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ABSTRACT

A wide variety of instruments are available for measuring the
attitude and accelerations of a marine vehicle, with characteristic advan-
tages and limitations. The apparatus described here was built to evaluate
such sensors against accurately measured accelerations and attitudes. It
resembles a small Ferris wheel, and moves the sensor on 1.5-m diameter cir-
cles, on a support which remains horizontal, at selectable frequencies simi-
lar to those of ocean waves. The sensor can be yawed or pitched, asynchron-
ously with the rotation. The acceleration and attitude of the sensor can be
calculated from the shaft encoders on the rotation and yaw/pitch axles.
Results are given for two inclinometers, an accelerometer, a piezoelectric
angular-rate sensor, and a gyroscopically stabilized accelerometer package.
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INTRODUCTION

A wide variety of instruments and sensor packages are available
for measuring the attitude and accelerations of a marine vehicle, from
sophisticated gyroscopically stabilized accelerometers to simple pendulous
inclinometers. Each type has characteristic advantages and limitations, of
which some of the most important for marine vehicles are sensitivity, drift,
frequency response, and immunity from motions or attitudes other than the
one being measured. This memorandum describes an inexpensive apparatus
built to measure these characteristics. Results are presented for two
inclinometers, an accelerometer, a piezoelectric angular-rate sensor, and a
gyroscopically stabilized accelerometer package. These results are present-
ed to illustrate the tests possible on this apparatus, and also because
these sensors are representative of motion-sensing instruments available
today.

The apparatus can be pictured as a small Ferris wheel. The sen-
sor under test is mounted on the sensor bracket, which is maintained hori-
zontal by a chain mechanism. The sensor can be yawed or pitched, asynchron-
ously with the rotation, at a rate determined by a second motor. Either yaw
or pitch is selected by mounting the yaw/pitch platform horizontally or
vertically on the sensor bracket. For calibration and for other measure-
ments, the actual acceleration and attitude of the sensor are, of course,
required. They can be calculated from the shaft encoders on the rotation
and yaw/pitch axles.

Many sensor packages have been designed for aeronautical use, and
have been thoroughly tested for that environment. However our literature
searches have failed to identify any published reports on tests of sensors
for wave-driven motion, which differs significantly in both frequencies and
amplitudes. The apparatus described here was designed specifically to
mimic ocean wave effects. Furthermore, low-drift-rate inertial navigation
systems, are, in general, too expensive for most towed-body applications.



The apparatus was not designed to have the precision needed to test such
systems.

There are several examples of towed bodies, ships, or associated
equipment which use pendulous inclinometers to measure roll and pitch. It
is well known that these results can be significantly contaminated by the
acceleration of the sensor. Similarly, strap-down accelerometers do not
measure just the accelerations of the body if the body pitches or yaws.
This is discussed in this note, and some examples are presented.

Gyroscopically stabilized sensor packages are used, especially in
research, to avoid these difficulties by keeping the accelerometers aligned
with the true vertical or horizontal. While their performance is fully
satisfactory for use in a towed body, as demonstrated by results obtained in
this work, their high capital cost and maintenance requirements motivate a
search for alternatives.

DESCRIPTION AND ANALYSIS OF SENSOR MOTION

The purpose of the rotating arm and the sensor bracket mounted on
it is to simulate ocean-wave-driven motion in accurately known circumstan-
ces. The schematic drawing in Figure 1 shows the arm rotating about the X-
axis, with radius R. The sensor table can be mounted horizontally or verti-
cally on the bracket, rotating at the same radius, R. The bracket which
supports the table is kept very nearly horizontal by a chain which connects
a sprocket on the axle which supports the bracket to an identical stationary
sprocket on the axis of rotation of the arm. Figure 2 shows the arm and its

drive, and Figures 3 and 4 show the sensor table with various sensors
mounted.
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Horizontal Sensor Table Vertical Sensor Table

Figure 1. The sensor table and arm, shown without the shafts and chain. The
sensor table can be mounted horizontally, to simulate yaw by rotations about the z

axis, or vertically, to simulate pitch by rotations about the x axis. Subscript L
indicates the laboratory frame, S the sensor frame.



Figure 2. The test apparatus. Visible are the motor and chain-driven gear which
drive the arm, and-the spraockets and chain ‘which keep:the sensor bracket
horizontal. |

The arm is rotated by a variable-speed motor and a reduction
gear, allowing periods of rotation from 7 to 16 s. Its radius is 0.752 m,
thus the table speed ranges from 0.29 to 0.67 m/s. During a run this speed
is kept constant, except for the small inherent variations discussed below.
The position of the arm is measured by a synchro shaft encoder connected
directly to the arm axle. These encoders, (Clifton.Precision Products,



Figure 3. The sensor table, seen from below, with the Humphrey gyro-stabilized
accelerometer package mountéd for a test involving yaw. The yaw action was
driven by the small motor on the bottom right, at an amplitude and mid-point

selectable by moving pivots not visible in the picture. The shaft encoder can be
seen, at the bottom end of the yaw axle.

Drexel Hill, Pa.) contain a stator with three windings and a single rotor
winding, for the transmitter type used here, and sense rotation as the ratio
of carrier amplitude across three terminals. They offer resolution of a few
hundredths of a degree. This encoder was mounted such that its output was
zero with the bracket-supporting axle directly above the arm axle.



The sensor table can be made to oscillate by a second variable-
speed motor. Figures 3 and 4 show the mechanism which drives the oscilla-
tion. The amplitude can be adjusted by moving the pivot point along the
slotted radial arm, and the table can be aligned to center the angular mo-
tion by moving a second pivot point along the slot in the table. When the
table is mounted horizontally this oscillation is a yaw motion; when verti-

cal it is a pitch motion. The angular position of the table is measured
with an identical shaft encoder.

The oscillatory motion of the arm-driven table is not a simple
sinusoid. A complete analysis of the motion of this linkage is lengthy and
awkward. However the dimensions are such that the motion is very nearly a
sinusoid, as shown by the power spectrum in Figure 5.

Figure 4. The sensor table, with a Schaevitz Accustar inclinometer mounted for a

test involving pitch. Part of the linkage between the sensor table and the motor
(shown in Figure 3) can be seen on the right.
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Figure 5. Typical power spectrum of the output of the shaft encoder which
measures the oscillatory motion of the table. The centre frequency is determined
by the voltage applied to the DC motor.

In actual waves, accelerations and attitude changes are, in gen-
eral, synchronized in some way. However examples from References 1 and 2
show that the relationships between the various accelerations and angular
motions are sufficiently complex that they may appear to be irregular. For
this reason, this apparatus was designed with two independent drives. Data
acquired over several periods of the difference frequency show the effects
of all possible phase relationships.

Analysis of Table Motion

In preparation for evaluating and calibrating the performance of
motion sensors, it was obviously necessary to analyze the motion of the
table which carries the sensors. During an evaluation, the measured data
were the angular positions of the arm and the table, as measured by the two
shaft encoders, plus the data from the sensor itself. Thus procedures had



to be developed to calculate the detailed motion of the sensor table from
the shaft-encoder data.

The coordinate system used in this analysis is shown in Figure 1.
The arm rotates in the y-z plane, with the x-axis along its shaft and point-
ing from the arm toward the motor. The y-axis is to the left when looking
along the x-axis and the z-axis points upward, thus the coordinate system is
right-handed. Any sensor with a forward orientation, such as an accelero-
meter, was mounted with the forward direction along the positive y-axis.
The sign conventions for angles are yaw positive to starboard, roll positive
starboard up, and pitch positive bow up.

Rotation of the arm and the table employ the following variables:

6 Arm Angle from z axis

@ Arm Angular velocity

¢ Table Angle from y axis (horizontal for yaw, vertical for pitch)
v

Table Angular velocity
Figure 1 illustrates these variables. Note that ¢ can have either of two

meanings, depending on whether the sensor table was mounted horizontally or
vertically.

