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In this paper, a novel transfer alignment algorithm iMEMS accelerometers (3 mg fixed bias) and three (200
presented which is capable of calibrating the -lowdeg/hr) RRS01 resonator rate sensors. The RRS01's are
performance MEMS gyros and accurately aligning th®EMS gyros developed as part of a joint venture between
MEMS IMU during a typical prdaunch transfer alignment Sumitomo Electronics and BAE SystemThe performance
sequence. This algorithm, referredas the MEMS IMU parameters for these gyros were given as follows: fixed drift
Calibration and Alignment (MICA) algorithm, is a of 200 deg/hr, bias #nun stability of between 5 and 10
straightforward modification of a conventional transfedeg/hr with a 6&ec correlation time, scafactor error of
alignment algorithm. In the conventional algorithm, &000 ppm, and random walk of 1 deg/rtot
Kalman filter processes either integrateglocity-match
measurements or velogimatch measurements while theThe SiIMU aquired by System Dynamics was a
aircraft executes a prescribed alignment trajectoiffhe developmental brassboard unit fabricated to demonstrate and
MICA algorithm augments the conventional procedure bgvaluate the performance of the MEMS sensors.
also processing a yaw attitudeatch measurement Consequently, no attempt was made by Condor Pacific to
miniaturize the packing; the sensors and associated
The MICA algorithm was successfully tested in Octobeelectroncs were mounted in a conventional housing with
2000 diring a series of A6 captivecarry flight tests dimensions of roughly 17 cm, 11.4 cm, and 21.5 cm in
conducted at Eglin AFB using a Honeywell/Drapetength, width, and height. Furthermore, an elaborate
brassboard MEMS IMU. The results of those tests, alongmperature compensation algorithm was not incorporated
with a thorough description of the MICA filter andwithin the SilMU's processor. Temperature gamsation
measurement equations, were published previousd§s(R  algorithms are commonly employed by inertial systems to
4). This paper presents the results of additional MICA testompute and remove temperatigensitive errors based on
performed using a second MEMS IMU acquired fronthe temperature measured either within or near the sensors.
Condor Pacific/BAE Systems These tests culminated in Condor Pacific indicated that future versions of the SilMU
December 2001 with the successful completion ef6F would not ony be miniaturized but also enhanced to include
captivecarry flight tests at gin AFB. a comprehensive temperature compensation algorithm. To
accommodate System Dynamic's flight tests, however,
The remainder of this paper is organized as follows. Secti@ondor Pacific indicated that the brassboard SilMU sensors
2 summarizes the MICA test equipment and provides a briebuld be temperature compensated usingt ashardcoded
description of the MICA filter design. Sections 3 and 4alues computed in the laboratory at a single prescribed
summarize the results of the laboratory and van testemperature. Since the SiIMU was initially intended to be
respectively. Captive carry flight test results are thenflight-tested at Eglin AFB in the summer of 2001, System
presented in Section 5. Finally, overall conclusions arM@ynamics directed Condor Pacific to use®85as the single

presented in Section 6. point compensation temperature. At this temperature,
Condor Pacific's acceptance test results yielded gyro fixed
2. MICA EQUIPMENT AND FILTER DESIGN drifts less than 150 deg/hr and accelerometer biases less than

3 mg, in all three axes.
2.1 MICA EQUIPMENT
The MICA equipment suite includes a developmented-1.2 Supporting Equipment

MEMS IMU _and offthe-shelf hardware selected to beThe Honeywell H423 INS is an aircraftjuality (0.8 nmi/hr)
consistent with modern afo-surface weapon systems.strapdown navigation system designed to conform to the

Specifically, the MICA equipment comprises: USAF Standard INS specification (SNU-8% The INS
N was used to provide the navigation data necessary to align
* A Condor Pacific/BAE Systems MEMS IMU, and calibrate the SilMU during transfer alignment. INS data
referred to as the Silicon IMU (SilMU) were 4so used to provide reference position data to evaluate
the navigation accuracy of the aligned SilMU during post
* A Honeywell H423 RLG strapdown INS alignment navigation. For flight tests, the INS was located
e A Honeywell RLG strapdown Integrated Flight in the ammo drum located directly behind the cockpit.

Management Unit (IFMU)
The Honeywell IFMU is a tdical-grade navigation system
* An Advantech AMDK6-2/300 MHz computer which incorporates a conventional HIG00 IMU and a
navigation processor. The H&Z00 IMU includes (1
deg/hr) GG1308 RLGs and (1 mg) RBAOO
21.1 Condor Pacific/BAE SilMU gcce_lerometers. The IFMU was used solely tp provide
] ) . ~_inertial truth data (i.e.AVs and A6s) to characterize the
The SilMU was acquired from Condor Pacific Industries ienavior of the SilMU's inertial sensors. For all tests, the

conjunction with their teaming agreement with BA |EMU was nearly cdocated with the SilMU to ensure that
Systems. The SilMU incorporates three Endevco MSA 1%e two units measured the same motion.

e A Termiflex controller.



The MICA computer is a ruggedized AMRG6-2/300 MHz  characterizes the timiavariant (rigid) component of the
PC that hosts th realtime data collection software. The INS-to-SiIMU yaw misalignment (boresight) error. This
computer is equipped with a MiETD-1553B interface card error is modeled as a fixed bias with an initial 20 mrad
for communication with the 423 INS, and three R&22 uncertainty. State 19 characterizes the slowhrying
interface cards that provide asynchronous serigbmponent of the yaw misalignment error, referred to herein
communication with the SilMU, IFMU, and Termiflex as yaw lowfrequency flexure. This error is modeled as a
controller. During laboratory and van tests, the computdirst-order Markov process with a 3@c correlation time.
was interfaced with a desktop monitor, keyboard, anBurther details of the MICA filtedesign andneasurement
mouse. During flight tests, however, these peripherals wegquations are provided in Refsi B.

replaced by the Termiflex controller. The Termiflex .

