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Accurate data are necessary for the identification of aerodyn-

amic parameters at high angle of attack and in spinning flight.

Modern sensors and microelectronic devices are employed in a stall/
spin data acquisition system that will be tested in a Schweizer 2-32

sailplane. This instrumentation package will use a quaternion-based

"strapdown IMU" algorithm to derive vehicle attitude from an-

gular rate data, and it will use fault-detection logic to identify in-

flight sensor failures. Details of the system and flight test program

are presented, together with results of preflight digital simulation

analysis.
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ADC
ADU
APU
CDU
CPU
cg
DAS
DR
FDL
IFD
I/0
-LED

Quaternion rate matrix.
Linear acceleration, ft/s2.
Direction cosine rate matrix, or body axes.
Cosine(-).
Calibration constant vector.
Transformation matrix.
Direction cosine.
Quatemion variables.
Frequency.
Gravitational constant.
Hypothesis.
Altitude.
Unit matrix, or inertial axes.
Complex constant
Gain.
Calibration gain matrix.
Instrumentation bias, or measured value.
Number of samples.
Roll rate.
Pitch rate.
Yaw rate.
Sine(-).
Time step, or matrix transpose.
X component of true airspeed.
Y component of true airspeed.
Output voltage.
True airspeed.
Z component of true airspeed.
Along X axis.
Along Y axis.
Physical variable vector.
Along Z axis.
Output difference.
Angle of attack, or false alarm probability.
Angle of sideslip, or missed alarm proba-
bility.
Statistical ratio.
Pitch angle.
Statistical decision boundary.
Standard deviation.
Time constant.
Roll angle.
Yaw angle.
Time rate of change.
Analog-to-digital converter.
Air data unit.
Arithmetic processing unit.
Control display unit.
Central processing unit.
Center of gravity.
Data acquisition system.
Dutch roll.
Failure detection logic.
Instrumentation failure detection.
Input or output.
Light emitting diode.
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Micro-MAP Microprocessor-based system for the mea-
surement of aerodynamic parameters.

R Roll.
SP Short period.
SPRT Sequential probability ratio test.

Boldface type indicates a vector quantity.

INTRODUCTION

Aerodynamic parameter identification has proven to
be one of the most fruitful recent developments in flight
testing techniques. Although continued improvement in
parameter identification may occur, existing techniques
work well if the system model is sound and the input data
are good. Collecting good data has become increasingly
important as the cost of flight tests has risen and the
flight regimes considered (e.g., stalling and spinning)
have become more complex.

Fortunately, the technology which can be applied to
aerodynamic data collection has been growing at a rapid
pace, and it has become possible to consider techniques
which could not be contemplated just a few years ago. Of
particular interest are the advances in microprocessor
electronics, which make it possible to provide substantial
computing power in small, relatively inexpensive, and
portable packages. The Flight Research Laboratory at
Princeton University has undertaken a three-year program
on the aerodynamics of aircraft stalling and spinning. A
central objective in this research is the development and
application of a microprocessor-based system for the
measurement of aerodynamic parameters (Micro-MAP).
The system uses "off the shelf" sensors and computer
components, and, to demonstrate the concept, it will be
tested first in a Schweizer 2-32 sailplane.

The Micro-MAP accomplishes several tasks in flight.
The Micro-MAP is a special-purpose data acquisition sys-
tem (DAS). Instrumentation selected to satisfy the stall/
spin flight test objectives provides the raw data to a cen-
trally located microcomputer in analog form. This voltage
information is transferred to the analog-to-digital con-
verter (ADC) after "signal conditioning," i.e., prefilter-
ing to minimize aliasing. The ADC is controlled by the
microcomputer, and it resolves the voltage information
into 12-bit digital data. These data are converted to corre-
sponding physical units for real-time processing of certain
parameters on board the aircraft.

All but two of the relevant variables describing the
aircraft dynamics can be measured with conventional in-
strumentation. The two are the high angle of attack air-
speed and angular attitude. A specially designed air data
unit incorporating a Kiel probe provides a simple solution
to the problem of airspeed measurement, and body-fixed
angular rate gyros provide the angular information. Sev-
eral "strapdown IMU" algorithms for extracting the atti-
tude information from the angular rate gyros exist. In
order to select the best algorithm, a comparative study
has been made using digital simulation techniques.

