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Final Report

ON THE APPLICABILITY OF INTEGRATED CIRCUIT
TECHNOLOGY TO GENERAL AVIATION ORIENTATION
ESTIMATION,

Chapter I

A, INTRODUCTION

1. Current Sensors for General Aviation

‘Many of the panel instruments used in general aviation have remained
unchanged for over half a century, They work and pilots are familiar with
their use, Considering the retraining required to familiarize nearly a
million pilots with new displays, it 1s imporitant that signmificant valve
is established before a change is seriously considered, Criteria include
ease of interpretation, reliability, weight, cost, power, and repairability,

2, Advances in Semiconductors/Sensors

The advances 1n analog and digital integrated circuats is well known,
There has been a similar advance in sensor technology which has resulted
in part from the technology developed to manufacture semiconductor devices,
Pressure iransducers and more recently, accelerometers, have been devel—
oped which are extremely small and low i1n cost., The continuation of thas
development is expected, Devices of this type make possible an integrated
package of sensors which would change the single function sensor and display
module format of the past and replace them with a single sensing package
which could be used to drive a variety of displays and/or autopilot func-—

tions,

3. The Estimator

The other development which can change the approach to orientation

sensing is 1n the field of information processing, Many times there 1is

o, P



coupling between states needed for display or control which can be modelled
mathematically, Instead of requiring a measurement for every state, a
few measurements used in conjunction with the appropriate models can be
used to generate all the desired states, The formalaty of this process
15 extensively documented under the names of Kalman Filtering, Estimation
Theory, or Observer Theory — according to the nature of the problemn,
These theories make 1t possible to incorporate linear and angular accel-
erometers, magnetometers, and air data in an efficient way to estimate
angular and linear velocities, heading and orientation states, Hence the
information processing makes 1t possible to incorporate the new sensor
technology and to avoid duplication 1n sensors to.the greatest extent
possible, It also pro;ides a framework for comparing different models,
e,g,, kinematic equations vs dynamic equations, or a combination of some

of each,

4, Scope of the Research

This research has examined some early discussion [Ref, 1] and added
kinematic equations for comparison, An 1ﬁstrument survey has been per-
formed to establish the present state of the art in linear and angular
accelerometers, pressure transducers, and magnetometers, Gyros have not
been included as they are réasonably well known and one goal of the re-~
séarch has been to establish 1f they could be omitted and still obtain
an acceptable system, A very preliminary evaluation has been done of the

computers available for data evaluation and estimator mechanization,

The report develops the theory used, documents the mathematical model
of a light twin aircraft employed in the evaluation, presents the results

of the sensor survey and discusses the results of the design studies,

In addition to personnel at Stanford: R,A, Van Patten, R, Clappaier,
‘Russ Hacker, and D, B, DeBra, a subcontract with Stanford Research Insti-
tute enabled us to benefit from the expert assistance of Dr, M, G, Tashker,
Our work was coordinated through Dr, Denery at NASA Ames with similar work
being done by Dr, J. A, Sorensen as an NRC Fellow, This report contains

portions of Dr, Sorensen's work,



The work was closely integrated; the longitudinal equations and
estimator represent Dr, Sorensen's work, though there are contributions

throughout from all parties concerned,



1l THEORY

A. GENERAL FORMULATION

For a general system written in state-variable notation
-

x=Fx + Gu + Tw (2.1)
with control vector u and disturbance vector w and measurements

z = Hlx + v (2.2)

with measurement noisev, an estimator is formed as
x =Fx + Gu + K {(z-2) (2.3)

For systems where measurements are made of the derivatives of the states,

the measurement can be written

z=H +H2}E+v (2.4)

If the derivative of the state 1s replaced by substitution from the state

equation then

Gu+ B Tw+ v (2.5)

z= (Hl + HZF)X + H2 2

and the measurement equation contains noise that is correlated with the
noise in the state equation. Since optimal control techniques require
that the measurement and plant noise be uncorrelated, a new technique is

required.

If H and ¥ are defined as

"= Hl + H2F (2.6)

-



Y = HzI'W + v (2.7)

then the measurement may be written

(2.8)

and the state equation may have added to it a quantity that is

identically equal to 0, multiplied by a constant L

x = Fx + Gu + I'w + L(zéﬁk—azculﬁ) (2.9)
which, with the following definition
¥ = F-LH (2.10)
G = (1-LH,)¢ (2.11)
W= MLV (2.12)
may be rewritten
x=Fx+CGu+Lz+ W (2.13)

If the covariance of the state noise w 1s Q, and that of the measurement
noise v is R, then the covariances of the equivalent noises w and v

are

f
2
g
L)
|

Q= = ()t (@-1) T + 1LY (2.14)

R

1]
b=t
~

3
St

]

R&HZFQFTHg (2.15)

and T may be chosen to decorrelate the equivalent state and measurement

noise, E(ﬁGT) = 0,

L= ﬁ_lFQI‘THg (2.16)




An estimator can be built for this system since Lz is known

=Fx + Gu + Lz + E(z—;) (2.17)

Moo

where

= Hx + 'ﬁzca (2.18)

N>

This design can be performed by root squafe locus, eigenvalue decomposi-
tion, or pole placement techniques. After the value of K has been
calculated using the equation above, the estimator can be mechanized

by resubstituting the definition of F and G which yields
x = Fx + Gu + (LK) (Zz-2) (2.19)

where K has been found from the reformulated problem, and L is given
in equation (2.16). Equation (2.19) is preferable to equation (2.17)
because it is not driven by the measurement and because i1t will have the
same behavior as the origipnal plant, which 1s already familiar to the
design engineer. The gain (L + X) is the particular value of K which
minimizes the expected error in the estimator with measurements of state

derivatives.

If the system is designed by pole placement or other methods not
associated with optimal control, the estimator is mechanized as in
equation (2.19) with gain chosen to yield the desired performance., The
f‘ollowing derivation of the estimator error equations holds regardless
of the method used to determine the estimator gain. In this case, the
estimator is mechanized with estimated values of the system matrix %, and
the control distribution matrix &. In addltion, it is assumed that there

are inaccuracies in actual measurements, giving rise to H. Thus the

—6~-



estimator is

e

x = Fx + Gu + K{(z-z) {2.20)
z = Hx + H,Gu (2.21)

£

Substituting values of z and z into (2.20) yields

N

o~

x = Kix + [F - KH]x + [¢” + KH,Glu + KH,I'w + Kv (2.22)

with the definitions

i

G (I—KHZ)G (2.23a)

e

(I—Kﬁz)é (2.23b)

Using equations (2.1), (2.22), and the definition of the error im the

state estimate x=x-x, the error equation may be written

% = [(FK0) ~ (F-KD)]x + (F-KD%
(2.24)
+ (¢ - G)u + Kv - I''w

where

p- 4 (T-KHL )T (2.25)

Equation (2.24) shows the dependence of the estimator error on in-
accuracies in the knowledge of the plant and measurement. Note that

in each case, all. (") and (°) quantities (e.g., H, G”) reduce to their
standard definitions when H2=0; i.e., the measurement is not a function
of the derivatiaves of the states. The effects of the errors in G and
H will be discussed in later sections as specific mechanizations are
presented,

T



- B. UNDISTURBABILITY

Breza and Bryson [2] have defined an undisturbable mode as one that
is not controllable by the process noise,lalthéugh it may be observable
through the measurement. Using a Kalman filter such a mode would have a zero
steady state filter gain indicating that Fhe steady state filter pays no atten-
tion to the incoming measurement data and hence does not correct the initial esti-
mate error of the mode. Undisturbable modes can be caused by pure inte-
grations resulting either from modeling constant disturbances or from
kinematic relationships in the state model. For example, the lateral
equations of an aircraft with measurements of the roll and heading angles
and process noise being a random lateral wind has an undisturbable head-
ing mode. The filter thus has a neutrally stable eigenvalue which would

cause the estimate of the heading mode to diverge.

One solution to this problem is to partition the system into un-
disturbable and disturbable modes, and then to design an optimal filter
for the disturbable modes, and an observer with arbitrary dynamics for
the undisturbable modes. A second method involves introducing aritifi-
cial process noise into the undisturbable modes. This second method was
used in this work. The techniques of the previous section were used to
determine the L matrix producing the reformulated problem. The ¥ bar
matrix was then modified so that the random lateral wind drove the state
equations for roll and heading.

-

C. POLE ASSIGNMENT

In certain cases, optimal techniques produce estimators with rela-

tively unpleasant characteristics. Most often, these are manifested by



unacceptably long time constants. The engineer has generally produced
such a design by plugging estimated state and measurement noises into a
design program, and is naturally unhappy with its consequences. He is
faced with two choices: either to change the ratio of noises to produce

a more desirable response, or to abandon optimal control entirely in

.

favor of arbitrary pole placement. The former solution is made more diffi-
cult by the inapplicability of root square locus techniques for systems
with more than one measurement. The relationship between noise ratios and
eigenvalue movement is often not obvious. The pole placement technique,
however, generally presents the designer with an overdetermined set of
equations for the eigenvalues when there is more than one measurement.
Estimator gains may be chosen by "closing the loop" with root loci or with

other computer programs. Pole placement was used in the latter part of

this work after being faced with slow response of certain variables.



IIT AIRCRAFT MODEL

The aircraft used for this study was the Piper PA-30. The equations

of motion are those for straight and level flight.

1. lateral Aircraft_Model

The lateral equations of motion in body axes are [Systems Tech. Inc, 176-1,

page C-3]:
v Y W -U gcose 0 v
v o o)
P Lv Lp Lr 0 0 P
r = N N N 0 0 r
v P T
é 0 1 tanb 0 0 ¢
¢ 0 0 sech 0 0 ]
0 Y6
L§ L§ )
a T a
+ ) (3-1)
NS Né 8
a T r
e 0
0 0

with the coefficients shown in Table 1. Note that all the aerodynamic
terms are functions of density and velocity, with those in the control
distribution matrix being a function of the square of velocity., The
terms Uo and Wo are the components of the velocity vector along the body

x and z axes respectively, stability axes not being assumed.



Table 1

LATERAL AERODYNAMIC COEFFICIENTS OF THE PA-30

Yv = Eﬁ pV CyB CYB = =0,445
~ b _
Ly 2Ix‘pv Con "Cpg = 70.0487
2
Sb
L, = v C,p Cpp = —0.47
41
X
2
Sb
L. = 37 0V C, C,. = 0.11
Sb
NV = _ZI—pV Cnv Cnv = 00,0756
2
Sb
N, = ar oY Cap Co, = =0.09
2
_ $b
N, = S pve . Cn, = -0.16
- -
T8 = =V C_; Cos 0.63:
T r
Sb 2
s, = 37 AV Cys C, = 0.0762
X . ™
_ sb .2
LS, = 57 pV Cys Cpop = —0.0115
X r
Sh 2
NB, = FF oV C g 5. = 0.00281
z .. a a .
Sb 2
N = cemmn L = =0,573
5r 51 P CnS. CHB 0
Z - T ) _'_-I‘ . 1
2 2
S = 178 ft I, = 2800 slug-ft
m = 111.9 slugs Iz - 4500 slug—ft2
b = 35,98 ftz

=11~
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2. longitudinal Aircraft Model

The linearized small perturbation eguations of motion for the longi-

tudinal mode are, in matrix form,

v — g

- po — ~ “
Ay " Mo M 0 M | | A My
& g - T i At 7
Ly Va+Z Za Zw g 51n90 Zu W S0
= + [AS ] (3.2)
L) 1 0 0 0 0 Aw 0 ©
J
Hu

The following definitions for the dimensional derivatives appearing ain (3,2)

are used.

q IYY 2v,
e = Be e L (3.3b)
W Iyy ZVa me ¥,
M - .SS..C.:. C .:.l‘.—- (3.30)
w Iyy my V,
g o= Be, L (3.3d)
u Iyy mu V,
M, = Be . (3. 3e)
e Iyy moe
- 95 ¢ (3.3£)
Zq T om 2V, Czq
Zl = — T c he 3 * g
w m 2 a Ze Va
z = ¥ L (3.3h)
w m zor V
a
7 - as C 1. {3.31)
u m zu V



de

The dimensionless coefficients which appear in Egs,
terms of the aircraft stability axes,

to (3.3n) are thus defined by the following nomenclature:

=8e
xq

C
X

Xu

]

xBe

(3.33)

(3.3K)

(3.38)

(3.8m)

(3.3n)

{(3.3) are given in

The coefficients appearing in (3,3f)

(3.4)



For straight and level flight, the laft coefficient is computed as
C = -I}l-g . (305)
From the value, the trim angle of attack can be found from

= + . 3.
CL CLO QLa afrlm (3.6)

In this study, for convenience it was assumed that the airecraft body
axes were aligned with the aircraft stability axes for each steady flight
condition examined. Stability derivatives were computed for several f£flight
conditions; these were subsegquently used in %he study, Pertinent values
of the coefficients and derivatives are listed in Table 2, The approach

flight speed was computed as

Vapproach 1,83V, ., + 0.5 (surface winds) + (reported gusts)

= 147 + 0,5 (33) + 12,5 (3.7)

]

176 ft/sec.