controller is a small control splay unit used to control and Table 2.21 MICA Filter State Vector

monitor MICA flight tests from the cockpit. STATE DESCRIPTION 1INITIAL UNITS
s VALUE
During flight tests, the SilMU, IFMU, and MICA computer| 1-3 Integrated Velocity Errors 1000 m
were installed in a general instrumentation (Gl) pod attached 4-6 IMU VE!OC(Ijty Errors 10 mlsgc
to weapon station #3 of the 6. The MICA equipment 190'_1102 IMU'“AAS:Qg'rt(;‘ngrgirasses '04"%4"02 :ﬁ‘g
interfaces and A6 locations are illustrated in Figure 21.2| 31315 IMU Gyro Fixed Drifts 200,200,50 | deg/hr
1. 16,17 IMU Time-Tag Errors 0.1, 0.01 sec
18 Yaw Rigid Misalignment 0.02 rad
MICA-Dedicated MIL-STD-1553B Data Bus 19 Yaw Flexure 0.0002 rad

e I Table 2.21 also presents the ose@gma values used to

|
| ] MICA | H-423 initialize the filter's estimatiearror covariance matrix (P)
| SilMU |.... Computer™ IFMU |1l NS diagonal elements. The os@ma values for the first nine
' : [ states were selected to be relatively large in order to force
! GlPod : I (Aﬁfoelg?gn‘j) the filter to heavily weight the first set of measurements,
R thereby reinitializing the SilMU's strapdown equations.
Termiflex| ... Designates Equipment The onesigma values for the inertial sensor error states were
Controller Unique RS-422 Interfa selected to characterize the expected error behavior of the
Cockpit SilMU's inertial sensors while providing a robust filter

design. These values have been niediffrom those
Figure 2.1.21 MICA Flight Configuration Interfaces previously reported to accommodate the change from the
Honeywell/Draper IMU to the SilIMU. Although not shown,
several elements of the filter's discrete process noise matrix

29 MICA EILTER DESIGN (Qq) were also modified to accommodate the SilMU.

The MICA filter was intentionally designed to be similar to
the transfer alignment féts employed for JDAM and
earmarked for the WCMD program (Ref. 1). Both of thesg. LABORAT ORY TESTS
filters were designed to process integratetbcity-match

(IVM) measurements formed by differencing the integral 08.1 OVERVIEW

the INSindicated velocity vector with that of the IMU Bench

o ; , tests were initially conducted to verify the
indicated velocity vector. The MICA filter enhances thes y v

ﬁerformance of each individual inertial unit prior to

"conventional” IVM filter designs by inc!uding an additional'ntegrating the units into the MICA equipment configuration.
measurement, namely a yaw attitude matCh (AM ollowing the successful completion of these tests, a
measurement. The yaw AM measurement is formed t?é(

) 4 - boratoy test configuration was designed and fabricated.
comparing the yaw attitudes indicated b INS and IMU. This configuration involved first mounting both the SilMU

Test results show that this measurement provides neagxd IFMU to a rigid 8.5" x 22" aluminum plate. This plate
continuous observability of the yaw gyro drift and greatI)(NaS designed to provide and maintain an accurate alignment

suppresses IMU yaw (heading) error growth during-nony e sjiMU and IFMU body fimes during all test phases.
maneuvering alignment segments. The aluminum plate was then

L , . aluminum slab, which was designed to align the plate with
The MICA filter includes 19 state viables to characterize the H423 INS mount. The laboratory configuration is

the error behavior of the SilMU and other relevant transf lustrated in Figure 3. (Note that a dashed line has ee
alignment errors. The filter state vector is presented in TaQle . o4 in the photé t'o help delineate the plate from the

2.21. '_I'he first 1? states are similar to ‘h°$e included I§1ab). For convenience, this configuration was also used for
conventional IVM filters. The last two statase included to | van tests

support the yaw AM measurement. Specifically, state 1



3.2.1 SiIMU Chaacterization Tests

The SiIMU characterization tests are typified in Figure
3.2.11 which illustrates theA® data collected from the
SilIMU during a 60min test conducted at room temperature
(roughly 2P C). The plots depict-sec averages of SilMU

il ) AB daia with the known earth rate components removed to
Computer/* 1 ; AL q yield gyro drifts. The plots indicate that the SilMU
= S - el | l B N exhibited gyro drift rate magnitudes of several hunchafeds
“\‘\\"“'\‘.‘“{\f““, = y TR degrees per hour with a significant trend towards smaller
T % i values. The temporal trend wagributed to a combination
of bias inrun stability errors and temperature variations
within the sensors as they warmed up. Although these two
effects could not be readily isolated, it was interesting to
note that as the sensors warmed up, the largelinitift
rates approached the smaller values observed by Condor
For performance evaluation purposes’ it was rmgsto Pacific at the 3% Compensation temperature. This
accurately determine not only the small mountin@ehavior suggested that the majority of the trend was due to
misalignment angles between the SilMU and IFMU on thiémperature deviation from the compensation temperature,
plate, but also between the SilMU and INS on the slaf@ther than from biasiirun stability errors.
These angles were determined using two complementary
algorithms, namely a batch leasjuares algorithm and
System Dynamics' rapid transfer alignment (RAP) algorith
(Refs. 6 and 7). The leastiuares algorithm was designed ti-
batch process accelerometer data collected from the IFMg
and SilIMU at three different roll orientations. The alduorit
is capable of estimating the IFMU/SIIMU misalignments t§ -7so
within an accuracy of better than 0.5 mrad. The RA%
algorithm was designed to sequentially process velociix_1000
match and attitudenatch measurements (formed from th 0 5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60
INS and IFMU data) through theAR Kalman filter. The TIME (min) TIME (min)
RAP filter is capable of estimating the INS/IFMU
misalignments to within an accuracy of better than 0.5 mrad.
Ultimately, using these complementary techniqueshi& 100
to-SilIMU misalignments were computed to be 0.31 mrad in
roll, -0.04 mrad in pitch, and1.6 mrad in yaw. These
values were used as the "reference" misalignments during
laboratory and van tests.