If the apparatus were ideal, it would be elementary to calculate
the motion of the sensor table from the measured angles, since both would be
undergoing simple harmonic motion. The motion of the arm would move the
table so that the coordinates of the sensor bracket, in the lab frame of
Figure 1 with origin on the axis of rotation, would be:

XL 1] 0
v, = R sing = R sinwt (1)
zL R cosé R cosawt

The acceleration is the second derivative with time of Equation 1. The
sensor reference frame (x,, y,, z,) is, in general, either yawed or pitched
by angle ¢. Its acceleration is found by a coordinate transform, and is'

1 The notation x means dledtz, and similarly for the other coordinates.
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Yawing Sensor .

fs sinf sing
Ys = R | -sing cos¢ (2)
z -coséd
Pitching Sensor %s . 0
Ys = Rw sind cos¢ + cosd sing (3)
z, -§ind sing + cos8 cos¢

Equations 2 and 3 are accurate to a few percent in describing the
motion of the sensor. However there were two other small effects which had
to be considered before the apparatus could be used for calibration or for
accurate evaluation. These were:

1. The sensor bracket undergoes incidental pitch, roll, and yaw because
of various imperfections in bearings and shafts. These motions are
distinct from the pitch or yaw imposed by the oscillating table.

2. The rotation frequency of the arm is not constant,

A major aim of the early work with the rig was to measure and characterize
these incidental effects so they could be used in calculating the actual
motion in Tater trials. First we describe the methods used to measure these

incidental effects, and then we incorporate them into the equations of
motion.

The incidental pitch, roil, and yaw of the sensor bracket, as
functions of the arm angle &, were measured in three ways.

1. A digital inclinometer, which had been zeroed against a carpenter's
level with no observable end-for-end error, was used to measure roll
and pitch with the arm stationary.

2. A He-Ne laser (eye-safe) was mounted on the table and the pattern it
made on a large sheet of paper mounted on the wall 3.39 m away was
recorded. By means of vertical and horizontal references on this
paper, and also by noting the arm angle for each image point, the yaw
and pitch as functions of arm angle could be calculated.



- 10 -

3. The Humphrey gyro-stabilized package measured pitch and roll.

The most accurate results were from the laser measurement. The paper trac-
ing was a thin ellipse whose major axis was tilted from the vertical, due to
incidental yaw. The laser beam followed the same path for each rotation of
the arm. The maximum amplitudes of incidental pitch and yaw were found to
be 0.15° and 0.45° respectively. The static inclinometer results were to an
accuracy of #0.1°. The inclinometer and laser results for incidental pitch
agreed, for the most part, to within that accuracy. Inclinometer results
for incidental roll again showed a single cycle during each arm rotation,
with a maximum amplitude of 0.7°. Results from the gyro-stabilized package,
which were less accurate again, are discussed later.

These results indicated that the incidental pitch, roll, and yaw
would be accurately described by nine parameters which, once measured, could
then be used in all future trials. These parameters are the mean values, a,
B, 7; amplitudes, a,, f,, 7,; and phases, 6, 6g, 64, of the three angles:

a yaw a=a+a sin(8 - 8,)
g roll =8+ 8, sin(6 - ) (4)
¥ pitch Y=7+7,sin(d - 8y)

The mean value of yaw, 7, is more difficult to measure to our working
accuracy, 0.1°, than the mean values of the vertical angles, which have a
gravity reference. The technique we chose was to find that value of yaw
which gave the smallest lateral acceleration as measured by the gyro-stabil-
ized accelerometer package (without driving the oscillatory motion of the
table). With the table mounted vertically, shims were added as necessary to
null this acceleration; and with the table horizontal, thus the oscillatory
motion being a yaw motion, the angle which minimized the lateral accelera-
tion was taken as the centre for yaw,

A1l nine parameters were measured as described here, with results
given in Table 1. Equation 4 was used to calculate the values of incidental
yaw, roll, and pitch for any arm angle, 8, in any trial.

T b PR AR T 8 s o o e e e veese
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TABLE 1

PARAMETERS OF INCIDENTAL ANGULAR MOTIONS

Mean Amplitude Phase
Sensor
Table: Horiz. Vert.
Yaw, « 0.0° 0.0° 0.47° 114°
Roll, B -0.06°  0.15° 0.61° -171°
Pitch, 7 -0.19° -0.16° 0.12° -21°

These incidental angular motions cause modest accelerations of
the table. Although small, these accelerations should be calculated because
they could be significant compared with the sensitivity of some sensors.
Each of these angles was observed to undergo one cycle for each arm rota-
tion, and thus they were believed to be due to varying tension in the chain.
1t seemed best to model these incidental pitch, roll, and yaw of the table
as rotations about the shaft at the outer end of the chain, that is, the
shaft which supports the 'dog-leg' sensor bracket {Figure 1). Let the
vector from the centre of this shaft to the centre of the sensor be r, with
components (r*, 0, r,). Since none of the angles exceed 1°, we can take
sin{a) = « and cos{a) = 1 (also for § and y) and we need not worry about the
order of rotations in coordinate transformations. With the aid of the plans
in Figure 6, the location of the centre of the table, in the laboratory
frame, is found to be:

Ty -8y,
y = R sinf + a ry= 77, (5)
z R cosé +r, - gr,

This equation reduces to Equation 1 if incidental yaw, pitch, and rell are
ignored, except for a translation of the origin {which will vanish on dif-
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Figure 6. Projections of the arm and the strut which supports the sensor table.

ferentiation). The next step is to differentiate these equations twice to
obtain accelerations, which will complete the consideration of the incident-
al angular motions. Before doing so, we will consider the second complica-

tion, variations in the rotation frequency of the arm.
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The second complication is that the angular speed of the arm is
not constant. Arm position, and thus angular speed, is, of course, measured
at all times during each trial. In fact, angular speed varies not only
with arm position (8), but aliso from trial to trial because of imperfect
balance of the arm (careful balancing was always done, but small differences
remained). Calculations of table accelerations, then, could have been done
by numerically differentiating the arm angle to obtain the angular velocity
for any desired moment in any trial. However this process would have used
only one arm-angle value and its immediate neighbours. Scatter in these
data indicated that a better approach would be to use all the arm-angle-vs.-
time data from the trial being analyzed, to derive an accurate angular vel-
ocity for each arm angle, 8. This was done by fitting the individual meas-
urements of angular velocity as a function of arm angle to a Fourier series:

8
w =W [ 1 + }::: a sin(ng) + b, cos(nd) } (6)

n=1

where w, is the mean angular frequency, and a and b are the Fourier coeffic-

ients (<<1). Some useful expressions involving this series are:
8
W = og [ 1 + 2 E::: a sin(ng) + b, cos(nd) ] (7)
n=1
8
A %g = wg [ E::: na cos(nd) - n bn sin{n8) ] (8)
n=1

The accelerations of the table, allowing for both complications,
can now be found. In these expressions, second-order terms involving pro-
ducts of any of these angles and dw/df#, for example, were omitted since both
terms are small.

) (9)
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and similarly for y and z.

The acceleration components of the sensor bracket in the labor-
atory frame, including the effects of both complications, are found from
Equations 4, 5, and 9 to be:

2
d“x /dtz

r, ° B, sin(o - )

dzy /dtz = -R 02 sind + R w %% cos8d - Py 02 a, sin(§ - ea)

2 .. (10)
+roen Y, sin(é8 - 97)

do . 2 .
-R 02 cosd - Rw E% siné + Fe @ Bo sin(8 - @

2
d°z /htZ ﬁ)

To apply these equations, the terms in @ are to be calculated using Equa-
tions 6-8,

The last step in the analysis is to transform the accelerations
of the table to the coordinate system of the sensor. This is a straightfor-
ward coordinate transform using the yaw or pitch angle of the sensor, ¢, the
same as was done to obtain Equations 2 and 3 from Equation 1. As the re-
sults are rather lengthy, they will not be written here. However the com-

ments in the macro “accs" have been carefully written and contain the full
expressions.