Cruise speed was assumed to be 185 kts (304 ft/sec), An i1ntermediate speed
of 165 kts (279 ft/sec) was also used. Altitudes of O, 1500 ft, and

5000 £t were assumed at various points in the investigation,

Other pertinent data for the PA-30 aircraft include:

s = 178 £t>
C = 5 ft
2

Iy = 1900 1b. ft. sec
A = 17,28

e = 0,88

C = .

10 0,33

~14-~



Table 2

STABILITY DERIVATIVES OF THE PIPER PA-30 FOR VARIOUS
FLIGHT CONDITICNS

Set No. 1 2 3 T_ 4 5
—_ *
v,: ft/sec . 176 279 304 304 304
h: f 30 5000 0 5000 0
2 0.002377 | 0.002048 | 0.002377 0,002048 0.002377
P: 1b.s .ft
Q: 1b 36. 81 79. 71 109. 83 94,64 109. 83
-1
Mﬁ: s -3,429 —4,684 ~5,923 ~ 5,104 -6.516
-1 -1 !
Mot oIt s ~0,04660 | —0,07668 | —0,09697 | -0,08355 -0,1212
|
-1 -1
Mu: ft s 0 0 0] 0 0
-2
My i S 32, 62 ~75,95 ~100,16 -88,90 -120.19
Zy: ftes 7.14- 9.78 12,37 10.71 15,46 .
~1 . :
Z: s .£1,388 ~1.769 ~2,236 -1,927 -2,348
-1 ) ]ﬂ
Zi s -0, 3613 -0,2306 | -0.2117 -0,2117 -0,20
-2
Zae' 8 67,15 =159, 83 -270,28 -215,64 ~337.85
-1
Xq: i’t-S_ 0 .0 0 0 0
X : st 0.10660 0. 07099 0.06516 0.06516 0,06190°,
X st ~0,03061 | -0,02191 | ~0.02667 —~0,02298 —~0,03333
-2
Xgo! 8 0 0 0 - 0

*Derivaﬁlve set based on typical flight test uncertainty [4, 57,

=15~




IV. SURVEY OF INSTRUMENTS

The survey of linear and angular accelerometer, angular rate sensors,
magnetometers, absolute and differential pressure transducers, linear
and angular position transducers, as well as a few temperature sensors
is essentially completed, Tables presenting rélevant data for one or more
godels of each manufacturer are attached as Appendix A, Additional data

for all models listed, as well as data on other modele made by each manu~

facturer but.not listed 1s on file, In some sensor types, silicon tech-
nology is here, whereas in others, development is still short of the possi~
blg goal of adequate performance at very reduced cost. Low cost, reliable
sensors of any type would tisfy the goals of the study, The state of the
art in reaching that point is variable, Each category of instrument

warrants some discuseion,

Linear Accelerometers, The available units:surveyed range in

price from $120 to $595 in small quantity with $50 in 1000

gquantity being the lowest available price, This undamped Entran unit
is a cantilever beam type with .semiconductor strain gage (piezore-
sistive) half bridge readout, The very high thermal bias sensitivity
(5g/100°F) is one of its disadvantages. This number is moré than
3000 times worse than that of the Teledyne FP 1, Of about 30 types
included, only four give data on expected 1life, At least four com—
panies making triaxial units were included in the survey; Entran,
Setra, Humphrey, (the Donner 4384 is single axis), and Donner, The

Setra 113 triaexial is available at $142 per axis in small quantities,

Silicon transducers are under development but are marginal at the present

time, Flight data should be obtained with conventional instruments,

Angular Accelerometers, Only three companies surveyed make

angular accelerometers, Of these, one makes units ranged too high
(103 to 104 rad/secz); agother {Donner) makes units selling for
$2500 in quantities of 100 to 500, but the third (Schaevitz) makes
suitable units selling at about $500 ain 100-200 quantities, All
but the first are listed,

-16- REPRODUCIBILITY OF THI§
ORIGINAL PAGE IS POCR



Linear accelerometers could be used fto measure angular acceler-
ometers, in principle; but the performance requirements are too exacting
to make them competitive for the proposed application, For further dis—

cussion, see App, B,

This 1s the least probable area.in which silicon technology is
%

likely to provide a quick solution to high cost at an adequate performance,

Angular Rate Sensors, Only three companies have been found making

rate sensors, The Donner 8160 is presently used in many commercial jet
aircraft for rate gyro replacement, It 1s the angular accelerometer with
electronic integration, The Humphrey devices (manufactured under license
from Hercules, Inc,) is a true rate sensor using a gas jet passing be—
tween parallel hot wires, Our data on the B,A.C, Ltd unit is very sketchy

at present,

While these rate sensors may be acceptable in performance, the rnitial
cost appears too high for general aviation even though 1{ is justified for
commercial aircraft on the basis of reduced maintenance, At the present

time, rate gyros may be a better interim solution,

1

Magnetometers, Of 15 companies claiming to manufacture magnetomet-

ers surveyed, only five offer units which are suitable for this appli-

cation, Most of the others are for geological sample testing,

All of the listed units are of the fluxgate type with three of the
five being triaxial, These three have a common origin i1n a rocket flight
magnetometer application for which NASA Goddard issued contracts with
a common specification, This accounts for thesimilarity of these units,
The lowest praiced unit listed (Infinetics) is not satisfactorily cov-
ered with specifications as its normal use 138 weapon detection for air-
port security; however, the manufacturer has indicated that they should
be capable of our requirements 1f calibrated, The per axis price is a

factor of 5 to 6 lower than the triaxial units,

17—



Flight test data are needed here more than for any other instrument,
They have not been used in aircraft as a vector reference before, The
data available is génerally just heading and then that is smoothed with a
gyro, The more expensive nulled (feedback) instruments have adequate per-
formance, but may be degraded by alrcraﬁt installation problems, It re~
mains to be seen if the lower cost units will hold calibration adequately,

New algorithms are to be evaluated, and real data must be used to obtain

reliable results.

Absolute Pressure Transducers (altxtude), The attached Tables, App, 4,
compares transducers made by 22 companies, Accuracy 18 given as a percent
ful scale in various categories, The sea level altitude error was calculated
as a root sum squared combination of static error (which includes linearity,
hysteresis, and repeatability), thermal bias shift for a + 50°F devia—
tion, In cases where a combined thermal error was given, this was used in
root sum squared combination with static error as defined above., In

some cases, the available data was not sufficient. to permit the calcula-

tion, 1Items not included in the sea level altitude error calculation were

long term stability due to insufficient data and initial zero balance
which would be trimmed out, It was of course assumed that the local
barometric correction was made by the pilot, Four of the transducers
listed provide the functiongllzation required, to. obtain an output iin-
earilly proportional to altitude, These are the Rosemount 1241A and

542k1, the Bourns 200—438—1062, and of course the Honeywell HG 280 air

data computer system, In all other cases, the functionalization is a_

user responsibility, The Rosemount 542K1 and 542K2 provide both direct
airspeed (IAS) and dynamic pressure (qc), 1n addition to direct altitude (h)
the only difference being the airspeed range, Some improvement is possible
with the low priced sensors by calibrating each sensor against nonlin-
earity and’temperature by least squares fitting, However, the tradeoff

of this against buying a more accurate sensor needs further study.

An alternative to the use of an altaitude pressure transducer would
be to increase the resolution of the optical encoder presently used
with altitude’ encoding altimeters by a factor of 10 such that 10 £t
resolution is available, This approach could lead to a less expensive

means of obtaining the data,
-18~
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The silicon technology 1s not here yet for altitude measurement, The
required improvement in performance is very large, A conventional instru-

ment must be used unless and until there is a change in the state of the art,

Differential Pressure Transducers (airspeed), The Table (App. A)

compares 21 transducers made by 17 comp?nies. Airspeed ranges for the
units considered vary; however, in general, most companies will supply
any range desired. Accuracies are given as static error (defined above),
thermal biasg error, and thermal semsitivity error, Although airspeed
error 1s not estimated in the Table it can be calculated approximately
by combining the sources of pressure error as desired to obtain a com

posite pressure error and then using the following relationship:

error{knots)

(range knots)2 PSID% error 10—2
arrspeed knots X 2 X :

For example, a sensor witﬁ a 2 PSID (285 knots) range, and 0,5% composite
pressure errxor gives an airspeed accuracy at 100 knots of *2 knots, Three
of the transducers listed provide the functionalization required to

obtain an output 1inea¥1y proportional to airspeed, These are the
Rosemount 542K2, the Bourns 200-538-1002, and the Honeywell HG 280 air
data computer., The methods of functionalization, as well as cost and per—
formance, are dramatically different for these three device-types as

is 1llustrated below:

Functionalization| Accuracy®

Device Method ~50~150°F {knots) Cost
Bourns nonlinear (IAS) 8k at 100 k

538 (IAS) ot $755
438 (h) P (h) +825 ft. S.L.
Rogemount Analog (IAS) *3k at 100 k

S542K2 Electronics (h) 47 £t at S.L. $2,360

(qc) 0.5 to 1,5%

Honeywell Many func- (CAS) * 2k at 100 k $15. 000

HG-280 tions pro— (h) % 30 £t at S.L *

Digital Air | vided, = at s. L. to
Data - {(Mach) £ 0,005 a2t 0,35
Computer Used in DC 10 $20, 000

»
at sea level (S,L.)




Low cost silicon sensors should prove acceptahle, The airspeed
display can be nonlinear, There may not be a significant requirement for
functional fitting because 1t 1s the dynamic pressure which 1s measured

which 1s of interest in most cases.