Figure 3.11 Laboratory and Van Equipment Configuration
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Nearly four dozen laboratory tests were conducted with th
SilIMU. The first 30 tests were directed atlidating the

integration and redime data collection software and

characterizing SilMU performance. These characterizati lgure 3.2.12 illustrates the Hec averaged gyro drift rates

tests focused on assessing SilMU gyro and acc_el_eromec[%mputed from the SiIMU for another typical test. In these
behavior over time and temperature. The remaining tes

pFots, SiIMU gyro drift rates are overthi with those
were_conducted tevalgatg the performance .Of the MI.CAcomputed from IFMU data for a 58&&c stationary test. The
algorithm when functioning within a relatively benign

environment. The MICA performance tests genera:%nﬁ rate values averaged over the 5@ interval for each

involved collecting several hundred seconds of 100 xis are shown in parentheses in each plot. As expected, the
inertial data from the SilMU and 50 Hz data from thel 28 iIMU MEMS gyros exhibit significantly larger drift rates,
INS while the equipment remained stationary. Several time-varying trends, and noise (relative to the IFMU RLGS).

these tests also collected inertial data from the IFMU forll?'[S sucr; a?hthg_slim\jvere used to validate the IFMU as a
comparison with the SilMU data. The results of the simyererence forthe st '

characterization and MICA performance tests are

summarized below.

TIME (min)

ie:igure 3.2.11 SilMU Gyro Data for Characterization Test
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Figure 3.2.12 SilMU and IFMU Gyro Drift Data Figure 3.2.13 SilMU Accelerometer Data

SilMU characterization tests also provided the opportunit§ilMU inertial data, (2) form the IVM and yaw AM

to quantify gyro noise, which is the source of angle randoffieasurements using data provided by the INS and SilMU,
walk. For these data, the angle random walk was calculated sequentiallyprocess the measurements through both the
by first computing the standard deviation of a series of 104ICA and conventional IVM filters (at-8ec update rates),
sequential dsec averages & data. The resulting sigma in @nd (4) correct the SilMU navigation solution using the filter
deg/sec was theconverted to random walk in degfby estimates. Thg offllne_ program maintained two independent
multiplying by 60. The characterization tests for the SilMptrapdowralgorithm/alignmentil ter channels. One channel
consistently indicated random walk values in all three axg@gnerated the MIC/ligned SilMU solution while the other

to be roughly 0.3 degfic (As a point of comparison, the 9enerated the IVMaligned SilMU solution.  Ultimately, the

random walk parameter quoted by Hgwell for the IFMU  two solutions were contrasted to quantify the accuracy
RLGs is 0.125 deg/fr) benefits of the MICA filter. (Note that the IVM filtersi

identical to the MICA filter except that it does not process

Figure 3.2.13 illustrates the accelerometer data collecte$®W AM measurements.)

from the SilMU for a typical characterization test. The plots ¢ th ¢ he fi ducted
depict ksec averages of SilMWV data, converted to units Of the 16 performance tests, the first 13 were conducte

of milli-g's. The x and y aeterometers, whose input axesWh"e the equipment remained stationary on a work bench.

are located within a few milliradians of the lodalel plane, Th% three r(_amainlin%éestg incllrJ‘ded adli;g rotationl oirt]he

exhibited reasonable magnitudes and only a slight trend 0\%? approximately 38ec |.nto the test. n general, the test
time. However, the z (vertical) accelerometer, which sens ults demonstrated that: (1) the MICA filter calibrated the
the normal force due to gravityl@, orequivalently,i 1000 arge gyro drifts for all three gyros (often larger than 500

mg's), exhibited nearly an 8 mg change during the test. Agg/hr) down to better than 10 deg/hr, (2) the IVM filter

for the gyros, this error change was attributed primarily t8?"braed the large gyro drifts for the x and y (i.e., roll and

temperature compensation error rather than to sensor bias]BﬁCh) gyros dov:)rll t‘; belt_'ger :_hantﬁo deg/hr, but (3) tgethIVM
run stability errors, since the sensor became mocerate Iiter wasincapableof calibrating the z (yaw) gyro and thus

as its internal temperature warmed towards théC35 incurr_ed alarge head_ing error at the end of align_ment
compensation temperature (relative to the MICAfilter). These results were consistent

with those generated earlier for the Honeywell/Draper

3.2.2 MICA Performance Tests MEMS IMU (Refs. 25).

Following characterization tests, data collected from 1§ VAN TESTS
laboratory tests were processed through an offline MICA
alignment program. Thisrpgram was designed to: (1) 4.1 OVERVIEW

compute the strapdown navigation solution from the 100 H|L_0”0ng laboratory tests, the MICA equipment suite was
installed in AFRL/MNGN's Mobile Test Vehiel(MTV) and
a series of van tests were conducted. The MTV is shown in



Figure 4.21. The MICA equipment suite was situated on &ilIMU and IFMU during thestationaryportion of this test.
platform | ocated directl| y Theseh datadaret presentddr with ethre dlkmows eath rafer e f
Figure 3.11). The equipment was powered by DC powecomponentsemoved to yield z gyro drift rates. The average
supplies conected to the van's AC power bus. Tests werrift rates computed for the two units during this time span
monitored using one of the van's computer workstations. are shown in parentheses. As expected, the SilMU drift rate

was significantly larger than that of the (1 deg/hr) IFMU.
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Van tests were conducted at Eglin AFB on 30 August 2001 Figure 4.2.11 PlanView of Test Van8
at abandoned runway C3. Overall, nine destere
performed where each test attempted to collect over 4( 1so00 250 TR
seconds of inertial data. During these tests, the MT'_ . 200 |

typically executed two heading changes during the first 7C5 ""M\".‘Wmmmmm

sec then decelerated to a full stop at approximately the 8 & )
sec point. The varemained at rest until data collection wasz °ff
terminated by the user. The lengthy rest segment wig oo

included to evaluate alignment persistence; i.e., the ability (.00
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the MICA filter to maintainalignment accuracy following 2 " IFMU (2.7)
the alignment maneuvers (i.e., theahlng ChangeS). The 0 50 100 150 200 250 300 350 400 450 100 150 200 250 300 350 400 450
rest segment also facilitated the filter evaluation proces TIME(se0) TMEGe)

since the true trajectory parameters (e.g., position, velocity, Figure 4.2.12 Z-Gyro Data for Test Van8

accelerations, and angular rates) were precisely known.
One key observation from Figure 4.21is that the SilMU

