensors
included accelerometers for measuring the thrust axis and lateral
accelerations, angular rate sensors for measuring pitch and yaw rate,
a dual axis magnetometer for roll rate and angular yawing motion,
and sun-sensing optical sensors to provide a truth measurement for
the rate sensor and magnetometer data. Hawk and Weibel tracking
radars were also used as a truth measurement of the rocket’s velocity
and position for comparison to the acquired GPS data and integrated
IMU accelerometer data. Results from comparisons of the IMU sensor
data to the truth measurements suggest that reasonable aerodynamics
and trajectory reconstruction can be achieved. The instrumentation
system’s development, calibration, demonstration, and the
experimental results are described.

ii




ACKNOWLEDGMENTS

The authors would like to thank Mr. Dennis Schneider, of the Simulation Training
and Instrumentation Command (STRICOM), and Mr. Ronald Collangelo, formerly of
STRICOM, for funding this demonstration as part of the Hardened Subminiature
Telemetry and Sensor System (HSTSS) program. There were also a number of people
who have made this program a success. The authors wish to recognize each of them
by name.

Dr. William D’Amico and Mr. Lawrence Burke, formerly of the U.S. Army Research
Laboratory (ARL), were integral in getting HSTSS support for this development and
flight demonstration. Mr. Fred Brandon, of Dynamic Sciences, Inc. (DSI), is greatly
appreciated for his work in modeling the warhead instrumentation package and for
providing the preliminary aerodynamic coefficients that were given to Arrow Tech.
Mr. Charles Mitchell of DSI is thanked for supporting the IMU calibration and for
fabricating the warhead mechanical prototype hardware, environmental vibration
experimental fixture, and calibration fixtures used during the shock experimentation
and flight simulator experimentation. Mr. David Hepner of ARL is greatly
appreciated for providing support during the flight simulator calibration, data
acquisition, and solarsonde data reduction phases. Mr. Jonah Faust, formerly of
ARL, is thanked for providing telemetry support during the IMU calibration.
Mr. Robert Wert of DSI is thanked for assisting with the pulse code modulation
(PCM) data collection during calibration. Mr. Wallace Clay of DSI is appreciated
for providing PCM data collection and training support. Mr. Edward Bukoski of
DSI is thanked for designing the battery used during flight simulator calibration
experiments and for supporting those experiments. Mr. Thomas Harkins of ARL is
appreciated for providing simulated rocket IMU data that brought great insight into
the experimental data. Mr. Barry Hudler of ARL is thanked for measuring the
instrumented warhead and rocket physicals at Transonic Range Facility.

Mr. Michael Boehme, of Johns Hopkins University Applied Physics Laboratory
(APL), was integral in orchestrating the GPS translator and data reduction effort.
APL was responsible for the GPS translator design and fabrication, GPS section
layout, and component integration. Mr. Mark Asher and Mr. Lloyd Linstrom of
APL reduced the GPS data. Mr. Steven Myers, of the Naval Air Warfare Center, is
thanked for designing and fabricating the telemetry section, IMU signal conditioning,
and GPS translator power regulation board.

Mr. Alan Hart and Mr. Charles Ramsdell, of Yuma Proving Ground (YPG), Arizona,
are thanked for organizing the experimental site instrumentation and data collection
efforts. Mr. Frederick Peabody of YPG provided the radar data, and Mr. Dean
Weingarten of YPG provided the meteorological data.

iii



INTENTIONALLY LEFT BLANK

iv




Contents

8.
9.

Introduction ......... ...ttt e

GPS-IMU Instrumentation System .....................
21 IMUSection ..ottt
2.2 TelemefrySection .............. .. ...
23 GPSSection ..........iiiiiiiiiii i i
24 AntennaSection .............. ... ittt

Mechanical Packaging............... ... ... ... ...
3.1 Designand Analysis ............. ...
32 Integration ............. ...ttt

Calibration. . ...... ... ... ... . . i
Flight Demonstration Description......................

Relationship Between Earth- and Body-Fixed Coordinate
Systems . .......... . i e

Flight Demonstration Results .........................
7.1 AccelerometerData .............. .. . i
72 GPSData.......cuiiiiiiiii it
7.3 Accelerometer and GPS Comparisons to Radar Data . .......
7.4 MagnetometerData . ............... ... ... ... ...
7.5 RateSensorData......... e e et e e e e,
7.6 Rate Sensor and Magnetometer Comparisons to Solarsonde Data

Aerodynamic Coefficient Analysis .....................

ConclUSIONS . . - oottt e e e .

RS (3 4 = 1 (o] =3 J P

Appendices

A. Mechanical Drawings . ........ccciiiiiiiiinnenennn
B. Finite Element AnalyticalResults ......................
C. PRODAS 2000 Preliminary Aerodynamics Model .. .........
D. Experimental Data RequirementsList ...................

Distribution List . ... .. .. ... ..t e e

Report Documentation Page .............. e

Bk W NN

'8




Figures
1. MK®66 Rocket Motor With Instrumented Warhead Section . . . . . ..
2. Fully Assembled Instrumented Warhead Section and Its Contents . .
3. ARL-designedIMU . ........... .. ...t eenn.
4.  Alignment Calibration FixtureSetup . . . . . ...............
5.  Single-axis Helmholtz CoilSetup . . . . . . ................
6. ShockTableSetup............. ... ... ...
7.  Axial Accelerometer Output During Shock Evaluation . . .. ... ..
8.  FlightSimulatorSetup ......... ... ... ... ... ...,
9.  Warhead Orientation Within the M261 Launcher Before Firing . . . .
10.  Flight Demonstration Setup Showing the Read and Forward IR Cameras
11.  Select Video Images of ARL 1/YPG 15 During Launch . . . . .. ...
12.  Timing SynchronizationPlot. . . . ... ..................
13.  Body-fixed Coordinate System . . . . ... ................
14.  Earth-fixed CoordinateSystem . . . . . . .................
15.  Solar and Magnetic Aspect Angle Descriptions . .. ..........
16.  Axial Acceleration ............... ... ... . .
17. In-Bore Axial Acceleration (0t0 0.0735s) . ...............
18. Axial Acceleration (0Oto15s) . . . . . ... i it i .
19. RadialAcceleration . . ............... ...t
20.  Radial Acceleration (0t0158) . . . o« v v v it it et e e e e e e et
21. GPSPositionComponents. . .. ... .........oietu.n.
22. GPSVelocityComponents. . .. ......................
23.  VelocityComparison . . . . ... oottt it ittt
24. Velocity (0t00.07358). . . . . o it it i it i
25. Velocity Difference (Oto1.5s) ... ....................
26. Velocity Difference (1t025s). . .. .. ... ..o,
27.  Flight Path Distance Comparison. . . . . .. ...............
28. Flight Path Distance Difference (1t025s) . ...............
29.  Axially Oriented Magnetometer Data for ARL 1. ............
30.  Radially Oriented Magnetometer Data for ARL1 ............
31. Axially Oriented Magnetometer Data for ARL2. .. ..........
32.  Radially Oriented Magnetometer Data for ARL2 . . ..........
33.  Estimated Roll Rate Via MagnetometerData. . . .. ..........
34. MagneticAspectAngle . . . . ........ .. . L.,
35. PitchAngularRate ............... ... ... ... . ...,
36. YawAngularRate...................... ... .....
37. PitchRate (0to0.58). . .. o oottt ittt iie e
38. RollRateComparison . .. ... ... uueinmnnnneennnns
39. AspectAngleComparison. .. ...........otteenennon
40. AngularRate (18to22s) .......... ...,
41.  Pitch Rate Frequency Compared to Solar RollRate . .. ........
42.  Yaw Rate Frequency Compared to Solar RollRate. . . . ... .....

vi

O 000 W NN



Tables
1.

