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1.0 SUITIARY.

This design note describes the sequential probability ratio test
(SPRT) for 2-IMU FDI. The SPRT is a statistical technique for detect-
ing and isolatina soft I''U failures, oriainally developed for the
strapdown inertial reference unit (SIRU) and later adapted at Draper
Labs to redundant airballed I'J's. This note documents the equations
and describe. the version of SPRT that will be used for analysis at
JSC/1DTSCO. Though some of the theory is discussed, a complete
coverage of SPRT theory is beyond the scope of this report and is
relecated to the reference material cited. The flowchart of a sub-
routine incorporating the 2-IMU SPRT is included, and is referred
to in the text for illustration purposes. HMNeither test case data
nor performance evaluation is inélu:ed, as these will be published

separately.

2.0 INTRODUCTION

Last Septenter the SPRT alaorithm was baselined at the Level R
OFT Entry SOR to perform the onboard 2 and 3 MU FDI testina durine
shuctle entry. In order to both develop and verif& the rethod, a
SPRT subroutine was added to the IMUFDI triple - IMU simulation
proaram on the JSC Univac 1110 computer. The version of SPRT documented
in this report has evolved out of the developrment work to date. Future
developments in SPRT theory are anticipated and will be documented in
forthcoming reports. The objective of the studies to date has been to

optimize performance and sensitivity of the algorithm. With this approach,
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the marqins between actual performance and external performance

requirements may be easily established.

IMPLEMENTATION DESCRIPTION

This section describes the SPRT alcorithm for nerformine the
2-1FU FDI function with skewed shuttle IMI's. The SPRT subroutine
of the IMUFDI program (flowcharted in Appendix 1) is one of several
versions of the SPRT algorithm that have been explored in the past
two years. The version described in this report is felt to te both
the most theoretically straightforward version, and also the version
most akin to the data tracking test (References 1 and 2), thereby
enabling an accurate comparison between the two methods. The Draper
Labs version (Reference 3) differs slichtly from this implementation
in some areas.

The basic idea of this FDI method is to aeometricallyv resolve
a failure direction to one of four unianely oriented acceleroreters
or gyros contained in a pair of skewed I"U's (Reference 2). Fach
IMU has one planar (XY) and one sinale axis (7) accelerometer, for
a total of 4 accelerometer instruments per I''U! pair. In addition,
each IIU has 2 planar gyros (XY, ZR) with the ath redundant (R)
axis oriented in the plane of the XY gyro, 12° from the X axis.

It is assumed for the 2-1I111 SPRT algorithm that the 7R avro can
fail only along the Z axis, since any failure with a component
along the R axis would be detected by the redundant qyro monitor test

(Reference 5). Gyro data from the 7 axis can therefore be treated



as if it were sensed by a sinole axis ayro. This assumption brings
the gyro set into correspondence with the accelerometer set (i.e.,
one XY and one Z axis instrument per IMU), thereby allowina the
same algorithm to be used for both accelerometer and ayro FDI.
Ther» are minor differences in error measurement calculation and
thresholding which will be described subsequently.

Figure 1 illustrates the functicnal flow of the 2-IM!' SPRT.
The method is applicable to any pair of I''U's; however, for the
sake of notational clarity, iMU's #1 and £2 are sinoled out in this

report. Major functions are discussed individually as follows:

3.1 Error MMeasurement Calculation

This function takes output data from the IMU's (aV's,airbal
angles) and forns a vector equal to the discrepancy (or error)
between two I!W's. This error vector is then output in the coordinate

system of each IMU stable platform.

3.1.1 Gyro
The ayro error measurement is the "total relative misalianment”
vector, consistina of the off-diaconal elements of the matrices Q
and C as shown in Fiqure 2.a. The variabhles referred to in this
fioure are described as follows:
Bj“(n) = js the Euler anale transformation ratrix from I'M
stable platform #j to the navication base, corputed
using the set of aimbal anoles read from I'U 25 at

th

the n~ time step.
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812 (n) = Bzﬁ(n) B]N(n) is the qimbal angle derived
transformation from I'U #1 to IMJ #2 stable

platforms at the nth

time step.

Q= B];(l) B]Z(") is the skew symmetric matrix vhose
off-diaaonal elements form the total relative
misalignnent vector (Qu,v,w) in ™M 21 coordinates.

C-= 812(]) R];(n) is the skew symmetric matrix whose
off-diagonal elements form the total relative

misalignment vector (0x z) in IMI #2 coordinates.
]

Y

In the real time computer the six small misalignment angles, u,v,w
and ex y,2° can be computed directly as dot products of rows and

s J
columns of the transformations B]Z(l) and 812 (n).