Iainear Displacement Transducers. This Table compares linear dasplace~
1

ment transducers made by 18 companies, The transducers surveyed are of

various types and cover strokes ranging from + 0,005 inches to 500 inches
at prices from $32.00 to $700.00, in small quantities, Actuation force
ranges from 6.5 lb/ln, for some spring loaded units to essentially zero
for free slug LVDT (linear voltage differential transducer) units, Kavlico
has applied many types of ‘LVDT units to commerecial and military aircrafi
applications with results like < 15 x 106 revenue flight hours without a

single operational failure,

Angular Displacement Transducers, Although angular displacement trans—

ducers were not directly surveyed, many of the companies sent literature
in angular displacement devices such as potentiometers, LVDTs (linear
variable differential transformers), encoders, and beam deflection with
strain gage (linked to shaft rotation), In addition, there are many
types of resolvers and synchros available for- this application, Exam—

ples of leading companies manufacturing these components are shown below,

Angular Transducer Type Company !
potentiometer (pot) Bourns
Bpectral
TRYW
Dale
LVDTs fichaovitz
- Kaulico
Encoders . Astrosystens
Baldwin
Clifton/Litton
Singer/Kearfott
Beam Deflection West Coast” Reseerch
Resolver/3ynchro Singer/Kearfott
Bendix
Clifton/Litton




A. METHODS FOR TESTING CANDIDATE TRANSDUCERS

The following methods are planned for testing the candidate transducers,
In some cases, the tests are simpler than conventional testing methods,
Most of the tests will be performed at Stanford, however, facilities for
some Types of transducers are not conveniently available on campus and we

plan to use nearby facilities,

Linear Acceleration

We are currently evaluating some accelerometers, We are using two
testing methods, The first is the standard gravity test signal on a dividing
head., A Leitz divading heas 1s used which gives loﬁsrad accuracy and
hence provides us with two axes of orientation of the instrument with
respect to gravity and enables us to do some cross céupling and nonlinear
testing i1in addition to scale factor and bias, The second testing method
1s on a shaker which leis us look at nonlinear terms for higher g, Ve
also look at harmonic content generated and wave shape distortions for
large signals, Depending upon the nature of the instrument output,
more or less calibration-work will be done on each of these facalaties

depending upon the nature of the information to be sought,

Angular Accelerometers and Angular Rate Sensors

We have decided to do.the evaluation of both these types of instru-
ments on a torsional shaker, Adequately large signals are available on
the one in our laboratory at Stanford, It has a 0 to + 15 deg amplitude,
at a frequency that can be chosen between O and 30 Hz, An optical method
will be used to determine the peak amplitude, Hence, angular velocities
an order of magnitude larger than we expected to see i1n an aircraft, are
available and considerebly higher accelerations than are of interest can
be generated, Because the angular accelerometers and rate sensors are
to be used in combination with magnetometers and accelerometers which will
be the primary source of long term orientation information, no conventional

gyro drift test will be performed.
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Magnetomefers

Testing magnetometers require a large, complicated facility, Stanford
has no such facility but there is a very good one at NASA Ames that we
should be able to use, There they are able to measure magnetometer zero
offset, linearity, and drift; and they routinely run tests on flux-

gate magnetometers of the type we are considering,

Air Data Sensors

Air data sensors, including absolute and differential pressure trans-
ducers, are usually tested using precision servo controlled pressure
sources, There are several adequate test facilities in the Bay Area,
including one at WASA Ames, If necessary, an acceptable system could
be purchased for $10,000 to $15,000. Another alternative would be to
use the local instrumént shops thataserve the general aviation community,

but their equipment may not have the required accuracy,

Linear Displacement

The work table of a sip jig borer, which 1s calibrated to very high
precision, 1s a very convenient work table on which to do displacement
calibration work, We have had very good success in calibrating LVDTs

using this setup in the past, -

Angle Transducers

Conventional dividing heads should provide adequate accuracy for
calibrating angle transducers, If interest develops, a Leitz divading

-5
head good to 10 rad is available for especially fine measurements,

2P



t B, MICROPROCESSOR INTERFACE CONSIDERATIONS

The interface between the aircraft sensors and the microprocessor
can be either high level d-c analog or‘*bit parallel:digital. For
analog signals, an A/D converter controlled by the microprocessor must
be used, To digitize more than one analog input, a processor controlled
analog multiplexer must be connected to the A/D con;erter. Most A/D
converters require a fairly high level input of 0+ 1V to 0 + 10 V,
Sensors that produce signals smaller than this will require some signal
conditioning prior to conversion., Sensor that produce a-c signals
will probably require demodulation to produce a d—c signal for the
converter, Actually most A/D converters are fast enough to do the
demodulation under software control but this often uses a lot of
processor time and is undesirable unless the processor i1s lightly
loaded, 1In any case, the hardware for d-¢ or a—c signal conditioning
1s straightforward except for sensors that produce very small signals.
Sensors with digital outputs can be connected directly to the micro-
processor's I/O bus through an appropriate buffer, This buffer gates

the data on to the 8 bat to 16 bit wide I/o bus under processor control.

The actual hardware that must be purchased and/or developed de-~
pends on the number of sens;rs and the type of pprocessor used,
Some of the converter-producing companies sell complete data acqui-
si1tion systems that plug directly into the chassis of some established
pprocessors such as the p;pular Intel 8080, These printed circuii
boards are completely compatible with the pprocessor and regquire no
hardware development by the user, A typical system with 16 analog
inputs and 12 bit digital resolution costs about 3$700 in single
quantities and $300 for 100 units, This class of pprocessor uses
8 bits words and has limited arithematical capability and may not be

powerful enough for our application,

wEPRODUCIBILITY OF .THE
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The recent more powerful pprocessors such as the one used in the
Ii—-P 9825 and the Data General micro NOVA approach minicomputer sophis—
tication, Processors such as these used 16 bit words and have power-
ful arithmetic logic, but compatible plug-in data acquasition systems
are not yet available, What is available, however, are digital 1/o
boards which provide a well defined, faixly saimple digital interface
to the user, To these boards can be connected A/D converters, multiplexers,
etc,, wath a small number of logic integrated circuits., Some converter
companies produce data acquisition medules that contain the multiplexer,
the A/D converter, and some control logic which can be connected to
the digital I/O boards with even less logic, In either case the user
must do some logic desagn and is responsible for the compatibility of
the digital and analog subsystems, Digital I/O boards or modules
are supplied by the uprocessor manufacturer and cost $200 to $400 ain
single quantities, A typical 16 analog input, 12 bit data acquisition
module costs $300 in single quantities and about $150 <for 1000

units,

The amount of hardware design required for such an interface
depends strongly on the data rate, The above discussion assumed that
data was gathered in the simple programmed I/O mode, This mode re-
quires simple hardware but uses a lot of processor time, Data rates
of 10 to 5000 total samples/sec (e.g., 1 to 500 samples/sec for
each of 10 sensors) are reasonable depending on the processor work -
load, To define a tighter data rate range would require knowledge
of a specific processor and the software tasks, The program interupt
mode of data gathering requires somewhat more interface hardware but
uses less processor time and thus allows higher data rates, The
Direct Memory Access (DMA) mode regquires still move hardware but
uses very little processor time and allows data rates up to the
maximum capability of the A/D converter——up to 100,000 samples/sec.
Most pprocessors support all three modes of data input, The appro-
priate mode depends entirely on the application, The interface for
any of these modes uses standard integrated circuits and the entire
analog input subsystem is far less complicated then and should be at

least as reliable as the yprocessor itself,
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STATE ESTIMATOR DESIGN FOR THE LONGITUDINAL MODE"

In the longitudinal mode, the two ajircraft state variables which are
not considered to be directly measureable are the pitch attitude 5, and
the pitch rate q. The objective of the state estimator is to determine
estimates of these variables ag well as to produce smoothed values of the
other variables which are directly measured. The smoothing is desired to
reduce the effects of instrument noise and wind disturbances on the sensor

signals,

A. OBSERVER DESIGN

The linearized aircraft perturbation equations for longitudinal motion,
including wind and instrument dynamics, are given in Eqgs,. (3.2). in

abbreviated form, these equations are represented by the matrix differential

eduation
% = Fx + Gu+TT . (5.1)
Here,
= state vector,

u = control input vector,

ﬂl = wind noise vector,

F = system dynamics matrix,

G1 = control distribution matrix,

I' = wind distribution matrix,
*

The material of this chapter was taken from Ref, 8,



The estimator model 1s

2 = PR+ @um +K(y -9 . (5.2)

Here,

% = estimated state vector,

wo= measured control input vector,

”~

F = assumed system dynamics matrix,

“~H

G = assumed control distribution matrix,

and measurement ¥y is

y = BEx+1T, . (5.3)

H 15 the output distribution matrix, and ﬂe indicates measurement noise.

To obtain an error signal, an estimate of the measurement ¥ is formed:
~ fATaN
Yy = Hx . (5-1;‘)

In almost all flight control applications, it is necessary to have .
the estimator produce @, ¢, and h, A full state estimator in Aﬁ, LW, 28,
Aﬁ, plus altitude perturbation Ah 1s therefore desirable, In addition,
it 1s' possibly desirable to estimate winds, (ﬁx, @z), lagged instrument

~ "
measurements, (Aum, Aﬁm), and instrument biases, (baz’ bu’ b&e).

The full ten-state estimator mechanized here used 10 gains ﬁith 3
measurements: U4 gains associated with the vertical accelerometer, 4 with
the measurement of airspeed, and 2 with altitude measurement., In deter-
mining the estamator gains, the coupling between the short-period and
phugoid equations was igpored; the associated gains were selected inde-
pendently, The coupling was included in the actual estimator mechanization
however,

The equations of the short-period mode, phugoid mode, and altitude
kinematics were combined along with equations for wind components and certain

biases to produce the ten-state estimator where
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The ten state variables for this estimator are:
T
x~ = [Ag, Aw, W, b, 80, bu, Au, W, Ah, Ahm]. (5.7)-

>

A five-state estimator without wind or bias terms was also tested
extensively.

Runs were made to compute and plot the transient state estimate

Fal
errors X (¥ = x - x) due to modeling errors and estimate initial con-

dition errors. Modeling errors were simulated based on stability deriva-

tives in the observer set for a different altitude and airspeed than those

set for the actual aircrafi flaght conditions,

In one set of cases,
ey

v
a

of the estimator and the associated derivatives were based on an
assumed nominal airspeed of 100 kts, . The nominal;.Va

(Va ) was assumed
nom
to be 185 kts.

Thus, the stability derivatives used to model the actual

aircraft motion were based on airspeed of 185 kts, The airpseed perturba-

tion /M which was assumed as the measurement to this system was 2

A Vanom' Plots of transient errors oA, &9, and £h due to errors in

the observer estimate anitial conditions with these gross modeling errors
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revealed that although the ten-state observer produces a smaller piteh rate
error AH, the pitch angle /9 and attitude sH errors are smaller for
the five—state system, The reason for this 1s that when there are extra
wind states with incorrect models, the observer takes measurement differ—
ences and partially converts these to wind estimates, The conclusion 18

that extra states improve performance only if the modeling is correct,

For transients due to an elevator input sequence consisting of a
3° doublet over 0.8 sec followed by a 0.3° step input lasting through
10 sec, the five-state estimator produces superior performance in
estimating the vertical and longitudinal airspeed components (Aw, Au)
and pitch angle AQ. Pitch rate AY§ and altitude Ah errors are
ahout the same for both observers, Again, the five-state observer

proves to be overall more tolerant of modeling errors.

From results with estimators containing modeling errors, the follow-

ing general conclusions can be made:

1, Observers with fewer states are less susceptible to modeling
errors, Adding states to the observer to increase 1ts accux-
acy should only be done when a good overall model is known

and used,

The pitch angle error transients for the ten-state observer
with initial estimate errors and elevator inputs are totally
unacceptable, The pitch angle error transient for the five-
state observer was excessive only during a gust. Thus, it is
recommended that the five-state observer be used as a first

choice flight for test purposes.

2, The stability and control derivatives are a function of air-
spéed. It is recommended that the values used for these deriva-

tives be updated to match the airspeed as closely as is practical.

The effects of mismodeling were very serious--the stability
derivatives varying with velocity, and the control derivatives varying
with the square of velocity. To reduce these effects, the mechanized
values of the derivatives were changed with airspeed and altiiude (a1l

derivatives are functions of density) and the following results obtained,
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v 1., Dividing the flight speed range into finite regimes is an
effective way to reduce modeling errors, It provides a simple
way to implement gain changes. For the PA-30, dividing the
span of flight speeds into three segments 1s adequate. Altitude

change effects are not important.

2. The control derivatives are more sensitive to speed changes than
are the other parameters. It is recommended that these quan-

tities be updated for every 10 ft/sec change in flight speed.