Data Acquisition

As many as eight channels of analog data were filtered, ampiifi-
ed, and digitized during each trial. The filters had a corner frequency of
1.0 Hz and rolloff of 120 dB/decade. Each amplifier had separate offset and
gain controls, which was very convenient but required detailed record keep-
ing. Digitization was done at 3 Hz and was essentially simultaneous for all
eight channels, although they were digitized in sequence, resulting in a
serial data stream in RS-232 format.
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The arm and table angles, from the synchro shaft encoders, were
available in.digital form, but were converted to analog voltages to facili-
tate recording and to ensure they were sampled simultaneocusly with the out-
put(s) of the sensor. These voltages were simply connected as two channels
of the eight-channel system.

The filter characteristics need to be considered in some detail,
because the corner frequency is not much higher than frequencies of some of
the motions. The 6-pole Butterworth filter has attenuation of 120 dB/decade
above the corner frequency of 1.0 Hz. The phase-shift characteristics
change steeply above about 0.2 Hz, and this delays our signals noticeably.
However it is a very good approximation that the phase delay is proportional
to frequency below 0.7 Hz. For nearly stationary signals, this means that
the time delay is essentially constant. It turns out that this time delay
is 0.64 s over the range 0.05 to 0.7 Hz, or very nearly two sampling
periods, 2/3 s.

The values of arm angle increase from 0° to 360° at a nearly con-
stant rate, and then fly back in about 20 ms. This rapid return caused
ringing in the filter output. To avoid this, the filter was bypassed for
this channel. Comparisons between the analog and sampled waveforms showed
that aliasing was not occurring. However these data did not suffer a phase
delay, and thus a delay had to be added to synchronize them with the other
channels. As discussed above, this delay was very nearly two sampling per-
jods for all arm rotation frequencies, 0.06 to 0.15 Hz, and thus was incor-
porated by a simple shift of the data.

While preparing for the trial, the data-gathering computer ran a
program which demultiplexed the data stream, applied offsets and gains, and
displayed each value under a user-selected heading. To conduct the trial,
another program wrote the data streams as received at the communications
port onto the hard disc, and a third program later demultiplexed these
records and generated files, one for each data channel, suitable for plot-
ting and calculation. These files were in integer form, so offsets and
gains were still to be applied.
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Calculation of Table Motion

The values recorded during a trial of a sensor are the two shaft
angles and the sensor outputs. The aim of the calculations described here
is to use the two shaft angles to calculate the angular motions and acceler-
ations of the sensor, for comparison with the sensor outputs. They closely
follow the theory outlined above and summarized in Equations 5-10.

These calculations were done primarily in the MAGnetics Inter-
active Graphics package, MAGIC, augmented with some FORTRAN programs. The
FORTRAN programs worked only with the arm angle data. They corrected any
values which happened to be digitized during the flyback, computed an aver-
age angular frequency for each arm position (specified within £1°) and for
the run, and found the Fourier coefficients (Eq. 6). Further processing
was done in MAGIC. For each sensor, a dedicated macro (e.g. "watson” or
"schacc") read the data files of arm and table angles, and the Fourier coef-
ficients, and converted the integral angle data to real values. Each macro
also read the data from that sensor and applied the appropriate calibration
and offsets for that sensor. These macros were similar, differing in the
sensor calibrations and in some minor details of the setup of the apparatus.
The lengthy macro "accs" then calculated yaw, pitch, roll and the three
acceleration components in the sensor frame for both possible orientations
of the table, and with and without gyro stabilization. Thus the detailed

motion of the sensor table was calculated solely from the data from the
shaft encoders.

Before presenting results, a comment on calibration constants,
gains, and offsets is in order. Generally, the manufacturer's calibration
constants were used, as the aim of this work was evaluation. Before a sea
trial, obviously, this apparatus could be used to determine the best
calibration values. Gains and offsets of the filter/amplifier cards were
measured with DC voltages, and these results were used in the processing
macros. The only exceptions are the acceleration data from the vertically
stabilized package, for which the mean values over each trial were set to
Zero or g, as appropriate.

Al Do e hde e s i et ] i i et L
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RESULTS

Intrpduction

In this section, the data from a sensor or sensor package is
compared with values calculated as described above. The full calculation is
difficult to understand because of the two complications, incidental atti-
tude changes and non-constant arm rotation speed. If the motion is driven
by the apparatus, the incidental effects are generally only & few percent
and, to that accuracy, the motion is described by Equation 2 for a yaw
motion or Equation 3 for a pitch motion. While these equations are useful
to provide an intuitive understanding of the data, the plotted curves are
always based on the full expressions. Some motions, though, would not occur
in an ideal apparatus, and are classed as purely incidental. Table 2 1lists
these classes of motions.

TABLE 2

DRIVEN AND INCIDENTAL MOTIONS OF THE SENSOR TABLE

Table Driven Motions Incidental Motions
Orientation Driven by Driven by
Arm Alone Arm and Table
Horizontal Vert F/A Lat Yaw Pitch Roll
Vertical Vert® F/A* Yert* F/A* Pitch Lat Yaw Rol}

* Yert, F/A, and Lat denote vertical, fore/aft, and lateral accelerations
respectively. In the "Driven by Arm Alone" column, it is assumed that
the sensor is aligned with the y axis. With the table vertical, and thus
pitching when driven, vertical and fore/aft accelerations will be affect-
ed by the pitch unless a vertically stabilized (gyroscopic) package is
used.
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For any sensor evaluation of calibration, the trial would be
selected to ensure that the sensor is being exercised by driven motions.
The sensor pitch or yaw, as appropriate, would be, in those cases, simply
the measured value of ¢, and the pitch or yaw rate simply its derivative.

In this memorandum, though, there are some examples in which the
incidental components are dominant. Examples are lateral acceleration with
a pitching table, and roll under any circumstances. Some of these results
are presented here as tests of our model of the incidental effects, others
because they provide interesting insights into the behaviour of a sensor.
Some physical insight into these incidental values can be obtained from

Equations 4 and 10, but these equations are in the laboratory, not the
sensor, frame.

Gyro-Stabilized Accelerometer Package

. The SA09-0101-1 vertically stabilized accelerometer package, made
by Humphrey Inc., San Diego, CA, measures vertical, fore-aft, and lateral
acceleration from a gyroscopically stabilized platform. There are also
gimbal pickoffs on the platform support which measure pitch and roll. DREP
has used this package in previous towfish trials, but the work reported here
was its first dynamic evaluation in highly controlled circumstances, except
for factory calibrations. Since we regard this package as our “baseline”
sensors against which others are evaluated, the results from this package
are presented here in detail.

We consider, first, results with the oscf]lating table horizontal
and thus producing yaw. The following examples are from a trial with o =
0.740 rad/s, v = 0.837 rad/s, and a yaw amplitude of 19.7°. Yertical ac-
celeration is, to within a few percent, simply -Re? cosd, (Equation 2) and
Figure 7 shows excellent agreement indeed between the calculated and measur-
ed accelerations (calculated values reflect the full expression). Fore-aft
acceleration has more complex time behaviour because the sensor package is
being made to yaw, namely (Equation 2) -Rw? sing cosg in simplified form.
Figure 8 shows that agreement is still very good in this case.

S e C I P
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Figure 7. Vertical acceleration of the Humphrey gyro-stabilized accelerometer
package as measured by that package (triangles) and as calculated from data

supplied by the shaft encoders (curve).