3.1.2 Accelerometer

The accelerometer error measurement is the "incremental AAV"
vector formed by differencine I''U sensed AV's in the coordinate systerms
of each IMU cluster, as shown in Ficure 2.b. The current aimbal
angle derived transformation, B]Z(n), is used for all transformations

to mininize the effects of avro drift on accelerometer FNI,

3.2 VWhiteninq Filter

A first order recursive filter is used to transform the correlated
IMU error measurements in to a sequence of indcpendent samples. The
theory for using a filter in this way is emhodied in the widely known

result from estimation theory that the residuals of an optimal Kalman
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filter constitute a white Gaussian noise sequence (References 6 and
7). In this SPRT implementation, each axis is filtered secparately
by a single state estimator. The outputs of the filters are the
residuals formed by subtracting the filter estimate from the actual
IMU error measurement. The whitening transformation performed by
this filter is recuired because independancy of samples is assumed

in formulating the LLR update equation (Section 3.4),

3.2.1 Filter Equations

First pass initialization:
S =0

0
s = el-DELTAT/T)

State propagation

gn =0 Sn-l
Residual computation

= Yn - §n
State update

5, ® gn +Krg

th

where Sn = state estimate at n~ time step
rn = residual at nth time step (filter output)
Y, = IV error measurcrent at nt time step (filter input)
K = filter gain (pre-mission ¢ 1stant)
1 = Autocorrelation time constant (pre-mission constant)

The above filter is used for both gyro and accelerometer data; the
only difference being in different state update gains (K), which are

1isted in section 4.2.



3.2.2 Pre-mission Filter Tuning

The filter gains nentioned ahove were computed pre-mission
via a tuning procedure derived from “ehra, Reference 6, which
basically states that the optimality of the filter can be measured
by how uncorrelated the residuals are. In a routine vritten for
the Univac 1110 Demand terminal, the filter gains were varicd
until the average autocovariance of the filter residuals over
30 Monte Carlo cycles vas zeroed out. The procedure used for

calculating the average autocovariance follows:

Step 1. Calculate a residual mean for each of € axes in each
Honte Carlo Cycle between the times 305 and 1205 (this

time period contains no vehicle attitude transients):

s
b... = t
axis, cycle 199 t3n5

by 5

Step 2. Calculate the first autocovariance coefficient, R(1),
for each of 6 axes in each Monte Carlo cycle:

a5

-t
N

™

e (r.-b) (r, -b}
198 o ¢ t-5

- T e+

3R 5
) —

Paxis, cycle = 1 9
199 (ry-b)

“w
|52 e

R nd
< n

Step 3. Calculate the averace autocovariance coefficient.

6 30

. 2 o
Pave = TGO axis=) cyclest  axis, cycle



Repeat steps 1 through 3 on residuals acquired by iterating on the
filter gain K until a Pave of approximately zero is obtained.
While computing the gyro gain of section 4.2 (KGYRO = .54)

the following autocovariances vere obtained:

Pave = -.47
Puin = ~34-7% (X axis, IMU #2, cycle #20)
Prax = 64.2% (X axis, I"U #2, cycle #27)

Hhile computing the accelerometer cain of sectivn 4.2 (KA .084)

ceL C
the followina autocovariances were obtained:

Pave ° 1%
Pnin = -52.0% (Z axis, IMU #2, cycle #23)
Puax ~ 81.9% (Z axis, IMU #2, cycle £30)

3.3 LLPR Parameter Calculation

The LLR update described in section 3.4 reatiires two parareters
to compute the LLR - the classification threshold and the standard

deviation for the filter residuals.

3.3.1 Residual Threshoid

The SPRT alaorithm requires thresholds separatina residuals
indicative of failure operation from residuals encountered durina
nominal operation. As in all threshold type tests, it is desirable
to have the threshold tiohtly fitted for areater sensitivitv, yet
still hingh enouah so that no false alarms are produced under nominal
operation. The failure residual thresholds used in this version
of SPRT were acnerated by multiplyina a base failure threshold

(Figure 3) by a dynamic scaling factor which accounts for the filter
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effects of bias attenvation and attitude transients. The base
thresholds, specified in section 4.4, are the same closely fitted
thresholds used in the data trackina test (Reference 1). The

scaling factor 1 , derived f{rom Reference 8, is calculated by:

T{t) = (rgg * 1, = Iyp p)

where:

I
Tss = 1-6(1-F)

letting n=t/At,

(1-Pyyp YKo

- Kb n-1
h ° T-6(1-X (6(1-k))
P,,, K¢ .
_ NB n-j
Tug,n = Toe(r-Ry (¢(1-K))
in which ¢ = e 0/t

K

filter gain
Pyg = Percentage attributed to vehicle
attitude transients (Section 2.5)
J is set equal to n whenever the areatest
gimbal angle change exceeds the limit

Bsim (section 4.5)
The final threshold is then

BR(t) = r(t) T(t)

vhichk is pletted in Fioure 3.

3.3.2 Residual Standard Deviati.n
In addition to the residual threshold, the SPRT requires

a residual standard deviation characterizinn the "spread" of
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nominal data. Standard deviations were computed at several time

slots ty the formula

.. 1/2
6 3n t.
oft) = [1h 2 X
axis=1l cycle=l t=t
by 5

Residual standard deviations vere found to be fairly constant at

the values given in section 4.5.