3. The effect of uncertainties in the dimensionless stability
derivatives can be significant, especially on the pitch angle
error. Careful modeling is necessary, and the effects of
known uncertainties on the results should be checked. This
factor 1s a strong motivation for careful parameter identifi-
cation of the derivatives., This is most important for the

control derivatives, My and 2. .
Be Se

B

B. KINEMATIC FILTER DESIGN

For the longitudinal mode of the aircraft, body-mounted transla-

tional and rotational accelerometers would measure the perturbation

quantities
Aaxm = Au+ + g cos 60 Ag + nax P
. (5‘8)
Aazm = Aw - V,Aq + g sin 6,00 + M, 7
Aqm = Ag +.ﬂ& .

Accelerometer measurement errors are indicated by the terms nax’ naz’
and ﬂé . Note that these equations contain primarily the kinematic
terms Va’ and 90; the aerodynamic forces and moments are not explicitly

modeled. These equations can be transformed to
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- g COS 60 FAYS I

xm

(5.9)
Aw = Aazm + Ag - g sin 60 NS,
A(’l = Aam .

Here, the error terms are neglected. Thede equations form the basis
for constructing an alternate state estimator which does not require
specific aircraft modeling as with the observer approach, It 1s noted that
mechanization of this state estimator approach does not have to be based on

small perturbation” assumptions, as with the previously discussed observer

approach. However, the small perturbation assumptions and notation are

maintained to allow linear analysis and direct comparison between the two

approaches.

To these equations, the kinematic expressions

A = Ag
(5.10)

Ah

-cog 90 Lw + Vh0 A9 + sin 60 fu
are added, Here, Vh0

is Va cos 90. These are the equations of
the state estimator considered here.‘

(La

In (5.9), the measured acceleration
<m? ﬁazm’ and Aﬁm) are treated as inputs (like the elevator position
inputs for the observer approach), Because (5.92) and (5,10) are made up
of measured accelerations and kinematic terms, this filter concept 1s re-

ferred to as a "kinematic filter, K™

In matrix form, the kinematie filter is implemented as follows:

™ M ™ ™~ ) = I B “
& o 0 o o ﬂ M| |1 oo K, O
. -~ A
A
A Q0 -—gs8 0 Of| Aw 0 1 0{i{Ag K K ~,
& a 78st, m 21 22 &U_ - Au
Fal Fad
Ml=11 o 0 o ollsd| jo o ofl . Kyy O R
zm
-~ o~ X 0 Ahm - Ah
falti 0 © -gceo 0 Ol] Au o0 0 1 " 41 _
-~ ~ =xm
- o
L.Ah... LO ceo Vho 89o cl. L. . 9 0 O.a - — l{52--
- (5.11)



Note that the airspeed measurement Aum is not used to update the alti-
~

tude estimate Ah, and thi altimeter measurement Ahm is not used to

update estimates of A, A9, or AU, This naturally follows from the

orthogonality of the equations, Thus, only six gains are required to

implement this state estimator, The gain K

« 21
and this results in the gain selection for the vertical motion being

can also be eliminated,

decoupled from the forward and patch motion.

The obvious advantage of the kinematic filter over the observer
is that no aerodynamic stabality derivatives need to be modeled., Also,
elevator deflection measurements (Ge) aren't required. The immediate
disadvantage, from the mechanization point-of-view is that angular

accelerometer and forward linear acceleromeiter measurements are required.
Testing this kinematic falter resulted 1n the followaing conclusions.

1, The dominant disturbance affecting the estimate was the longi-
tudinal wind gust. The kinematic filter produces about the
same error for AU as the observer, slightly larger errors
for Aﬁ and Ag, and substantially larger errors for oW .
These error sensitivities are, of course, dependent on the
filter gains, and a tradeoff exists between steady state error

and transient response,

2, Of the instrument noise errors, only the angular accelerometer
noige produced a significant effect. Some prefiltering may be

warranted.

3. The only significant modeling error that can occur in the kine-
matic filter formulation is using an incorrect value for the
nominal airspeed. : In all cases, errors regulting irom an
incorrect mechanized value of airspeed were only slightly
greater than if the correct value was used. The kinematic
filter is much less sensitive to modeling errors than the

aerodynamic observer.
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VI LATERAT ESTIMATOR

The lateral equations of state are shown in -equation (3.1). The
states are lateral welocity, roll rate, yaw rate, roll angle, and head-
ing. Currently, steady-state heading is getermined using a magnetic
compass, and short-term heading changes are displayed by a directional
gyroscope, In IFR flight, the directional gyro ig reset by the pilot to
agree with the compass every 10 to 15 minutes in level flight, and before
each approach to landing. The primary attitude reference is the artifi-
cial horizon that displays pitch and roll angles. Another gyroscope dis-
plays rate of turn (yaw rate). The simplest of all instruments, a damped
ball in a curved tube, indicates lateral coordination. Ignoring this
passive instrument the pilot's lateral displays are roll angle, heading,

and yaw rate,

Aerodynamic Model Observer .

Quantities that can be sensed for use in the lateral estimator are:
heading, yaw rate, yaw angular acceleration, roll angle, roll rate, roll
angular acceleration, lateral velocity, and lateral acceleration. The
scope of this work requires that angular velocities not be considered,
they being measurable primarily with gyroscopes. Lateral velocity will also
be ruled out as it is measurable primarily with lateral amgle of attack
vanes; in addition, the design of an observer would not ordinarily choose
lateral velocity as a measurement, inasmuch as it does not play a major role
in the observability of the system. In considering which (if any) of the
acceleration measurements should be used, the price and complexity of the

instruments must be taken into account. Linear accelerometers are the least

~32~
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complex and costly, and Inasmuch as lateral acceleration is used as a mea-
sure of'coordination, it 1is a reasonable measurement. The inclusion of roll
or yaw angular acceleration will depend on which angles measured. If both
roll znd vaw (heading) are measured, both angular velocities are determined,
and thus, the measurement of the accelerations will just add a high frequency

component to the observer. If roll is not measured, the measurement of roll
acceleration will add important information to the obsérver as roll will be

derived only through the other observed equations. 1Inas much as yaw must be
measured to provide the "outer loop" measurement to the entire observer, it

is reasonable to ﬁeasure roll rate. Thus, for an observer in which the

dynamics of the system are modelled, the observations chosen are heading,

lateral acceleration, and roll acceleration.

The equations of such an observer are

v | Y W U geosd 0 v
v o ) -
P LV LP ) Lr 0 0 ' , P
r{ ={ N N N 0 0 r
v ) T
P 0 1 tamd 0 0 b
b 0 0 secd 0 0 ¥
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with three measurements:

S
1

17 ay, the lateral linear acceleration,

ax, the roll angular acceleration,

N
I

3= ¥, the magnetic heading.

Note in equation (6.1) that since measurements 1 and 2 are derivatives of
states, the control appears in the term K(Z;E;). Such an observer may be
designed using methods of optimal control by first calculating the decoup-
ling matrix L of Section IT from the estimated measurement and plant noise
covariances. The equivalent system (F,G,H) may be used in an eigenvalue
decomposition program such as OPTSYS to find the optimal gain matrixz X.
The actual gain used in the estimator is (K+1L). This procedure was per-
formed for the PA-30 aircraft for a variety of covariances at an airspeed

of 176 ft/sec. At this speed, the roots of the aircraft are:

-3.96 sehml, roll subsidence
-5.49 % 2,14 secnl, Dutch roll
0.00233 sec—l, spiral divergence

and a root at the origin representing heading.

An observer with good transient behavior has roots at: -1.64, -1,02,

£.759, -,140 * .150.sec L.

Perhaps as important as behavior of the estimator to tramsients and
wind gusts is its behavior when the aircraft recelves a control input from
the ailerons or rudder. This can be considered separately from transient
behavior due to superposition of responses, The response of the estimator

error, equation (2.24), to control inputs, is obviously dependent on the
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knowledge of G’=(I~KH2)G as well as the actual control u. It can be seen
from Table 1 that the elements of G are a function of dynamic pressure; i.e.,
air density an& the square of speed. Thus, any error in the knowledge of

. the aircraft's speed with manifest itself in an error in the mechanization
of G and thus give rise to an effect on t?e observer by a contrel input.
Unless the mechanization updates the aireraft speed constantly and recal-
culates the mechanized values of G, this error will exist. In additiom,

the terms in the elements of G that are aircraft dependent are typically

the least understood theoretically of all stability derivatives although
empirical data is reliable.

To determine the effect of this mismatch, a 15 second digital simula-
tion was performed in which the aircraft was subject to a single square-
wave input in aileron of amplitude 0.1 radian and 16 second period
(with no forecing term for the last 5 seconds). The alrcraft speed is
176 ft/sec; the estimator is mechanized assuming an aircraft going at

150 ft/sec.

Flgures 6.la-e show the response of the ailrcraft along with the esti-
mator errors. The errors are clearly unacceptable. They can be explained
by examining equation (2.24). The observer error is a function of the mis-
match G (which is a function of the square of velocity) multiplied by ob-
server feedback gain. The term ancéqc) may be large (N.B. this large

term exists only in an observer with nonzero H,; i.e., where there is ob-

2;
servation of state derivatives.) Parenthetically, it can be noted that

the effect of this term reduces to zero -if (I—KH2)=O, a condition that is
unlikely to be met in a stable system. Work by the experimenter has failed

to reveal a gystem wilth acceptable transient behavior (roots) in which the

response to control modeling error is small.
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Kinematic Observer

An zlternative mechanization is one in which an accelerometer 1s used
as input to a kinematic equation, and these equations are used in place of
the dynamic state equations, When this is done, the measured value itself
1s treated as an input, and hence i1s known just as the control inputs are
assumed measured and therefore known in the case of the dynamic equations,
There are certain combinations of linear and angular accelerometers that
can be used as inputs rather than measurements that will simplify the mech~

anization and more importantly, reduce sensitivity to modeling errors,

This set of possible mechanizations assumed that the magnetometer 1s
used to generate both heading and roll ‘angles (with knowledge of pitch angle
from the longitudinal estimator, and the dip angle of the earth's magnetic
field), 1In addition, there are a maximum of three measurements: ay, lateral
acceleration, Q%, roll angular acceleration, and ay, yaw ang?lar accelera—
tion, Gaiven the assumption that all mechanizations will include the linear
accelerometer measurement of ay due to the lowest instrument cost, there

are four possible mechanizations, labeled "Types I through IV,"

It should be noted that extracting both heading and roll information
from the magnetometer would require either some form of vertical reference
based on specific force measurements which are filtered to get rid of accel-
eration (employing a gyro) or a processing scheme that would attempt to re-
solve ambiguities in heading as the aircraft passed through magnetic north
or south, The following estimator mechanizations were studied to examine
the results of using accelerometer signals as inputs and of not using con-

trol surface deflections in the estimator,

Type I Estimator

:\ . A ~ A !\
ve=-Ur+Wp+t (g cos 0)¢ + ag -
p= o o R (6.2)
r = ay > + K
é = p + (tan 9)F z, - 22
i = (sec 8)F
———— 'J . .
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where zl = ¢ s and 2z

9 =V

, and a_, @, 0. are accelerometer
measurad v x' Tz

measured
inputs. Note that no control input is required since its effects are mea-
sured by the accelerometers. In this set of equations, v is not observ-
able, a drawback for an autopilot, but not for a display. Ignoring the é
equation, the system can be mechanized as_two decoupled second-order systems
in (¢,p) with measurement of ¢ and input @ s and (¥,r) with:measurement P

and input ay' The disadvantage here is that two relatively expensive angular
accelerometers are needed. If iise of either one (or both) of the angular
accelerometers is to be avoided, an equation with aerodynamic terms must be

substituted for it. The mechanization without the angular accelerometer

in yaw is labeled Type II,

Type II Estimator

Here, aerodynamic terms are used instead of az, thus reducing the in-

puts to ay, o

'\
v o= -Uor + Wbp + (g cos 8)d “+ ay
- . r"' R -
P=oy 217 %
BN ENDHNEH N G2t NS Y 4K (6.3)
$ =P + (tan 8)T z, = &,