2.
3.
4.
5.
6.

Instrumented Rocket Physical Data
Calibration Experimental Plan . . .

....................

Accelerometer and Rate Sensor CalibrationData . ...........

Experimental Matrix . ........
Range Measurements . . .......

....................

....................

Accelerometer 0-g Bias and Offset Radius Flight Data . . . ... ...

vii

10
11
14
18



INTENTIONALLY LEFT BLANK

viii




FLIGHT DEMONSTRATION RESULTS OF AN
INERTIAL MEASUREMENT UNIT AND GLOBAL POSITIONING
SYSTEM TRANSLATOR TELEMETRY SYSTEM

1. Introduction

Obtaining in-flight information for munitions instrumented with “sun-sensing”
optical measurement devices and telemetry (TM) packages for the purposes of
obtaining aerodynamics, trajectory reconstruction, and/or diagnostic
information has been routinely performed by the U.S. Army Research Laboratory
(ARL) for many years. This has traditionally been accomplished in concert with
radar and video coverage measurement techniques. ARL has recently been
evaluating global positioning system (GPS) technology and inertial measurement
units (IMUs) configured from inexpensive miniature micro-electro-mechanical
systems (MEMS) as a natural replacement or extension of the radar data for
supporting operational experiments and evaluations of munitions. To evaluate
the concept, the authors demonstrated a GPS translator and a low-cost IMU that
had been combined with a telemetry system; these items were packaged into a
2.75-inch HYDRA'-70 rocket platform. The demonstration was funded by the
Program Director of the Hardened Subminiature Telemetry and Sensor System
Program (HSTSS) and was based partially on a study performed by Minor and
Rowe (1998) for the HSTSS program.

The objective of the HSTSS HYDRA-70 IMU-GPS-TM Program was to
demonstrate the capabilities of acquiring and telemetering the “real time” GPS
position and velocity measurements along with the flight dynamics from the
IMU from launch through impact. The rocket’s conventional warhead section
was replaced with an inert instrumentation system and connected to a standard
MK66, mod 3 rocket motor (see Figure 1). The GPS and IMU data were
downlinked to a ground receiving station via an analog S-band transmitter. The
on-board IMU sensors included accelerometers for measuring the thrust axis and
lateral accelerations, angular rate sensors for measuring pitch and yaw rate, and
a dual axis magnetometer for roll rate and angular yawing motion. ARL's
patented solar likeness indicating transducers (SLIT) and associated solarsonde
processing (previously known as a yawsonde) provided a truth measurement for
the rate sensor and magnetometer data (Hepner, Hollis, & Mitchell 1998). Hawk
and Weibel tracking radars were also used to measure the rocket’s position and
velocity for comparison to the GPS-derived position and IMU-derived velocity
data. This report describes the instrumentation system’s design, its development,
its demonstration, and the flight demonstration results.

INot an acronym




Figure 1. MK66 Rocket Motor With Instrumented Warhead Section.

2. GPS-IMU Instrumentation System

Two warhead instrumentation systems were assembled from parts designed and
fabricated by the John Hopkins University Applied Physics Laboratory (APL),
ARL, and the Naval Air Warfare Center (NAWC). Figure 2 shows the
instrumented warhead system encased inside a custom-designed aluminum
housing. The contents of the instrumentation systems were an IMU section, a TM
section, a GPS section, and an antenna section (see Appendix A for detailed
drawings of the instrumentation system).

Figure 2. Fully Assembled Instrumented Warhead Section and Its Contents.

2,1 IMU Section

ARL had previously designed the three-axis IMU with low-cost commercial off-
the-shelf (COTS) parts during the Advanced Missile Instrumentation Program
(AMIP) for the Department of Defense program office for Advanced Threat
Infrared Countermeasures, as reported by Condon (1999). Davis, Brown,
Condon, Hepner, and Myers (1999) further described the IMU development,
calibration, and flight results. For AMIP, it was requested that a warhead
replacement telemetry kit be designed, built, and flight tested. This was
accomplished during a joint effort among NAWC (China Lake, California),
Redstone Technical Test Center (Redstone Arsenal, Alabama), and ARL. The




accelerometers measured both the radial and axial body-fixed accelerations.
Magnetometers measured the aspect angle and roll rate relative to the earth’s
magnetic field. Measurements of the projectile’s aspect angle and roll rate with
respect to the solar vector, which were made with an optical sensor system
(solarsonde), were used as truth metrics for the other body-fixed sensor systems.

The following COTS MEMS accelerometers, magnetometers, and rate sensors
were selected for the IMU sensor suite: Analog Devices ADXL190 (one axis, axial
acceleration [termed launch accelerometer], +100-g range), Analog Devices
ADXL150 (one axis, axial acceleration [termed longitudinal accelerometer], 150-g
range), Analog Devices ADXL250 (two axes, radial accelerations [termed vertical
and horizontal accelerometers], +50-g range), Honeywell HMC1002 (two axes,
roll/attitude axes [termed axial and radial magnetometers], +2 gauss- (G) range),
and Applied Technology Associates angular rate sensor model number 4 (ARS-
04) (pitch/yaw axes, +300°/s range). These sensors have proved to be extremely
rugged during high-g survivability experimentation performed by Davis, Brown,
Myers, and Hollis (1998) and by Brown and Davis (1999). A thermistor was also
included to allow for temperature compensation of the data during the post-
processing. The thermistor was embedded within the IMU section and provided
temperature to an accuracy of 1° C. A stand-alone signal-conditioning board was
used to control the gains, offsets, and low-pass filtering. ARL engineers
forwarded the sensitivity and bandwidth specifications to NAWC engineers who
designed the circuit wiring diagrams. Gains were controlled so that the full-scale
range of each sensor was spread over a 5-V output range. The sensor output at
rest was set to the center of the full-scale range—a nominal 2.5 V.

/ ADXL150I190 AX|aI Accelerometers

e

2-Axis HMC1002
Magnetometer =

fpiant 2‘- ATA Rate
L T e Sensors
,,a ADXL250 Radlal Accelerometers

Figure 3. ARL-designed IMU.

2.2 Telemetry Section

This section was designed by NAWC during AMIP. Components of the
telemetry system included an S-band transmitter with a frequency of 2213.5 MHz
1500 kHz deviation at 700 mW and 2279.91 MHz +10 Mhz at 100 mW. A custom-




Ultralife Batteries, powered the entire system. Burke et al. (2000) described the
battery development. Power distribution electronics, encoder electronics, and
IMU signal-conditioning electronics were designed within three individual
printed wiring boards (PWBs) and were assembled between the battery
mounting plate and transmitter mounting plate.

2.3 GPS Section

The GPS section was designed and fabricated by APL. It consisted primarily of a
custom GPS translator, a COTS GPS antenna pre-amplifier, and a COTS S-band
summer. Support electronics included a radio frequency (RF) filter, a COTS
power amplifier, and a COTS isolator. APL and NAWC together designed the
power regulation PWB within this GPS section. The translator converts the L-
band signal from a GPS antenna to an intermediate frequency where it is filtered
and combined with a pilot carrier. The composite signal is then converted to S-
band and is transmitted to ground.