0.12 Hz and table yaw at 0.13 Hz.

The trial conditions were arm rotation at
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Figure 8. Fore-aft acceleration of the Humphrey gyro-stabilized accelerometer
package as measured by that package (triangles) and as calculated from data
supplied by the shaft encoders (curve). The trial conditions were arm rotation at

0.12 Hz and table yaw at 0.13 Hz.
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The simptified expression for lateral acceleratien in the sensor
frame of reference (Equation 2) is Rw? sind sing, which is far smaller than
fore-aft acceleration since ¢,,, = 19.7°. Some lateral acceleration data
are shown in Figure 9, and the agreement can be seen to be about the same as
with fore-aft acceleration, allowing for the difference in the scale of the
plot. The complex pattern of lateral acceleration is due to beating of the
arm-rotation and yaw frequencies. Rw? sing sing can be written

2
R o [ cos(8 + @) - cos(d - ¢)]

This elementary manipulation is demonstrated very clearly in Figure 10,
which shows that the power spectrum consists almost entirely of the sum and

difference frequencies, plus contributions from the primary frequencies due
to the lesser terms.
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Figure 9. Lateral acceleration of the Humphrey gyro-stabilized accelerometer
package as measured by that package (triangles) and as calculated from data

supplied by the shaft encoders (curve). The trial conditions were arm rotation at
0.12 Hz and table yaw at 0.13 Hz.
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Figure 10. Power spectrum of the lateral acceleration of which a sample appears
in the previous flgure.

The beat phenomenon in which sum and difference frequencies are
generated is present in many sensor measurements. Often other terms are
important, which make it not as evident as it is here. Care must be taken
to keep the sum frequency below about 0.7 Hz, to avoid undesirable distor-
tion in the filters.

Pitch and roll, which are both incidental effects, are plotted in
Figures 11 and 12. With pitch, agreement is within about 0.2°, equal to the
manufacturer's claimed resolution. The roll data do not always aqree even
qualitatively, when theory is compared with the measurements. As this is
more apparent in trials with the table vertical, it is discussed there.
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Figure 11. Pitch of the Humphrey gyro-stabilized accelerometer package as
measured by that package (triangles) and as calculated from data supplied by the
shaft encoders (curve).  The trial conditions were arm rotation at 0.12 Hz and
table yaw at 0.13 Hz.
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Figure 12. Roll of the Humphrey gyro-stabilized accelerometer package as measured
by that package (triangles) and as calculated from data supplied by the sha ft
encoders (curve).  The trial conditions were arm rotation at 0.12 Hz and table
yaw at 0.13 Hz.
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We will now examine results taken with the table vertical, that
is, so that the driven oscillations of the sensor are a pitching motion.

With the table vertical, both the fore-aft and vertical accelera-
tions, Figures 13 and 14, are driven by the pitching motion. In principle,
the gyroscopic stabilization should remove the effect of pitch. The figures
show that this is so, in that the recorded data is of essentially constant
amplitude. The predicted and measured values of pitch, Fiqure 15, also
agree well. The discrepancy in this figure appears to be mostly a small
error in establishing the offset, as the mean values disagree by a constant
value of about 1°. Angular data were not adjusted in the data processing to
bring mean values into agreement.

S AR AR R
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TIME (s)

Figure 13. Vertical acceleration of the Humphrey gyro-stabilized accelerometer
package as measured by that package (triangles) and as calculated from data
supplied by the shaft encoders (curve) The trial conditions were arm rotation at
0.12 Hz and table pitch at 0.16 Hz.
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Figure 14. Fore-aft acceleration of the Humphrey gyro-stabilized accelerometer
package as measured by that package (triangles) and as calculated from data
supplied by the shaft encoders (curve). The trial conditions were arm rotation at
0.12 Hz and table pitch at 0.16 Hz.
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Figure 15. Plitch of the Humphrey gyro-stabilized accelerometer package as
measured by that package (triangles) and as calculated from data supplied by the

shaft encoders (curve). The trial conditions were arm rotation at 0.12 Hz and
table pitch at 0.16 Hz.
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The incidental motions with this geometry, namely roll and later-
al acceleration, are small and thus reveal the performance limits of this
package. The plot of roll, Figure 16, shows that the output does not comp-
letely follow the incidental roll as calculated from Equation 1. These
discrepancies are not inconsistent with the manufacturer's claimed resolu-
tion of 0.2°. In other words, the vertical reference of the sensor package
can be 0.2° or so off the true vertical.

The measured values of lateral acceleration, Figure 17, show a
consequence of this resolution 1imit. The theoretical acceleration due to
incidental roll is extremely small, far less than the measured acceleration.
What causes the observed acceleration? It can be seen to be uncorrelated
with arm rotation, since the theoretical acceleration is at that frequency.
It was found to be strongly correlated with the pitch angle, which is pro-
portional to the larger curve shown in that figure. And how does the pitch
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Figure 16. Roll of the Humphrey gyro-stabilized accelerometer package as measured
by that package (triangles) and as calculated from data supplied by the shaft
encoders {curve). The trial conditions were arm rotation at 0.12 Hz and table
pitch at 0.16 Hz.



T T T P 22 204 e S0 v 1 A0 0001 W M, ML 50

-2 -

0.4+ PITCH AMPLITUI;)E 23° R
&
[%2) -
£ g A
z — a -
z 02 A
F » -
é -
w ot NINAAPNNN
|_8L| i .: s . .
( " b 5 B -
4 02t 4.
i i

- 10 1

< «—> U b

0.4 -

[ ] | ] 1 | |

TIME (s)

Figure 17. Lateral acceleration of the Humphrey gyro-stabilized accelerometer
package as measured by that package (triangles) and as calculated from data
supplled by the shaft encoders (small-amplitude curve). The large-amplitude curve
is pitch angle (degrees)/585. The trial conditions were arm rotation at 0.12 Hz
and table pitch at 0.16 Hz.

angle cause lateral acceleration? It cannot be a matter of pitch causing
small yaw angles and introducing a component of fore-aft acceleration, be-
cause fore-aft acceleration is sinusoidal about zero at the arm-rotation
frequency, which would destroy the strong observed correlation for at least
some cycles. Thus it must be that pitch produces small amounts of roll,
which cause a component of gravity to appear as lateral acceleration.
Suppose that the pitching action introduces roll equal to 1% of the pitch.
The maximum roll would be 0.2°, and we have seen that this is too small to
be compensated by the vertical stabilization. The resulting lateral ac-
celeration, in m s™2, would then be 12 x ¢ x 9.8 x n/180 = ¢/585 (¢ is the
pitch angle in degrees). A plot of ¢/585 appears in the figure and can be
seen to agree reasonably well with the observations. This appears to be an

interesting example of the resolution limits of the vertical stabilization
and of its effects on acceleration outputs.

T L A
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This example shows that the resolution of the vertical stabiliza-
tion was about 0.2°, and that an accelerometer oriented at this angle to the
vertical would be subject to a gravitational component of 0.03 m s2.  This
value is similar to the sensitivity quoted by the manufacturer of the accel-
erometer, and thus should be regarded as the acceleration sensitivity of the
package.

All trials at frequencies similar to or higher than the examples
given above showed at least as good agreement between theory and measurement
by the gyro-stabilized package, except for occasional trials in which one
accelerometer briefly gave unreasonable results.

Piezoelectric Angular Rate Sensor

This rate sensor is a "tuning fork" device designed to sense
angular rates accurately while rejecting accelerations. As this dbi]ity is
normally found only in gyroscopic devices, these sensors are of considerable
interest due to their modest cost and power consumption. A sensor was eval-
uated in this work for accuracy in measuring rates and for rejection of
acceleration parallel and perpendicular to the sensing axis.

DRIVE ELEMENT SENSE ELEMENT
No. 2 No. 2
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DRIVE ELEMENT SENSE ELEMENT
No. 1 No. 1

Figure 18, Schematic diagram of the piezoelectric transducer elements in the
Watson angular rate sensor {patent pending).
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The operating principle (patent pending) of these sensors can be
described with reference to Figure 18. The piezoelectric drive elements
each move a piezoelectric sensing element in a reciprocating arc. Any
bending of the sensing elements, caused by accelerations, produces a voltage
across their electrodes. 1In particular, rotation about the sense axis
causes Coriolis acceleration, and thus a signal proportional to angular
rate. The two elements are driven 180° out of phase, which creates a nodal
plane for mounting and a cancellation of common accelerations, thereby
largely eliminating, in theory, the effects of external vibrations and
accelerations.

