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I INTRODUCTION

The following is the final report on the two axis accelerometer program
sponsored by the U.S. Army Missile R&D Comﬁand under contract number
DAAK40-76-C-1025. The work performed under the contract consisted of the
design, fabrication, test and delivery of two accelerometers. These
accelerometers are unfloated, i.e., contain no floatation fluids, and each
can measure acceleration along two axes at the same time. The program

spanned a twelve month period from July of 1976 to July 1977.

The objective of the program was to utilize previous knowledge and experience
gained by INCOSYM Inc. during the development of a tuned suspension gyro-
scope. This knowledge and experience consisted of observations of the per-
formance of component parts of the gyroscope, and their fabrication methods
and test techniques. It had appeared from testing of these component parts
and from the resultant Incoflex gyro performance, that with correct modifica-

tion the technology would be applicable to accelerometers.

The major incentive from an applications viewpoint was the possibility, based
on the gyro experience, of producing a very accurate accelerometer with a
low bias temperature sensitivity, and that had two sensing axes that were
fabricated and tested as one single unit. This has the appeal of getting two

axes for the same price as one.

The bias temperature sensitivity of accelerometers has been a problem in
applications requiring accuracy. The temperature sensitivity has typically
been of an unacceptable magnitude and non-linear, making compensation
impractical. Therefore, systems had to be thermally controlled, and the
reaction time of the system, i.e., the time from turn-on to firing or takc-
off, was long due to having to wait for heating and thermal stabilization.
Consequently a design was produced, two accelerometers were built and
delivered to the U.S. Army Missile R&D Command. Torquing loop electronics

were also designed and fabricated and delivered with the accelerometers.

An analytical prediction of the performance had been made, so the test

sequence was designed to evaluate the actual versus the predicted performance.

A synopsis of the results are shown in Table I. The detailed test data is in
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Section III. The actual performance met the predicted in all cases except

the long term bias stability. It was difficult to correctly evaluate this
parameter due to the short duration of the program. However, the tests per-
formed indicated a value that would be acceptable for many applications, but
that did not meet the predicted value. Further consideration indicated that
the predicted value is correct, and also that a modification in the design and
fabrication would result in the long term stability meeting the 40 ug value

estimated by analysis.

The most significant aspect of the test results was that the bias temperature
sensitivity is very low, as predicted. This and the other data led to the
conclusion that the design is a viable candidate for accurate, fast reaction

requirements.
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II DESCRIPTION OF THE INCOFLEX ACCELEROMETER

The Incoflex accelerometer is a two axes$, pendulous mass design of the size
shown in Figure II-1. The size shown contains both axes but does not include
the torquing loop electronics at this time. The weight of the present unit

is 200 grams.

The mechanization is as follows. A two axes suspension carries the torquer,
which consists of the magnets and flux return path that establish a radially
orienated field within the air gap. The torquer is made pendulous relative

to both torsional axes of the suspension system. In the presence of accelera-
tions along any axis perpendicular to the axis of symmetry of the suspension
system, the pendulous mass is deflected angularly relative to the accelerometer
housing. This deflection is sensed by the pickoffs whose output drives the
current through the torquer coils, exerting a moment on the pendulous mass

in such a direction as to null the pickoffs. Thus the current through the

torquer is a measure of applied acceleration.

There are two pickoffs per axis placed diametrically opposite to each other,
connected in series opposition so that to the first order the pickoff is
only sensitive to the angular motion of the torquer flux return path. There
are also two torquer coils per axis connected in such a way so that their

affects are additive.

The two axes suspension system is a slightly modified version of that used in
the Incoflex gyro. It uses flexures for each axis. The entire two axes sus-
pension is fabricated as a single unit and is made of maraging steel, which
has a yield stress point of 290,000 psi. This makes the suspension very

durable.