2.4 Antenna Section

The conical, wrap-around antenna was mounted within the nose of the warhead
and shielded by an RF transparent, glass fiber-reinforced plastic radome. A
linearly polarized L1/S (receiving/transmitting) dual band antenna from Ball
Aerospace was used to obtain the IMU-GPS telemetry data. A rendering of this
subassembly is shown in Appendix A, Figure A-3.

3. Mechanical Packaging

3.1 Design and Analysis

ARL’s effort entailed mechanically mating the previously developed AMIP
telemetry and IMU sections with the GPS section and antenna components. The
design intent was to (1) provide modularity of section subassemblies; (2) provide
ease of section assembly and disassembly; (3) maintain simple GPS section
component layout, mounting, and space efficiency; and (4) provide attachment
means to the warhead’s main housing and antenna adapter forward bulkhead
(AAFB) parts. The assembly drawings detailing the warhead’s main housing,
AAFB, and internal components are presented in Appendix A.

The GPS section’s mounting plate part was designed as a “T” section aluminum
6061 alloy plate whose leg thickness provided allowance for stainless steel
machine screw hardware with thread sizes of 4-40 and 18-8 used in its assembly
and its attachment to the housing. Its two-piece design provided cost reduction
in comparison to a one-piece configuration. The strength of this mounting plate
was secondary because of the relatively low operational loads. Aluminum was




the material of choice for this part because of its good heat conduction and
adequate strength properties. Design stress calculations for screw hardware were
made to ensure their structural integrity under operational loadings of launch
setback and rocket motor-induced axial acceleration and spin. Inertia-induced
shear loadings were statically applied to the screws that connected the mounting
plate with the TM section to the housing. These shear loadings were also applied
to the screws that held the GPS section components to this mounting plate.

The AAFB part provided a mounting for the antenna and attachment to the
housing. It also provided for mounting of the four SLIT sensors, a pull-away
external power change-over connector, and the antenna radome (see
Appendix A, Figure A-3). The power change-over feature provided for system
power before launch and for subsequent switching to internal battery power
upon connector detachment during launch. Design stress calculations for the 4-
40, 18-8 stainless steel housing attachment screws were made to ensure structural
integrity under operational loadings of launch setback and rocket motor-induced
torque.

The aluminum 6061 alloy housing was designed to extend the AAFB and its
attached antenna and solarsonde sensors past the end of the metal rocket launch
tube to facilitate GPS signal acquisition before launch. Computer-aided
engineering (CAE)-based structural stress finite element analysis (FEA) was
conducted on the housing to ensure its integrity under operational loadings. FEA
results of this analysis are shown in Appendix B. The analysis was configured
with statically applied loadings, linear material properties, and a two-
dimensional, axis-symmetrical modeling scheme. The housing’s design required
an outer diameter of 2.75 inches and an inner diameter of 2.5 inches to allow
“pass-through” clearance for the existing TM and IMU sections. The 0.125-inch
wall thickness within the instrumentation section of the housing (2.5-in. diameter
by 17-in. long bore) provided adequate strength and allowed for an acceptable
machining with the use of in-house lathe tooling.

Aeroballistic properties of this custom warhead were not matched to the existing
fielded M151 training warhead or M257 illuminating tactical warhead. However,
flight stability was verified during the design with an interior ballistic and
trajectory simulation software tool entitled “projectile design and analysis
system” version 2000 (PRODAS 2000) (see Appendix C). CAE/computer-aided
drafting and design (CADD) software was used to mechanically package the
warhead, provide interference checking, and to provide shop fabrication
drawings. The CAE/CADD tool was also used to generate warhead physical
properties including weight, longitudinal (axial) center of gravity (c.g.) estimates,
and axial and transverse moments of inertia (Ix, ly) input data for preliminary
PRODAS simulations. Lateral (radial) c.g. offset from the housing’s geometric
centerline was minimized by designing a steel counterweight that attached to the
interior of the housing, following insertion of the IMU-GPS-TM subassembly.




3.2 Integration

Following mechanical part fabrication, two instrumentation systems were
assembled, functionally tested, and environmentally tested at APL. Physical
properties of the assembled warhead systems were measured at the Transonic
Range Facility, Aberdeen Proving Ground, Maryland. The physical properties
from a typical MK66, mod3 rocket motor were measured separately. The
instrumentation system and rocket motor physical properties were then
mathematically combined. This was done because of constraints on the
equipment and ease of measurement. Table 1 shows the estimated physical data
of each instrumentation system before rocket ignition and after rocket burnout.
Warhead physical properties of weight, c.g., Ix, and ly, as calculated by the
CAE/CADD tool and used in the PRODAS 2000 simulations, were as follow:
8.63 Ib (3.79 kg), 14.17 in. (0.36 m), 10.94 Ib-in? (3.2E-03 kg-m?), and 577.53 Ib-in?

(1.69E-01 kg-m?2), respectively.

Table 1. Instrumented Rocket Physical Data
(English and metric units)

ARL1 ARL2
Before After Before After
Units Ignition Burnout Ignition Burnout

Weight pound 22.20 14.98 22.11 14.89
c.g. in. from base 32.27 37.35 32.39 37.56
Ix Ib-in? 25.46 18.96 25.33 18.83
ly Ib-in? 9005.0 7619.4 8960.4 7615.6
diameter in. 2.75 2.75 2.75 275
length in. 71.18 71.18 71.18 7118
calibers cal 25.88 25.88 25.88 25.88
Weight kilograms 10.07 6.79 10.03 6.75
c.g. m from base 0.820 0.949 0.823 0.954
Ix kg-m? 7.450E-03 5.549E-03 7.412E-03 5.511E-03
ly kg-m?2 2.635 2.229 2,622 2.228
diameter m’ 0.070 0.070 0.070 0.070
length m 1.808 1.808 1.808 1.808
calibers cal 25.88 25.88 25.88 25.88

4, Calibration

A series of calibration experiments was required to adequately characterize the
on-board IMU sensor suite. The experiments included the determination of scale
factor (SF), zero-rate bias, cross-axis sensitivity, misalignment, radial offset, and




noise. All these experiments were performed at ambient temperature conditions
with various apparati at ARL. The detailed calibration experimental plan is
shown in Table 2. Algorithms developed by ARL provided the capability to
archive the pulse code modulation (PCM)-transmitted IMU data into a portable
data acquisition system and to separate the individual signals. An Inter-Range
Instrumentation Group (IRIG) receiver card and other hardware were required
to synchronize the sensor output. The binary archived data were then translated
into decimal units by data acquisition software for quick turn-around time
display and engineering unit conversion.