Figure 19 shows the results from a trial of this sensor (Watson
ARS-C121-1A, 30°/s full scale, Watson Industries Inc., Eau Claire, WI). The
sensor was mounted on the horizontal table, which was driven to yaw as the
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Figure 19. Yaw rate (left-hand scale) of the Watson angular rate sensor, during
accelerations, as calculated from the shaft encoders (solid line) and as measured
by the sensor (triangles) Also shown are the accelerations which the sensor was
undergoing (dashed lines, right-hand scale) The trial conditions were arm rotation
at 012 Hz and sensor yaw at 017 Hz -
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arm rotated. The sense axis was vertical, coincident with the yaw axis, and
the rotating arm caused vertical and fore-aft accelerations. As with all
the sensors, the values recorded during the trial were the two shaft-encoder
outputs and the data from the sensor. The two angle measurements were pro-
cessed in the macros "watson" and "accs" to calculate the actual accelera-
tions and attitudes of the sensor, as described above. The figure shows
good agreement between the actual yaw rate and the measurement by the Watson
sensor. The calibration constant used to plot the sensor results was
3.18°%/s/V, rather than 3°/s/V as specified by the manufacturer.

The yaw rate measurements do not seem to be affected by the ac-
celerations plotted in the figure, since there do not appear to be any cor-
relations between disagreements in the rate measurement and the magnitude of
either acceleration. This can be shown very clearly because the yaw and the
accelerations are at different frequencies. The power spectra of accelera-
tion and of yaw rate are shown in Figure 20. The main peaks of each are at

] | T | | | |
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0.06 0.1 0.14 0.18
FREQUENCY (Hz)

Figure 20. Power spectra of the yaw rate as measured by the Watson rate sensor
and of Uts fore-aft acceleration, for the trial shown in the previous figure. The
scale factor of the rate-sensor power spectrum is 1000 times larger below
0.132 Hez.
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the frequencies of arm rotation, o = 0.758 rad/s (0.12 Hz), and table yaw, v
= 1.06 rad/s (0.17 Hz), respectively. (Equation 2 shows that the fore-aft
acceleration depends on sinfd (8=wt) and on cos¢ (¢=vt), but the ¢ dependence
is less important because ¢<23°.)' The purpose of the figure is to search
for any output from the rate sensor at the frequency, w, at which it was
being accelerated. Since none whatsoever could be seen on the initial
plots, the scale factor of the rate-sensor power spectrum was increased by
1000 below 0.132 Hz, producing the modest peak shown. We conclude that for
typical wave-driven motion, accelerations of the sensor cause less than one
part per thousand of the measured angular rate.
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Figure 21. Pltch rate (left-hand scale) of the Watson angular rate sensor, during
accelerations, as calculated from the shaft encoders (solid line) and as measured
by the sensor (triangles). Also shown are the accelerations which the sensor was

undergoing (dashed line, right-hand scale). The trial conditions were arm rotation
and sensor yaw both at 0.12 Hz.
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Similar results were obtained with the table vertical and thereby
pitching, rather than yawing, the sensor. In this confiquration, the sense
axis was athwartships, and both the significant accelerations were transv-
erse to it. Figure 21 again shows excellent agreement between the
calculated and measured pitch rates, with no observable effect due to
accelerations. In this trial, the frequencies were too similar to separate
the effects by examining power spectra.

Inclinometers and Accelerometers

Two inclinometers and an accelerometer were tested on this appar-
atus with several purposes in mind:
1. Assess the accuracy of these sensors, as they are representative of
sensors of these types.
2. Demonstrate the errors which can arise from treating the data from
these sensors as if they were stabilized.
3. Demonstrate that the resonant frequency of the sensor must be signif-
icantly higher than wave frequencies.
Each sensor was mounted on the vertical table and subjected to simultaneous
pitch and acceleration. The accelerometer was also evaluated on the yawing
table, also while being accelerated.

Strapdown accelerometers do not indicate true acceleration unless
the body is horizontal. Also, inclinometers do not indicate true attitude
if the body accelerates. Depending on the application, the design of sensor
packages could ignore this effect, or locate the accelerometers on a gyro-
scopically stabilized platform, or measure attitude by some other means and
correct the accelerometer outputs. The first option introduces errors which
are often unacceptable, as illustrated below. The second option is the
basis of many commercial packages and inertial navigation sensors. One
example is the Humphrey sensor package analyzed in this work, in which the
accelerometers are on the stabilized platform, and the pitch and roll are
angles between that platform and reference directions on the casing. The
third option is attracting increasing commercial attention now that it is
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practical to integrate the output of angular rate sensors accurately. These
rate sensors could be of the piezoelectric type evaluated here, while for
inertial-navigation systems they are likely to be ring-laser or fibre-optic
gyros.

Most accelerometers, including the one evaluated here, measure
force applied to a test mass which is usually constrained to move along a
line. Provided the line remains horizontal, a component of the true
acceleration is measured. In general, though, the body has non-zero pitch
or roll, thus the line is not horizontal, and thus a component of gravity
also acts on the test mass.

Humphrey CP17-0601-1 Inclinometer

This economical standard pendulum is a purely mechanical device
which measures the angle from vertical by means of a potentiometer pickoff.
Its natural frequency is 3.2 Hz, with damping of 0.3. Accuracy is therefore
determined by constraints on mechanical motion and by the precision of the
potentiometer and of the voltage applied to it.

Figures 22 and 23 compare the pitch as measured by the
inclinometer with the true pitch of the sensor plus the contribution from
acceleration. No "after-the-fact" constants have been used here - the gain
of the filter/ amplifier was measured statically and the calibration of the
inclinometer was simply that 15.0 Y was applied to the 90° potentiometer.
The agreement could hardly be better.

These figures also illustrate the difference between pitch meas-
ured by the inclinometer, I, and the true pitch ¢. The true pitch, obtain-
ed directly from the shaft encoder output, is not shown directly on the
figures as it would have obscured the data. It consisted of near-sinusoids
with very similar zero crossings and phase, and of regular amplitude bounded
by the dashed lines. The observed maximum differences between I and ¢ were
about 4.5° (with @ ~ 1 rad/s and a radius of 0.75 m, the maximum fore-aft
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Figure 22. Pitch as measured by the Humphrey inclinometer (triangles) from a
trial with the arm rotating at 0.16 Hz and the table pitching at 0.12 Hz. The
solid curve is the output one would expect from an inclinometer, allowing for the
fore-aft acceleration of the sensor. The dashed lines indicate the maximum

amplitude of the true pitch.
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Figure 23. Pitch as measured by the Humphrey inclinometer (triangles) from a
trial with the arm rotating at 0.16 Hz and the table pitching at 030 Hz. The
solid curve is the output one would expect from an inclinometer, allowing for the
fore-aft acceleration of the sensor. The dashed lines indicate the maximum

amplitude of the true pitch.
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acceleration was 0.75 m/s2, and tan'1(0.75/9.8) = 4.4°). This difference
can be taken as typical for wave-driven motion.

Schaevitz "Accustar” Inclinometer

This inclinometer is an electronic device which senses inclina-
tion through gravitational effects on a pair of capacitors. The manufactur-
ers (Schaevitz Sensing Systems, Phoenix, AZ.) do not disclose further de-
tails of the design. The claimed resolution is 0.001°. Like most inclino-
meters, it is compact and inexpensive.

Figures 24, 25, and 26 compare its output with the actual pitch,
as measured by the shaft encoder. These graphs are similar to those
presented above, for the Humphrey inclinometer. In particular, the

deviations from true pitch due to acceleration of the sensor are essentially
identical.
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Figure 24. Pitch as measured by the Schaevitz inclinometer (triangles) from a trial
With the arm rotating at 0.16 Hz and the table pitching at 0.11 Hz. The solid
curve is the output one would expect from an inclinometer, allowing for the fore-
aft acceleration of the sensor. The dashed lnes indicate the maximum ampiitude

of the true pitch. The line 072 s long indicates the theoretical delay due to
mechanical damping in the inclinometer.



