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1.0 Summary

The objective of this Phase 1 SBIR research program has been to
develop alternative sensor configurations suitable for use in radio telemetry
devices for the purpose of measuring the in-flight yaw of various projectile types
of interest to the BRL. Current yaw sensing telemetry is performed by the
yawsonde, a device which senses the passage of the sun over optical slits as
the projectile spins, nutates, and precesses. The obvious limitations of the
yawsonde include the requirement for the sun to be visible to the sensor and
within a narrow range of angles in the sky, depending on the flight profile. Even
when these ephemeral requirements are met, however, the yawsonde still
provides only limited information on the yawing motion of the projectile. The
sensor configurations that have been developed and analyzed in this study use
inertial sensors, and greatly expand the information which can be collected on
the projectile motion, at the same time eliminating the ephemeral restrictions
placed on the employment of the existing yawsonde device.

The telemetry sensors that were originally proposed as alternatives or
supplements to the yawsonde included accelerometer or gyroscope based
systems, or some combination of the two. Since the spinning, nutating, and
precessing motion of a projectile generates both centripetal and tangential
accelerations, as well as angular rates of motion, it was postulated that the
acceleration or angular rate outputs from these devices would reveal unique
characteristics of the pitching and yawing motion of the projectile during flight.
Post processing of the sensor output would then allow analytical reconstruction
of the projectile total yaw and any other useful information, which might be
contained in the data. Postulated configurations would also have to consider
the projectile launch and flight environment and the selection of devices of
appropriate hardness and sensitivity to perform their required telemetry tasks.

It is significant that all program objectives have been met. It has been
determined that all three characteristic rates of motion --spin, nutation, and
precession, as well as the magnitudes of the nutation and precession yaw
arms -- are directly calculable from each of several inertial sensor configurations
using combinations of accelerometers and/or rate gyroscopes. In addition, we
have identified components that are suitable for this application and can survive
the launch environment. These components will be able to fit into an existing
fuze cavity in a way so that the structure and the sensor will survive the launch
environment. We are now at the point where detailed component tradeoffs can
be made, hardware configurations can be designed in detail, hardware
constructed, and performance verified. This device will permit all yawsonde
functions to be performed, in addition to extracting many other useful yawing
motion parameters, without the current restrictions and performance limitations.




2.0 Introduction - -

_ 2.1 General Considerations ~ -

In order to perform analysis on the motion of typical projectiles, a six-
degree-of-freedom trajectory simulation, using a fourth-order Runge Kutta
integration scheme', was modified to provide acceleration and angular rate
output for sensors located at a prescribed axial and radial position within a
projectile body. The appropriate differential equations of motion for an earth-
fixed six-degree-of-freedom particle trajectory® were incorporated into the model,
as well as aerodynamic formulations applicable to both spin and fin stabilized
projectiles® Aerodynamic coefficients necessary to exercise the simulation were
generated off-line for candidate spin and fin stabilized projectiles using software
from References 4 and 5, respectfully.

The six-degree-of-freedom trajectory model was used to generate
simulated sensor output for different projectile types, both fin and spin
stabilized, subjected to various launch conditions that would generate significant
yawing motions. These sensor outputs were then analyzed by various
numerical and closed-form post processing algorithms developed during this
effort to extract the projectile yawing motion parameters of interest. Numerous
post processing approaches were hypothesized and tested, with some being
clearly more successful and practical than others. Some data analysis was also
performed in order to validate the results.

This study involved revisiting, on several occasions, approaches which
had been initially abandoned in the earlier stages of the program in favor of
pursuing other directions of investigation. In this sense, the study did not follow
a straight path to a solution, but rather took a broad sweep at accumulating
information by testing as many hypotheses as possible, and then re-evaluating
most ideas in an iterative fashion as more knowledge was developed.
Therefore, this presentation of our results does not imply any chronological
order to their discovery.

2.2 Typical Epicycle Motions of Fin and Spin Stabilized Projectiles

Figure 1 shows the epicycle motion of a typical spin stabilized projectile,
as calculated using the six-degree-of-freedom computer model developed in this
study. In order to determine typical motions for a projectile , the projectile nose
is given an initial pitch and yaw angle of 5 degrees to the left and down, and an
initial pitch and yaw rate of 5 radians/second to the left and down. This '
drawing is a two dimensional representation of the motion that the nose of the
projectile makes with respect to the projectile’s center of gravity, as it follows

2




the flight' path of the particle trajectory. The observer is looking forward from
the projectile tail to nose.

For this particular computer run shown in Figure 1, aerodynamic
damping was turned off, so that nutation and precession amplitudes would
remain clearly visible over several seconds of flight time. Therefore, the only
aerodynamic force acting on the projectile is the pitching moment, represented
by C... The full aerodynamic coefficients and mass properties for this projectile
are given in Table 1. As the projectile nose traces the path shown in Figure 1,
there are two modes of motion clearly visible. The first is the faster mode called
nutation, and is shown as the many small clockwise loops that the nose makes
on top of the slower circular motion about the flight path axis located at the
origin of the graph. The larger and slower circular clockwise motion about the
origin is the precession. Not visible on this graph is the inertial spin rate of the
projectile about its longitudinal axis. In this simulation, the spin rate is also
clockwise. All three rates of motion -- spin, nutation, and precession -- are all in
the same sense and are, therefore, prograde.