Table 2. Calibration Experimental Plan

Sensor
Being Calibration Experimental Output
Studied Part No. Apparati Description Variable
Accelerometer ADXL150  Flight simulator 30 - 0 Hz roll down Spin bias for all 3 accel
ADXL190 mounted straight up
ADXL250  Level table 50-g slam mounted up SF ADXL190,ADXL150
(0g and +1-g Point down (up data SF ADXL190,ADXL150
calibration) are in Exp A) & 0-g bias ADXL250
Roll 360 degrees SF ADXL250 &
mounted sideways 0-g bias ADXL190,
ADXL150
Magnetometer HMC1002 Helmholtz coil ~ Field = 0 to 0.5 gauss SF and 0-field bias
Helmholtz coil  Simulated roll rate = 0O-field bias
15,30, 45 Hz
Rate sensor ARS-04R Input rate (deg/s)/spin rate (Hz)/
type of motion
Flight simulator 30/10/coning+overturning  SF
30/20/coningtoverturning ~ SF
30/30/0spin dwn/con+overt SF
60/10/coning+overturning  SF
60/20/coning+overturning ~ SF
60/30/0spin dwn/contovert SF
60/15/coning+overturning ~ SF
60/30/coningtoverturning  SF
120/15/coning+overturning  SF
Optical sensor ~ SLIT Optical bench 360 degress in roll Aspect angle look-up
angle table
* 90 degrees in aspect
angle

The first experiment was to calibrate the accelerometers for scale factor,
misalignment, and bias. The instrumentation system was placed in a precisely
fabricated alignment fixture and subjected to a +1-g calibration. This is the
simplest method used to calibrate the accelerometers but may not be the most
accurate. The radial accelerometers were calibrated first. To do this, the warhead




instrumentation system was held in place by bolts at index points marked on its
aluminum housing (see Figure 4) and then rotated in 90-degree increments. The
axial accelerometers were +1-g calibrated by placing the instrumentation system
on a level table, making a measurement, and repeating after a 180-degree pitch
rotation.

Next, the roll and yaw magnetometers were calibrated in a single-axis Helmholtz
coil. The coil was attached to a power supply generator that allowed the
magnetic field strength at Yuma Proving Ground (YPG), Arizona, to be
simulated. Calibrations were performed over a range of field intensity (0.4 to
0.6 gauss [G]) and frequency (0 to 45 Hz) to cover all possible flight scenarios.
The alignment fixture was used to orient the roll magnetometer as seen in Figure
5. The IMU within the housing was placed in the center of a single-axis
Helmbholtz coil to ensure field uniformity. The housings were positioned so that
the HM1002 sensor was oriented at its maximum sensitivity to the field. To
calibrate the yaw magnetometer, the instrumentation system was placed
vertically through the coil. HM1002 output was viewed on a spectrum analyzer
to determine maximum amplitude and phase information. Bias, scale factor, and
cross-axis sensitivity errors were determined from the measurements.

Figure 4. Alignment Calibration Fixture  Figure 5. Single-axis Helmholtz Coil
Setup. Setup.

The instrumentation system was then shock evaluated to 28 g’s to verify its
survivability during shock and to measure the scale factor of the accelerometers
by an alternate method. Figure 6 shows the warhead instrumentation system
attached to ARL’s IMPAC66 high velocity and acceleration (HVA) shock
evaluation machine by a specially designed mounting fixture just before
shocking. This machine uses high-pressure gas to raise or lower a drop table on
command. Once the table is at the desired height, an elastic cord normally assists
in pulling the drop table toward an anvil that is covered with mitigation material
for high-g shock simulations. For this set of experiments, the cord was detached,
and a piston-like dampening device was installed to create a low-g simulation.
Deceleration was measured by a reference accelerometer mounted directly to the
drop table. An analog-to-digital (A/D) system comprised of National
Instruments hardware and Labview software was used to record the data.
Figure 7 shows an example of the response from both axial accelerometers
(ADXL190 and 150) as compared to the reference accelerometer. The scale factor




by this method was 10% lower than that obtained from the +1-g approach. This
was because the reference accelerometer, placed directly on the mounting, saw a
larger shock than the IMU axial accelerometers did because the shock was
mitigated, or its sensitivity was out of calibration. The latter was most likely the
case since the scale factor from the +1g-calibration was used for the flight
experimental data, and it more closely matched the radar-derived velocity data.

GPS/IMU 2.75-Inch Shock Table Test #1

TEST: MTS IMPACG6 Shock Table LOC:APG, MD DATE:05/23/00
O o e e e e
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Figure 6. Shock Table Figure 7. Axial Accelerometer Output During
Setup. Shock Evaluation.

Finally, the instrumentation system was attached to ARL’s 3-degree-of-freedom
rate table, flight simulator, manufactured by Carco Electronics. The
instrumentation system was mounted to the specially designed fixture, which in
turn was mounted to the flight simulator’s top bearing, as seen in Figure 8. The
fixture contained a specially designed rechargeable battery to power the system
externally, eliminating the need to power the unit via a “slip ring.” The flight
simulator’s inner, outer, and roll axes were controlled remotely by a personal
computer. Position data from optical encoders were read and compared to input
data until the differences between the commanded positions and read positions
were within the desired limit.

The flight simulator was programmed to follow various motions used in
calibrating the angular rate sensors and accelerometers. A typical motion used in
the calibration was a coning motion with a prescribed overturning during
rotation. Using the temporal history of the measured flight simulator positions,
we calculated an angular rate history and used it as the reference. The angular
rate sensor data were compared to this reference. Since the motion was roll
modulated, both rate sensors could be calibrated at once. In this manner, scale
factors and biases were obtained. The coning motion and spin rate were varied
independently in an attempt to decouple the sensitivities and misalignment.



Although the roll rate had some effect on the calibration, only a linear scale factor
and bias were used, as determined from the varying amplitude of the coning
motion. For the last experiment, the flight simulator was spun to 30 Hz so that
the radial accelerometer’s offset radius relative to the roll axis could be
estimated. A positive or negative sign of the offset radius indicated an inward or
outward direction of the accelerometer’s sensitive axis. The accelerometer and

angular rate sensor calibration data are summarized in Table 3.

Figure 8. Flight Simulator Setup.

Table 3. Accelerometer and Rate Sensor Calibration Data

Measurement Method
Flight CAD

Nomen- Alignment Fixture Simulator Simulation Shock
clature Noise Misalignment Offset Offset Table
(accelero- Orien- 0Ogbias SF SD X Y V4 Radius Fromc.g. SF
meter) tation  (bits) (bits/g) (bits) (deg) (deg) (deg) (mm) (m) (bits/ g)
Launch  Axial 443.69 1721 1.02 025 044 0.19 0.1483 15.82
(ADXL 190)

Longitudinal Axial 41.22 33.95 1.08 -1.98 -1.53 0.00 0.1483 30.69
(ADXIL150)

Horizontal Radial 107.90 31.98 0.95 029 -028 1.23 0.1385

(ADXL 250x)

Vertical Radial 150.16 32.60 0.96 -4.82 0.42 -2.15 0.1385
(ADXL250y)

(Rate sensor) (bits/deg/s)

Pitch rate Pitch 0.04

(ATA ARS-4)

Yaw rate  Yaw 0.09

(ATA ARS-4)
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5. Flight Demonstration Description

The flight demonstration was conducted between September 13 and 14, 2000, at
Rocket Alley, YPG (see Table 4). A total of seven rounds (three warmer rounds,
two instrumented rounds, and two mock-up rounds) was fired over the 2-day
period. The warmer rounds were configured with M151 training warheads and
were fired to verify that the tracking radar and time zero instrumentation were
fully operational. The mock-up rounds contained no electronics but physically
simulated the instrumented warheads enough to be an aero-ballistic match. The
mock-up rounds provided qualitative verification of flight characteristics and
aided in the spotting of instrumented rounds for their subsequent recovery.