To collect good data, all the instrumentation on board
must operate properly. Instrumentation failure can be de-
tected using concepts of "analytic redundancy." The
theory behind instrumentation fault detection (IFD) is
briefly reviewed, and details necessary for practical reali-
zation of IFD on the Micro-MAP are presented.

The Micro-MAP system is designed to operate in a
multiprocessing environment. It performs the basic data
acquisition, formatting, calibration, recording, strapdown
IMU computations, air data computations, instrument
failure detection, and pilot cueing. As development of the
Micro-MAP progresses, it will be programmed to make
in-flight assessment of the accuracy with which parame-
ters can be estimated from the data.

Following the verification of Micro-MAP hardware
and software operation, preparation for stall/spin testing
will be made. During the flight testing the concepts of in-
strumentation fault detection and preliminary estimation
of parameter uncertainties will be evaluated.

FLIGHT TEST VEHICLE

The flight test vehicle is the Schweizer 2-32 sailplane
"Cibola," with basic parameters given in Table 1. This

TABLE I
Schweizer 2-32 Sailplane Parameters

Length 26.75 ft
Span 57 ft
Height 9 ft
Wing area 180 sq.ft
Aspect ratio 18.05
Flying weight(maximum) 1430 lb
Stalling speed 47 mph
High performance glide speed 158 mph
Control Surface Displacements:
Stabilator -Up 19.5 deg

-Down 9.5 deg
Rudder -Left and Right +1- 29 deg
Aileron -Up 29 deg

-Down 13 deg
Dive brakes -Top up, bottom down 85 deg
Vibration Data:
Wing, 1st symmetrical bending 5.8 Hz
Fuselage, 1st lateral bending 9.8 Hz
Fuselage, 1st torsion 13.0 Hz

two-place sailplane was chosen for several reasons. The
absence of powerplant effects allows us to observe purely
aerodynamic phenomena. The Schweizer 2-32 sailplane
can be spun safely, with recovery normally occuring after
neutralizing the controls. (Nevertheless, the airframe will
be modified to accommodate an antispin parachute.) The
maintenance and operating costs of the sailplane are low.
The portability of the instrumentation can be demon-
strated convincingly using the sailplane as a test bed.

Fig. 1 shows the instrumented sailplane. It can be
seen that the inertial instruments are mounted near the
aircraft's center of gravity, that two air data probes are
mounted on the wings, and that all control surfaces are
instrumented.
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TABLE II
Rigid-Body Mode Frequency Estimates

V, mph fSPm Hz TR, sec 1 fDR' Hz

60 0.6 0.3 0.1
90 0.9 0.5 0.2

120 1.1 0.7 0.3

-AIR DATA UNIT

Fig. 1. Locations of instrumentation on test aircraft.

INSTRUMENTATION

Instrumentation Selection Criteria

Flight instrumentation provides a principal source of
error in identifying aerodynamic coefficients. Instrumen-
tation errors include biases, scale factor errors, calibration
errors, misalignment errors, phase-shift errors, and alias-
ing. Thus instrument selection requires a thorough analy-
sis of individual error components.

An ensemble error analysis technique has been pre-
sented in [1], where sensitivities of parameter estimates
to instrumentation errors are analyzed. It is shown that
instrumentation errors other than white noise can greatly
increase the uncertainty in the estimated parameters.
Identification accuracy can be improved by treating the
error sources as unknown parameters and identifying
them along with the aircraft parameters. An instrumenta-
tion modeling scheme to correct for phase-shift errors that
occur in spinning vehicles is presented in 12]. A Monte
Carlo analysis [31 concludes that the instrumentation-in-
duced errors can be comparable to the nominal values of
the parameters to be identified. Furthermore, the estima-
tion errors can vary appreciably for different classes of
aircraft, and they tend to be largest for light aircraft.