Figure 2 shows the epicycle motion of a typical fin stabilized projectile
(Figure 2.1). This projectile’s nose is also given an initial pitch and yaw angle of
5 degrees to the left and down, and an initial pitch and yaw rate of 5
radians/second to the left and down. The full aerodynamic coefficients and
mass properties for this projectile are given in Table 2. As with the previous
computer run, aerodynamic damping was turned off, so that nutation and
precession amplitudes would remain clearly visible over several seconds of
flight time. As with the spin stabilized case, the fin stabilized projectile shows
the same two characteristic modes of nutation and precession. However,
because of the static stability of the fin stabilized projectile, the precession is
retrograde to the nutation. By following the line traced out by the projectile
nose, one observes small loops going in a clockwise path, with each
succeeding loop following a counter-clockwise direction.

Given these typical epicycle motions, the objective of this research is to
develop a sensor scheme which allows determination of the amplitude of each
of these nutation and precession yaw arms. One can see in Figure 1 that the
projectile nose oscillates between a total angle of attack of between 5.25 and
11.6 degrees. This maximum and minimum yaw angle equals the sum and
difference of the nutation yaw arm on top of the precession yaw arm. The
same superposition of yaw arms applies to the fin stabilized case, as well. |t is
the determination of these yaw arms, through analysis of in-flight telemetry data,
- provided by a suitable sensor configuration, which-is the goal of this research.
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SPIN Spin rats, radisas/second

Wl Nutation frequency, radisns/second

W2 - Prscession frequency, radians/second

n Nutation damping factor per foot € 1° yav
12 Precession damping factoer per foot € 1° yav

L1-5 Nutation damping factor per foot €5° yav

12-8 Precession damping factor per foot € 5° ysw
ar Integraticn time step, seconds (20 per mutacicn)
pis? Dispersiocn factor per 5° first max yav, mils

Table 1 -- Aerodynamic and Mass Properties of M 107 Projectile
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2.3 Determination of the Yaw Arms from the Superposition of
the Nutation and Precession Angular Rates of Motion

Returning to Figures 1 and 2, one can imagine that as the nose of the
projectile traces out its epicycle motion about the flight path of the projectile’s
center of gravity, the axis of the projectile is subjected to an ever changing
angular rate of motion. This angular rate is the rate of change of the total angle
of attack (total yaw angle) of the projectile. This rate shall be called Q. The tip
of the projectile, located at a distance X, from the center of gravity of the
projectile, which is also the center of the epicycle motion, therefore, has an

- instantaneous tangential speed defined by:

Sw = Q*X, M

Through superposition of velocities of motion, one may also define this
speed of the projectile tip, at any time, in terms of the nutation and precession
yaw arms and rates of motion. The nutation and precession motions are both
circular. The precession arm sweeps around a center located on the tangent to
the flight path, and the nutation arm sweeps around a center located on the
precession arm. The speed of each motion may be defined by:

Sproc = Qprec * Rprcc (2)
and ’
Snut = Qnut * Rnut (3)

If the directions of the nutation and precession speeds are known, vector

addition would yield the tip speed at any time. However, at two points in the

epicycle path, the nutation and precession velocities are parallel and, therefore,
the speeds are fully superimposed. The nutation and precession velocities are
in the same direction and, hence, additive at the maximum yaw and in opposite
directions and, hence, differenced at the minimum yaw for the spin stabilized
projectile. For the fin stabilized projectile, since the motion is prograde, the
opposite is the case. At the minimum yaw, the speeds are additive, and at the
maximum yaw they are differenced. Nevertheless, for both fin and spin
stabilized projectiles, the maximum tip speed is the sum of the nutation and
precession components, and the minimum tip speed is the difference between
the two. Therefore:

Stlplmax = Sprec + Snut | (4)
and
Stiplmin = }sprec - Snm (5)




Substituting (1), (2), and (3) into (4) and (5) gives the tip speed in terms
of yaw arms and rates:

nmax * Xcg = Qproc * Rpmc + Qnut * Rnut (6)
and
len * xcg = Qproc * Hpmc - Qnut * Rnut s (7)

Dividing (6) and (7) by the center of gravity location gives the yaw arm
relationships in terms of angles:

Qma.x = Qproc * aprec + Qnut * anut (8)
and

len = Qprec * aproc - Qnut * anut (9)

Given this last system of equations (8 and 9), if a sensor configuration
can be developed which would measure the rate of change of total angle of
attack, Q, and the nutation and precession rates of motion, Q,,, and Q. the
yaw arms «,, and «,.. are readily calculated for both spin and fin stabilized
projectiles. This approach, however, assumes that there are only two modes of
motion -- nutation and precession. Any additional modes, caused by inertial
imbalances in the projectile will have to be included in (8) and (9) with angular

rate and yaw arm terms.

24 Determination of Yaw Arms from the Simultaneous lﬁtegraﬁon
of Orthogonal Accelerations '

Another methodology for reducing sensor data into projectile pitch and
yaw arms may be derived from the geometrical construction of the six-degree-
of-freedom particle trajectory equations of motion. Figure 3 shows the missile
velocity and missile angle geometrical relationships as defined in the trajectory
model. The corresponding equations reveal that the missile pitch and yaw
angles, 8, and ¥, are direct functions of the orthogonal missile velocities, U, V,
and W, and their vector sum, V,. If these component velocities can be
determined from telemetry data, it follows that the missile pitch and yaw angle
history can be calculated, resulting in direct reconstruction of the epicycle
motion of the projectile. The resulting data analysis will provide a graph similar
to Figures 1 and 2.