Table 4. Experimental Matrix

YPG ARL/APL Local
Round  Round Firing Time
No. No. Date (hrrmin:s)  Projectile Configuration
11 Mock-up 13-Sep-00  17:11:30  MKé6, mod3 with mock-up warhead
14 2 13-Sep-00 17:52:54  MK66, mod3 with instrumented warhead
12 Mock-up 14-Sep-00  16:06:53  MK66, mod3 with mock-up warhead
15 1 14-Sep-00  16:36:07  MK66, mod3 with instrumented warhead

A TM van, instrumented with a TM receiving station and data acquisition
system, served as the ground station. ARL, NAWC, and APL engineers operated
it. The IMU data were acquired with the PCM “lunchbox” computer from
Dewetron. Other instrumentation included a Hawk tracking radar, Weibel
tracking radar, GPS receiving antenna, meteorological (MET) station, and video
coverage. Instrumentation warheads were temperature conditioned to ambient
conditions before launch. Just before firing, ARL engineers performed final
environmental static calibration of the on-board IMU sensors.

A 19-tube M261 launcher was used to fire the rockets (see Figure 9). The
launcher’s quadrant elevation was inclined 15 degrees from horizontal, and its
azimuth was 340 degrees clockwise from true north. The warhead
instrumentation system extended from the launcher so that the GPS and IMU
data could be recorded in real time through the telemetry system before firing
and throughout the warhead’s flight. The absolute time zero and launcher exit
time were determined from two infrared (IR) detectors. One IR detector was
placed behind the launcher to sense rocket ignition and trigger the radars. The
other was placed in front of the launcher to sense when the rocket exited the
launcher (see Figure 10).
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Figure 9. Warhead Orientation Within the M261 Launcher Before Firing.

Figure 10. Flight Demonstration Setup Showing the Rear and Forward IR Cameras.

Figure 11 shows select video images of instrumented rocket ARL 1/YPG 15
leaving the launch tube with a clear visual indication of launcher exit. The traces
from the IR detectors were plotted along with IRIG time and telemetry automatic
gain control (AGC) (a measure of the receiver’s signal strength) to synchronize
all the data (see Figure 12). Table 5 shows some of the resulting experimental
measurements obtained from the IR detectors and radars. When the IRIG time
from the rear IR detector was used as the absolute time, there was a 6.94-ms
discrepancy between when the ignition of the rocket was first observed by the
rear IR and when the longitudinal accelerometer and other IMU sensors
experienced first motion. To synchronize the data, the IMU data were shifted by
6.94 ms so that first motion and absolute time zero happened simultaneously.
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The authors could not determine exactly why this discrepancy existed, but it is
possible the independent telemetry station and range IRIG cards were not fully
synchronized.
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Figure 12. Timing Synchronization Plot.
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Table 5. Experimental Measurements

IRIG Launcher = Motor Tiime
Time at Timeinthe  Exit Burn Max of
ARL/APL Ignition Launcher  Velocity Time  Velocity Flight Distance
No. (day:hr:min:s) (s) (m/s) (s) (m/s) (s) (m)

1 258:16:36:08.3670  0.0735 44.05 1.03 76410 2223 6921.7
2 257:17:52:54.0590  0.0729  42.79 1.03 76854  20.25 6603.7

The data from ARL 1 were superior to those from ARL 2 because a portion of the
telemetered data from ARL 2 was missing. Therefore, the data from ARL 1 were
fully reduced. With known initial gun conditions (including the gun’s location,
azimuth, and elevation), the sensor biases and scale factors were applied to the
sensor data to convert them into engineering units. Additional spin
compensation was performed on the data to correct for biases. Each sensor’s data
set and reduction process are described in the next section.

6. Relationship Between Earth- and Body-Fixed Coordinate
Systems

Since many projectiles rotate while in flight, it is convenient to describe a
coordinate system that is fixed to the body. Figure 13 diagrams a body-fixed
coordinate system as tied to the IMU. The body-fixed principal axes are
described by I, ], and K. P, q, and r are defined as the angular velocities of the j-k
axes about the i axis, the k-i axes about the j axis, and the i-j axes about the k axis,
respectively. The magnetometer was oriented 18.6 degrees from the -k axis at a
radius of 1 inch. The accelerometers were located as close to the roll axis as
possible. The rate sensors were located on the -j and k axes. The IMU's location
relative to the instrumentation system’s exterior was determined by a reference
mark 54 degrees from the j axis.

The body-fixed coordinate system, as described before, can be related to an
earth-fixed Cartesian coordinate system, such as the east-north-up (ENU)
navigation system (see Figure 14). The variables psi (y), theta (0), and phi (¢) are
used to fully denote the three angular variables required to orient the body’s
principal axis of rotation and rotation angle within the ENU coordinate system.

Sigma solar (os) and sigma magnetic (ov) are defined as the included angles
between the body’s axis of rotation and the solar and magnetic field vectors
whose orientations within the earth-fixed system are known (see Figure 15). The
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data reduction techniques to produce the solar and magnetic aspect angles are
described in a later section. With knowledge of these measurement angles,

Harkms, Davis, a
vector (P ) can be

nd Hepner (2001) have shown that the projectile’s pointing
determined with relative certainty. It is also important to note

that the axis of rotation of a spinning projectile is not always collinear with its

velocity vector. In
and from deriva

this case, an orientation estimate obtained from a time history
tives of location variables does not provide an accurate

determination of the pointing vector.
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Figure 14. Earth-fixed Coordinate System.
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Figure 15. Solar and Magnetic Aspect Angle Descriptions.

7. Flight Demonstration Results

7.1 Accelerometer Data

The sensed accelerations from the axially and radially aligned body-fixed
accelerometers on board the rocket can be modeled by Equation 1. Theoretically,
the body-fixed accelerometers would be measuring the three components of non-
gravitational acceleration (i, j, k) at a point relative to the rocket’s c.g. (Ai, 4j, Ak),
as seen in Equation 2 (Harkins 1994). For this experiment, the location of the on-
board accelerometers was forward of the rocket’s c.g. and had some degree of
misalignment and misplacement with respect to the principal body axes because
of fabrication tolerance limitations and inherent sensor errors.

ﬁia =Ba+Gaﬁi

—

Hj =By+GaH,

J
(1)

Flka =Ba+GaHk
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Hj=ug - A%:cg +q(wy ~ Nécg)—"("o —Afcg) - gsind + Ai(-g* —r?) +

Aj(pq —r)+ Ak(pr +q)

I:Ij =V —Ajcg + r(ug —Al:cg)—p(wo —A/écg) + gcosfsing + Ai(pg + F) +

. 2 2 N
Aj(-p© —r°)+ Ak(qr -
” V(-p )+ Ak(gr — p) @)
Hy =y — Nkgg + p(vg = Nigg) — qlug — Digg) + g cosOcosg + Ai(pr —§) +
Ai(gr + p) + Ak(=p? - %)
in which

H; P H a’ Hy , are the accelerometer’s output,

B, is the accelerometer’s zero-g bias offset,

G, is the accelerometer’s gain,

H;,H j, Hy are the sensed acceleration components at a point,

p and p are the angular velocity and acceleration of the j-k axes about the i axis,

q and g are the angular velocity and acceleration of the i-k axes about the j axis,
rand s are the angular velocity and acceleration of the i-j axes about the k axis,

V0, W04 and V0sW0-%0 are the respective components of translational
velocity and acceleration of the pre-launch c.g., and

Al:cg,Ajcg,Alécg and A;‘cgaAjcg9Aic‘cg are the velocity and acceleration of the c.g.
attributable to a change in location within the projectile as fuel is consumed
during rocket thrust.