4.2 TEST RESULTS z-gyro drift rate for test Van8 is markedly different than
) o those observed during laboratory tests (e.g., refer to Figures
4.2.1 SiIMU Characterization 3.2.11 ard 3.2.32). Moreover, similar differences were

During van tets, the SilMU performed flawlessly, althoughobserved in all three axes. These differences were attributed
sensor errors were often significantly different from thost0 the temperature sensitivity of the (singleint
observed in the laboratory. These differences are illustrate@mpensated) SilMU.  Specifically, all van tests were
by focusing on the results from one typical van tesgonducted between 12:55 pm and 2:45Ipgal time on 30
designated as test Van8. Figure2.41 illustrates the August. During this time, the official temperature recorded
trajectory plan view for test Van8. For this test, datat Eglin AFB was 86F (30°C). Inside the MTV, however,
collection was initiated while the MTV proceeded due soutthe temperature was significantly warmer since the air
at roughly 9 m/sec (20 mph). At the-86c point, the MTV conditioner was not functioning. Consequently, van tests
began to execute two heading changes. After the secomgre coducted at temperatures well above the typical room
heading change was completed (at thesB8 point), the temperature (21C) experienced during laboratory tests.
MTV slowed to a complete stop (at approximately 70 sec)
and remained stationary until the test was terminated (at thee testto-test gyro drift trends experienced during van tests
430-sec point). were also consistent with a monotonically increasing
temperature profile. Spdigally, the gyro drift rates in all
Figure 4.2.12 presents plots of z (yaw) gyro data for testhree axes monotonically increased during the course of
Van8. The left-hand plot presents the yaw angular ratetesting as the SilMU internal temperature gradually
indicated by the SilMU. This plot clearly illustrates theincreased from the 3&C ambient temperature to well above
heading changes performed by the MTV at thes80 and the 35 °C compensation temperature. This behavias w
50-sec points_ The peak angu]ar rates (rougfﬂ_)3,000 eXpeCtEd based on Condor Pacific's ATP results.
deg/hr, or equivalently:3.6 deg/secare consistent with the i .
yaw rates executed by the MTV. Thight-hand plot The SilMU's ac_celerometer data collected durlng van t_e_sts
presents the yaw angular rate data recorded from both ¥fgre also examined. The accelerometer behavior is typified



in Figure 4.2.13 which contrasts SilMU and IFMU x and z Furthermore, the results of test Van8 are detailed to illustrate
accelerometer data recordedr ftest Van8 during the several key points. (Additional van tessults can be found
stationary segment. The plots depict-seeond averages of in Ref. 5.)

AV data converted to milgs. (For this test, the x

accelerometer was located within a few milliradians of the&yro Calibration Errors : The gyro calibration results are
local level plane and the z accelerometer was neafpmmarized in Figures 4.2Rthrough 4.2.23. Theleft-
vertical.) The differences between the SilMU and IFMUhandcharts present the SilMU actual gyro drift rates along
accelerations were caused primarily by the accelerometith the filters' cumulative estimates oketldrifts at the end
biases and the mounting misalignments between the twbalignment. (Note that the actual drifts were computed by
IMUs. (For the z accelerometer, the sefaletor error is also averaging the raw SilMU drift rates over the-&c time

a contributor.)  Since the rolland pitch mounting span immediately preceding the end of alignment; i.e.,
misalignments were known to be less than 1 mrad, tigpically from the 256sec point to the 308ec point). The
acceleration differences could be ascribed primarily tghthandcharts present the SilMU residual gyro drift rates
SiIMU accelerometer biases.  Therefore, the SilMUJormed by subtracting the cumulative filter estimates at the
accelerometers were shown to exhibit bias magnitudes efid of alignment with the actual drift rates. The charts
roughly 6 mg. (Rechthat the onesigma bias specification clearly illustrate that both the MICA and IVM filters
for the MSA 110 is 3 mg). It was established duringstimated the x and-gyro drifts to within5 deg/hrof their
simulation efforts that accelerometer biases must be redudede values, regardless of the actual drift. For example, in
during alignment to less than 2 mg in order to achievBest 9, both filters removed the neatty00 deg/hr drifts.

tacticatgrade accuracy during pealignment avigation. However, the rightiand chart in Figure 4.22 illustrates
. o that only the MICA filter (via itsyaw AM measurement)
IFMU was capable of accurately estimating tkagyro drift. Due to

2 simy -1000 g the low dynamics of the van tests, this drift was only

, Bt

marginally observable using the IVM filter. (Note that the
numbers in parentheses in the righind charts are the

-1002

X ACCELEROMETER (m g)
Z ACCELEROMETER (m g)

2 1004 residual gyro drift rates averaged over all the valid van
tests.)
QT simu
-6 IFMU -1008
100 15’0 2(?:0 25’0 30’0 35’;0 Aéﬂ 450 100 150 200 250 300 350 400 450
TIME (sec) TIME (sec) 80 o ACTAL 2
Figure 4.2.13 Accelerometer Data for Test Van8 el T MOAESIMATE _ !
% 0 MMESTIVATE % 0
. kel s -1
4.2.2 MICA Filter Performance Summary % 40 % n
Of the nine van tests, only six collected the desireds&@0 % am % 3
of data; i.e., Tests-4, 8, and 9. Data collection anomali¢ 2 % 4
caused Tests 5 and 6 toth@nd prematurely (before the-7( 0¥ L 2 s 4 7 8 o 5
sec point) and neither were included in the evaluation. ~ VANTEST VANTEST