Despite its computation power, flexibility, reliability,
and compatibility with general-purpose data processing
facilities, a digital DAS can introduce additional errors
associated with quantization and sampling rate. We have
adopted the philosophy that digitizing and measurement
errors should have the same order of magnitude in the
Micro-MAP [41, as improving one but not the other pro-
vides diminishing returns with increased cost. Twelve-bit
ADC and sampling rates of 20/s are easily obtained with
available digital hardware, and these provide standards
against which sensors are judged.

The short period, roll, and Dutch roll eigenvalues can
be approximated as in [5], yielding the results shown in
Table 2. It can be seen that a 20/s sampling rate provides
at least 18 samples per cycle for the rigid-body modes.

This sampling rate is adequate for identification of rigid-
body aerodynamic effects, although Table I indicates that
sampling rate should be increased if aeroelastic effects are
to be determined.

The final decision on the instrumentation was made
considering the following additional criteria and with
guidance from [6]:

1) adequate bandwidth to capture all the desired fre-
quency components (Table I1); critical damping of
0.707 for minimum signal distortion;

2) a uniform power supply voltage of 28 Vdc;
3) output voltage limit of +/- 10 Vdc;
4) special remote testing and calibration features for in-

flight and preflight instrumentation fault detection;
5) adjustable full-scale range for optimal setting of DAS

appropriate to a particular flight test;
6) installation and mounting adjustment features;
7) minimum shop level design support.

Table I1 summarizes the instrumentation selected for
the stall/spin research. The linear accelerometers and the
dynamic pressure sensors are equipped with remote test-
ing electronic features. The full-scale range of angular
rate gyros is set to 1800/s.

TABLE III
Instrumentation for Stall/Spin Research

Instrumentation Model

Linear accelerometer Sundstrand 303T

Angular rate gyro Condor Pacific R20

Dynamic pressure sensor Setra 239

Absolute pressure sensor Setra 270

Angle of attack New England 78 ESC 502
and sideslip (Plastic film potentiometers)

Control surface Space-Age Controls 160-403
displacement (Spring loaded potentiometers)

Angular accelerometer Systron-Donner 4592

Variometer Cambridge Instrument CPT50S MKIV

Special Instrumentation Design

The high angle of attack and sideslip flight condition
poses a complex instrumentation problem, as measure-
ment of total velocity under these conditions is a chal-
lenging task. Several design concepts, such as active or
passive control of the pitot-static tube orientation and an
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Fig. 2. Micro-MAP architecture.

electronically or mechanically multiplexed system of
probes, were considered. In order to avoid possible de-
velopmental problems, two Kiel probes will be mounted
forward of the left and right wing tips. Shrouding the in-
let port by the Kiel probe reduces the directional sensitiv-
ity of stagnation pressure measurement 17]. Wind tunnel
tests have been conducted and the performance of these
probes has been confirmed.

The inertial sensors (3 rate gyros, 3 angular accelero-
meters, and 3 linear accelerometers) are rigidly mounted
in an aluminum box. This strapdown inertial measure-
ment unit (IMU) weighs 19.5 lb and measures 10 in x 10
in x 8 in. The IMU is positioned near the aircraft's center
of gravity, and the Micro-MAP processor is located
nearby in a second housing.

Signal Conditioning

The term "signal conditioning" applies to any opera-
tion that prepares a transducer signal for subsequent dis-
play, control, or computation without loss of accuracy. In
principle, these operations do not change the essential in-
formation contained in the signal. In the present context,
this consists of prefiltering, amplifying, sampling, and
digitizing.

A sensor provides a voltage proportional to the physi-
cal variable. The output voltage that is monitored by the
DAS is vulnerable to electrical and electromagnetic inter-
ference noise. Standard grounding and shielding tech-
niques [8, 9] are used to reduce the pickup noise. By
employing floating single-ended or differential input am-
plifiers [10], noise immunity can be improved. In order
to accommodate a large number of data channels, a float-
ing single-ended configuration is used in the DAS.

To optimize the processor load and mass storage
space, it is desirable to reduce the number of samples
collected per second and yet not introduce aliasing errors
[1 1. Analog prefiltering reduces aliasing errors. A Bes-
sel filter-has been chosen as the prefilter, because it has

the best linear frequency characteristics among the practi-
cally realizable filters [12].