L J

§ = (sec 8)F

y,

Note here that the r equation has the same terms as in equation (6.1)

including control terms. There will be none of the large errors caused by
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mismodeling of G, there being no state derivative measurements (the terms

and : .
a, an @ _ @re treated as inputs here). In fact, it has proved possible

to ignore the effect of control entirely, even for control-forced behavior,

1f the gains are chosen appropriately. If the gains chosen are

[ 0 48000. )
200, 0
K = 0 371.- (6.4)
20. 0
0 29.
. J

then the roots‘of the estimator equation are: -4.08, -12.9 + 11.2, -10.0
+10,0 secml. While there was no need for the roots to be so fast, this was
done to simulate the effect of using no comtrol input in the observer.
Note that these roots were obtained with only five nonzero gains. TFigures
6.2a-e show the results of the same type of simulation done for the aero-
dynamic estimator.T There was, however, an assumed difference of 50 ft/sec
between the actual speed of fhe aireraft, and that used to calculate Nv, Np,
and Nr’ the only speed dependent terms in the observer (NBaﬁa and Nsrar
were assumed zero, and thus there would be no need to instrument the
ailerons and rudder). WNote that the only objectionable error is that in
the lateral velocity, which is approximately 20-30% of the magnitude of the
velocity itself. Simulations involving a step in rudder yielded equally
good results for yaw and roll angles and rates, but worse errors in lateral

velocity. These approached the magnitude of the lateral velocity for the

Comparable to Figures 6.la-e.
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same assumed 50 ft/sec speed error. These errors can be reduced with gain

scheduling or with the inclusion of the control terms.

Type TII Estimator

Here, aerodynamic terms are used to replace o:X

. A
v=Uor+W01?+ {g cos B)¢+ay
; ~ ~ ~ [~ J\q
p=va+Lpp+er+LaGa+Lr6r 2y < 2%
é=a + K

z
$ = p + (tan 8)r zy = Z,
@=(sec6)§

The Type ITI estimator, employing the angular accelerometer for yaw

instead of roll, did not perform as well as the Type II estimator did

(6.5)

for lateral veloeity (without inclusion of control terms). It did as well

for the other states.

Type IV Estimator

Here aercdynamic terms are used to replace ux‘ and os

v=UOr+Wop+ (g cos 8)¢+ay N

- A ~ A [~ A~ M
= s -

P va+Lpp+er+La6a+er zy = 2
A - N s s

T va+Npp+Nrr+Naa+Nrr >+K
$=§+(tan 6)% 2y = 2y

‘:i\l=(sec 0

— 5

(6.6)



The Type IV estimator, with only a linear accelerometer, 1s very close in
form to the purely azerodynamic estimator, although there is no measure-—
ment of state derivatives, Its simulation response suffered severely
from lack of control inputs, This 1s intuitively reasonable since

there are no angular accelerometers to measure the immediate direct

effect of the control, Were such a mechanization to be used, both latergl

control surfaces would have to be instTumented,

Vector Mechanization

It 1is convenient for conceptualizing and checkout to keep as many
modes separated as possible, On the other hand, the evaluation of the
interaction between lateral and iongltudinal behavior i1s best done
with the integrated equations, For example, pitch influences the magnet-
ometer readings, B, and hence heading informatgon needed in the lateral
equations, A set of combined equations for the orientation i1s derived
for any two known spatially fixed noncolinear vectors, Their time

derivatives in space 1s zero So 1n body axes we get

b
B = - x§+KB(Bm-§) 6.7
b h m m ~
~
£ = -0 Xxg+K(-£-§) +K (B -B) (6.8)
g gB
and b
~ m m o~ m ~
= B" - - - .
W o o+ KwB( B) + ng( g) (6.9)

where KgB and ng may be zero and b implies differentiation or coordi-

nates with respect to the body. (Other estimator feedback combinations may
prove to be more effective.)

These equations could pe simplified slightly by the direct use of
a measured  from a rate gyro set. Saimilarly, we can write the vector

form for the acceleration but using the specific force as an input

< T

Fad Fal ~
= T4+ E K @ - 0) + K B" - B) (6.10)

where again, KvB may be zero,



Finally, the altitude equation using a local frame £ for vertical vel-
ocity component

e
11

N m Fal
"ng + Kh(h -~ h) ., {(6.11)

Although all terms of the direction.cosine matrix are not needed

¢ B, £, B & )Tt
\/\/‘/
known
from which the necessary terms for
~
v
ib
v, =p[¢.,, ¢, ¢ v (6.13)
32 ! 11 T2y’ 31:I 2b :
Fal
v3b

can be expressed in terms of ﬁb and gb.

Using the same relatlonshlp; the indication of pitch and roll altitude

will be the dairection cosine elemenis

Eal ~ o
pitech = =-1lb « 3§ = - 013 (6,14)
~ ~ o
roll = +2b . 34 = 023 (6.15)
which can each be expressed more simply in terms of ﬁb and Eb.

Since the local frame will be defined as fh = magneti¢ north only

the dip angie need be estimated 1n fiight {or set occasionally),

This mechanization has not been simulated in detail, Preliminary
evaluation suggests that the gains KB should be appropriate for filter-
ing electronic noise < 1 sec whereas the Kg should be comparable fo
the evection gains for an artificial horizon producing a few hundred

second time constant and having a cutout for large maneuvers or at least

R By A



a saturation level for the whole term involving Kg. The other gains

follow a pattern discussed previously in Ch, V,
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VII,

CONCLUSIONS AND RECOMMENDAT IONS '

Modeling aircraft dynamics can give more flexibility in the choice
of sensors needed to measure adequately the states of an aircraft, The
models make it possible to infer states with indirect measurement., We
have shown that an instrument set composed of 1inéar and angular accel-
erometers, mangetometer, and pressure transducers is adequate. This com-
plement of instruments should be able to take advantage of the emerging
state of silicon technology spawned by the semiconductor market which
promises great reliabilaity and léw cost, The use of the aircraft dynamic
equations in an estimator has been shown to be feasible, but errors are
introduced which depend on disturbing forces and torques (due to winds)
and i1n some axes, it is important to include control inputs, Purely
kinematic equations are not as sensitive to modeling omissions but there
are questions of observebllity, Tihus we have been led to a combination
of kinematic and dynamié equation relations which minimizes the depend-
ence on wind and disturbance mode%ing;*and do not require control inputs,

This is true for both longitudinal and lateral equations,

In addition, states representing orientation, velocity, and altitude
in an integrated vector *format have been considered but not evaluated in
detail, An estimator was designed this way which has the appeal of hav-
ing a close analogy with an artificial horizon, On the average, the
specific force 1s gravity if the velocity 18 to be bounded, The strong
dependence on the angular velocity in, these equations suggest that an

alternate configuration of sensors should include rate gyros,

Thus it 1s concluded that the combination of three accelerometers,
two angular accelerometers, a three-—axis magnetometer, absolute pressure
and pitot pressure are an adequate set of sensors for the estimation of
orientation, alfitude, and velocity states., Reasonable performance re-

quirements are required and can be met by existing instruments though not in
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all cases by the smallest or least expensive as originally hoped. Since
the new technology is expected to continue to develop, 1t is recommended
that the feasibility of this approach be established with available
sensors on the expectation that reductions in cost and improvements in
reliability will follow soon and may be available by the time a flight
evaluation is under way., Silicon technology is adequate for pitot
pressure now but development 1s still needed for barometric altitude
measurement, Silicon technology accelerometers may be acceptable but an
experimental evaluation must be completed with instrument tests before a

decision can be reached, Feedback type fluxgate magnetomefers are adequate

but non-feedhack types must be tested to determine 1f their characteris—

tics are stable enough for online modelang,

It 1s recommended that the candidate instrument package flown .include
three axes of rate gyros angular accelerometers, linear specific force,
magnetic field, and the two pressures, In this way extra measurements

may be included or not ain the off-line evaluation,



APPENDIX A

This Appendix includes detailed Tables, mentioned in Chapter

IV, for the following:
LINEAR ACCELEROMETERS (4 pages)
ANGULAR ACCELEROMETERS
ANGULAR RATE SENSORS (2 pages)
MAGNETOMETERS
ABSOLUTE PRESSURE TRANSDUCERS (4 pages)
DIFFERENTIAL PRESSURE TRANSDUCERS (airspeed) (3 pages)

LINEAR DISPLACEMENT TRANSDUCERS (3 pages)
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LINEAR ACCELEROMETERS

page 1 of 4

Mir, & Lafe | Model | Range Type de Sens-| £, and Non— Thermal |Thermal {Zerc Trans- | . Qty Size or
itavity | pamping | linearity} Sens, Bias offset |verse [ °C | Price Weight
Shift Shift Sens'vy
. EG-D240 Piezore—~ 10 mV/g 500 Hz 10-16% 5 g per 5% max 1-4 @
Ent +
ntrdn -10 108 icistive | ot 10V | 0,005 2EFS per 100°F | 1108 $120; .
C. beam ex, 100°F * {1000 En
$50,
25 uV/g 1% of +2,5% |*2,5% ¥FS 3% max 1-9 @
EGC— . +
Entran saops | 258 " at 16V | %70 8% | reading | per per 100% ~Or%8 $270; § ,
ex. . 100°F 25-49 &
$230,
Kistler— Piezore- {30 mV/g’ 0.5% 1nc, +2% FS 1,$160;
Morse 201~-020; *20g |sistive [at 1OV 150 Hz | hyst and per 0.1% |1av |25 8120.| 30 &®
ex, thr, 100°F per V
Genisco /g @ | 24 Hz *+1% FS +2%F5 Combined @412, | 3™ai”
10° cvetes | 2006 *5g Pot. 10V ex, {1.8-0,25 | static | static epror 150up [x 13"
y | 10-185°F | error | ~10°F to{+ 185°F $337,
Genisco Variable ac phase| 30 Hz 1% FS + 1.5% F$ combined 15$563, oty "
104 hours 2388 *5g Reluctance | sensitv] 0.5—0,09 static static ekror 150 up . z%n
-65~185°F | ©TTOT | _g5°F to|+ 185°F $457,
170 Hz  |+0,5%
gx;iérprises A8 58 " ! 0‘-6“0-7 linearity; 2%/100°F %/ 100°F 5 0,01
@ 25°C  |+0,25% 1%/ 0.5g °/ $575 3 oz,
hysteresis, e/e
APM~000| +2,5g |Differen~ t 25 Hz +0, 1%F8 4% per |o0,12% |1.385x%
tial 0,4~0,9 iatl,25g; 100°F per 10—3 @ 3 oz
Timex xEnr, .65-185°F [¥2% TS @ 100°F  |poec”
+ 2.5g
GAD-813| semicon (12 mV/g (450 Hz 1% ¥S | 2% per |[0.33g
Kulite 10 *10g strain e 10V ex |0.5 @ static 100°F 80°F to| N,S, 5% max, %275, 1{’; 0z
gage 25°C error 180°F
force 0,1 % h,5x10"3g -5 -5 , 2
Teledyne FP 1 £15¢ | ehalance 20:.a.g/g2 per ber 100°F 10g |10 g/g 15 gm
]
100°F
2x10-9g w1k, |Sold on-
4
G.E, LB-5 +20g " 100uV/g 01 4_?05: 0,05% FS | operating range | ippas. cap: 1y with| 2.50 oz
- . -3 o
-54°C flo 71°C hold, .06z |systems
per Hz
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Mir, & Lale Model Rangre Type de Sens+ ¥, and Non-+ hormal |Thermal |%ero Trong— od e oLy Sire or
itavity | Dampang | linearity| Sens, Bras Offset |[verse Price woeight
Shafle Shift Seps'y
Non- 650 Hz % 0 None to{S uV | $595 [3.3 oz
Sundstrand | 303GA5 |5 g pendulous 1v/g |ios o [20.05% FS pi; Pégs g | 10.1g agtual S $
Servo 390 Hz 100°F | 100°F sen.
axis
-2
. Pendulous |5 mafg [N.S. *0.05% (G.56% 0.4x10 "¢ -4
Ferrantl FA. 21 1320 2 Jservo *+ 0.01% jelectronicjaccuracy per per 3x10 ‘g 80 gm
current or 100°F 100°F
viscous
- |Pendulous AC 33 Hz |+0.2% FS | 4% per
Sanders ee |0 7% |8 |differem- [1.12Vznd 0.5 |to £2.5 g| 100°F oégs% 4.5 oz
s tial xfmr. |per g fluid *3% FS
to 5 g
Seismic 800 Hz o +2% FS 2% FS§ x50 mV <2mv)|l - 4
Setra 113 ]$25 g |iisc 60 mV/g 0.7 gas 1% FS per per at 77°% | 0-018/8| o $142 4 oz
triaxia cap. p.o. squeeze 100°F 100°F per axis
£ilm ($425)
Pendulous 120 Hz  |[*1% FS £3% . a 3
Larson Cal |#5 g Servo 1V/g 0'4 to 1 |Lin, HYST per 1% FS | 0.005g/ $?;;1 1 oz
Electro [Repeat- 100°F
magnetic lability
*1,0 g, Unbonded 40 m¥. |"High" $0.75% of | temp..compensated wy o om Small
Sgiilind o295~ 1325 g, |strain  [full  [0.7 * 0.1|full rangq -65°F to| +250°F Low §415 4.3 oz
or 5 g | gage range @ 77°F lin. +
5V ex. hyst.
0.5, 1, ) Bonded 1mV /v F5,120 ~ 500 |7 ¥S 1% 1% 1% 1 3to 7
West Coast g 2
R h 703 2, 5, or strain 10nV/V Hz 0.5 lin per per $295 to oz
eseare 0g |gage FS, v | 0.4 0.5 hyst | 100°F |100°F 5340
FS, or 0.25 re- 1000
5V FS peat. $177 to
- 1 $204