10
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Unfortunately, we know of no sensor which can directly measure velocity.
However, velocity is only the first integral of acceleration, and we have
accelerometers to work with. Therefore, for this telemetry scheme to be
effective, accelerometers must be oriented within the projectile to provide U, V,
and W. These accelerations may then be numerically integrated to provide the
necessary velocity components at each time increment in the reconstruction.
The reconstructed motion, however, will lack the initial angular conditions, or the
constants of integration, so the pitch and yaw plot will be offset by these
amounts. Nevertheless, the magnitude of the yaw arms will be apparent.

This technique is more versatile than the previous, since the nature of the
motion is irrelevant. The integrated accelerations are orthogonal. Therefore, all
motion is accounted for no matter how many modes are present. Nevertheless,
the application of this technique will be shown to be restricted to only projectiles
with known centers of gravity.

2.5 Determination of Yaw Arms from the Simultaneous Integration
of Orthogonal Angular Rates

A third analysis methodology, similar to the previous technique, involves
directly measuring the missile pitch and yaw angular rates, using orthogonal
gyroscopes. These angular rate data are then numerically integrated to give
the pitch and yaw angle histories for the flight. As with any integration scheme,
the initial conditions may not be know, so the reconstructed motion is offset.
Nevertheless, the yaw amplitudes will be easily recognizable from the plot.

This technique is the most versatile. It will account for all modes of
motion, and projectile inertial properties and center of gravity may vary during
flight. This technique, however, is the most demanding on the hardening
requirements of the gyroscope sensor in order to survive launch accelerations.

26 Theoretical Sensor Configurations

There are several configurations, or families of configurations, of inertial
components that can theoretically be employed in the measurement of the
required pitch and yaw arms. Each of these has been considered and
analyzed -- considering the accuracy, ease of construction, component
requirements, cost, data reduction requirements, reliability, etc. The
configurations that have been considered, and are analyzed in Section 3, are:
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3.0

3.1

RADIALLY ORIENTED ACCELEROMETERS TO MEASURE V AND
W

RADIALLY ORIENTED GYROSCOPES TO MEASURE 6,, AND ¥,,

AXIALLY ORIENTED ACCELEROMETERS TO MEASURE U AND
THE RATE OF CHANGE OF TOTAL YAW ANGLE, Q

AXIALLY ORIENTED GYROSCOPE TO MEASURE Q, THE RATE
OF CHANGE OF THE TOTAL YAW ANGLE

SENSOR CONFIGURATIONS TO DETERMINE THE ROLL
ORIENTATION OF A HIGH SPIN RATE SHELL

AN ALTERNATE SENSOR CONFIGURATION FOR DETERMINING
ROLL ORIENTATION OF A HIGHLY VARIABLE FIN-STABILIZED
PROJECTILE

- ACCELEROMETER CONFIGURATIONS FOR DETERMINING THE

NUTATION AND PRECESSION RATES OF MOTION

Methods, Assumptions and Procedures
General

The methods that were used to perform the analysis and to ultimately

reach the tradeoffs and conclusions involved first examine the output
characteristics of each of the sensgrs that appear in the candidate
configurations, and to then look at the appropriate data demodulation and
analysis techniques that may be applicable to this sensor. This permits us to
arrive at the advantages and limitations of each configuration, and to thereby
reach a conclusion or series of conclusions relating to each telemetry concept.

3.2

Radially Oriented Accelerometers to Measure V and W

Figure 4 shows a configuration of radially oriented accelerometers, which

will allow extraction of the V and W missile accelerations. This configuration
requires two orthogonal radial accelerometers, A,, and A,,, located at a known
distance X, from the projectile center of gravity, and a second, parallel set, A,,
and A,,, located at another known distance X, from the center of gravity. As
shown by the equations defining each measured acceleration output, two sets

14
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are required in order to separate the acceleration contributions of V and W,
which we want, from the effects of the missile pitch and yaw angular
accelerations, 9 and ‘Pm, which results from the axial location of the sensor
package from the missile center of gravity.

Note that each acceleration component is modulated by the spin rate or
the relative roll orientation angle, as defined by the sine and cosine terms.
Since the projectile is spinning, the orientation of the accelerometers is
constantly changlng with respect to the pitching and yawing accelerations. The
total acceleration is always belng measured by the vector sum of each pair of
accelerometers. However, in order to isolate V and W for integration, each
accelerometer output must be decomposed into orthogonal components with
respect to an arbitrary initial roll orientation angle. Determining this relative roll
orientation angle history from telemetry is a later topic in this section of the
report. :

33 Radially Oriented Gyroscopes to Measure &_ and ¥,

Figure 5 shows a schematic of a simple spring restrained rate
gyroscope. As the inertia wheel J spins about the axis 2-3, this axis will
precess at a rate » about axis 1-2 in response to a force F parallel to axis 1-2.
Conversely, a force F will be generated in response to a rotation of the axis 2-3
about axis 1-2. Similarly, if the axis 2-3 was forced to rotate in the plane 1-2-3,
a force would be generated perpendicular to this plane (going into or out of the
page, not shown), and this force would be proportional to the angular rate of
motion. If axis 1-2 represents the longitudinal axis of the projectile, plane 1-2-3
represents the pitch or yaw plane of motion, and point 1 was the projectile
center of gravity, it follows that a force F perpendicular to the plane 1-2-3 would
be generated as a result of the pitching or yawing rate of the projectile nose
about the projectile center of gravity. It is the measurement of this force which

gives the pitching or yawing rate to be integrated to yield the pitch and yaw
angles.