MICROPROCESSOR IMPLEMENTATION

Multiprocessing Tasks

The Micro-MAP is being designed with the following
goals:

1) acceptable man/machine interface;
2) adequate data acquisition and mass storage;
3) on-board data calibration, formatting, and buffering;
4) on-board data processing for instrumentation fault de-

tection;
5) "quick look" at the parameter uncertainty estimates;
6) pilot cueing for data entry and test inputs;
7) control of peripheral devices, such as digital tape car-

tridge recorder, displays, and electrostatic printer;
8) coordination of multiprocessing tasks.

Multiprocessing System Architecture

The Micro-MAP consists of three microcomputers, an
ADC, a DAC, two arithmetic processors, a hand-held
control display unit (CDU), LED displays, an electro-
static printer, and a digital tape cartridge recorder. Fig. 2
shows the architecture of the Micro-MAP.

The microcomputers are Multibus" compatible
MSC8004 boards. The Z80A based CPU, driven by a 4-
MHz clock, has a repertoire of 158 8-bit instructions. The
internal bus structure on each CPU board allows other
operations to proceed on the Multibus while the Z80A
processor uses local memory and I/O devices. The mem-
ory addressable ADC unit accepts 32 single-ended input
channels and resolves them into 12-bit digital data. The
multiplexer of the ADC unit can be controlled using ei-
ther sequential or random scanning. The programmable
gain -amplifier of the ADC unit can be dynamically set to
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Fig. 3. Schematic diagram of ADU (not to scale).

a gain of 1,2,4, or 8 for each input channel, eliminating
the need for individual instrumentation amplifiers. The
DAC has two channel analog output. The Am9511 arith-
metic processing unit (APU) enhances the computational
capability of the MSC8004, as trigonometric, logarithmic,
and other operations can be performed using 32-bit float-
ing- or fixed-point format, even though the CPU uses 8-
bit words. The I/O addressable APU also provides special
stack operations for efficient data transfers. The hand-
held CDU provides double-stroke (keypad plus shift key)
input and 2-line, 12-character LED display of ASCII
characters [13]. The computer boards are housed in an
RF-shielded, shock-mounted aluminum box; they use +/
- 5 Vdc and + / - 12 Vdc obtained from a dc-dc con-
verter, which derives its energy from a 28 Vdc sealed
gelcell.

Software Development

The software being developed for the Micro-MAP
uses two programming languages: Pascal and assembly
language. The main application software is coded in Pas-
cal, and time-critical operations (e.g., control of the tape
drive) are coded in assembly language. MSC8009-based
software development facilities, supported by a CP/M op-
erating system, aid the integration of the Micro-MAP.
Two floppy disk drives, a matrix printer, and a video dis-
play terminal enable the quick manipulation of files.

where M is a diagonal gain matrix (in the absence of
cross-coupling between the data samples). The arithmetic
operations are performed by the Micro-MAP, and the
physical units are temporarily stored in random-access
memory for real-time processing. The data are perma-
nently stored on the digital recorder for subsequent off-
line parameter identification.

ADU and IMU Position Correction

Fig. 3 presents a schematic diagram of the air data
unit (ADU). The ADU measures the airspeed, angle of
attack, and sideslip angle of the flow at the boom loca-
tion. The velocity components of the center of gravity
(cg) along the body axes are necessary for real-time com-
putations, as discussed in the subsequent sections.

The local angle of attack is measured, and it is neces-
sary to correct for lift-induced upwash to obtain the vehi-
cle's angle of attack. The measured sideslip angle is
different from the conventional definition because the
sideslip vane's axis is perpendicular to the body axis
rather than the velocity vector.