7 also ended prematurely but since 238 sec of data \ _ _
collected, this test was included in the evaluatiorFigure 4.2.21 X-Gyro Drift Estimates and Residual Drifts
Therefore, data collected from seven van testsewer
ultimately processed through the offine MICA
strapdown/alignment program. For the & van tests, gy

4
transfer alignment was initiated by the offline program at o o e 31 vweoncon |
zeropoint in time (i.e., when data collection was initiate £ -0{[ o vvesmeE E?2 i :
and terminated at the 3@@c point, typically 22@ec after = | g ! I:II |
the van had come to a complete stop. After the-s30 % 0 g .
point, the SiIMU was allowed to navigate unaided for 1 % . 1 % 2
sec (while the van remained stationary). SilMU positi 9 ]
errors were computed over this time span to quarnké ok S ——
postalignment navigation accuracy of the aligned SilM SRR P e

(For Test 7, alignment was terminated at the-48d point,

roughly 60sec after the van came to a complete storigure 4.2.22 Y-Gyro Drift Estimates and Residual Drifts
Following alignment, the SiIMU was allowed to navigate

unaided for 100 sec tme consistent with the 46c tests.)

In the following paragraphs, SiIMU alignment/post

alignment results are summarized for all valid van tests.



250 150 Post Alignment Errors: The SilMU's postlignment
0 ACTUAL B MCA BRROR (-0.1) = — . X . ,
15| MERRR(T8) position errors were computed by differencing the SilMU's
indicated position filowing the end of alignment with that
indicated by the INS, and compensating for the larer
® displacement between the two (which is small for van tests).
0 The position errors for the MICA and IVidligned SilMUs
5 are presented in Figure 4.%62at the 68sec point following
0¥ 0 the end of alignment. (The average values are shown in
parentheses.) These charts indicate that the SilMU achieved
nearly identical position errors for the two filters. This
Figure 4.2.23 Z-Gyro Drift Estimates and Residual Bsi similarity was attributed to two factors. First, the vad d
not execute any posfignment maneuvers (e.g., no
Attitude Errors : Residual attitude errors were computediccelerations or turns) which would excite the large IVM
for the two filters by first differencing the attitude angleyaw errors. Second, residuabyro drift, which is large for
indicated by the filtecorrected SilMU at the end of the IVM-aligned SilMU, is not a dominant source of
alignment with those indicated by the INS, and theposition error for short poslignment times. It is
differencing these valuewith the known INSto-SilMU interesting to note, however, that the position errors are
misalignment angles. For all valid van tests: (1) the residug@nsistent with a calibrated IMU exhibiting between 5 to 10
roll and pitch errors were small and nearly identical for thdeg/hr x and ygyro drift rates and a vertical accelerometer
two filters, and (2) while yaw (heading) error was onlyias less than 0.4 mg.
marginally observable during van tests (dudow vehicle
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dynamics), the MICA filteboundedhe yaw error, while th © " MA(18 8 ® MOA(08M)

IVM filter allowed yaw error to increasenboundecas the 2 2 MBI N 2 MV(E8
integral of the residual-gyro drift. Since the IVM residu: £ 2 g ;

z-gyro drift was large for van tests, the yaw error typic E 15 E o

increased to several degrees by the time alignment 8 1 g_z —Fni
terminated. This behavior is summarized in Figures 4. é 5 =

and 4.2.25. Only the MICA errors are shown in Figt o -

4.2.2-4, since the roll and pitch alignment errors were ne 1 2 3 4 7 8 9 1 2 3 4 7 8 9
identical for the two ifters. Note that for Test 7, tt VANTEST VANTEST

relatively small IVM yaw error was a result of alignment_. . . .
being terminated at the 13&c point rather than the usualt':Igure 4.2.2 SiIMU 60-<ec PostAlignment Position Errors

300-sec point. Thus, less time was available for the residual .
gyro drift to integrate into yaw error. 22.3 MICA Filter Performance for Test Van8
The results for test Van8 were further examined to gain
insight into the behavior of the SiIMU and MICA filter.
Time history plots of the filtersgyro drift estimatesare
presented in Figure 4.28 These plots indicate that both
filters accurately tracked and estimated the SilMU's x and y
gyro drifts (represented by the noisy curve§ut only the
MICA filter accurately tracked and estimated theyyzo
drift. Note that #hough the IVM filter attempted to
estimate the -gyro drift when the van initiated its first
heading change (at the -3@c point), the poor estimate

Figure 4.2.24 MICA Filter Roll and Pitch Residual Errors indi{:a}tes that vehi_qle dyngmics were too small to afford
sufficient observability of this error source.
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¥ Meen=01rmad] ot | Frvesmmm—" _ It is interesting to note that following the end of alignment,
4 Sgr=18meg | j; || Sgre63med the actual SilMU gyro drifts diverged from the (now
T B constant) filter estimate curves. This divergence was
£, E 1 attributed to a combination of biasiian stability errors and
g é 3 temperature variatits from the 35°C compensation
g Om g ® temperature. A close inspection of the plots revealed that
5
2 %
1 2 3 4 7 8 9 1 2 3 4 7 8 9
VANTEST VANTEST