Figure 6 shows two radially oriented gyroscopes, configured to measure
the pitch and yaw angular rates during projectile flight. Axis U is the missile
longitudinal axis about which the sensor package spins. Axes V and W are
orthogonal and perpendicular to axis U. It is in the Plane V-W that the pitch
and yaw motion to be measured takes place. As each gyroscope aligns with
axis W, one output, F2, measures angular rate w,. This same output, when the
gyroscope aligns with axis V, measures angular rate w,. When the gyroscopes
are oriented between each of these axes, this output measures a combination
of the sine and cosine components of rates w, and w,. Therefore, the rate
output from each of the perpendicular gyroscopes is orthogonal, as shown in

16
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Figure 5 -- Schematic of a Simple Rate Gyroscope

Figure 6 -- Gyroscope Based Telemetry Configuration for Determlmng
Mlss:le Pitch and Yaw Angular Rates
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the following equations:

Output 1 = w, sin (w,t) + v, cos (w,t) (10)

Output 2

w, Cos (1) - w, sin (w,t) 1)

. As with the accelerometer scheme previously discussed, roll orientation
will be required, in order to decompose the gyroscope outputs into orthogonal
components of pitch and yaw angular rates, prior to integration. (The additional
output, F1, shown in Figure 6 allows measurement of the inertial spin rate of the

projectile, v,.)

3.4 Axially Oriented Accelerometers to Measure U and the Rate of Change of
Total Yaw Angle

Figure 7 shows that if two axially oriented accelerometers are positioned
a known distance from the projectile center of gravity, Uis readily calculated
from the accelerometer outputs. We see from these equations the restricted
application of this configuration to projectiles with known center of gravity
during flight. If the center of gravity shifts after launch, measurement of U is not
possible because the axial distance of the sensor from the center of gravity is
now unknown. As a byproduct of this configuration, if the two accelerometers
are separated by a known distance D, as shown in Figure 7, the rate of change
of the total angle of attack, Q, is readlly calculated from the accelerometer
outputs, regardless of Cg position.

3.5 Axially Oriented Gyroscope to Measure Q, the Rate of Change of the
Total Yaw Angle

Figure 8 shows a two axis rate gyroscope oriented paralle!l to the
projectile longitudinal axis. If the plane of pitch angle is the page, and the plane
of yaw angle is perpendicular to the page, as the projectile pitches and yaws,
the outputs F2 and F3 will measure these angular rates. As the projectile spins
about its axis, the orientation of these outputs will change and each output will
measure a component of both the pitch and yaw rate, based on the sine and
cosine of the inertial roll angle. However, the vector sum of each output is
always the vector sum of the pitch and yaw rates, which is the rate of change of
total yaw angle, regardless of the roll orientation of the gyroscope. Therefore,
the rate of change of total angle of attack is simply the square root of the sum
of the squares of both rate outputs. The result can be seen by performing this
algebraic operation on equations 10 and 11.
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3.6 Sensor configurations for determining roll orientation of a high spin rate
shell

In order to decompose radially oriented accelerometer or gyroscope
outputs into their orthogonal components in the plane of pitch and yaw, prior to
numerical integration, a relative inertial roll orientation angle must be known
over the flight time of interest. = We postulated that the requirement for
knowing a relative inertial roll orientation of the projectile could be satisfied by
accurately measuring the inertial spin rate. For high spin rate shells, with little
spin damping, it may be practical to then assume a constant spin rate or a
small linear decay of spin rate over the short period of time during which the
epicycle motion would be reconstructed. Of course, analysis has to be
performed to see how accurately the spin rate must be known, in order to
accurately reconstruct the epicycle motion.

The inertial spin rate is most easily measured by placing a radially
oriented accelerometer a known distance from the axis of spin and measuring
" the centripetal acceleration due to rotation. However, this accelerometer will
also measure the angular acceleration due to the pitching and yawing motion of
the axial location of the sensor. Therefore, as shown in Figure 9, an additional
accelerometer will be required, oriented 180 degrees apart. The sum of the
outputs from these two radially oriented accelerometers is then directly
proportional to twice the spin rate. The inertial spin rate can also be directly
measured from the output of a radially oriented rate gyroscope. Figure 6
shows that the gyroscope output F1 is proportional to the spin rate w1,
regardless of the roll orientation of the radially oriented gyroscope.

3.7 Alternate sensor configuration for determining roll
orientation of a highly variable spin fin-stabilized shell

Since fin stabilized projectiles are subjected to high spin damping and
acceleration rates within even a few nutation cycles, the technique of assuming
a constant or near constant spin rate with which to calculate a relative roll
orientation angle is not practical. The nature of sensor scale factor errors also
precludes the use of simple numerical integration of the spin rate output over
time to get the relative roll angle. The scale factor error associated with an
accelerometer or gyroscope can only be mitigated if the acceleration or rate
being measured oscillates, as in the case of the pitch and yaw angle rates and
accelerations, which vary from very small values to very large values and then
change direction. In the case of measuring a spin rate, however, all motion is
in one direction and either increasing or decreasing, but not oscillating. The
result is that the errors associated with scale factors continuously accumulate,
and after a few rotations, the total error is enormous, making the integrated roll
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angle meaningless.

To overcome this problem, a unique approach was hypothesized, which
involves using an accelerometer to measure the acceleration due to the
downward gravity vector, and thus establish an absolute vertical each rotation
of the projectile. By knowing the time difference between successive vertical
passings, the roll rate of the projectile is corrected after each cycle and no
errors can accumulate. Roll orientation during the interval can then be
accurately determined. If successful, this technique provides a means of
determining roll orientation for both fin and spin stabilized projectiles.