For [-ir/2 < am < 71r2],

(2)a = atm

X = tan-' [(tan 1m) (cos oam)]. (3)

Then the local velocity, expressed in Cartesian coordi-
nates, is

Data Conversion

The ADC converts sensor output voltages to 12-bit
words. Each of these initially is stored in two 8-bit bytes,
then transformed to 32-bit floating-point format for arith-
metic operations. The corresponding physical quantities
can be computed from the 12-bit raw data using the cali-
bration parameters as

y = M v + c (1)

Fum cos 1B cos cx

Vm = sin ,

Lwm cos 13 sin a
boom boom

Vm
boom

(4)

If the boom is located at (x,y,z), measured from the cen-
ter of gravity, the local velocity-components are affected
by the aircraft angular rates; hence, the velocity at the
center of gravity is derived from the boom velocity as
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cg boom
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boom

When two ADUs are employed, the airspeed, angle of at-
tack, and sideslip angle referred to the center of gravity
can be found by combining the velocity components de-
rived from each boom. Denoting the two booms by 1 and
2, respectively, and using the fact that xl -=x2, Yv -Y2
and Z1 Z2

_ _ -Ul + U2

v 4V +V2
W WI + W2

cg

E 0
r

L q

0
0
0

q Xl
OP V1I.

Lz j

In polar coordinates,

Vcg = (u2 + v2 + wt2)cg
g - tan - 1 (w/u)cg

f3cg = sin I (vlV)cg.

Linear accelerometer measurements must be corrected
for offsets from the center of gravity. Denoting each ac-
celerometer's position by (x,y,z) (different for each acce-
lerometer), the sensed acceleration at the center of gravity
is

ax,, ax,,, + fx(r2 + q2) -v(pq - r)

(10)- z(pr + q)J

ay, - ay,, + [- x(pq + r) + v(p2 + r2)

- z(qr -p) ]

az,g = az, + [- x(pr - q) -y(qr + p)

+ z(p2 + q2)1 (12)

Gravity also must be taken into account in computing the
actual acceleration.

ANGULAR ATTITUDE ESTIMATION

Strapdown IMU Formulations

Conventional attitude gyros are not suitable for mea-
suring the large angular attitudes encountered in a spin.
The performance of these gyros is hampered by gimbal
lock and either large drift rates or spurious erection

mechanism inputs. The 3-axis gimballed platform also is
susceptible to gimbal lock, and the available units are
costly; therefore, these alternatives are not considered for
the Micro-MAP.

The strapdown IMU approach avoids mechanical gim-
bal lock and does not use a stabilized physical platform,
keeping track of the vehicle's attitude by integrating the
outputs of the 'strapped down" angular rate gyros. It is
amenable to aerodynamic parameter identification, in that
the vehicle's forces and moments often are referenced to
body axes, and the inertial sensors are fixed in the body
frame. In this context, the strapdown algorithm's princi-
pal function is to define the transformation matrix D that
resolves the earth-relative gravity vector into body axes to
compute the aircraft's linear acceleration. The Euler an-
gles describing the vehicle's attitude are of direct interest;
however, they have no significant aerodynamic effect.

The choice of attitude variables for computing D is
governed by complexity of the required software, speed
of computation, memory size, accuracy, error sensitivity,
and range of applicability. The well-known Euler angle
formulation has a singularity when one of the three angles
approaches 90°; thus the range of applicability is limited.
Furthermore, the required computation of many trigono-
metric functions is a burden for an airborne microcompu-
ter. Of the remaining five methods in Table IV, direction
cosines or quatemions provide the most appealing alterna-
tives.

TABLE IV
Altemate Sets of Attitude Variables

3-Variable 4-Variable 9-Variable
Methods Methods Method

Euler angles Euler axis/ Direction
angle cosines

Euler-Rodrigues Quaternions
"Parameters"

Cayley-Klein
"Parameters"

(11) Direction Cosine and Quaternion Computations

Before analyzing the direction cosine and the quater-
nion methods, basic relationships are reviewed. The func-
tion of D is to define the mapping of a vector represented
with respect to two different sets of basis vectors (in body
and inertial axes) as defined by

(13)Iv] = D Y)7
-B I

where

-dl, dK2 d 3

D =- d2 I d22 d-23
dis d3 d;3j

(14)

(9)
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The nine elements of D also are referred to as direction
cosines. Since the number of degrees of rotational free-
dom of a free rigid body is always 3, there are 6 con-
straints imposed on the direction cosines. The constraints
correspond to the orthonormality of the basis vectors as
defined by

(15)DTD -I.