- 35 -

10s 0.67s
: ‘_._‘_T”_@_ _'-___,ﬁ.._ o
- T
5 ” ! .'.-- LT ..'..‘ | ‘:: BOUNDS
E o+ [T L L Clr Ly L OF ACTUAL
i Bl ‘ IRIRL: | I PITCH
MRS
_200_-_ J_H—V———h—H-—ﬂ—-u--——@»—u—i———

TIME (s}

Figure 25. Pitch as measured by the Schaevitz inclinometer (triangles) from a trial
with the arm rotating at 0.16 Hz and the table pliching at 0.21 Hz. Curves,
dashes, and the line 0.67 s long have the same significance as in the previous

Ffigure.
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Figure 26. Pitch as measured by the Schaevitz inclinometer (triangles) from a trial
with the arm rotating at 0.16 Hz and the table pitching at 0.31 Hz. Curves,
dashes, and the line 0.61 s long have the same significance as in the previous

Jflgures.
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It is apparent, though, that the data from this inclinometer do
not agree with theoretical predictions as well as the data from the Humphrey
inclinometer did. The discrepancy is due to the low resonant frequency and
the damping constant. The Schaevitz inclinometer has a resonant frequency
of 0.5 Hz, far closer to the frequencies of our apparatus than the 3.2-Hz
frequency of the Humphrey inclinometer (all other sensors had even higher
resonant frequencies). Undergraduate texts (Ref. 3) contain expressions for
the amplitude of an harmonic motion of resonant frequency w, and damping
time constant 1/{, driven at the frequency, w. Let G be the ratio of the
amplitude of this oscillator to one with o << @,, then

%
6 = (12)
[ (mi _ GZ)Z R 4¢202 ] 1/2
The time delay between the driving and resulting oscillations is
r = 1 tan’! ___EEKQ_E__ (13)
w (00 - )

For all the sensors except the Schaevitz inclinometer, G is within 1% of
unity and 7 < 30 ms. However this inclinometer has w, = 0.5 Hz and 1/7 =
0.3 s, which results in the gains and delays in Table 1. These values match
the observed values quite well, with discrepancies 1ikely due to inaccura-
cies in the manufacturer's values of w, and ¢. Thus we conclude that a

sensor with resonant frequency as low as this is unsuited for sensing wave-
driven motion.

JABLE 1

Gain and Time Delay of a Driven, Damped Oscillator
and Comparison with Observatjons of the Schaevitz Inclinometer

Driving Gain, G Delay, T (s)
Frequency, w (Hz Eg. 9 Observed from £q. 10
0.11 0.93 0.94 0.72
0.21 0.79 0.87 0.67
0.31 0.66 0.79 0.61

Values calculated for a resonant frequency of 0.5 Hz and a damping time

constant of 3.3 s. Observed delays were not calculated from the data, but
the predicted delays are shown on each figure.
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Schaevitz LSMP-2 Accelerometer

This accelerometer is typical of closed-loop force-balance accel-
erometers. The test mass, an unbalanced pendulum, is maintained very near
its equilibrium position by a compensating electromagnetic torque, and the
current which generates this torque also drives the output signal. The
natural fregquency is 131 Hz. The damping ratio, 0.71, is not important
since the natural frequency far exceeds the driving frequency. Like most
similar accelerometers, this unit is compact, reliable, and inexpensive.

Figures 27 and 28 show data from the accelerometer mounted to
measure fore-aft acceleration on the yawing table, that is, with the table
horizontal. The accelerometer results were converted to acceleration units
using the manufacturer's calibration of 2.50 V/g. The theoretical curves in
these figures are calculated, by macro "accs", from Equation 2, plus the
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Figure 27. Fore-aft acceleration as measured by the Schaevitz accelerometer
(triangles) from a trial with the arm rotating at 0.12 Hz and the table yawing at
031 Hz.
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Figure 28. Fore-aft acceleration as measured by the Schaevitz accelerometer

(triangles) from a trial with the arm rotating at 0.16 Hz and the table yawing at
020 Hz.

incidental effects. Equation 2 states that a good estimate of the
acceleration is simply -R&? sing cos¢, which is close to a sinusoid since
$max = 23°. As always in this memorandum, the plotted curves also include
the incidental effects. The most important incidental effect in this case
is the incidental pitch, which ranges between 0.1° and 0.3° bow-down, and
therefore subtracts between 0.05 and 0.0l m s~2 from the fore-aft
acceleration. The accelerometer data agree reasonably well with the

theoretical calculations, although it seems that the manufacturer's
calibration is somewhat too small.

Figures 29 and 30 are quite different because a component of
gravity is involved. They are from runs with the table vertical and
pitching. The true fore-aft accelerations, as given (without incidental
effects) by Equation 3, have amplitudes of 0.7 and 0.4 m s~2. These are
shown as the dashed curves across the middle of each figure. The major
contribution to the fore-aft acceleration as seen by a strap-down
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accelerometer is the component of gravity introduced by the pitch. The
solid curve in each figure is the sum of the true acceleration and that
gravitational component. On this scale, the instrument error and the
calibration inaccuracies are barely visible, so the agreement between these
curves and the measured data appears to be excellent. However the
accelerometer result is clearly a very poor estimate of the true
acceleration.
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Figure 29. Fore-aft acceleration as measured by the Schaevitz accelerometer
(triangles) from a trial with the arm rotating at 0.096 Hz and the table pitching
at 032 Hz. The dashed curve is the true fore-aft acceleration of the table.
The solid curve is the output one would expect from an accelerometer, which is
dominated by the component of gravity which acts on the sensor due to its pitch.
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Figure 30. Fore-aft acceleration as measured by the Schaevitz accelerometer
(triangles) from a trial with the arm rotating at 0.16 Hz and the table pitching
at 0.20 Hz. The dashed curve is the true fore-aft acceleration of the table.
The solid curve is the output one would expect from an accelerometer, which is
dominated by the component of gravity which acts on the sensor due to its pitch.

Applications of Unstabilized Inclinometers and Accelerometers

Unstabilized inclinometers or accelerometers are, not infrequent-
1y, used to measure the pitch or roll of a marine vehicle. Examples in this
memorandum have shown how the accelerations of a body can contaminate the
output of an inclinometer mounted on it, and how roll or pitch of a hody can
contaminate the output of an accelerometer mounted on it. One might think
that these contaminations could be removed if both types of instruments were
used. However, in this section it will be shown that, to first order, un-
stabilized inclinometers and accelerometers measure the same thing, and thus
that their outputs cannot be combined to derive acceleration and attitude.

Einstein's equivalence principle, the cornerstone of general
relativity, states that the physical effects of a gravitational field are
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indistinguishable from the physical effects of an accelerated coordinate
system. On this basis, it can be shown that strapdown accelerometers and
inclinometers measure the same combination of attitude and acceleration.

Consider an inclinometer aligned fore-aft on our pitching table,

pitched by ¢ and with fore-aft and vertical accelerations ; and ;. An in-
clinometer can be thought of as a pendulum constrained to move in a plane.
It measures the angle between its internal reference direction and the
equilibrium direction of the pendulum. If the body to which it is attached
is not accelerating, the equilibrium direction is, of course, vertical. In
general, though, following the equivalence principle, the angle measured, I,
is

I =¢+ tan-:l —— (13)
g+z

Our first-order approximation is that the acceleration compaonents, ; and z,

are much smaller than the gravitational acceleration, g, in which case

I=¢+12 (14)

This, plus incidental effects, is the expression used to calculate expected
inclinometer responses in this memorandum, and good agreement with measure-
ments was noted.

Now replace the inclinometer with an accelerometer, again aligned
fore-aft along the sensor. Its output, A, is the fore-aft component of the
vector sum of the body's acceleration, a, and gravity.

a~y

A = (a+q)f = ycosg+ (z +gq) sing (15)

where f is a fore-aft unit vector. With the same first-order approximation,
we have

A = y + g¢ (18)
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This, plus incidental effects, is the expression used to calculate expected
accelerometer responses in this memorandum, and good agreement with measure-
ments was noted.