! The siMu gyro drift rates shown in the plots were goed from the 4

. . . sec averaged drift values using asBe sliding window. The resulting-10
Figure 4.2.25 Yaw Residual Errors (MICAeﬂ’ VM '”ght) sec averages were employed to smooth gyro noise for plotting purposes.
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the drifts diverged less than 10 deg/hr from their calibratethe postalignment position errorare presented in Figure

values over the 66ec postlignment segment. 4.2.33. As expected, the radial position error curves are
. o nearly identical for the two filters due to the lack of
- — MICA Filter Estimate - — MICAFilter Estimate maneuvers during the pealignment segment (i.e., from the
< — IVM Filter Estimate < — VM Filter Estimate . . .
B &0 (curves overlay) B0 TCuTves overiay) 300-sec to 408sec points). The radial position errors were
@ A g further examined by matching the curves with a cubic trend
E MM E 575 y g
2 600 fok Ao = E % L line to isolate the gyro drift contribution (not shown). The
% fw Alignment g ¥ W nearly exact match with this line irtdited that the x and y
o Q s : residual gyro drifts were the dominant contributors and ha
g55° 2 A“;r;’em dual gyro drift the d t tribut d had
¢ o magnitudes of roughly 5.5 deg/hr. Note that for this test,
N m mmmmamas o % msmma s  although the radial position error was only 15 m aftesé0
Time (sec) Time (sec) of alignment, the error grew to 60 m-46c later. This rapid
0 growth is consistent with the cubic nature of the gyro drift
s MBS \ — contribution to position error.
E’ 150 A End
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Figure 4.2.31 Gyro Drift Estimates for Test Vi8 0 0

Time history plots of the filtergiccelerometer bias estimates Time (seq) Time (se)

are presented in Figure 4.23 These plots indicate that _. . .

both filters estimated the accelerometer biases to within gr|1gure 4.2.33 PostAlignment Position Error for Test Vang
accuracy of better than 2 mg in all three axes. (Note that the

noisy curves represent the actual SilMU acceleromet&r

biases. These biases were computed from the data presested ovvERVIEW
above in Figure 4.2:B.) As expected, the x and y . .
accelerometer biases were shown to be observable oﬁ@llowmg van tests, the MIC.'A eq“'p’.“e”t werame/ed
during the two turns, which were comfgd during the first rom t_he aIummum. _slab and installed in a Block SQGC
70-sec of the test. However, the z accelerometer bias wigst aircraft. Specifically, the INS was installed behind the

: : kpit in the ammo drum while the Termiflex controller
observable throughout the entire alignment segment. AISGCKE : X . .
as expected, the MICA filter provided no significantwas installed in the cockpit. The SilIMU and IFMU (which

accelerometer calibration advantage over the IVM filter. remained boItedotthe aluminum plate) were installed in the
g Gl pod together with the MICA computer. The pod was

secured to weapon station #3 and then interfaced with the
M Fiter Estimate INS and Termiflex controller data cables and 6 power

FLIGHT TESTS

NS N

7 0

~ 6 -1

g E . . -

o ® T —— s bus. Following installation, ground mountste were

I - | R I Pe— conducted to verify the installation, and the lessm

a3 S ilter Estimate . . )

8 | Ed Z Aament displacement vector between the INS to the SilMU was

|' . .

<2 Aloament <* \ measured and recorded. Figure-5.8hows the equipment
! | e e T T A in the Gl pod. (Note that the pod's panels and rear nose cone
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Figure 4.2.32 Accelerometer Bias Estimates for Test Van8 Figure 5.11 MICA Equipment in GI Pod



Data fromeightindividual tests were planned to be collected Table 5.21 Summary of SilIMU Flight Test Conditions
during a single 1.5 hour sort_ie. THiest six tests were [ PLANNED IEMU COMMENTS
scheduled to execute a nominal St sturn trajestory. TRAJECTORY _ _
This trajectory was specified to include #4usn during the g-turn, 500 sec| Inactive Unschedulﬁd alignment Imaneuver
- . . -turn, 500 sec| Inactive | SilMU pitch gyro anomaly

first 100 seconds followed by a 3@8ec lowdynamic cruise S-turn. 500 sec| Inactive | No anomalies

segment and a 16€ec postalignment segment. The pest S-turn, 500 sec| Inactive | Post-alignment maneuver initiated
alignment segment was specified to include a constan | early, alignment ended after 364-sec
altitude 20deg skdded turn. The turn was designed tg g:mggg sec :ﬂgg::xg mg Zﬂgmg::gz

represent typical dynamics assomatgd with an U”po""_ereé'"é-‘tJth‘édds‘e‘c"'Aét‘i\fe"'No'éﬁdnﬁéli‘e‘s ——————————————
glide bomb. (The turn also provides the accelerauorpsg S-turn, 300 sec| Active | No anomalies

necessary to excite IMU yaw alignment errors.)

O B~ WN PR

Thefinal two tests were scheduled to execute a shod@d-( 9.2 TEST RESULTS
sec) version of the nominaltarn trajectory. This trajectory . o
reduced the 308ec cruise segment to 100 seconds. Th‘réz'1 SilMU Characterization
shorter trajectory was designed for the scenario where IFMRuring flight tests, the SilIMU performed as expected for
data were recorded in addition to the nominal INS anseven of the eight tests (i.e., for all testsemtcTest 2).
SilIMU data. (Thefirst six tests did not attempt to recordHowever, as for van tests, the gyro drift rates were
IFMU data to avoid dataollection anomalies that were significantly different (in this case, larger) than those
known to intermittently occur when data was recorded fromxperienced during laboratory tests. These differences were
all three inertial units.) All flight tests were planned to battributed to the deviation of the ambient temperature at the
conducted at a nominal velocity of @kt and a constant test alitude (15 °C) from the 35 °C singlepoint
altitude of 5,000 ft. A 5&t deceleration was scheduled atcompensation temperature. As will be shown in the
the beginning of each 1&kc poshlignment segment to following section, this hypothesis was supported by the
represent drag induced after weapon release. temporal behavior of the average drift rates. Specifically,
the average drift rates computed for each rreshotonically
F-16 flight tests were conducted at Eglin AFB on 3lecreased as the tests progressed, suggesting that the
December 2001 at rang®/151B. The recorded air temperature within the Gl pod was increasing (i.e.,
temperature at the 50480 test altitude was 15°C approaching the compensation temperature) as the
(significantly lower than the 35C SilMU compensation equipment warmed up.
temperature). Following the completion of flight tests, an
initial review of the test data was performed to examine tH&IMU gyro behavior during flight was characterized by
actwal trajectory profiles flown and to identify any focusingon the two tests that collected IFMU data, i.e.,
anomalous equipment behavior. The review revealed thB¢sts 7 and 8. SilMU gyro drift rates were computed for
the trajectory flown during the first test differed significantlythese two tests using the 100 W& data streams recorded
from the scheduled trajectory. For this test, thars was from the SilMU and the more accurate IFMU. Specifically,
completed at the 14€ec point rather than the scheduledihe actual drift rates were comntpd by: (1) summing thae
100sec point. Also, at the 206 point (i.e., during thejata over onsecond intervals to yield orsecondaveraged
planned lowdynamic cruise segment), the aircraft initiatecangular rates, (2) rotating the IFMU angular rates into the
an unscheduled 5deg left turn to remain in the designatedsilMU body frame, and (3) differencing the SilMU and
airspace. Furthermore, the review revealet for all tests, rotated IFMU angular rates to yield SilMU drift rateén
the scheduled 3@eg sturns were actually executed as-50 additional step involved smoothing the (1 Hz) drift rates
deg sturns. Although significant, it was determined thausing a 16sec sliding window to smooth the higtequency
these trajectory deviations would not impact theéoise component and more clearly illustrate the bias and in
performance of the MICA filter. run stability components.