This technique is theoretically possible, since an accelerometer, as a
spring-mass device, measures the force due to an acceleration, rather than the
acceleration itself. For example, if an accelerometer is at rest on a table, it
measures 1 g, despite the fact that there is no actual change in velocity of the
point on the table where the accelerometer is located. On the other hand, an
accelerometer in free fall in a vacuum will measure zero acceleration, despite
the fact that it is falling at 32.17 ft/sec®. Therefore, a vertically oriented
accelerometer, mounted in a projectile in free flight, will always measure an
acceleration due to gravity, in addition to many other accelerations, unless the
location of the accelerometer is accelerating downward 1 g, at which time
gravity has zero contribution to the measured acceleration.

The result of this characteristic of the accelerometer is that as the
projectile spins, a radially oriented accelerometer will measure 1 g modulated by
the roll orientation angle times the eulerian pitch angle of the projectile axis plus
any other accelerations occurring at the location of the accelerometer:

Acel measured = 1 g * sin(P*t) * sin (8) + Acel(others) (1 2)
where |
P = spin rate
8 = Eulerian pitch angle

Acel(others) = other accelerations along the sensitive axis of the
accelerometer (e.g. 8, ¥, V, W)

Granted, the contribution of gravity to the measured acceleration is very -
small compared to the other accelerations which affect the projectile flight and
yawing motion. However, the frequency at which these other accelerations
occur is different from the frequency at which the gravity contribution occurs
(i.e. the spin rate P). Although the amplitudes of the other accelerations can be
several orders of magnitude greater than 1 g, as long as they occur at different
frequencies, the frequency of the 1 g contribution can be isolated from the
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accelerometer output. The electronic mechanism for isolating this spin rate
frequency may be an analog filter bank, an FFT (Fast Fourier Transform) or a
Phase Locked Loop (PLL) filter. All three mechanisms will spectrally filter out
the roll motion using the fact that it is at a different frequency than the pitch and
yaw accelerations of the projectile. In addition, these mechanisms will be able
to track the spin rate as it varies during flight.

An alternate perspective on how the spin rate can be isolated from the
radially oriented accelerometer output by isolating the g vector is to consider a
mechanical analogy to the electronic filtering mechanism. The electronic filter
can be considered a tuned mass oscillator (i.e. a spring with stiffness K and a
mass M), which has a resonant frequency set to the spin rate of the projectile
(i.e. P = sqgrt (K/M). The g vector is then a forcing function at frequency P, the
spin rate, in the form F = g sin (P*). The tuned oscillator, whose natural
frequency is P, will always resonate at the frequency P in the presence of this
forcing function, regardless of the presence of any other forcing functions at
other frequencies, even if the other functions are at much greater amplitude.
Monthly report number 4 gives an in-depth presentation of the mechanics of a
tuned mass oscillator.

3.8  Accelerometer configurations for determining the nutatlon
and precession rates of motion

Research performed by Mishra, Harrison, and Hepner® showed that an
accelerometer mounted on a spinning and coning platform measured peak
accelerations at a characteristic frequency equal to the spin rate minus the
coning rate. This finding is consistent with the expected frequency of radial
alignment for circular, single-mode, prograde motion. Although the epicycle
- motion of spin and fin stabilized projectiles, as presented earlier, is dual-mode,
and both prograde and retrograde, respectively, the characteristic rates of
motion -- spin, nutation, and precession -- should appear in accelerometer
traces in some form or another, as reported in Reference 6. The challenge will
be to find the proper accelerometer orientations within the projectile, and to
develop the data reduction techniques to isolate the characteristic frequencies.

3.8 Methodology for Amplitude Demodulating Sensor Outputs

After deriving the sensor configurations to achieve the necessary
measurements, it is necessary to process the data in order to obtain the
required motion. This has been done by various techniques, which are suitable
for different situations and conditions. The demodulation techniques that have
been applied are both AM and FFT based. These techniques are illustrated in
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the following examples and analysis.

a)  For Undamped Epicycle Motion of Spin Stabilized Projectile
In order to proceed with the analysis, the characteristics of the M107

projectile have been applied, although the results are applicable to any spin
stabilized projectile. Figure 1 shows the undamped motion for an M107
projectile with launch conditions of Mach 2, +5 degrees pitch and yaw, and +5
“radians/sec pitch and yaw rates. This motion is undamped in that the only
aerodynamic force acting on the projectile is the pitching moment, characterized
by the coefficient CMA. The expected spin, nutation, and precession rates for
this projectile at this muzzle velocity are 1369.1, 144.8, and 13.8 radians/sec,
respectively, as shown in Table 1.  Figure 10 shows the change in the
projectile total angle of attack over a .7 second portion of time during the
simulation. This graph is generated from the pitch and yaw angle history
calculated in the 6-DOF computer model, and the maximum and minimum
values in this curve are what is to be determined by the data reduction in the
yaw sensing telemetry. The characteristic frequency of the trace in Figure 10 is
nearly exactly the nutation-precession frequency, 131 radians/sec, which is to
be expected in prograde motion, but this rate is only arrived at by performing a
moving average of several individual peak-to-peak and min-to-min cycles.
There is considerable spread in the individual cyclic rates, indicating that there
is additional modulation in the motion. This data reduction technique would be
considered an A.M. demodulation of the signal.

Figure 11 shows the expected acceleration trace from one radially
oriented accelerometer as calculated using the 6-DOF model for the undamped
motion in Figure 1. It clearly shows two dominant frequencies. The fast mode
is the continuous solid line traced by the measured acceleration, and the slower
mode is represented by the large empty valleys between local maxima in the
data. Performing a moving average of many individual fast mode ¢ycles in this
trace gives a rate of 1223.4 radians/sec. The data averaged to get this rate is
very choppy, however, as shown in Table 3. This is partly due to the
sharpness of the maximum and minimum points in the curve, and the
integration time step of the model. Analysis of zero crossings, where the curve
is very steep and without a sharp change in direction, gives more smoothness
to the data, as.shown in Table 4. The average rate is nearly the same, but the
data clearly shows additional modulation about this average. This rate is also
nearly the expected spin rate minus the nutation rate (1369.1 - 144.8 = 1224.3).