LINEAR ACCELEROMETERS page 2 of 4
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LINEAR ACCELEROMETERS

page 3 of 4

e, & Life | Model | Range Type de Sens— £, and Non+ , [ Thermal [Thermal |Zero Trans= | . .| @y Size or
1%ivity | Damping | linearity| Sens, Bins Offset {verse | °>°°% |price Weight
Shaft Shift Sens'vy
Humph LA 45 [0.25 g [Spring flex| pot wire wourld pot 0.8% N.S 1 axis ;2;55
2§T87rey les LA 67 to with pot n dry gas |£1.5% cond. plastic pot fresolu- | N.5 " 13210 1 oz
‘1 a xiscg:- 3 LA 88 200 g 1 damping [accuracy |wire wound pot tion on | low " $440
axis units LA 83 gimbo. 22,5V wire wound pots pots N.S 3 axis| $990
avail.
Spring mass Static{error bamd Incl, Vib, 1 .
?ggrzséles 633 5 g [suspension iovégex 30723 3 £1.5% of | FS in 0.06 [Sens. | $150 7 oz
Y cond. plas- e includes temp. static g/g  1£1.5% | 1000
tic pot error B except] $85.15
at res|.
Gould A6-5-35015 g Unbonded |4 mV/V |75 Hz +1% FS Specifigd in 0.02g/g 1-3 | 1.3 0z
Statham or |4 g strain Full 0.7%0.1 Jincludes | Model A[73 TC 0.01g/g $465
IA73TC gage scale 300 Hz hysteresis at |$495.00 1-3 30z
0.01%/°F {0.01% s°F 4495
. Force +5V+0,2%| 125 Hz +0,05% 1% Operating < 0.1% |, SmvV )1l -2
Schaevitz LSBP-5 i£5 g Rebalance Full 0.55 to Full per range Full “0‘002gé,rms $539 3 oz
Servo range 0.75 scale 100°F |-40°F to | scale max {100-199
+200°F \ randoq$410
+20 g Pendulous {4 V 150 Hz 12 mg 0.02% of{ 0.3 mg 20 mg 2mV [1 - 10
Donner 4383 o Servo | Full |1.2#0.2 | max. |value per max 0'302 nms | $400 | 85 &M
£40 g range |@ 20°C per °C °C E/8 | wide | 1000
band | $300
Bell Model Inertial
Aerospace 9 grade
. Under |, Solid 10 V 700 Hz *1% 0.3% FS| 0.003% 28
Sagnetics develop-'zo € State Full 0.03 Full per °C | F8/°C 0.01g/¢ pin
ment range squesze |[scale w/o temp| zero D.I.P.
film control | shift wi ceramic
temp.
con.
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Mfr, & Life | Model [ Range Type dc Sens+ £, Non- Thermal |Thermal |Zero Trans- fo . | Qty Size or
itivity Dampang linearity] Sens, Bias Offset [verse Price Welght
Shaft Shifg R Sens'y

1 g ISpring 5 ¥ 8 to 41 Hz} 1% FS *1%addqtional 1 to 2%
Conrac 24185 to restrained { Full .| 0.3 min. with error dver @ 0.005g4 6 oz

120 g ‘iseismic range 0.2g 60Hz| -65°F tfo 200°F | 25°C

mass. pot | l0Vex. vibration
LINEAR ACCELEROMETERS page 4 of 4
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Linear

Manufact'r Model | Range { Type de Sens- fﬁ and Non- Thermal Acceler- Thres-| x Axis {Noise] Qty. Size or
and Life itivity Damping linearity] gﬁ?;& ation hold Sens. Price Weight
Sens.
Z
0.1 tq Liquigd 5V 30 Hz @ | 0.1% of | 3% per | 0.02% {0.001% ]0.01r/s] 0.07% 1-10
Donner 4590 10 rotor full 1 r/s2 full 100°F per full per full { $3000 5 1bs
sensor Tange range g Tange | r/s2 range| 100-500
/ . $2500
+10-20q Liquid $2.5 V jTo 150 Hz{ 0.1% of 3% per | 5 mV 0.001% |3 mV per 10mV | 1-10 .
Donner 4591 had/sec? rotor full | 0.620.2 | full 100°F | per Jfuil |rad/secd rms |$3000 | &-5 ©Z
sensor range @ 72°F range g range 100-500
$2500
Schaevitz ASBP-5 | 5 r/52 Torque *5VE2% {12 to 24 | #0.1% 1% per 0.1'1'152 < 0.1% Smvi 1-2 3 oz
-10 10 /52| rebalance | full Hz full 100°F per |zero rms | $664
-19 15 r/s2| servo range |[0.55 to | scale g offset 100-199
g 0.75 $504
Donner 4577 100r/s2 tqréue re- | 0-025vd 0.004 v/ 10mv | 200 5 oz
balance |PeY T/s r/s $400

servoe ‘ -

i

- ANGULAR ACCELEROMETERS page 1 of 1
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r ]
Manufact'r Model ) Range Type dc Sens- fn and | Non- Thermal Kinear Thres—-| x Axis Ther, Qty. Size or !
" cceler~ Blas !
and Life . itivity D . linearity| Sens. hold Sens. Price (Weight !
amping Shift ation Shift |
Sens. pr Noige !
*
Donner £5°/sec | Liquid %5 Vde fai < 1% < 5% Note +2[<0.001%] 0.005 ] 1.5% | 1-20
MTBF 8160 to rotor full 0.007 Hz | full per slope Full [°/sec per | $1455 < 10 oz
> 60,000 hrs +100%sef with scale fno scale 100°F below scale |per 100°F 100
integraton 30 Hz 0,.00THz ®/sec $1185
0.6x0.2 500
. $995
Humphrey RT03- [+200° Electro 2.5 Vdg 50 B £2°/ 5% 10% 1-5 2,6" D
3 units cont.] 0108-1 lper fluidic |=10% z | ®Fe/mee | _40°p to per |$935 0.4" L
op for 6 yrs. {second | 1 axis +170°F [ 100°F
Humphrey AT10- Electro 5% 10z I-5 2.6" D
3 wnits cont.] 0102-1 fluadic -40°F to 2% ayailable[| per |$167% AL A
op for 6 yrs. 2 axis +170°F on special ||100°F
Humphrey RT02- f;gﬁ'}/‘s Electro |0 to 30 Hz to | ¢ 5% gzgez oaggo { 10% | 1-5 3" x .
3 wnits comt.|0201-1 |0 .. fluidic + 5 Vdc | 80 Hz - -40°F to per |$3500 4.6" x|
op for 6 yrs. i360°/s | 3 axis +170°F 100°F .7
aw
60°/s
a 1-5 0.7 D
BAC, Ltd. Egigs t20tésec 2 axis $3500 2.1 L
£300°/seg
Honeywell  |GG2500 £48(°/sed iagneto= |l5mVrms | 100 00 | o 14 pg 0.05 0.01 |o.ss [t30 1 0.7" D
Lco2 hydro-— per /seq deg/sec/ldeg/sec| FS VTS $1000 1.8" L
dynamic +2% B {¢ 1kHz 70 gm
with spin g band w/o
motor adth | ekec-
2 axis tronilcs

ANGULAR RATE SENSORS

page 1 of 2
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Manufact'y Model | Range Type dc Sens- fm and Non- Thermal kfclz?Zr- Thres- {x Axis {Noise|{Qty. Size or
and Life itivaty- Dampi linearity] Sens. s hold |[Sens. Price Weight
amping Shift ation
Sens.
" Honeywell
cont. " "
with plus 87mvVdc -3 db ' 0.05 0.01 0.5% pPmVrmsi 1 1.05%" x
electronic EG1030 [£100°/sel per ®°/seq@ 70 Hz |0.1% FS deg/sec/g deg/seq FS B null]$200 2.27" x
package ABO3 2% 145 * 1.9
for above hVms
@ F8
|
' - i
# ' i
ANGULAR, RATE SENSORS eloctronics only page 2 of 2