The initial review also identified asignificant SilIMU The onesecondaveraged angular rates for Te$t are
anomaly which occurred during the second tespresented in Figure 5.21 for the x and z (roll and yaw)
Specifically, after approximately 2€sec of flight, the pitch gyros. (In this figure, the SilMU and IFMU data seemingly
gyro began to inexplicably drift from its relatively stable 50®verlay, since the data is dominated by the large heading
deg/hr value to a value of 900 deg/hr, where it theshanges executed during the trajectory). Thezland
experiened a 2000 deg/hr discrete jump to approximatelgmoothed SilMU gyrodrift rates are presented in Figure
711000 deg/hr (at the 32€ec point). This erratic gyro 5.2.1-2 for the same two gyros. (The light gray curves
behavior rendered the Test 2 data unsuitable for the MIGAsiding within the noisier curves represent the smoothed
filter evaluation effort. The flight conditions for the eightdrift rates.) The smoothed drift rates illustrate that while the
SilMU flight tests are summized in Table 5.41. x and y (not shown) gyro drift rates werelatively stable
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during the final 206sec of flight, the z drift rate trended 5.2.2

upwards by approximately 50 deg/hr.
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Figure 5.2.11 SilMU and IFMU Angular Rates for Test 7
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MICA Filter Performance Summary

The data collected during each test (except Test 2) were

ultimately  processed

through

strapdevn/alignment program.
includes two independent strapdcatgorithm/alignment
filter channels, one for the MICA filter and the other for the
IVM filter. The results for the two filters were contrasted to
quantify the accuracy impvements afforded by the MICA
filter. Similar to laboratory and van tests, the performance
of the MICA filter was primarily judged using three criteria.
First, the SilMU residual gyro drift rates and accelerometer
biases were computed and contrasted bath filters.
Second the attitude angle differences existing between the
aligned SiIMU and INS during alignment were computed
and contrasted for both filtersThird,
alignment position errors were computed and contrasted for
both filters. These results are summarized in the paragraphs
below. Detailed results for selected tests are presented in the
Section 5.2.3 and in Ref. 5.

the

offline

MICA

Recall that this program

t he

Si-l MUb s

Gyro Calibration Errors :. The gyro calibration errors for

50 100 150 200 250 300
Time [sec)

Figure 5.2.12 SiIMU Averaged Gyro Drifts for Test 7

occurred between the 110 and 190 sec points. Figure®.2.8C

the two filters are summarized in Figures 5:.2.#hrough

5.2.23.

The charts in the leftand column present the

actual (true) gyro drifts together with the filters' cumulative
estimates of the drifts at the end of alignment. The charts in
the righthand column present the gyro drift estimation

The gyro behavior fo this test is further examined by €fTOrs & the end of_alignm(_ant (i.e., _the resic_jual gyro drifts)
focusing on the straight and level alignment segment th@¢ computed by differencing the filter estimates from the

tual driftd. The average residual gyro drift rates are

presents Eec averaged z (yaw) angular rates and the siimehown in parentheses (in deg/hr). The results indicate that as

z gyro drift rate computed over this tinieterval.

In the e€xpected: (1) theesidual x and y (roll and pitch) gyro drifts

figure, the thin dark line represents SilMU data, the thi¥ere nearly identical for the two filters, achieving vqlues
light line represents IFMU data, and the bold dark line is tH¥Pically less than 10 deg/hr, and (2) the MICA filter

difference between the two (i.e., the z gyro drift rate). Notachieved either a comparable or significantly smaller z
(yaw) residual gyro drift in six of theeven tests evaluated.

that both the SilMU and IFMU exhibited wide variat®in
angular rate even during this relatively benign segment
(unlike the stationary segments of the van tests, see Figure

4.2.2). These variations simply reflect actual motions of

pod due to aircraft motion and aerodynamic forces.

averaged z gyr drift rate computed from these data duril
this time interval wa$178 deg/hr. Although not shown, th
corresponding drift rates for the x and y gyros wig4@1

deg/hr and 241 deg/hr, and respectively. (Note that a n
detailed characterization of tlyyro behavior for both Test:

7 and 8 can be found in Ref. 5.)
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Figure 5.2.13 Benign Angular Rates for Test 7
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Figure 5.2.21 X-Gyro Drift Estimates and Residual Drifts

2

Note that for Tests-6, the true SilMU angular rates during the

straight and level segmentsere approximated based on the
known earth rate, and INBdicated latitude, velocity, and
heading components. For Tests 7 and 8, however, the true SilMU
angular rates were computed using data provided by the IFMU.
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Figure 5.2.22 Y-Gyro Drift Estimates and Residual Drifts
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Figure 5.2.23 Z-Gyro Drift Estimates and Residual Drifts