In the presence of body rotation, the direction cosines
vary with time, and the corresponding time rates of
change are related to the body-axis angular rates by

D - BD.

The time-dependent matrix B is skew-symmetric:

0 r-qi
B = -r O p .

L q -P O

The time rates of change of the quaternions, analogous to
(16), are

[eI FeI

Ie Ie l

-A eA
6 2 e31

Le~4_ L e4_i

where the skew-symmetric time-dependent matrix A is

LO -r -q -p

A=
r O -p q

A=q p O -r

Ip -q I' 0-

(21)

(22)
(16)

The time histories of direction cosines now can be com-
puted in two steps. Using (21), the time histories of qua-
temions are generated and stored; then (19) provides D.

(17) The initial values of quaternions are obtained from

The time history of D can be computed by integra
(16), starting with an initial condition. The initial con
tions of the direction cosines can be obtained using th
initial Euler angles. Writing "s" for sine and "c" fo
cosine:

c4ico sco -sO 1

D - c4ssOs)- st)c4) sq4sOs4) + c4c4) cOs4 .

Lct1sOc4) + st)s4) stfsOc) - cEs4 cOc4)

The initial values of 4), 0, and 4 can be obtained by
bilizing the aircraft in steady level flight prior to each
rameter identification run, using accelerometer output
cockpit panel instruments, and/or visual references.

The physical meaning of quaternions is best descr
using the concept of the Euler axis and angle [18]. T
four-variable method determines D as

(e -e -e' +e ) 2(e3 e4 +el e-)

D= 2(e3 e4 -eI e2)

2(el e] +e. e4)

2(e2 e4 -e e

(e2 -el. +e -e') 2(e, e3 +eI e,

2(e- e3 -el e4) (e2 +e2- e2

where the angular orientation is described by a single
tation angle about a specific axis known as the Euler
axis. The cosine of half the Euler rotation angle is el
The sine of half the Euler rotation angle weighted by
each of the three direction cosines of the Euler axis r
vides e2, e3, and e4. The ei are known as quaternion5i
The notations for the quaternions are not standardize
the literature, and authors have defined e4 in place of
Allowing for the 3 degrees of rotational freedom, the
only constraint between the quatemions is the normal
condition:

e2 + e 2+ e2 ± e4 - 1.

iting
di-
le

(18)

el (ct'/2 cO/2 c4)/2 + stp/2 sH/2 sq)/2)

e2 (st'/2 cO/2 c4)/2 -cq/2 s4)/2 sdp/2)

e3 (ct'/2 sH/2 c4)/2 + s4i/2 c0/2 s4)/2)
e4 (cq'/2 c0/2 sd)/2 -st/2 s0/2 c)/2j

(23)

'- -, with 4), 0, and 4' defined as before. The initial quater-
nions can also be extracted using the methods derived in
[19] and [20].

For real-time computation of D and the Euler angles,
sta- the direction cosine method requires solution of nine first-
i pa- order differential equations for each time step, whereas
ts, the quatemion approach requires solutions of only four

differential equations. However, the quaternion method
ribed requires an additional step (19). A simple comparison in-
his dicates a 40 percent time saving for the direction cosine

method.
Nevertheless, computation speed is not the only crite-

rion; the accuracy of computation is important as well.
Rate gyro outputs are easily corrupted by airframe vibra-
tion and electrical noise, so it is important to study the

-e4) error sensitivity of each scheme. Furthermore, the body
rates encountered during spinning flight are high, and the

(19) computation accuracy could suffer. Therefore, digital
simulations were conducted to analyze the performance of

ro- each formulation in combination with various integration
techniques.