3.4 Loa Likelihood Patio Updatec

The 1ikelihood ratio is the heart of the SPPT alcori‘hm,
being proportional to the probability that a failure has c. .red.
The lou of the likeiihood ratio is used to avoid computation of
the EXP function at each time point. Lon likelihood ratios (LLP's)
are comnuted seaquentially, mods'ino the filter residuals as i-“en:ndent
Gaussian samp'es (not necessarily zero mean'. usino the resicual
thresholds and siomas computed in section 3.3. In this implementation
the LLR for each axis is split into two sub-LLR's, one for positive
and one for ncqative failures, since either polarity is assumed

equally likely. The LLR equations follow:

LLP Update )
t
+_ 4 28R )
(MR M o (r, - 2(1)
A= - ZTROE) (e
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LLR Reset

+

+
1f An < 0 then An

(1}
o

"
o

If An < 0 then An

Take the biggest:

+ -
An = max (An, An)

3.5 LLR Threshold Calculation

The LLR failure decision threshold is calculated accordina to
Reference 9, using the residual thresholds and siomas from section

3.3, by the following ecuation:

Br(t) = In (2BRZ(t)/ALPHA 52)

3.6 Sinqle Axis/Dual Axis FNI Loaic

This FDI function perforrs a threshold test on the ¢ error
neasurenent channels for each instrurent type, both acceleroreter
*and qyro. Fach instrurent (2DOF, 1DOF) is tested independently
for evidence of failure. For example, if either the X or the Y
gyro measurenent from IMU #1 is out of tolerance, the failure has
been detected in the XY] ayro. Figqure 4 shows the logic by which
individual instrumrnt failure detection test are combined to iso-
late the failure to a particular instrurment. An IMU failure has
teen detecte’ when at least onc of the four instruments of either
type, gyro or accelerometer, is out of tolerance. In the IM!FDI
inplementation, at least tvo simultaneous threshold crossines out
of the four instruments is required before an ™! failure detection

is reqistered. A single thresheld crossina vould he sufficient,
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but is also potentially more susceptible tu false alarms. A failure
can be isolated when exactly three of four instrrments simultaneously
shov out-of-tolerance measurements. The IMU where the failure has
been detected in both instruments is the unfailed I}, since two
detections would be indicative of a simultaneous failure - an assumed
impossibility. Consequently, the IM! in which the failure has been
detected on only one instrument measurerent is the failed IMU. The
case of four simultaneous threshold crossinas (not covered in the
flowchart of Figure 4) is an abnormal condition and should be flagged

to the crew.

4.0 RESULTS
The following paraaraphs present a oroup of constants, pertinent
to the 2-1"U SPRT aloorithm, that were used in the I"'FDI proaram
to generate the results contained in Reference 1N. These constants

apply t> the reference mission 3B entry trajectory.

4.1 Time Step
DELTAT = 5 sec.

4.2 Filter Constants

Autocorrelation time constant:

Tevro = TACCL = 120 sec.

Filter gains:

KGYRO = ,54

KACCL = .084
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4.3 Start - Stop Times

Tstart =0 (4n0,000 ft.)

Tend 1945 (Touchdovn)

4.4 Rase Failure Thresholds

Gyro: 3
_ i .
T6(t) = Z C; t (radians)
i=o0

C0 = 3,7000 E-4

C] = 3.49€7 E-6

C2 =-1.1786 E-10

C3 =-5.8263 F-13
Accelerometer:

for 0<t<1145,

3 :
TA(t) = 2, t' (km/sec)

i=0
C0 = 2.830n0 E-5
C] = 4,3503 E-8
C2 =-5.3665 E-N
C3 = 9.7743 E-14

for t>1145,
TA(t) = TA(t=1145)

4.5 LLR Constants

Gyro:
Pug = +1°

Tg

2.4 E-4 radians
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Accelerometer:
Pug = -8
Op * 1.2 E-5 Ftn/sec

Mean Time Petween False Alarms

T=5000 sec

‘lean False Alarm Pate:

ALPHA=DELTAT/T=10"3
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APPENDIX 1

Flowchart of the SPRT Subroutine
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1)

2)

3)

4)

5)

SUEROUTINES CALLED RY SPRT

DMTXH (H], Mz, M3)

Matrix transposed tires a matrix.

T

H3 = M] Hz

DUXNT (4, 1, M)

tHatrix times matrix transposed

=M, !

Hy =M h,

DHTXV (H], Vz, V3)

Matrix transposed times a vector

ol

DXV (n], Vs v3)
Matrix times a vector
V3 = ﬁ]
pysue (V], vz, V3)

\F;

Vector subtraction

Vv, =V

3=V -V

2

The above subrautines assurme that all vectors and matrices are

dimensioned (3) and (3,3), respectively.

6)

7)

TINESY and TIMES2 are used by the driver proaram to provide a
surmary of detection and isolation times at the end of a rulti
tonte Carle cycle run.

DVSCLR (SCALAR,, V,, V)

Scalar tires a vector

V, = SCALAP, V

3 1°2



8) DVADD (V], Vz, V3)

Yector Addition

V3 = V] +V

2