Manufact'r Model | # Axis Type Range Axis Scale Bias Noise |[Temp. (de) 1Qty. [Size or Linearity |
Allign~ |Factor Accuracy Stabil- |Sensi~ {Price|Weight
ment Aceuracy ity tivity
" Develco 9200C 3 Fluxgate {600 mg | *1° 1% *1% FS |1 Gamma | 0.4 mg 2.5V per ;830 6 oz |20.5%
P-p /°C 600 mg to FS
@ 1Hz
b $700
o 1000
$360
Superconduct-} F203 3 Fluxgate |2600 mg | *1° 1% *1% FS NS 0.4 mg |2.5F per|1-3 3.5 oz +0.5%
ing Technology /°C 1600 mg | $850 : FS
- 1000
$450
Schonstedt SAM - 3 Fluxgate |+6J00 mg | *1° 1% *0.4% |1 Gamma | 0.14 (2.5 V 1-10 | 5 oz 0.4%
73C FS P-p mg/°C |per 600 |51650 FS
e 1Hz ng 1000
: b.w. $600
Infinetics Friskem| 1 Fluxgate [*600 mg !NS NS NS NS NS 0,182 V {1-3 i"p Reason- ;
Mark-26 mer 600 {$44 2.5 L| able :
mg 1600~
2000 .
$34
Spartan RCI 1 Fluxgate [*1500 mg! NS *2% FS NS C.4 nT NS 1.2V 1.5 x| 1% FS
Electronics - per 600 1.5" x
T = 60sed mg 1-6  |0.75"
$1000
1000
s $200
Schonstedt RM62-7| 2 *  Sinilar to |SAM 73 C per Telicen 100 11b
Mr. Upton 8/17/76 $550
{ .
MAGNETOMETERS pagel of 1
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Mfr, & Life | Model | Range Type de Sens-| *static |Thermal | Thermal grmi @ - Initial | Long | Qty Size or
itivaty | Epror Bias Sens, +gg°FZ;9103n::ant Zero | Term | Price Weight
Shift Shaft - Balance | Stab,
Setra 200 |0 to 20 | WATEE {5y ps 20,065 | 0,1% per| 0.1% per] 35 10 ms 1 9 oz
PSIA psu - 100°F 100°F | feet. |max $975
cap. p.o.
Hamiliton PT-0208 |0 to 20 | Vibrating |Freq. £0.0165 0.38% pent 100°F %13 Frequgncy is non- 1 6.4 oz
Standard ~10 PSIA cylinder |[prop. tof ~ | compensatable feet lineat with prgssure] $1380
pressure
: 1000 tol metal 7.5V | £0.25% | 0.75% of |reading Out&ut is lihear | 1
Rosemount 12414 30,000 |capsule per reading { +40 feet linc. E:Zt with altitude $1155 24 oz
feet cap. p.o. {30,000' | +20° static exror
Senso-Metrics] SP 0 te 15 | Bonded 200 mv +0.05% 0.5% per | 0.5% pex{ +100 2% 1 3 oz
3 x 106 65 E PSIA strain FS - 100°F 100°F feet FS $900
. ?
cycles gage *2% max
Beam
Gould PA 824-10 to 15 30 mv 0.5% per| 0.5% per| 109 0.05 < 2% 0.05%1 1
diaphragm *+0.15% o o 14 oz
Statham 15 PSIA deposited FS | 100°F 100°F feet ms FS ; FS [$1265
strain
gage
Diaphragm +
Bell and CEC 0 to 15 deposited 30 oV £0.25% 0.5? per 0.5? per| 123 +2% 1 5 oz
Howell 1000 PSIA FS 100°F 100°F feet FS $450
strain
gain
BLH 0 to 20 1% per 0.5% pexj %178 . 1
+
Electronies | O' | pSIA SVFS [*0.3% | lg0r | 100°F | feer |[0+05 ms[Adjust $420 17 oz
200 - |Zero Diaphragm £1,5% FS| 2.5% errdr 825 Qutpyt is lingar 1-10
Bourns 438 - to with 10 V S voltage per 1040°F feet with altitude 3375 13 oz
1002 35,000 {jpotentio- ratio
meter

ABSOLUTE PRESSURE TRANSDUCERS ({ALTITUDE)

* linearity, hysteresis, and repeatability
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Mfr, & Life Model Range Type de Sense *Statlc Thermal Thermal Error @ Iniiinl | Long Qty Size or
itivity Sea Level Time '
Exrror Bias Sens, £50°FAT |Constant Zero | Term | Price Weaght
Siiift Shilt - Balance | Stab,
- . PTD - } 0 to 18 Diaphragm Operating temp. +316 . 1 -2
, Schaevitz 310A -1 PSIA | capsule 2.5V FS | 21.1% range -65°F to feet 1 ms Mjust $542 18 oz
300w with LVDT 200°F
AB-15. | 0 to 15 biaphragm | 100 oV 1% per 1% per 245 1-9
Tyeo ADE PSIA |with semi-| FS *0.5% | 100°F | 100°F | feet g285 | 2 ©2
C. strain {21% 100
gage $142
0 to 15 0 to 10V 0.4% per| 0.5% per] *92 1 1.6" x
Sundstrand | 314 A | “poy, 7] Servo Fs |-20-057% 1 1o0eF | 100°F | feet |10 7S $810 | 1.6" x
1.9¢
. Diaphragm {High .
Viatran 304 with level +0.15% Adjust
strain vailabl
gage
Consolidated { 415G40 g;zgggagm 30 oV | *0.25% Thermal sens. 3.5 oz
Controls - FS . < 0.5%|rS -
strain er 10(°F
gage P
Gulton 3255 nggﬂés ﬁgezzig 0 t;SS v *#0.5% Total ergor includ + 175 out-
"Long" P ing tempJ from = s tand- 5 oz
wath -65°F to [250°F ft. ing
LVDT +0,75%
0 to 15{Aneroid 0 to 10V Thermal} sens. 317 0.3% jpot resolution
Gulton 3261 PSIA |capsule FS 1% Fs 1% per {100°F feet reprefents 85'|at 2.5 oz
with sea level
pot
. 0 to 15|Diaphragm | 30 mV 0.5% per| 0.5% per] 122 o 1 2.5 D
Daytronic 502 | psra Vwrith ps. | 20-25% | j5per | 100°F | feet |0-3 ms |2% $205 | 3.5v 1L
strain
gage

ABSOLUTE PRBSéURE TRANSDUCERS (ALTITUDE) * linearity, hysteresis, and repeatability page 2 of 4
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Manulacl®r} Modol Range Type d¢ 8ens~| *Static Thermal Thermal | EXTror € § Time Initial |Long Qty Si1ze or
and Laile itivity | Error Dainsg Sens, Sea LeveliConstant Zero |Term | Price Weight
Shift Shift 50 °FAT Balance |Stab.
Silicon Genpral purpoge 14 Senspr not  |Alti- 1
Honeywell HG 230 ) AIR pressure CPU| employed feet sold separately jtude + $15 k 19 1b
Data Cgmputer -
< capsule alr-
speed
+ mach
Conra$ 0 to 15 Silicon fg%mVFs 0.5% per| 0.5% per] #1351 +1% $730 1.12" D
2 x 106 Fs 4715LC| PSIA ang strain - +0,3% 100°F 100°F feet FS 500 1.62" L
cycles min. gage $200
. 0 to 15} Solid +2.5V o 2,7% per| 2.7% per] 2800 Inc. in {1000hy 1
National — ILX1802A} “porp | state to 12.5v| 1% | j00°F | 100°F | feet scardc. bino. ol $80 5 gn
silicon FS error |ktatic
PTTDI‘
sas 0 to 30fSolid +1.5V Thermal |effect 140 . o i 2.5" x
Cognition | CGA208 | 1) hes |state to +4.5v| *0-2% 0.2% pe 100°F | feet 0.2% | 0-3% 14150 1.5" x
Heg silicon ES | 0.75"
Kavlico Gm5570-] 0 to 15|26 Vac 2 Vac | 1% per 1% per 2,25 L
1 PSIA LVDT 3% FS 100°F 100°F 1.25 D
400 Hz
1 ac_1d
Transducer acfac |0 to 15 LVDT 100 mv £22 1% per 1400 $150 ac ™ T zﬁ
Systems Inc. or PSIA rms or | -°° 100°F feet $250 dc [+ 23 o
de/de 2 vde 4
FS
. Capsule + 0.5 to *0.5% Compensated to 316 Adj. on 1
popinson 155 (%20 Blvor + 5.5 vac | Fs £2% FS off 75°F feet zero and s175 | 8 o2
P electronic|{ FS cal 0° tg 180°F span
carcuit
0 to 15{Capsule 0 to 5V Combined |thexmal 77 5 ms 1
Rosemount 13324 PSIA |cap. p.o. FS 0.11% effect [+0.5% feet max 3445 7 oz
electronics per 100°F;

ABSOULTE PRESSURE TRANSDUCERS (ALTITUDE)

* linearity, hysteresis, and repeatability page 3 of 4
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Manutac B7r ) Model Hange Type de Sony- *Static Thoranl Theemal | Error @ {Time Initial {Long OLy Slze or
and Litle itivity Error Bras Sens, Sea LeveliConstant} Zero fexm | price Weight
“ Shilt Shstt *50°FAT \ Balance {Stab.
High [fAltitude: h 1000 t4 +40,000 ﬁeet £(40'0 4 0.7% of rdg) {|-45°F P.2 |1 tos
- Rosemount 542K1 Level [airspeed: IAS 125 to 530 knots #(3.5 k or % of rdg) to mV/re | $2360 21
dc out-{jdynamic pressure qc 0.75 fo 17.16" Hg :{0.5% [FS + 1% pf rdg)s +160°F nOmV/ki12-24
puts ) D.4 $2125
. V/'"Hg
I.C. Trans- | 1750 0 - 15 [s0lid statq 50 mV +0.5% combined thermal | * 315"
ducers, Inc. PSIA silicon F S.: 2.8 1 effect - 41 0mV 1-9
"Long" minimum ter + 2% per . $135 15 gm
100°F )
ABSOLUTE PRESSURE TRANSDUCERS (ALTITUDE) * linearity, hysteresis, and repeatability page 4 of 4
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Page 1 of

DIFFERENTIAL PRESSURE TRANSDUCERS (airspeed)

sionufacti’y | dModel liange Type de Sens- *Static Thermal Thermal g;ﬁre Initial{ Over Oty Size er
angd Life P3ID itavity § poor Bias Sens, ?Slg Zero Pres— Price Weight
(lnots) PSID Shift Shift Ckngks) Balance| guye
S TIE 2 Bonded 20 mv 0.25% 0.25% 3 1 2.5" L
ensotec (285) |Strain F5  |#0.1% per per (342) $524 2.25" D
Cage 100°F 100°F
2 Bonded 20 mv 0.5% 0.5% 3 1 2.5" L
Sensotec Z (285) |Strain PS  }0.3%  |per er (342) $505  |2.25" D
Gage 100°F 106°F
2 Bonded 20 mv 1% 1% 3 1 2.5" L
Semsotec  {AS (285}  [Strain FS. [£0.5%  [per per (342) 5410 J2.25" D
Gage 100°F 100°F
2 Bonded 30 mv 1.5% 2% 3 1 2.5 L
Semsotec  {A10 | 985y lgtrain FS {13 per per (342) $380  |2.25" D
Gage 100°F 100°F
. o N
Celesco LI O i B A A gﬁﬁrmal ot $z;1 14 oz
+500 Reluctance | 3000 Hz $ange “1(0°F range
. 0.1 glaph;?gm 50 mv/V éo.;% 1.8% Thermal zog% $ 1 15 oz
- to ariable at o error per o} 300
Enterprises |CIVR  \:500  |Reluctance {5000 Hz |Range 1do°r range
Gould PL 872 5 Diaphragm 130 mV 035% 0.5% 2% 200% 1
Stratham -5 (435) Peposited FS +0.2% per per FS of 5550 l4oz
Strain . 100°F 100°F range
[jage
Bourns 200 - }(40) to Daaphragm |10 V £2% 1.5% drror Outpyt is linear 1-10
538 ~ (400) with F§ FS per 100°F with airspﬁbd 5380 13 oz
1002 Potentio- Voltage
meter Ratio
.Schaevitz PTD - | 1.84 Diaphragm 2.5V Operatling 1-2
310 D -{(270) Dapsule FS +1,1% temp, |range Adjust $445 18 oz
50w with ~65°F [to 200°F
! LVDT