)ro-

d in
f el.

lity

(20

Integration Algorithms

To generate the time histories of D and attitude in
real-time, a simple integration technique is preferable to

the standard fourth-order Runge-Kutta scheme. For off-
line computation, sophisticated techniques employing ob-
servers and Kalman smoothers can be considered. In this
analysis, techniques suitable for real-time applications are

) addressed.
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TABLE V
Integration Techniques for Strapdown IMU Computations

Method of Integration Direction Cosine Quaternion
D = B D e = (1/2)A e

Euler Integration Dn+l = Dn + T(BnDn) en+l = en + (T/2)(Ann)
Adams-Bashforth ----- en+l = + (T/4)[ 3(A n$n) - (An-lln-1) 3
State Transition en+l =r-cos(T(/2) I + (T/2) sin(T/2) AnV2n
Matrix .(Tf2 J

Euler, Adams-Bashforth, and state transition matrix
integration were selected for the performance analysis of
algorithms, as summarized in Table V. As shown in [21],
the product of A with itself is simply

AA = w2i (24)

The stability of various integration techniques has
been studied for aircraft experiencing high roll rates [21].
The integration techniques chosen in Table V provide al-
gorithms suitable for microcomputer implementation.

Simulation Results

A general digital simulation procedure is illustrated in
Fig. 4. As a first step, an idealized steady flat spin was

studied. In such a condition, the roll and pitch rates are

Fig. 4. Simulation procedure to study strapdown algorithm performance.

assumed to be identically zero, and the yaw rate is set to
a constant 180°/s. The exact yaw angle then is simply the
product of time duration and yaw rate. Fig. 5(A) shows
the error versus time for a noise-free case. Comparing the
direction cosine and quatemion-based results, (using Eu-
ler integration), it can be seen that the error incurred in
the former is twice as much as that of the latter. The ef-
fect can be explained by considering the eigenvalues of
(16) and (21). It can be shown that

eigenvalues ( B ): jw, 0, -jw

eigenvalues (-A): jw/2, jw/2, -j/2, -jw/2
2

(25)

(26)

where j = N/-1. From (25) and (26) it is evident that
the rates of change of the corresponding variables are dif-
ferent. The direction cosine components change twice as

fast as the quaternion counterparts; hence, for a given in-
tegration time step, the faster changing variables have
larger error. Since the quatemion formulation yields bet-

I

(A) i

ti

(B) I
w

w

vj

4

4 (0

-8I-

EULER (DCN)

12O 2 3 4 5 6 7 8 9
TIME (uc)

12
TRACKING ERROR vs. TIME
YA RATE * 180 dog/sec

OTIME STEP 0.05 ADAMS-BASFORTH (o0
NOISE (o') 3.6 dog/sc (NO SIAS) STATE TRANSITION 10)

DCN DIRECTION COSINE

O

UATERNION

-O 2 3 4 5

TIME ("c)
6 7 8 4

-4

-8

Fig. 5. Yaw angle error with and without measurement noise.

ter accuracy, further analysis of direction cosine formula-
tion using the remaining integration techniques was

deemed to be unnecessary.
The results depicted in Fig. 5(A) correspond to noise-

free accuracy of the algorithms. Further, Fig. 5(B) shows
the effect of random noise. Despite its 40 percent higher
computing time, improved accuracy calls for the quater-
nion/state transition matrix approach.
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INSTRUMENTATION FAULT-DETECTION

Two major uncertainties exist in gathering aircraft
flight test data: signal validity and the information con-

tained in the data. Conventionally, the flight data re-

corded during flight test are validated by extensive cross

checks, graphical displays, and printouts [22]. Such inter-
mediate data validity analysis avoids problems which are

otherwise uncovered only during the actual analysis of the
data. It would be desirable to perform these tests while
the aircraft is flying, so that corrective actions could be
taken while the opportunity exists. The Micro-MAP is
being designed to give assurances that good data will be
collected on each flight. The signal validity can be
checked in flight using hardware and analytic redundancy
techniques.

Hardware Redundancy

In order to obtain detailed information about the un-

symmetrical flow past the spinning sailplane, two ADUs
are being used. Under normal operating conditions, both
ADUs' measurements, corrected for the offset effect (see
(5)), should yield identical estimates of the center of
gravity referenced velocity vector. Failure of either ADU
will result in different outputs. Regardless of the type of
failure, the difference between the two outputs eventually
will manifest itself as a bias failure (23]. The ADU hard-
ware redundancy implementation is shown in Fig. 6.