Attitude Differences. The attitude ngle differences

PostAlignment Errors: The SilMU's posalignment
position errors were computed by differencing the SilMU's
indicated position following the end of alignment with that
indicated by the INS, and compensating for the known lever
arm displacement. Thedil (rss horizontal) position and
altitude errors incurred by the SilMU after-68c of post
alignment flight are summarized in Figure 5:8.2 The
average values are shown in parentheses. These and other
results indicate that:

e The MICA-aligned SilMU &hieved smaller
horizontal position errors for five of the seven valid
tests. The margin of improvement was as large as a
factor of four (Test 4), but typically ranged between
20% and 40%.

e The MICA-aligned SilMU typically achieved
horizontal position eors less than 30 m, which
corresponds to a calibrated x and y gyro performance
of roughly 10 deg/hr.

e Although SiIMU accelerometer errors were

computed at the end of alignment between the aligned Significant, both filters appeared to achieve a

SiIMU and INS are summarized in Figure 5:2.2 These

calibration accuracy of better than 2 mg in the x and

differences reflect what the filters believe the actual Y axes andl mg in the vertical axis. (The

misalignment angles are between the SilMU and INS bo

dy accelerometer calibration accuracy was nearly

frames. Although th actual misalignments were unknown identical for the two filters.)
for the flight configuration, insight could still be gained from

their estimated values. For example, as expected the roll

and As expected, the altitude errors for the two filters

pitch differences were nearly identical for the two filters and ~ were nearly identical since AM measurements have

relatively constant amongsge tests. Also, while the yaw
difference for the MICA filter was relatively constantiat
mrad, the yaw difference for the IVM filter was erratic an

little impact on the vertical channel. di¢ that
altitude error is not presented for the first test since
d the I NS6s vertical channel

typically exceeded 10 mrad. The erratic IVM behavior was  the damped value of 5,000 ft.)

a direct result of the IVMaligned SilMU intgrating the
residual yaw gyro drift into yaw alignment error during tl
straight and level alignment segmenthese charts clearly
illustrate the yawchannel stability afforded by the MIC/
filter.
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Figure 5.2.25 SilMU PostAlignment Position Errors

5.2.3 Detailed Results for Test 4

For Test 4, the pit was directed to fly the nominal 5&@c
sturn trajectory (refer to Table 51). Transfer alignment
was terminated in the offline program at the 384 point,
roughly 264sec following the completion of the-tsrn
maneuver, and the pesalignment sgment was terminated
at the 464sec point. Recall from Table 511that alignment
was terminated early because the pilot initiated the-post
alignment trajectory 38ec sooner than scheduled. Figure
5.2.31 presents the plan view of the Test 4 trajectory.
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The time histories of thegyro drift estimates and yaw

alignment differencedor Test 4 are illustrated in 5.2

Note that the short horizontal lines on the gyro plots

represent the average true SilMU gyroftddomputed by

differencing the isec averaged SilMU gyro outputs with the

true angular rates and then averaging the differences over the

100-sec time interval prior to the end of alignment. (Recall

that for this test, the true angular rates were caledlbased

on the known earth rate and INi&licated quantities since

IFMU data were not recorded). The gyro plots indicate that:

(1) the x and y gyro drift estimates for the two filters were Figure 5.2.32 Gyro Drift and Yaw Alignment for Test 4

nearly identical and converged to the averaged drift values,

(2) the MICA z gyro drift estimate converged to theThe postalignment position errorfor Test 4 are presented

averaged Z gyro drift Value, and (3) a|thoughm Z gyro in Figure 5.2.83. The radial pOSitiOI’l error p|0t indicates

drift estimateconvergedo theMICA estimate at the end of that the MICAaligned SilMU achieved roughlyfactor of4

the sturn maneuver (near the 18@c point), the IVM reduction in pOSition error after &&®c of ﬂlght (at the 424

estimate significantlydeviated from the MICA estimate Sec point) and &actor of 2reduction after 100 sec, relative

during the next 100 seconds. However, the IVM estimaté the IVM-aligned SilMU. The gyro and attitude results

converged again to the MICA estimate following aPresented above indicate that the improved radial position

correction at the 266ec point. This unexpected correctiorPerformance of the MICA-aligned SilMU was due

was attributed to an unscheduled 4 m/sec (8 kt) decelerat@®¥clusively to the improved yaw alignment accuracy of the

which cccurred near the 2@€ec point. The deceleration MICA filter. (Note that the decrease in improvement occurs

resulted in the yaw attitude error and z gyro drift erropecause the contributions of other error sources which are

becoming moderately observable via the IvMcommon to both filters, such as the x andyyogdrift rates,

measurements. become more prominent as time evolves.) The altitude error
plot indicates that both filters calibrated the vertical

If one were to assume that the MICA estimate accurateBgcelerometer bias to within an accuracy of roughly 0.4 mg.
tracked the timevarying z gyro dift during alignment

(which is a safe assumption based on previous tests and

Tests 7 and 8 (see below)), then the MICA/IVM divergence

could be attributed to the inability of the IVM filter to

estimate the changing z gyro drift following thetusn

maneuver (i.e., during straight and level flight). This

assumption was supported by the yaw difference behavior

illustrated in the lower righband plot in Figure 5.2:3.

This plot indicates that the IVM z gyro divergence was

integrated by the IVMaligned SilMU into a yaw attitude

that monotonically diverged from both the IN®licated

value and the stable value indicated by the MICA filter. Figure 5.2.33 PostAlignmert Position Errors for Test 4
Since it was known that the attitude of the SilIMU in the Gl

pod did not change significantly relative to that of the INS 5.2.4 MICA Filter Performance for Test 7

the fuselage, the IVM yaw attitude (_j|ver_gence was _attnbut br Test 7, the pilot was directed to fly the shorter-860's
to the temporary IVM z gyro calibration errors incurre

followina the completion of the-girn maneuver urn trajectory and 100 Hz data was recorded from the IFMU
9 P ' (refer to Table 541). Transfer alignment was terminated in
the dfline program at the 196ec point (roughly 108ec
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