The identical argument can be made for an inclinometer which
measures roll and a transverse accelerometer. Thus we see that gl and A are
two measures of the same quantity.

The use of unstabilized accelerometers or inclinometers has been
shown, by the examples above, to give measurements of attitude or accelera-
tion which can be significantly contaminated, the one by the other. Fur-
thermore, in this section it has been shown that it is not possible to use
one instrument to correct the contaminated output of the other, as they both
measure the same quantity.

CONCLUSIONS

This apparatus has been shown to be an effective means of testing
sensors which measure the acceleration or attitude of marine vehicles. The
use of two drive frequencies, one for the rotating arm and one for the yaw-
ing or pitching sensor table, was shown to be an advantage in separating the
effects of these two motions. The range of accelerations and frequencies is
representative of both the routine and the more demanding applications for
such sensors. Incidental motions of the rig have been carefully modelled
and can be used to assess appropriate performance limits of quite sensitive
sensors. However, this apparatus was not intended to provide highly precise
calibration of the most sophisticated instruments,

The Humphrey gyroscopically stabilized package has been shown to
be an appropriate baseline instrument for measuring wave-driven motions.

Its sensitivity, resolution, and resonant frequencies are well suited to
these motions.
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The Watson angular-rate sensor was found to provide excellent
performance from an affordable compact package. Rejection of linear accel-
erations was found to be essentially complete. This sensor merits further
investigation for body-motion applications.

The two inclinometers were found to be quite accurate. However
two problems were highlighted in this investigation. First, if the resonant
frequency of the sensor is not significantly higher than the wave-driven
motions, undesirable attenuation and delays can occur. These effects make
the Schaevitz inclinometer unsuitable for many ocean-wave-driven applica-
tions. Second, but more fundamental, it was clearly shown that the acceler-
ation of the body can contaminate significantly measurements of pitch or
roll by any inclinometer.

The Humphrey accelerometer was also shown to be highly accurate.
However several examples clearly demonstrated that an inclination of the
body can significantly contaminate the acceleration measurements. 1In our
examples, the pitch angles were large and the accelerations fairly modest,
and thus the gravitational component introduced by the pitch actually
exceeded the true acceleration.

The interaction of inclination and acceleration in the outputs
from strapdown inclinometers and accelerometers highlight the technology
used to eliminate undesirable effects. Mechanical gyroscopic stabilization
is the established technique, as exemplified by our Humphrey package. This
technique ensures that the accelerometers are always in a vertically refer-
enced frame, and the angles between that frame and the case of the instru-
ment can be measured to provide pitch and roll. The developing technology
is the independent measurement of pitch and roll, and the use of that infor-
mation to correct the outputs of a triad of strapdown accelerometers. While
much attention has been focussed on ring-laser and optical-fibre gyros for
the angular measurements, by integration of angular rates, these instruments
would be very expensive. Thus there is growing interest in angular-rate
sensors such as the Watson sensor evaluated here, for this application.
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APPENDIX A

Macros

The following macros, written in the MAGnetics Interactive Gra-
phics package, MAGIC, were used to convert data from all the sensors to
physical units, to calculate the accelerations and attitudes of the table,
and to plot the results. Note that all possible accelerations and attitudes
were calculated, and the user was responsible for selecting the correct data
set for comparision with the sensor.

macro expt plate sensor

continue Macro expt plate sensor

continue Plate: l=horiz O=vert

continue Sensar: l=gyro pack (C=small units

continue

continue Angles: Heriz table Vert table

apd0 = 0 mean amp phase mean amp phase
apt = 0.0082 yauw a L0082z 114 0 .00BZz 114
thap = 114 rol -.0011 .0106 -171 .0026 .0106 =171
be0d = -G.0011 pit -.0033 .0020 =21 =-.0028 .0020 -21
bed = 0.0106 tmean & amp in radians, phase in deg)
thbe = =171

gao0 = -0.0023 Offsets: Horiz table Vert table

ga0 = 0.0020 Gyra Small Gyre Small
thga = =21 X .148 .l48 L175 -147

rx = 0.148 rz .0z20 -.050 -.112 -.112

rz = 0.020 {in metres, rXx pesitive in neg x direction)

If plate*sensor exit a exit
a: rz = -0.005

if sensor exit v exit

v: bed = 0.0026

ga0g = -0.0028

rx = 0.175

rz = -90.112

1f sensor exit b exit

b: rx = 0.147

end expl

macre readrig

point 1 2048 1 1

readi2, ?,’ phi.mg2* Regr fit: Dig, out - 16803.56 = 46,346%phi
examine,2,,,,,num

num-num-1

peint I num 1 1

addc 2 -1280.9 2 Yaw for least la ac = 334.93, 168023-46.346%334~-1281
multe 2 0.021577 2 1/46.346 = 0.021577 Bow to starboard pesitive
read, &4, ' 1limfr’

point 1 1 11

examine 64 limit

point 1 num 1 1

readi?, 1, rotl.mg2"

mualte 1 =360/limit 1 Limit = 4024 before 22 Mar, 4092 after

addc 1 360 1

shift 1 2 1 1 Rot not filltered. All others delayec 2/3 s
readiz,5l,’pit.mgz" Nose-up positlve

adde 51 &1.6 51

multe 51 -0.01433 51

readiz, 52,’roll.mg2* Starboard-up positive
addc 52 -25.43 52

multc 52 -0.0306 52

readiz, 53,’faac.mg2’ Forward positive
adde 53 3.9 53
multc 53 0.00143 53 Mean set to zere

examine 53 mean
addc 53 -l1*mean 53

readi2, 54, laac.mg2f To starboard positive
addc 54 59.6 54
multe 54 0.00141 54 Mean set to zero

examine 54 mean
adde 54 -l1*mean 54
readl?, %6, vacc.mg2’ Up positive



examine 56 mean
addc 56 ~1"mean 56 Mean set to -g
multc 56 0.00283 56
addc 56 g 56
read,63,facoeff’
read, 64, 'bcoaff”
point 1 8

frar 63 a

frar 64 b

point 3 num

setto 1 num/3

end readrig

macre accs freq

continue Calculate aces and attitude of table. Required variables:
fraeqsg=fraq*freq freq in rad/s = G*pien(cycles)/ (pointa)

continue apt0, ap0, thap {alpha=ap00+ap0*sinitheta-thap)) yaw
g = 9.3062 be0, bel, thbe {beta=be00+bed*sin{theta-thbe)) roll
rboig=0.7523 galo, gal, thga {gamma=gad0+gad*sin(theta-thgal} pltch
point 3 num Frame Assignments

eentinue 1: Rot=theta 2: Phi {yaw for horiz table, pitch for vert)
continue 3: alpha (rad) 4: alpha (deq)

continue 5: phi + alpha (deg) 6: phi + gamma {deg}

continue B: d(phi)/dt {radiana/s) 9: d{phi)/dt {degrees/s)
contlnue 10: sin{theta) 11: cos(theta)

continue 12: gamma {(radians) 13: beta (radians)

continue 14: rblg freqsq ain(theta)

contlnue 15: rbig freqsq coaltheta)

continue 16: gamma (deg)} 17: beta {deg}

continue 18: fregsq rx apl sin(theta-thap)

continue 19 freqsq rx bel sin(theta-thbe)

continue 20: fregsq rZ bel sin(theta-thbe) 22: fserles

continue 21: fregsq rz ga0 sin(theta-thga) 23: fnseries

continue 24; =14 - twice*14%22 + 15+%23 - 1B + 21

continue 25; =15 = twice*15+22 - 14*23 + 19

continue 26: 20*cos(5} = 24+sin(5) [la_ac] {gy)

continue 27: 2d4vcos(5) + 20%sin(s) [fa_ac] (gy)

continue 28: 16*cos{5) + 17*ain{(5) [pitch] [ | means in sensor’s
continue 29: 17*cos(5) - 16*3in{3] [rall) frame with yawing table
contloue 30: 25 - g [ve_ac] & {ve_ac} {(gy)