The raw accelerometer data were converted to engineering units via the scale
factor obtained in the laboratory calibration and the zero-g bias measured at the
gun site (see Figure 16). The accelerometer biases were verified by the initial
conditions while the rocket was in the launcher via the launcher’s known
quadrant elevation and roll orientation information before launch (see Table 6).
The estimated roll rate from the solarsonde reduction was then used to remove
the bias attributable to the cross-axis sensitivity of the angular acceleration. This
bias is a result of the accelerometer having a slight radial offset from the spin axis
and sensing a small percentage of the centrifugal acceleration created during
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spin. The ADXL150 “longitudinal” data were clipped when the launch
acceleration exceeded approximately 60 g's, so its data for the first second of
flight were not valid. A -40-g acceleration load was measured by the launch
accelerometer, as seen in Figure 17. It was caused by the detent restraining the
rocket’s forward motion. Acceleration variation of +15 g's around nominally
measured acceleration can also be seen. The authors are not sure what this
represents, but it does not seem to correspond to cross-axis sensitivity to
balloting loads or yaw. The accelerometer’s performance was severely degraded
between 0.5 and 1 second of flight, as seen during an expanded view of the first
1.5 seconds (see Figure 18). The exact cause was not known, but a vibration may
have been caused by the rocket motor stuttering because of depleted fuel or by
the wrap-around fins that induce a torque opposite the motor nozzle cant. This
induced vibration might be occurring at the resonance frequency of the
accelerometer, thus causing the poor measurement in this region.
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Figure 16. Axial Acceleration.

Table 6. Accelerometer 0-g Bias and Offset Radius Flight Data

In Launcher In Flight
Nomenclature Og bias Offset Radius
(accelerometer) (bits) (mm)
Launch (ADXL190) 463.15 0.19
Long (ADXL150) -92.27 0
Horizontal (ADXL250x) -37.74 0.79
Vertical (ADXL250y) 29.44 -1.48
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Figure 17. In-Bore Axial Acceleration (0 to 0.0735 s).
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Figure 18. Axial Acceleration (0 to 1.5 s).

Acceleration (g's)

The radial “horizontal” and “vertical” accelerometers were also converted to
engineering units. Through analysis, it was verified that the accelerometer’s
radial offsets from the projectiles axis of rotation, as determined in the
laboratory, were slightly different from those actually seen in flight. This was
probably because of the projectile’s geometrical c.g. andthe actual mass center
c.g. being slightly different. This would cause the rotational axis of the projectiles
to be slightly different in flight. The new radial offsets are shown in Table 6. The
radial “horizontal” acceleration and a 1.5-second expanded view are shown in
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Figures 19 and 20. High frequency information was present in the radial
acceleration from 0.5 to 1 second as well. From 1 to 4 seconds, the radial
acceleration data shows a damped oscillating output of 5 g’'s peak amplitude
with a frequency near 20 Hz. The accelerometers are reacting to the projectile’s q
and r body rates while being modulated by a combination of the spin rate p plus
this yawing frequency. This interpretation is validated by the magnetometer and
angular rate sensor measurements discussed later in this section.
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Figure 19. Radial Acceleration.
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Figure 20. Radial Acceleration (0 to 1.5 s).
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7.2 GPS Data

The GPS data were reduced by APL. The GPS processing techniques are more
fully described in a separate report by Asher et al. (2000). In summary, a
preliminary non-coherent differential GPS solution was constructed with the
extracted L1 carrier frequency coarse/acquisition (L1 C/A) code experimental
data. The data were sampled at 40 Hz and were then processed via a Kalman
filter smoother to produce an initial trajectory. The last smoothing step was non-
causal, meaning that the estimates of position, velocity, and acceleration are
optimized to fit all the data (past, present, and future) so that the position,
velocity, and acceleration estimates can and will actually anticipate data (e.g., the
GPS velocity may be nonzero; yet the rocket was at rest). It was estimated that
the initial trajectory position data had a 2-m 1-c accuracy. The data were reduced
in ENU and earth-centered earth-fixed coordinates. Figures 21 and 22 show the
position and velocity in ENU coordinates. The ENU position started from the
rocket’s initial location at YPG (3993.23 m north, 645.377 m east, -50.21 m up)
relative to an origin that was located at the phase center of the reference antenna.
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Figure 21. GPS Position Components.
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Figure 22. GPS Velocity Components.

7.3 Accelerometer and GPS Comparisons to Radar Data

Since an accelerometer in free fall cannot sense gravity, a gravity term equal to
g(sin 8) was added to the accelerometer’s measurement before it was integrated.
Theta is derived from the radar data but could also be determined by the
magnetometer and solarsonde measurements. The integrated axially aligned
ADXL190 accelerometer data, along with the GPS velocity data, were then
compared to the radar (see Figure 23). The Hawk radar data and Weibel radar
data were nearly identical, so only the Weibel was used as the truth
measurement for comparisons. The accelerometer data from the first
0.0735 second were integrated to obtain an estimated launcher exit velocity of
47 m/s (see Figure 24). The accelerometer-derived velocity differed by 3 m/s
from the launcher exit velocity, as measured by the radar.

The accelerometer-derived velocity differed by as much as 28 m/s from the
radar-derived velocity during the 1-second boost phase (see Figure 25). This
difference was a direct result of the corrupted data causing vibration-induced
error, which occurred between 0.5 and 1 second. Once the accelerometer’s
integrated velocity was reinitialized at the 1-second mark, it differed by about
5 m/s throughout most of the flight until the last 7 seconds when it differed by as
much as 17 m/s (see Figure 26). The GPS data differed from the radar data by as
much as 20 m/s. This difference was mainly at the rocket’s acceleration transition
from thrust to drag. After discussion with APL, it was determined that this was a
direct result of the way the GPS data were processed. The Kalman smoother
acted like a filter, and the sharp velocity slope change at rocket burnout was

rounded.
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Figure 23. Velocity Comparison.
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Figure 24. Velocity (0 to 0.0735 s).
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Figure 25. Velocity Difference (0 to 1.5 s).
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Figure 26. Velocity Difference (2 to 20 s).

Next, the axially aligned accelerometer data were integrated twice to obtain the
distance traveled along the flight path. The flight path distance from all the data
sources is shown in Figure 27. The Weibel radar position data and GPS position
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data agreed to within 10 m throughout the entire flight. However, there was a

115-m distance

difference by flight's end between the doubly integrated

accelerometer data and the Weibel radar position data (see Figure 28).
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7.4 Magnetometer Data

The magnetometer’s output while on board a rotating freely flying body can be
expressed in a conveniently defined coordinate system by Equation 3:

Om =(Gm) I M|[cos(hyy) cos(ong) +sin (A ) sin(opg) sin(gy )]+ By (3)
in which

OM = magnetometer output,

Gy = the magnetometer’s gain,

| M| = the ambient magnetic field strength,

Ay = the angle between the magnetometer’s sense axis and the spin axis,
¢v = the roll orientation of the projectile, and

B, = the no-field bias offset.