The torquing loop electronics used in this program with the Incoflex acceler-
ometer is an analog design. The pickoff input is a 54K Hz 2.5 volt RMS sine
wave. This is modulated by the pickoff secondary to indicate the position of
the proof mass. The output from the pickoff secondary is amplified and then
demodulated. The resultant DC voltage is passed through an amplification stage
that also controls the servo loop bandwidth. The last stage applies either
positive or negative DC current, as required by the direction of the input

acceleration, to the torquer coils. The output is scaled across a resistor.

II-1
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III DESCRIPTION OF TESTING AND RESULTS

As the output of the accelerometer is a DC voltage scaled for one (1) volt

per g, the readout for testing was a precision differential voltmeter driving
a chart recorder. Because this is a two axis accelerometer, two channels were
needed. Consequently, two identical Hewlett Packard 3420 Differential Volt-
meters, each driving one axis of a two axes Hewlett Packard 7130 A chart

recorder, were utilized.

The accelerometer was mounted on a base plate that was fastened into a granite
cube. The cube was placed on a granite table. As the faces of the cube are
flat and orthogonal to each other, the accelerometer could be tested by
rotating the cube on to each of its faces, therefore precisely changing the
gravity vector applied to the accelerometer. The data reduction equations
are shown in the Appendix. The base plate had heaters installed so that
temperature affects on the accelerometer could be measured by increasing the

temperature.
The following tests were performed on both accelerometers (No. 1 and No. 2):

(1) Torquer scale factor

(2) Uncompensated torquer scale factor temperature coefficients

(3) Bias stability (drift) during continuous operation for periods of approxi-
mately 40 minutes with the pendulous axes both horizontal and vertical.

(4) Bias repeatability over short periods of time with the pendulous axes
both horizontal and vertical

(5) Uncompensated bias temperature coefficients

(6) Bias repeatability over several days with some temperature extremes
applied between operations

(7) Axis alignment

(8) Reaction time

(9) Bandwidth

The summary of these results is shown in Table I-I in the Introduction.
Specific data is shown in the following figures. Figures ITI-1 and III-2 are
the bias stability (drift) with the pendulous axis horizontal (PAH) for each

accelerometer. Figures ITI-3 and 1II-4 are equivalent runs with the pendulous

ITI-1
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axis vertical (PAV). Data on both accelerometers for either PAH and PAV were

very sinilar, and performance was better than expected. No sensitivity to the

orientation of the axes was discernable in either accelerometer.

Figures III-5 and IT1I-6 are the short term bias repeatability for each
accelerometer with the pendulous axis vertical (PAV) and Figures III-7 and
ITI-8 are the same tests with the pendulous axes horizontal (PAH). All test
results were satisfactory. Accelerometer No. 2 showed better repeatability
in the PAV position than in the PAH position on both axes, but the data was

considered acceptable in either position.

The data for the longer term day-to-day repeatability (Figures III-9 and
III-10) are somewhat inconclusive because the test station could not be
dedicated to day-to-day testing. Consequently, temperature cycling and re-
mounting affects are included in with the day-to-day repeatabiiity. The over-
all data was not as good as predicted but was encouraging, especially due to
the extraneous variables, and would be acceptable for many, and probably most,
applications. Further work is anticipated on the next accelerometers to

better define and improve the performance.

Figures III-11 and I1I-12 are very significant in that they show the bias
temperature coefficients without any compensation. As the figures show, in
all cases this parameter was linear, meaning it could be compensated easily
if required, and in three of the four axes, the number is very low. The
fourth axis (X on accelerometer No. 1) had a much larger coefficient than the
others, and is not considered to be typical of what can be expected in the

future.

Torquer scale factors were measured for both accelerometers for information
only, as this parameter can be scaled to suit the application. The data is in
Figures TII-13 and ITII-14. However, the uncompensated torquer scale factor
temperature coefficient was also tested and is shown in the same figures. The
number that resulted was exactly as predicted for the magnet material used,
and would be compensated for most applications when no heat is applied to

stabilize the temperature of the accelerometer.