continue 31: 30 - 12*24 [ve_ac] {no gy}

continue 32: 27 - 12+%30 [fa_ac) (no gy)

contlnue 33: 26 - 13730 [la_ac} (ne gy) { | means in sensor’s
continue 34: 24 + 3*20 {ta_acl (gy) frame with pitch table
continue 35: 20 + 3%24 tla_acl (gy)

continue 36: J4rcos{6) + 30*sin(6) {fa_ac} (no gy)

continue 371 35 - 1330 {la_ac) (ne gyl

continue 38: 30*cos{6) - 24*sin{6) {ve_ac) (no gy)

continue 39: 4*cos{6) - 17*3in(6) {yaw}

continue 40: 6 + 180/pie*3a/g {inclincmeter}

ainfr 1 10 1 d2xfdt2 in frame 20 [yaw] in frame 5

cosfr 1 11 1 d2y/dt2 in frame 24 {pitch} in frame 6

addée 1 -l*thga 12 d2z/dt2 in frame 25 {roll} in frame 17

sinfr 12 1¢ 1

mualte 12 ga0 12

move 12 21

adde 12 gadQ0 12

multc 12 180/pie 16
add 2 18 &

addc 1 -l*thbe 13
sinfr 13 13 1

milte 12 beld 13

move 13 13

move 13 20

addc 13 bel0 12

multc 13 180/pie 17
move 10 14

multec 14 fregsq*rbig 14
move 11 1§

multe 15 fregsqg*rblg 15
addc 1 -i*thap 18
sinfr 18 18 1

multc 18 ap@ 3

multc 3 180/ple 4

add 2 4 5

multc 3 fregsqg*rx 18
multc 19 freqsq%rx 19
multe 20 fregsg*rz 20
multc 21 freqsg*rz 21
faeries 1 26 22
fnseries 1 26 23

mult 14 22 24

multc 24 -2 24

mult 15 23 26

add 24 26 24

sub 24 14 24




sub 24 18 24
add 24 21 24
mult 15 22 25
multc 25 =2 25
mult 14 23 26
sub 25 26 25
sub 25 1% 25
add 25 19 25
sinfr 5 8 1
cosfr 5 9 1
mult 20 9 26
malt 24 8 27
sub 26 27 26
mult 20 8 27
muelt 24 9 28
add 27 28 27
mylt 16 9 28
mult 17 8 29
add 284 29 28
mult 17 9 29
mult 16 § B
sub 29 8 29
derivx 2 9
mzltc 9 3 9
sinfr 6 8 1
cosfr 6 7 1
adde 25 g 30
mult 12 24 31
sub 30 31 31
mult 12 30 32
sub 27 32 32
mult 13 30 33
sub 26 33 33
mult 3 20 34
add 24 24 34
mult 3 24 35
add 20 35 35
mult 34 7 36
mult 3¢ & 37
add 36 17 36
mult 30 7 38
mult 24 6 37
sub 318 37 38
mult 4 7 39
mult 17 8 37
sub 39 37 39
malt 13 30 37
sub 35 37 37
muitc 9 ple/18C 8
multc 34 180/pie/g 40
add 40 & 40
pretty

point 5 num
setto 2 num/3
end accs

MACYo watson
point 1 2048 1 1

readi2, 2, ’phi.mg2’ Regr fit: Dig. out = 16803,56 ~ 46.346*phi
examine,2,,,,,0um

num=num-1

polnt 1 num 1 1

addec 2 -1280.9 2 Yaw for least la_ac = 324.93. 16803-46.346*334=-1281
multc 2 0.021577 2 1/46.346 = 0.021577 Bow to starboard peositive
readiz, 1, roti.mg2’

multe 1 -360/4092 1 For trials after 22 Mar, use 4092, not 4024

adde ]| 360 1

shift 1 211 Rot not filtered. All others delayed 2/3 s
readi2, 51, rate.mg2*

adde 51 -36 51 Offset of fllter/amplifier

multe S1 -0.007413 51 Analog gain 0.494, A/D 5V=4096, 3 deg/s/V

read, 63,7 acceff’
read, 64, ‘bcoeff’
peint 1 8

frar 63 a

frar 64 b

point 3 num
setto 1 num/3
end watson

macre schinc

point 1 2048 1 1

readi2, 2, *phi.mg2’ Regr fit: Dig. out - 16803.56 - 46.346*phi
exanine, 2,,,,,num phi = 362,54 - Dig./d6.348¢
num=num-1



point 1 num 1 1
multe 2 146,346 2
addc 2 =25.94 2
readi2, 1, roti.mg2"
multe 1 -360/40%2 1
adde 1 360 1

snift 1 211
rasdiz, 51,7 inc.mg2’
adde 51 342 51
multc 51 0,.C09958 51
read, €3, ‘acoeff’
read, 64, ' bcaef £’
point 1 8

frar 63 a

frar 64 b

poelnt 3 num

setta 1 num/3

end ineclin

macro huminc

point 1 2048 1 1
readi2, 2z, pnl .mg2’
examine,2,,,.,,num
num=num-1

point 1 num 1 1
multe 2 1/46.346 2
adde 2 -25.94 2
readi2, 1, 'rotl.mg2’
rultc 1 ~360/4092 1
adde 1 360 1

shift 1 211
readi?, 51, *inc.mg2’
adde 51 -36 51
multec 51 -0.01483 51
read, 63, "acoeff’
read, 64, ' bcoeff”’
point 1 8

frar 63 a

frar 64 b

point 3 num

setto 1 num/3

end inclin

macre schace

point 1 2048 1 1
readi2, z, 'phi.mg2’
examine, 2,,,,,num
num=num-1

point 1 num 1 1
multc 2 1/46.346 2
adde 2 =25.91 2
readlz, 1, "rotl.mg2’
multc @ -360/4092 1
addc 1 360 1

shift 1 2 1 1
readiz, 51, faac.mg2’
adde 51 -148 51
multe 51 0.002346 51
read, 63, facoeff"
read, 64, " bcoeff’
polnt 1 8

frar 63 a

frar €64 b

point 3 num

setto 1 num/3

end schace

Pltch = 336.60 - phl = Dig./46.346 - 25.94

For trials after 22 Mar, use 4092, not 4024
Rot not filtered. All others delayed 2/3 &

Offset of filfamp la -148. Offset of inc about 490
Analog gain 2.043, A/D 5V=4096, &0 mV/deg

Regzr fit: Dig. out = 16803.56 - 46.346"°phi
phl = 362.54 - Dig./46.346

Pitch = 336.60 - phi = Dig./46.346 - 25.94

For trials after 22 Mar, use 4092, not 4024
Rot not filtered. All others delayed 2/3 s

Offset of fllter/amplifier
Analog gain 0.494, A/D 5V=4096, 15 V for 90 deg

Regr fit: Dig. out = 16803.56 = 46.346*phi

Pitch or yaw = 336.65 - phi = Dlg./46.346 - 25.91

For trials after 22 Mar, use 4092, not 4024
Rot not flltered. All cthers delayed 2/3 3

Offset of filter/amplifier
Analeg galn 2.043, A/D 5v-4096, 255 mV/(m/s2}

macre fseries thetafr workfr outfr unitless macro fnseries thetafr workfr outfr 1/rad

move thetafr outfr (W=wg,) Wy move thetafr outfr w(dw/dtheta)fwoz
multe outfr € outfr multe outfr O cutfr

do aln 1l 8 do alnl @

mylte thetafr n workfr multc thetafr n workfr

ainfr workfr workfr+l 1 sinfr workfr workfr+l 1

multe workfr+l a(n) workfr+l multc workfr+l -1"n*b{n) workfr+l

add workfr+l outfr outir
cosfr workfr workfr+2 1 cosfr workfr workfr+2 1

multc workfr+2 bin) workfr+2 multe workfr+2 n*a(n) vorkfr+2
al: add work[r+2 outfr outfr al: add workfr+2 outfr outfr
end rfseries end fnseries

add workfr+l outfr outfr
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