Figure 12 shows the vector sum of two orthogonal radial accelerometers,
as configured in Figure 4. Each accelerometer gives a similar trace to Figure
11, but with a 90 degree phase shift due to their orientation. Therefore, taking
the square root of the sum of the squares of each acceleration value eliminates
the fast mode seen in Figure 11, and isolates the slow mode seen as voids in
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Figure 11. A moving average of the peak-to-peak and min-to-min cycles in
Figure 12 gives the expected nutation minus precession rate of 131
radians/sec. This is consistent with the observed frequency in the angle of
attack history, Figure 10.

A additional observation to be made using the results of the undamped
motion is the profound oscillation in the maximum values in Figure 12. Isolating
the slow mode moation in Figure 11, which resulted in Figure 12, has brought
out an unseen third slower mode riding on the crests of the acceleration trace
in Figure 12. There is not enough of a density of data points in Figure 12 to
allow direct extraction of the peaks and valleys in this surface wave. Therefore,
in order to accurately determine a local maximum or minimum in the cycle, the
five or six points surrounding each maximum or minimum were used as the
basis for a discrete polynomial interpolation, which was then evaluated at a
much smaller time increment. Figure 12 shows two clear intervals between
maximum values, and one clear interval between minimums. Using the
interpolation routine to find more accurate peaks and valleys, the angular rates
for the two maximum cycles are 27.49 and 27.98 radians/sec, respectfully, and
the rate for the one minimum cycle is 27.69 radians/sec. These three rates
average to 27.72, which is for all intents and purposes twice the precession rate
(i.e. 27.6). , -

This method of isolating the spin-nutation, nutation-precession, and
precession rate was retested by running the simulation at Mach 3 conditions,
where the spin, nutation, and precession rates are considerably different from
the Mach 2 conditions (see Table 1). We had the same results. Spin-nutation
is isolated by one radially oriented accelerometer. Nutation-precession is
isolated in the vector sum of two orthogonal radially oriented accelerometers,
and the waviness at the top of the latter acceleration curve is twice the
precession rate.

The moment of inertia values for this projectile were then changed and
the center of gravity shifted rearward, in order to increase the nutation and
precession rates with respect to the spin rate. The spin rate of the projectile
was also decreased to further enhance this effect. - These changes were made
to test this analysis technique on a much less stable projectile configuration.
Table 5 shows the aerodynamic and stability parameters employed in the six-
degree-of-freedom simulation. Damping was turned off and the muzzle velocity
was chosen as Mach 4, giving a projectile spin rate of 1369.1 radians/sec. The
expected nutation rate for these launch conditions increases to 263.12 and the
expected precession rate becomes 54.54 radians/sec. Figure 13 shows the
resulting epicyclic motion of the projectile with initial conditions of +5 degrees
and +5 radians/sec in both the pitch and yaw directions.
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Table 5 -- Aerodynamlc Mass, and Stability Parameters for Modified
Projectile

32

IOMY
TOTAL NCSE BOAT TAIL €5 MEPLATE BAND NCSE 200
LENGTH LENGTH LENGTH (Fu NOSE!  DIAMETER DIANETER RADIUS LENGTH
4.510 2,450 0.450 4,000 0. 088 1020 10,750 0,900
DIAMETER H] o VEIEHT GUN THIST  ACTUAL TWIST  GUN-BORE  TENPSRATURE  AIR DENSITY
INCHES LE-1%-50 LB-1N-50 L8S CAL/TURN CAL/TURK INCHES DES-F SLUSS/FT443
6,090 1600.800 §319.000 95,000 10,200 40.394 8,15 59,000 0.0023
AERIDYNANIC COEFFIZIENTS
MO CI2 O CM CPK CYPA CNPA  CNPAS  CNPAS ~CPF'1  CPF'S CNPA'S (W0 L
TS18 0081 %2 1,763 S.489 1,048 -0.787 -1.32t B779 -R40.289 2277 3.1 -0.527 10549 -0.030
0500  O.160 232 1763 S5.491 .05k -0.767 -1.321 82779 -240.289 2277  L.312 -0.527 10.549 9,630
0.800 0,143 2.858  L.785  S.407 0958 -0.767 -1.A77 19781 -TEO.1I1 2485 3406 -0.455  10.548  -0.028
0860 0.1kt IT.ITt LB 5802 0.e31  -0.957 -1.030 SE.213 -SALET 2797 TS -0.503 LML -0.524
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P 0M eh TN Ses LIS 0907 -0.473 dR.e2k -MRTES 32 3w 0802 LAY -0.0i9
1160 038T  Sae2 2.2 S.e73 42 -0.857  -0.584 ALAIT <9353 DSit DAkl -0.482 G131 0,019
10208 0374 S48 2,350 6,500 L.447 <0767 -0.469 9,205 -54.547  D.JEE 3501 -0.383  -1.485  -0.819
LTee 0357 SiT 2.0k 5.988  L.&7L -0.767 -0.455  7.600 -ZE.SML 0 408 LEOL 0,387 -I9S)  -.019
00 0.347 At 2.5e1  6.957  1.458  -0.767 -0.488 5,799 -J0.493° 3416 LS50 -0.IE3 -2.452 -0.019
U7 0318 IE78 2,830 S99 1,772 -0.767 -0.4hL  5.998 -22.475 3425 3801 -0.38% -2.452 -0.018
2000 0.298 T8I 2,770  S.951 1,852 -0.767 -C.A3S  5.196 14,458 3.ASE 3501 -0.385 -8.451 -0.91F
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$h0 030 2302 845 S.eti 2,050 -0.787 -0.413 0 TE32  LATE ISk 3800 -0.38 -BuSz 0.0
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V805 1758 0,505 1485 00626 1,162 136%.1 263.12  S4.54-0.000388-C.000117-0,000380-0,000125  0.0012  0.%8S
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The trace from one radially oriented accelerometer is shown in Figure 14.
The vector sum of two orthogonal radial accelerometers is shown in Figure 15,
and the angle of attack history from the simulation is plotted in Figure 16.
Performing a moving average on the accelerometer trace in Figure 14 gives an
average rate of about 1105.3 radians/sec, which is nearly the expected spin-
nutation rate of 1105.98. Analysis of zero crossings showed nothing different
from what has been reported in the previous analysis. The average rate for the
trace in Figure 14 is about 210.5, which is close to the expected nutation-
precession rate of 208.58. Analysis of the slow mode surface wave on top of
the acceleration trace in Figure 14 shows two peak-to-peak cycles and two min-
to-min cycles. Using interpolation to find the relative mins and maxs, and
averaging each rate yields a half-cycle frequency of 51.54 rads/sec, which is
nearly the expected precession rate of 54.54 rads/sec.