I11-2




Two extra tests were run on accelerometer No. 2. These were a bias stability
(drift) test over 15 hours and a bias stability test over four minutes. The
first test (shown in Figure III-15) was to ascertain the performance when the
acceleromecer is used in a system that would remain operating over long periods
of time. The second test (shown in Figure III-16) was to evaluate the
performance when used in a system that required accelerometer stabilization

to gyrocompass. The 3 ug/minute slope shown in Figure IIT-16 is the maximum
bias drift acceptable if the system were required to gyrocompass to within

one (1) milliradian. As can be seen in the figure, the performance was judged

to be well within the required bias drift.
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TORQUER SCALE FACTOR FOR ACCELEROMETER NO. 1

at 26°%¢C X-Axis:  0.998850 g/volt
Y-Axis: 0.969930 g/volt
at 50°C X-Axis: 0.988628 g/volt
Y-Axis: 0.960052 g/volt

TEMPERATURE COEFFICIENT OF THE SCALE FACTOR

0.988628 - 0.998850
(50 - 26) 0.99885

X-Axis 426 PPM/°C

0.960052 - 0.969930

(o]
2
(50 - 26) 0.96993 423 PRM/°C

Y-Axis

Figure I11-13. Torquer Scale Factor No. 1
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TORQUER SCALE FACTOR FOR ACCELEROMETER NO. 2

at 26°C X-Axis: 0.990208
Y-Axis: 0.979095
at  50°C X-Axis: 0.980194
Y-Axis: 0.969209

TEMPERATURE COEFFICIENT OF THE SCALE FACTOR

. 0.980194 - 0.990208 _ 0
LS s e, T

0.969209 = 0.979095

s, /, o
(50 - 26) 0.979095 ~ *1° ERHEC

Y-Axis

Figure ITI-14. Torquer Scale Factor No. 2
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IV CONCLUSIONS

The overall accuracy of the accelerometers, and especially the low bias
temperature coefficient, illustrates that the design concept is sound. Also
of significance is the fact that performance could be predicted accurately
prior to an accelerometer being built or tested. This shows that the cause
and affect of the component parts on performance can be analyzed, and design
modifications made and various configurations established without large

expenditures.

It was concluded that the long term bias stability would be improved,
expecially after exposure to large temperature variations, by modification of
the attachment of the suspension to the case. Variations of this were tried
within the allowable funding and time span of the program which did provide
positive results. However, it was not possible, nor intended in the scope

of the program, to fully optimize the total design.

IvV-1
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The

(1)
(2)

3)

RECOMMENDATIONS

following are the recommendations:

Modify the suspension to case attachment.

Examine methods of adjusting and/or reducing the scale factor temperature
sensitivity. It was not intended under this program to consider
methods for reducing this parameter, but it will be necessary for accur-

ate systems where no thermal control is required.

Design and develop torquing electronics that give a digital output.
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APPENDIX I

OPEN LOOP MODEL OF A PENDULOUS ACCELEROMETER

In the derivation of this model three coordinate sets are used. These sets

are:
Ii Pi Oi - Accelerometer internal coordinate set
Xy z - Pendulum-fixed coordinate set
IPO - Accelerometer case fixed set
The accelerometer internal coordinate set is shown in Figure 1. The 0i axis

(output) is coincident with the effective torsional axis of the pendulum sus-
pension system. The pendulous axis, Pi’ is orthogonal to and intersects the
Oi axis. The Pi axis also passes through the effective center of mass of the
pendulum when the sum of all external forces and moments acting on the
pendulum and its suspension system is equal to zero. The axis Ii (input) is

perpendicular to the plane containing Pi and 0i axes.

For the accelerometer operated in open loop mode, positive acceleration along
the input axis causes the pendulum to deflect through positive angle % about

the Oi axis. For & equal to zero IiPiOi and xyz sets are coincident.

Moments acting on the pendulum about the 0i axis.

It is assumed that the accelerometer is subjected to acceleration and angular

rate whose components resolved along the IiPiOi axis set are

a a a

APl

and

S.