¥ linearity, hysteresis, and repsatability



iV

v

Manulaci'r | Model Range Type de Sens- *Static Thermal Thermal gver Initialf Over Qly Size or
and Iafe PSID itavity Error Bias Sens, P:?ge zZero Preg- Price Weipht
(knots) PSID Shift Shaift Cknots ) Balance{ gyure _
5 0to 10V|+0.057% | 0.4% 0.5% 1 1.6" x
Sundstrand 1314 D} (435) | servo ¥s per per $810 | 1.6" x
100°F 100°F 1.9"
Viatran 220 Diaphragm |High Adjust
with Level
Strain Available
Gage
0 - 0.3] Inconel-X {High 1.4" p
g:::ziigated 416867 to Diaphragm |Level 3.9" L
0 - 200 with
LvDT
0 to 5 | &neroid 0 to5 V|,: o Thermal skns. 1.25 x
Gulton €S 614 | (435) |capsule |20.1 v [|*1-5% 2% max from range 4 oz
with ~65°F to R25°F
LVDT |
Rulite SVQE - | 5  |Int. ekt |50 mv  |t0.56% | 2% 2% 5% |4 x ) 0.6" D
500 - 5 | (435) {silicon TS per per FS range i
diaphragm 100°F 100°F
diffused
strain gage
5 Diaphragm {30 mV 0.5% 0.5% *2% 1.5 x 1 2.5" D
Daytromc 502 (435) |wath FS t0-25% | er per FS  |range $285 | 3.5 L
Strain 100°F 100°F
Gage
Honeywell HG-280 | Air Silicon General purpose 0.1 [knot Sensor|not sold|Alt, i
yw Data Computer |Pressure CPHeemployed « resglution sepapately + $15K 19 1b
Sensor Air-
speed
+
Mach
Page 2 of 3 DIFFERENTIAL PRESSURE TRANSDUCERS (airspeed) * linearity, hysteresis, and repeatability
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Manulfucttz | Model Range Type de Sens— *Static Thermal Thexrmal Ovexr Initial] Over Qly Size or
Range .
and Life PSID itivity Error Bias Sens, PSID zaro Pros— Price Welght
{knots) PSID Shift Shift (knota ) Balance| gsure
c 4715H- 10 Silicon 5V *0.4% 0.5% 0.5% +1% 2 x 1
~ Lonrac D (1400) { capsule F§ FS range $1500
and strain 35
gage $700
. -5 te 5| Solid +2,5 V 6% 6% 6% ine, in 40 1 )
Natlonal | LX1S0ID} ‘pzey" | Grote to of per per static| PSID $85 5 gm
silicon +12.5 V| 5 PSID 100°F 100°F error
FS
T / 2 ! ac fdc
ransducer jac/ac .5 100 mv 1% ~25°F {$§150 ac :
Systems Inc.]dc/dc (315) LVDT RMS or *2% per to $250 dg E ;ﬁr zf“
2 Vdc 100°F 300°F >3
F8 op.
Robinson- 3 Capsule + Cal. [at 30°F Factory! 1.5 x {-40°F 1 8 oz
150 % . .
Halpern > (382) j T + (0 to 1V} £1% and 190°F with- set | range [to | $130
electronic in 3% of 75°F 1% F§ 220°F
circuit cal. op.
2.456 | Capsule 6.14 v |*0.1% operating Inc. 1
Rosemount 122183 (300} | cap p.o. Fs ine, in accuragy *0.5% in op. $785 13 oz
elec~ op. ' accy. -55°C o +71°C accuracy
tronics
High Altitude: h ~-1o000' To +40,000" (40" + . 7% reading) }-45°F .2mV/; 1-5
Rosemount 542K2 level jpairspeed: IAS 75 to 340 Knots t(2.5K4—:4Zreading) to 1@ ft 152360 2 1b
de dynamic pressure: qe 0.27 to {6.29" Hg.}+(.5% FS+ 1% reading) +160° _20mvr 12-24
outputs K §2125
v/

Page Bof 3 DIFFERENTIAL PRESSURE TRANSDUCERS (airspeed) * linearity, hysteresis, and repeatability
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*
Manufact?s | Model § Range Type de Sens—  NOm™  lppoppay | Thermal |Actuatior Static Qty Size or
and Lafe itivity jlinearity| ... . Sens, Force f{Error Price Weight
Shift Shaft Band
TCC - | Up to |Cable pot .:
Celesco PT - 500" SPI‘ing 10 V FS < 0.1% gﬁ" X
101 return z%nx
Linear 10V Temp | Range 11b - 1 0.75" D
" a
fg“zx“sms 194 8 pot FS *0.5% -65°F lto 350°F | max pealed) o, ) 11" L
25
cycles $104
1,2,3 ]Tinear 0V Temp } Range 1 1b 1 0.375" D
journs ¢ {763 lana 4" | pot FS 20.5% ~65°F |to 350°F | max sealedigoss [ By 3,4,5
’i‘ 25 or 6"
cycles $135
BLH 416347 1 .1,.3, 22.5 to 2% 0.5% 0.25% +15°Ff 1
Electronics | 216348 | .75 andi{Resistive (45 mV per per 25 gm | (0.5% to 1$145 8-12 oz
6 416349 | 2n FS 100°F 100°F for 2'") 115°Ff.1-.75"
10" cycles 423977 op. (%225 2"
| range
£0.01" |Bean 3 mv/v Thesmal 1"
g:ﬁ:aggﬁs‘: 557 to |deflection| to 5 V | 0.05% Sensitivity cvbe
10" with straig FS 0.2% |per 100°F
gage
West Coast 0 to 20 mV 0.5% =40 to " x
Res h 557 L | 0.5" oxr| same FS 0.75% per 22 350°F 1.5" x
earc +0.25" 100°F expo- 3.5"
sure 3/8"
range shaft
Up o |Cable pot Up to
Alltech 1800 100" |spring 0.05%
return
Ravli £0.,05" 400 Hz to] 0.4% 0.1% 4 oz 5° phase|-420°F
50.000 Hrs | MARY to LVDT 3 kHz typ. per typ. 30 mv to Many
? 6" J 1V/in/V 100°F null typh450°H
,stroke typ. Lyp.Op.
Page 1 of 3 LINEAR DISPLACEMENT TRANSDUCERS * nonlinearity, hysteresis, nonxrepeatability
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Manufact®: | Model Range Type dc Sens—{ Non— Thermal Thermal Aetuation! * Static Qty Si1ze or
and Life ativaty | linearity] g Sens, Force Error Price Welght
Shift Shift Band _
0.25n . 0.0014" |Largex
Humphrey gigi-l to L12ear 12; 1% resolu- Eodels 0.24 oz
10° cycles v po tion vail-
stroke . able
"
The Accro | Series| 2. [¢8ble pot ) 0.044 t 18 to- 4g |6s°F 175" 3"
to spring to *0.1% "
Co. 1850 oS I 460mV/in 48 oz cable to for 2
accel {L&D°F range
op.
DCT-12 " - 110 vV FS 1% per Norn- 35°F From " ox
Temposonle "~ |32] te yocrasenie)  or 0.1% 100°F kontest- | 0.11% to | $295 ﬁ.5" x
DCT~60 aguetlic taipital ing 125° to  [2.5"
op. $700
Bo 11 SB 80 *0.25" LVDT AC 0.5 to 2,5 or Sealed 40 to 1.2 to 2%
neywe and to 1.6 to | 0.7% 6.5 1b shaft [35°F 10 to 16"
SB 82 |1 4.6 mV/V per in, op.
DC 0.4 ]
nV/V
Series | *0.05" 4.3 to Non- 1 23 to
powett 7pcDT | to | VDT 100 V/in | ¥0-5% contact- $130 | 220 gm
and | £3" ing free to
24pCDT slug” $270
1104 +0.05" 0.4V +0,25% 1 or 2% bptional |*0.25% 1 0.75" D
Moxon 1105 to LvDT or or per 100°F spring or $145 3 to 14"
1110 31 *10 V FS| +0.1% 2.5 02/in 20.1% to Length
1111 $240
L1000 |#1" to AC 1to 2% Non- 1 [5/8 to
ggzg‘;“e’ L2000 | 6" LVDT 0.2 to | others Lontacting $125 [7/8" b
Tne L3000 |others 0.7 mV/V/] 0.1% free slug $175 4.5 to 25"
: L6000 |{down to mill $235 llength
+0.005" $375

Page 2 of _3
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Thermnal hctuatioﬁ *gtatic

ManulacLtr§ Model | Range Type dc Sons-{ Non~ Thermal QLy Size or
and Iafc 3tivity ) linearity| njae Sens, Force |gprror Price Weight
. Shift Shift Band
- £).05 ™ ae 0.1 0.05% on - - ~65°F 1 4 to 580
Schaevitz Many ta LVDT to 6mv/M to contact- to 1832 to gm
10" per mill 4% ing free 300°F{430 1 to 30
‘ slug op.| 6-11 inches
$28 to
387
Robinson 220 | #0.008"| o ac 0.7 | £0.07% 0.3% to Non 60 Hz to 3/8 or
Halpern Series to to 10 to 10% per contact- 20 kHz J/8" D
18" rmV/V/mill +0,5% 100°F ing free units 0.5 to
slug 8" L
Aviation 1303 1.27mm 5V +0,15% Spring Linear p
Electric 13243 2.5 LVDT 0V to loaded or also avajlable
Ltd 1353 10 BV *1% free slug 12.5 to 2540
) 1315 25.4 H or self- mm strok
1362 76.2 23V ligning
bearing

Page I of 3
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APPENDIX B

ADDITIONAL ANGULAR ACCELERATION DISCUSSION (Ch, 4)

The angular accelerometers avarlable measure the torque to accelerate
an inertia of rigid or liquid matter, In pranciple, linear accelerometers
can be used differentially. If only two are used, they are sensitive to
an angular velocity vector component in the plane ol their separation and
sensitive axes, A set of four at right angles can be used to cancel this
effect, or three can be deployed in a plane with the input axes 120 degrees

apart,

The measurements for two units as shown in Fig, B-1 are

A
b
£ Fa
;T 1
A
R —] "e
_ P
A
a Figure B-1
a ~
y = {f . &} Ka
yb = {f-ﬁ+[(ﬂ)><R+wX(wa)]-5} K,

and b parallel and each perpendicular to

>

For the ideal case with

R and Ka = Kh = 1

e
4
o
Il

Raé + Ruth .

Thus the signal that is the sum ol the acceleromeler oulputs measures

angular acceleration but has error lerms proportional to the products of

B-1



the two angular velocities, If four are used as shown in Fig, B-2, there

is no error,

a b c d
Yy +% +9¥V + % = 2Ra§ +

%, A
(A
R & ) Rlw Wy +(-uzdw, ]
.

R .
- 2 2

e
I

A
I, —
Ra
P
a
) R A
- 2
[

Figure B-3

with



0 o 0 0 4]
s ~ a b
a = 1), b = |~0,56 & = |~0.5 R =10 R™ = 1{0.86R
0 0.86 -0, 86 ~R 0.5R
ur 0
c
BE = }|-0.86R
0.5R
each measurement 1s of the form
a a )
vy = (£ 4+ wxR + wXx wX Ra) - a .

t "

This configuration rejects the effect of linear specific force as hefore,

Thus, three, four or more accelerometers can be located in a plane
in a configuration that i1s insensitive, in principle, to angular velocity,
but two accelerometers are not adequate due to their intrinsic sensitivity

to angular velocity,

Accuracy Requirements for Angular Accelerometers

For 10 millirad angle information accuracy, the angular accelerometer
performance regquirement depends upon the amount of tlmé that errors are
permitted to grow., Rapid roll aﬁgulér determination with a rolling mode
time constant of a few 10ths of a second would correspond to perhaps 1 sec
smoothing time, whereas spiral and phugoid modes may require 100 times as
long, thus the minimum error or undetected rate would be from 2 X 10_2
to 2 x 10°° rad/secz, Assuming a maximum rolling rate of about 180 deg/sec
and a rolling mode tlmeiconstant of 0,1 sec, the maximum angular accel-
eration would be approximately 30 rad/secz. We can calculate a dynamic
range for the instrument as 0,01 to 10 rad/sec2 for an absoluté minimum,
0.4 x 10--3 to 30 rad/se02 would be more desirable, and 10"6 to 100
would give more information than 1s needed, Assuming a 10 em separation
between accelerometers, the equivalent linear acceleration uncertainty
for even the minimum range 1s 10-4g and this may be below the level of

some accelerometers that would be acceptable for measuring the linear

B-3



In addition to basic sensitivity, the alignment, scale factor match-~
ing, and linearity must be in the 1678 range to reject the 1 g specific

force,

Angular accelerometers, therefore, should be special purpose devices
rather than a set of linear accelerometers for the aircraft autopilot

measurement application,
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