b. For Damped Epicycle Motion of Spin Stabilized Projectile

This same technique was applied to the analysis of the traces from a
damped simulation, to see the effect on detecting the characteristic rates of
motion. Figure 17 shows the damped epicyclic motion of the M107 projectile,
for the initial conditions of Mach 2, +5 degrees pitch and yaw, and +5
radians/sec pitch and yaw rates. Figure 18 is the trace of one radially oriented
accelerometer. Figure 19 shows the vector sum of two orthogonal radial
accelerometers. Figure 20 shows the angle of attack history from the
simulation.

Repeating the technique, the fast mode frequency is isolated by
performing a moving average of the peak-to-peak intervals between local
maxima and minima in Figure 18. For this projectile, the fast mode is expected
to be 1224.3 radians/sec, which is the difference between the spin and nutation
rates (1369.1 and 144.8 rads/s, respectfully). A 19 point moving average of
Figure 18 gives a consistent rate of 1224 rads/s, which is nearly exactly what is
expected. The data, however, which forms the basis for the moving average is
very choppy, as previously reported, but smoothes out when analyzing zero
crossings. A moving average of the trace in Figure 19 also gives the expected
nutation minus precession rate of 131 radians/sec.

Whereas the slow mode trace in the undamped simulation (Figure 12)
showed a clear surface wave riding on the peak values, in Figure 19, the
corresponding damped motion trace, the surface wave is much more subtle.
Figure 21 shows the damped acceleration trace in Figure 19 with the peak
values connected by straight lines. There is clearly an oscillation on top of the
steadily decreasing peak amplitudes. This oscillation is not as clean as in the
undamped case (see Figure 12), and all of the peak values are less than the
previous one, so simply interpolating relative maxima and minima is not
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possible.

To overcome this lack of maxima and minima in the surface wave, the
peak data points were interpolated for inflection points. Figures 22, 23, and 24
show the interpolated curves generated over three incremental and overlapping
time intervals. Only the inflection points identified in the central region of each
curve are considered valid, since the end conditions introduce greater
interpolation errors at the tails of each curve. Rates were determined for
intervals between succeeding downward inflections and upward inflections. -
Two pairs were identified and the average rate for all four cycles was 26.21
radians/sec. Half of this is 13.1, which is slightly under the expected
precession rate of 13.8. It is possible that aerodynamic drag has reduced the
effect of the pitching moment on the precession rate, and this may explain the
lower identified rate. Other errors may involve the interpolation interval and time
increment. A .0001 second interpolation interval was applied to the data points.

C. For Undamped Epicycle Motion of Fin Stabilized Projectile
Figure 25 shows a fin stabilized projectile, designed to have a low static

. margin, and perhaps some dramatic yawing modes. Table 2 shows the mass
properties of this projectile and its aerodynamic coefficients. Table 6 shows the
relevant mass and aerodynamic properties, the applicable stability equations
from reference 1, and the resulting rates of motion for a Mach 2 launch
condition and 50 Hz spin rate.

_ Table 6
Calculation of Expected Nutation and Precession Rates

I = 227.8 Ib-in?

I = 1833 Ib-in®

D, = 6 inches

C.. = -1.05 pitching moment coefficient at Mach 2
P = 50 Hz spin rate (314 rads/sec)

P = .002378 slugs/ft®  air density

\ = 2234 ft/sec

W, = [P*L/(@*I)]1*(1+ o) nutation rate
W, = [P*/(2*1)]*(1-0) precession rate
where,

o = (1-1/8g)*

a;td,
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sg = 2*|,(,*P2/(1C * iy*p*(:ma*Daral*V’z)

yields:
Expected nutation rate = 63.42 radians/sec
Expected precession rate = -24.38  radians/sec