I, ¢P’ ¢0

respectively.




Effective center
of mass of the
pendulum

Figure 1. Accelerometer Internal Coordinate Reference Set

The principal of equilibrium of moments applied to the pendulum demands that
the resultant of all of these external moments acting on the pendulum must be

equal to the inertia moment of the pendulum.

Thus, for the moments about the output axis:

T + ML (aiI + GEHP + CIP a;; ap

*+ Cro 351 350 * Cpo 21p 20 * %)

D& - K& (1)

=T2




where T is the moment applied to the pendulous mass by the torquer coil and

T2 is the inertia moment of the pendulum stated by equation (5A).
T, = 3 (8 +8) 4 (- J) B b+ (- I) @ -dHe @
2 0 0 P I I P P I P I
Equation (1) may be written
T+mLaiI+TE=J00+D-& + K& (3)

Taking laplace of (3)

Tegy * 9 Aty * Tisy T Yo s* + D5 + K) % (5) (4)
TE' is the error moment and is
TE' = mL (& ap
* Crp 255 %55 * C1o 291 230t Cpo %1p 210
e aB
- Jo "50
= My = Jdy) 031 QSP
S W, -1 (8E-dhe (5)

EFFECTS OF MISALIGNMENTS

With reference to Figure 2 we note that the accelerometer internal cocrdinate

set is related to the case fixed set by small angle direction cosine matrix

i
BC, where

1 EO -EP
i
BC = - Eo 1 0 6)
¢ 0 1




and

IR LN o
Q—Bci

e ——————————

i C . .
where a~ and a  is the acceleration vector resolved along internal and case

fixed reference sets respectively.

or
L P - : =
%43 Lo By 5 FaCI
aip . rgg ? . acp
Bl ¢ 0 1 a
i0 jo (0]
L = i i
a;p = agpt g3 - & ag
ajp = €g acy * acp = Acp
_E + >
%w0" % "o " %e0 T "co
Substitute (7) into (3) and (4)
T + mL a + T = (J S2 + DS + K) %=
(s) CI(S) E(S) 0 (S)
= = i = e
TE mL (€ acp Vibrapendulous term
+ CIP aCI aCP + CIO aCI aCO Cross axis sens. terms
* Cpo 3cp g0’
+ ag Bias term
- JO 50 Angular acceleration term
- (JP - JI) ¢[ ¢P Anisoinertia term
. 2 ¢ 9
- (JP JI) (¢P - ¢I ) o Governor effect
* EO acp - EP aCO) Misalignment terms

(7)

(8)

9)




Figure 2. Accelerometer Case and Internal Coordinate Reference Set
From (8)

& + mL a = =1
& CI(s) " E(S) P

(S) ?
Jy 87 + DS +K

Equation (10) may be represented in block diagram form as shown in Figure 3.




()

Figure 3. Block Diagram of a Pendulous Accelerometer

Angular velocities of the pendulum resolved along the pendulum fixed axis set

xyz. Refer to Figure 1.

W= ¢I + ¢Pe
Wy = By = L
wz = ¢ZO + 'é‘ (]A)

T, = H +@ H -~ H (24)
z Xy ¥y X




Where

Substitute (lA) into (3A)

Substitute (lA) and (4A) into

=
|

JO (&50 + &) +

]

Jy 0y + 9

[

Jo @y + 9

Hz - J0 “G
= J
y Pwy
H = J w (34)
X i
<.l (¢0+€r)
= JP (¢P- ¢I-e)
™y W i
(24)
(B + 0,8 J, (B, - 6.9
@, = ¢I ) I (9 + 0, 9) “e%xect
S o 2 ) = o
J - @ " B+ - L
p (91 % 1 4’9 = 1 ) spade’
3. @ 6 +06°e-62e-0 657
T P 1 P
(d ~ L) G T~ 3y B2 Bye
P TS P P I 2 I
(54)




APPENDIX II

DATA REDUCTION EQUATIONS

A.II-1. The following outlines the data reduction equations and their deriva-

tion. Also, copies of the actual data sheets used during the program are

included.