The axially and radially oriented magnetometer raw data from ARL 1 are plotted
in Figures 29 and 30. The axially oriented magnetometer data, after having their
bias offset and scale factor applied, should have been a direct measure of the
angle to the magnetic field. Unfortunately, the magnetometer data were
attenuated, and a large cross-axis sensitivity was evident in the data. It was
determined that this was attributable to the intrinsic nature of the permalloy thin
film sensing material used in the magnetometer device. The device has
indigenous “on-chip” magnetically coupled straps (set/reset and offset) to
ensure repeatability of the bias offset, scale factor, and alignment. Unfortunately,
the set/reset and offset straps were not used in this experiment. For comparison,
the axially and radially oriented magnetometer raw data from ARL 2 are plotted
in Figures 31 and 32. This magnetometer worked as intended.

The radially oriented magnetometer from ARL 1 was not affected as much as the
axial magnetometer but still had problems associated with its scale factor and
bias changing since the laboratory calibration. The radially oriented flight data
could still be processed to determine the amplitude and frequency of the
magnetometer data. The resulting frequency measurement represents ¢y, that
is, the roll rate with respect to the earth’s magnetic field. This is related to the
actual roll rate by the following equation:

dn = p + rtan(90-cy 1) )

du is exactly equal to p when there is no yawing motion or when the projectile’s
instantaneous om angle is 90 degrees. For ARL 2, the axially oriented
magnetometer data were properly scaled and the bias shifted, based on initial
launch conditions to directly obtain om. For ARL 1, the amplitude envelope of the
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radially oriented magnetometer data was used to obtain om. Unfortunately, the
geometry of the experiment made the radially oriented magnetometer very
insensitive to aspect angle change, and the first 7 seconds were not considered
reliable. Since the scale factor and bias from ARL 1 were different from those
obtained in the laboratory, they were adjusted until the om overlaid that of
ARL 2. The processed estimated roll rate and magnetic aspect angle from both
ARL 1 and 2 are plotted in Figures 33 and 34.
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Figure 29. Axially Oriented Magnetometer Data for ARL 1.
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Figure 30. Radially Oriented Magnetometer Data for ARL 1.
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Figure 31. Axially Oriented Magnetometer Data for ARL 2.
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Figure 33. Estimated Roll Rate Via Magnetometer Data.
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7.5 Rate Sensor Data

The angular rate sensors used were of a magneto-hydro-dynamic (MHD) type.
When these sensors were fixed to a maneuvering rocket, the angular rotation of
the sensor’s magnetic case results in relative velocity to an annulus of conductive
fluid. Motion in the field produces voltage across the conductor proportional to
the relative velocity, according to Faraday’s Law. Therefore, a relative motion of
the fluid with respect to the rocket causes a proportional output. Conversely, if
there is no relative motion, there is no output.

The pitch and yaw rate MHD sensors experienced small bias shifts before launch.
The pitch and yaw rate data were corrected for bias offsets of -8.23 deg/s and -
16.45 deg/s, respectively, as seen in the flight data before launch. These biases
were most likely associated with the electronic conditioning of the output signal
or a telemetry problem and were not an artifact of the sensor. The angular rate
data after bias correction are shown in Figures 35 and 36. The output from the
yaw rate sensor is different than that of the pitch rate sensor. The polarity of the
output between the two sensors is opposite. There seems to be a bias error that
tracks with the roll rate in both sensors but it is much more noticeable in the yaw

rate sensor.
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Figure 35. Pitch Angular Rate.

30




Test: GPS IMU Unit 1 Date:09-14-2000  Site;: YPG

40
20 PO T v
2 oAt
]
E 4
B
20+
>
40+
-60 B
0 5 10 15 20 25

Time (s)

Figure 36. Yaw Angular Rate.

The angular rate sensors were able to provide the angular rates of the rocket for
the launch portion of the experiment. Figure 37 depicts a representative history
of the angular pitch rate before, during, and after launcher exit. As mentioned
earlier, time zero is with respect to rocket ignition at t = 0.0 s. Notice that the
peak angular rate measured immediately after rocket ignition was -17 deg/s.
This was most likely caused by the release from its detent. The angular rate at
launcher exit was -8 deg/s.
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7.6 Rate Sensor and Magnetometer Comparisons to Solarsonde Data

The SLIT sensors were included in the flight demonstration as an independent
measure of the rocket’s angular data as well as to provide a truth measurement
for the rate sensor and magnetometer data. The solar sensors provided positive
and negative pulse train data from four optical sensors, which are related to the
projectile’s roll and yaw histories along the entire trajectory with respect to the
sun. These processed data produce solar roll rate (fs) and the solar aspect angle
(og) data with accuracies of 0.05 Hz and 0.10°, respectively. The og is similar to
the aforementioned magnetic heading angle described in Section 7.4 but is
measured with respect to the sun and is used as the truth measurement for this
experiment. For this experiment, four optical sensors were required to satisfy
basic sampling theory. The ¢y was compared to the ¢ in Figure 38. The
average difference was approximately 0.1 Hz, suggesting that the magnetometer
approach for roll rate estimation is a good technique and can be relied upon as a
replacement for solarsonde when the sun is not available. Comparisons of the
magnetic and solar aspect angles to their respective field were made in Figure 39.
The amplitude of the large angular deviation that was observed in the solarsonde
og data at 1 second was not considered to be real. This is because the solarsonde
processing requires a sufficient sampling rate. Since the roll rate was nearly zero
at that instant, the criterion for valid data was briefly violated. This is consistent
with the other data sources since the magnetometer and radial accelerometer did
not indicate a large angular deviation at 1 second. The peak-to-peak motion
about the centerline of both sigma data sets was consistent.
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Figure 38. Roll Rate Comparison.
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Figure 39. Aspect Angle Comparison.

Quantitatively, the output from the MHD-type angular rate sensors was
compromised at times because of problems that were encountered during the
experiment and because the sensor was ill suited to make accurate measurements
on this particular rocket platform because it was improperly selected by the
authors. Qualitatively, useful information was contained in the data. The
character of the data agrees with expectations for angular motions in free flight.
For instance, during the terminal portion of the flight when the rocket was in a
limit cycle, the pitch and yaw rate sensors produced amplitude-modulated
output, as displayed in Figure 40. Looking at the angular rate motion in
Figure 40, we see that the angular motion of the rocket was about 5.5 deg/s from
20 to 21 seconds. This rate is close to a rate of 5 deg/s, as derived from the solar
aspect angle data over the same time period. At a flight time of 2 seconds, the
pitch and yaw rate measurements are 17 deg/s and 12.5 deg/ss, respectively. This
corresponds to the derivative of the solar aspect angle data of roughly 12 deg/s
over the same time period, which suggests reasonable agreement. This angular
rate history is very close to what was anticipated during 6-degree-of-freedom
trajectory simulations. No comparison to trajectory simulation is presented here,
but simulations made for similar flight bodies compared well to actual rate
sensor data.

Next, a comparison of the frequency content was made between the post-
processed MHD and SLIT sensor measurements. Figures 41 and 42 show good
agreement between the average MHD pitch and yaw rate sensor frequency to the
solar roll rate frequency from 5 seconds through impact. When angular motion
was present, especially at the end of the rocket’s flight when it was in a limit
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cycle, the rate sensor frequency should have approximated the roll rate with an
oscillation superimposed on it that was a function of the angular rate and its
direction. As the motion of the rocket became more excited, the frequency as
measured by the rate sensor had even higher oscillation content. This oscillation
is a direct measure of the angular rate frequency.
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Figure 40. Angular Rate (18 to 22 s).
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Figure 42. Yaw Rate Frequency Compared to Solar Roll Rate.