Fig. 6. ADU hardware redundancy implementation.

Analytic Redundancy

Analytic redundancy is an economical substitute for
hardware redundancy. It makes use of the kinematic and
dynamical properties of the state variables defining the
aircraft motion.

An analytic redundancy derived from rotational kine-
matics can be implemented as illustrated by Fig. 7. Per-
formance of the necessary algorithm has been studied
through digital simulation for a case with a 9°/s bias on

roll rate gyro injected after 10 s. The results shown in

A

ANGULAR RATE ANGULAR
GYROS ACCELEROMETERS

Pm, qrr' rm Im prqffrm

X T

MEMORY Pn-
+ 4 ~~fln-I tqn- J

ANALYTIC SENSOR
-SPRT ALGORITHM 'B

Fig. 7. Analytic redundancy based on rotational kinematics.

Fig. 8 demonstrate the sudden surge in the sum of the
output difference, which will eventually be detected by
the instrument failure detection logic. Likewise various
analytic redundancy relationships will be studied before
implementing them on the Micro-MAP. Using failure-de-
tection logic, methods can be devised to isolate the spe-
cific malfunctioning sensor. Based on the instrumentation
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Fig. 8. Digital computer simulation of bias failure in angular rate gyro.

acquired for the Micro-MAP, eight analytic redundancy
relationships can be derived [4]. In this context strap-
down IMU information is necessary for the implementa-
tion of some of the analytic redundancies.

Failure-Detection Logic

The Micro-MAP will contain both hardware and ana-

lytic redundancy algorithms, and the output difference
generated by the redundancy algorithms will be processed
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by the failure-detection logic (FDL). The function of the
FDL is to compute the mean value of an incoming signal
(which is the difference between two comparable outputs)
and to test for the failure/no failure hypotheses. Simple
two-sided hypothesis testing can be used to detect the
presence of a bias. Fig. 9 shows three possible operating
conditions of a pair of sensors (other than simultaneous
failures). When the noise variance is known and the
false-alarm and missed-alarm probabilities are specified,
the critical region can be calculated to test for a hypothe-
sis with mean m.

Fig. 10. Microcomputer implementation of SPRT.

g FALSE ALARM m

C MISS ALARM

Fig. 9. Sensor output difference (three cases). Case 1): PositiN
failure; case 2): No failure; case 3): Negative bias failure.

A more efficient hypothesis testing method can be
rived from the log likelihood ratio of the failure/no-ft
hypothesis probability density functions. This procedi
called the sequential probability ratio test (SPRT), we
applied to instrument failure detection in the NASA I
DFBW program [241. The decision making rule for
SPRT is [25]

Z(j) = mN12 + (u21nm)/m :accept

no-failure hypothesis Ho

IJ
Z(j) - mN12 + (U2In-l)/m :accept

failure hypothesis HI

where r1o - ,B/(1-(/2), Th (1 -)/(cx2), x - false-
alarm probability, 3 = missed-alarm probability. The
number of samples N is not selected a priori. Samples are
continually added until either decision (27) or (28) is
made. The decision making rules, e.g., (27) and (28), are
to be implemented in the Micro-MAP as shown in Fig.
10.

ve bias

e de-
tilure
ure,
as
F-8

Parameter Uncertainty Estimates

The second uncertainty is the information contained in
the data. As the development of software progresses, the
Micro-MAP will be programmed to make assessment of
the parameter accuracy, using the Cramer-Rao bound and
Fisher information matrix.

CONCLUSIONS

A microprocessor-based data acquisition system for
stall/spin research has been described. Important aspects
of instrumentation selection for the design of the Micro-
MAP have been identified. Conventional attitude gyros
are inadequate for measuring the large attitudes associated
with high spin rates. A strapdown IMU scheme has been
developed and analyzed. The best approach for micro-
computer based real-time attitude estimation is the quater-

(27) nion/state transition matrix method. The validity of the
data can be verified in flight using analytic redundancy.
A digital simulation of rate gyro failure-detection has
been performed and it can be seen that a bias failure of a
rate gyro can immediately be detected using the sequen-

(28) tial probability ratio test.
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