A.II-2. Two Point Pendulous Axis Vertical (PAV) Test

*Xr

¥
7] C -
PA
For the pendulous axis up
Py
LR ~«5 =B =0 (1)
Px
YK =— =8B =0 2
For the pendulous axis down
by
+ - =
XZKx P Bx 0 (i3
Px
Y-K +—=~B =0 4
Kot - By (4)

Equations (1) through (4) represent

pendulous mass.

torques expressed in g's that act on the




P is the accelerometer pendulosity (5 GM x CM) and Px and Py are radial

unbalance pendulosities.

From equations (1) through (4) we obtain

EE : (Y2 - Yl) K
2
B i el R
P
+: 3
B = (Xl XZ) Kx
X 2
(Y, + Y ) K
B =__1_.—2___X
y 2

A.II-3. Four Point Pendulous Axis Horizontal (PAH) Test

A U

YT
Q b
5]
] ——
a
°]
X; l
P
H Horizontal Axis P Q Table Axes
U Vertical Up Axis

)(,r YT Torquer Axes

H

(8)




Resolve torques that act on the pendulous muss along P and Q axes. {

1 is the torque associated with lg.

si - - = i
1 sin 6 + XKx YKyﬁ BP 0 (9) :
i
1l cos ®@+YK +XKk a@a -B_ =0 10 !
y XK 5 (10) |
For position 1 0 =0
%K - leyﬁ B (11)
= a - =
1 + Yle lex BQ 0 (12}
e ; o
For position 2 8 = 90
1 + XZKX - Y2Kyﬁ - BP =0 (13)
szy + XK a - BQ =0 (14)
For positicn 3 9 = 180°
X3Kx = Y3KyB - BP =0 (15)
1 ] - - & - =
1 Y3Ky X3Kx BQ 0 LG
For position 4 8 = 270°
-1 + XK - Y4Kyﬁ = B, =0 (17)
+ a - =
Y4Ky XAKx BQ 0 (18)
Subtract (11) from (15)
Xy = X)) K- (¥y - ¥)) KyB =0 (19)
Subtract (12) from (16)
-2 + (Y3 - Yl) ky + (X3 - Xl) Kx a =0 (20)

bl




’P"'"""""""""""""""""""""""""""""'"""""""""""" ™

Subtract (13) from (17)
-2 + (Xa - XZ) Kx - (Ya - Y2) Ky B =0 (21)

Subtract (14) from (18)

(Ya - Y2) Ky + (X4 - Xz) Kxa =0 (22)
From (19)
(X, -~ X,) K
3 1 X
B = ————— (23)
(Y3 - Yl) Ky
From (22)
Y, =¥ ) K
4 2
e I S (24)
(X4 - X2) Kx
From (20)

y Lo
= = X3 Bl K a
Y3 Y1 Y3 - X X
Substitute from (24)
 E 2 R R TN e N
y EPEE Y, 5 & B =% K
i (X3 = Xl) (Y4 - Y2) ) 5
ol e y (x3 - Xl) (YA - Yz) e
R (¥y = ¥)) &, - X,)




From (21)

X X4 - X2
Y =
2 4 2
= - + K B
XA - xz X4 - X2 y
Substitute from (23)
PR L DR Tl )
X R s e Ky
s G5 B, 1 -
X 6o, ~2) G —E ] e
ORI T R
PP TR S0 SRR SR PR (26)
= b~ 4 (X, - %) (I3 - ¥
K vy
X ~ 3 1
R R (27)
K, X =%,
Substitute (27) into (23) and (24)
o= Gt sy
B o i LT FEREEE A L
1 4 2 &R
W Wl T o R Ol b
=% Ty 5 S
Substitute (28) and (29) into (25) and (26)
2 j =
K = =—2ee |1 < ag (30)
N
¥ ek o
5 B T=1
K = = 1 + ap (31)
X X4 - X2 i J