8. Aerodynamic Coefficient Analysis

The techniques and equations used by Arrow Tech Associates (Arrow Tech) to
derive a projectile’s aerodynamic coefficients from its down-range velocity and
angular motion history were first documented by Whyte, Houghton, and
Hathaway (1973). Arrow Tech worked with ARL to turn this technique into the
PC Yawsonde program (1993). It uses the projectile’s velocity, position, and
antenna angular orientation data from the radar along with the solarsonde
angular motion data as input into the program. Brown, Brandon, Harkins, and
Hathaway (1997) used this technique to estimate the drag and moment
coefficients of a 2.75-inch rocket.

As part of this demonstration, Arrow Tech was contracted by ARL to determine
how well the aerodynamic coefficients of the instrumented 2.75-inch rockets
could be estimated with the GPS and IMU data. The new approach, called
telemetry, radar, yawsonde data, and analysis system (TRYDAS), as reported by
Hathaway et al. (2000), incorporates the additional data from the GPS and on-
board inertial sensors. ARL supplied Arrow Tech with the following data
necessary to do the analyses: projectile physical properties, experimental setup
information, meteorological data, radar velocity, radar position, sensor output
versus time, GPS velocity, and GPS position. It is important that a common time
reference of all data sources be obtained. In addition, a complete estimated
aerodynamic coefficient file was constructed with Arrow Tech’s PRODAS 2000
computer software code (see Appendix C). The coefficient table provided an
initial guess and alleviated the analytical complexities of modeling coefficients as
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Mach number. An estimated rocket thrust table was also supplied. The complete
set of data requirements for the aerodynamic reduction process is included in

Appendix D.

To verify the PRODAS model, a trajectory match to the ARL 1 flight data was
attempted. In order to exactly match the position and velocity data, the thrust
table values were multiplied by a form factor of 0.9, the drag coefficient values
were multiplied by a form factor of 1.1, and an initial pitch “tip-off” rate of -0.17
rad/s was required. In all, the PRODAS model provided a good start for Arrow

Tech to proceed.

9. Conclusions

ARL and APL have learned many lessons from these experiments. For instance,
the accuracy of the inertial sensor and GPS flight data, as compared to radar and
solarsonde truth data, was investigated and reported. Also, errors and
complexities associated with sensor location and alignment within the flight
vehicles, calibration, and time synchronization between the various
measurement sources were measured and are now better understood. IMU and
GPS data, combined with the solarsonde and radar data obtained from this
instrumented rocket demonstration, were the first such data set available to
determine aerodynamic force and moment coefficients by the TRYDAS
technique. Arrow Tech has been working with the flight data set and will be
reporting about the accuracy of using these additional data sources as input to
obtain aerodynamics, as compared to the PC yawsonde technique that uses just
radar and solarsonde data.

Although HSTSS did not continue to fund the GPS translator evaluations, APL is
planning to further analyze the data from this experiment, and it is trying to
incorporate the GPS translator into other imminent flight demonstrations.
Additional flight demonstrations with rockets and other types of munitions
instrumented with inertial sensors are also under way at ARL. The IMU designs
have been improved to include both MEMS accelerometers and MEMS rate
sensors. The signal conditioning and signal post processing of the magnetometer
measurements have been modified. Instead of amplitude-calibrated
magnetometer data, a patent pending method called MAGSONDE, as reported
by Hepner and Harkins (2001), can sometimes provide an accurate measurement
of the angular orientation of a spinning body with respect to the earth’s magnetic
field from unique processing of the phase information from a radially oriented
and a tilted pair of magnetometers.

The success of using low-cost COTS IMUs and GPS translators in projectiles for
reconstructing trajectories implies that these low-cost IMUs could be combined
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with GPS to provide tactical guidance via tightly coupled or deeply integrated
INS/GPS solutions. Draper Laboratory, under a Navy contract, is set to
demonstrate such a low cost guidance electronics unit concept, using a similar
set of IMU devices combined with a GPS receiver for extended range guided
munitions. Several other Army and Navy programs are looking into the use of
MEMS inertial sensors for tactical guidance.
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APPENDIX B

FINITE ELEMENT ANALYTICAL RESULTS
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APPENDIX C

PRODAS 2000 PRELIMINARY AERODYNAMICS MODEL
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Figure C-1. PRODAS 2000 Warhead Instrumentation System Model.
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APPENDIX D

EXPERIMENTAL DATA REQUIREMENTS LIST

59




60

INTENTIONALLY LEFT BLANK




EXPERIMENTAL DATA REQUIREMENTS LIST

The following is a complete list of measurements required for input into Arrow
Tech’s TRYDAS Program.

1. Projectile Physical Data

Reference Diameter, m
Projectile Weight, kg
Axial Inertia, kg-m?
Transverse Inertia, kg-m?

2. Test Setup, Weapon, and Firing Data

® O & ¢ ¢ ¢ ¢ ¢ o o o o

Test Site Location (Yuma PG, Dugway PG, Aberdeen PG, etc.)
Test Date and Time of Firing

Quadrant Elevation, Gunners mils

Azimuth of Fire, degrees from North (firing east is +90 degrees)
Gun Coordinates, xg, y;, zg, m (x-East y-North z-Up)

Radar Coordinates, x., yr, z,, m (x-East y-North z-Up)

Impact Altitude, zgr, m

First Max Yaw (estimate), degrees

Muzzle Velocity (estimate), m/s

Muzzle Exit Twist (Spinner), calibers/turn

or Muzzle Spin (Finner), radians/sec

Motor or Base Bleed On Time, s

Motor or Base Bleed Off Time, s

3. Met File Table (Gun Altitude to Apogee)

Altitude, m

Pressure, mbars

Temperature, deg-C

Wind Direction, degrees from North
Wind Speed, m/sec

4, Solarsonde File

Time, seconds
Spin Rate, cycles/sec
Sun Angle Compliment, degrees (90 - True Sigma; i.e. ARL)

5. Tracking Radar File

Time, seconds

Radial Velocity, m/s

Azimuth, deg

Elevation, deg

Signal-To-Noise Ratio, (leave blank if not available)
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6. The estimated coefficients as functions of Mach number (pr2 file)

Axial Force Coefficient

Yaw Axial Force Coefficient Derivative

Normal Force Coefficient Derivative

Pitching Moment Coefficient Derivative

Pitch Damping Moment Coefficient

Magnus Moment Coefficient Derivative at zero yaw

Cubic Magnus Moment Coefficient Derivative (required for Spinners)
Quintic Magnus Moment Coefficient Derivative (required for Spinners)
Roll Damping Moment Coefficient

Roll Moment Coefficient (required for Finners)

The analysis code also accepts a Rocket Thrust table as an optional user
input. The use of this table is suggested for tests involving the 155mm
M549, 155mm M982, HYDRA-70 rockets or other rocket assisted
projectiles.

7. IMU sensor data (accelerometers, magnetometers, and rate sensors)

Physical location of the sensors

Time, seconds
Acceleration, Magnetic Angle, Rate, etc. data in engineering units

8. GPS data
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Physical location of the antenna
Time, X, Y, Z, Vx, Vy, Vz data in engineering units
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