As can be deduced from the negative precession rate, the precession is
retrograde to the nutation and spin rate of the projectile. This launch condition
was simulated using the 6DOF computer program, and the resulting epicycle
motion for a one second time of flight is shown in Figure 6. Damping was
turned off for the simulation, so the only coefficient used was C,,. The
projectile was given an initial velocity of Mach 2 and +5 degrees and +5
radians/sec initial conditions in the pitch and yaw directions. In the motion of
Figure 26, the nutation rate is clockwise, beginning at the origin with zero pitch
and yaw amplitude. This nutation is superimposed upon the precession, which
is counter-clockwise. Therefore, the projectile makes all loops beginning with
number 1 in a clockwise path, yet all motion between loops is swept out
counter-clockwise about the origin, as can be observed by following the
successive loop numbers. We can see that nearly 14 loops are generated, or
approximately 13.75 loops, and this rate calculates to about 86.4 radians per
second. This rate is approximately the expected nutation minus the expected
precession rate for the projectile (i.e. 87.8 rads/sec). What is interesting to
notice at this point is that both the motions for the spin and fin stabilized
projectiles contain the same characteristic frequency of nutation minus
precession, despite the fact that one is prograde and the other is retrograde
motion. '

Figure 27 shows the total angle of attack history from the 6DOF
simulation, and performing a moving average of the cyclic rate gives
approximately 87 radians/sec. Figure 28 shows the vector sum of two
orthogonal radially oriented accelerometers, and its rate is also about 87
radians/sec. All of these rates are just slightly below the expected nutation-
precession rate of 87.8 radians/second.

Figure 29 shows the output trace from one radially oriented
accelerometer. A moving average of its peak-to-peak and min-to-min intervals
shows a frequency of about 237 radians/sec. Averaging zero crossings gives a
rate of 238 radians/second. As with the spin stabilized case, one would expect
this rate to be the spin minus the nutation rate, or in this case about 251
radians/sec. This, however, is not the case, or at least if it is, there is a very
large error.
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Looking closer at Figure 29, one can see two additional frequencies in
the trace. The most apparent is the one generating the large valleys between
local maxima in the data. In Figure 30, these maximum values are isolated and
connected by straight lines. Averaging the time intervals between maxs and
mins yields a rate of about 87 radians/sec. This is nearly the expected
nutation-precession rate and is surprisingly accurate for such choppy data. In
Figure 30, there is still a surface wave apparent, riding on the peak values. In
Figure 31, the peak values from Figure 30 are isolated and connected by
straight lines, and this second frequency is clearly visible. Calculating the time
intervals between the maxima and minima in the data in Figure 31 gives a
consistent 21.6 radians/sec. This number is intriguingly close to the expected
precession rate of 24.38 radians/sec.

Since Figure 31 consists of the choppy peak value data from the
accelerometer trace in Figure 29, we did a polynomial interpolation about these
points to see if the characteristic frequency was indeed the precession rate.
Figures 32 through 36 show the resulting discrete interpolation curves for the
data, and Table 7 presents the resulting maxima and minima points.

Table 7
Maxima and Minima in the Interpolated Data
Maximum Point Time Minimum Point Time
.276 .338
572 ‘ .626
.838

The average of the two maximum point intervals and the one minimum
point interval gives a rate of 22.2 radians/sec. This a little better than the
results from the course data, but not close enough for confidence that this
technique identifies the precession rate. Realizing that the technique which
ultimately proved successful for the damped spin stabilized case involved
averaging the rates between inflection points in the data, and since the curve in
Figure 31 has a gradient which may affect the location of maxima and minima
as with damped motion, we identified inflection points in the interpolated curves
and measure rates between these. The inflection points are presented in Table
8. '
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Table 8
Inflection Points in the Interpolated Data

Up Inflection Point Time Down Inflection Point Time
167 .329
430 .578
.685

The average rate for the two up inflection point intervals and the one
down inflection point interval is 24.6 radians/sec and is just about the expected
precession rate of 24.4 radians/sec.

To further test this finding, we changed the spin rate of the projectile to
75 Hz (471.2 rads/sec), which would result in different expected nutation and
precession rates, and tried again. Under this spin condition the expected
nutation rate is 78.3 rads/sec and the expected precession rate is -19.7
rads/sec. The initial conditions were also changed to give an initial angle of
attack of +2.5 degrees pitch and +2.5 degrees yaw. Since the precession rate
is lower than in the previous run, the elapsed time of flight was increased to 1.6
seconds, to give a reasonable number of precession cycles Figure 37 shows
the resulting epicycle motion. The nutation cycle is again clockwnse and the
precession counter-clockwise.

Figure 38 shows the output trace from one radially oriented
accelerometer. lts average rate is about 392.5 rads/sec using peak-to-peak
and min-to-min intervals, and about 395.7 rads/sec using zero crossings. The
expected spin minus nutation rate is 392.9 rads/sec. As one would expect, this

“rate falls out of the accelerometer data very accurately. Success in this case,
however, does not explain the large error in the previous case.

Following the procedure used in the previous case, the maximum values
from Figure 38 are isolated and plotted in Figure 39. The average rate for this
course data is about 98.3, and is nearly the expected nutation minus precession
rate of 98 rads/sec. In Figure 40, the maximum data from Figure 39 are again
isolated and plotted. The waviness of this curve is not as apparent, but
inflection points, nevertheless, do exist even in the course data, and they are
presented in Table 9. - '
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Table 9
Inflection Points from Course Data

AUp Inflection Point Time Down Inflection Point Time
435 : .243
.755 .563
1.075 .883
1.203

Each of these time intervals is the same and calculates to 19.63
radians/second. The expected precession rate is 19.7 rads/sec. Using
polynomial interpolation on the first two down and up inflection points gives the
data shown in Table 10.

Table 10
Inflection Points from Interpolated Data
Up Inflection Point Time Down Inflection Point Time
398 .238
719 554

The average rate for these two intervals is 19.73 radians/sec and is
nearly the expected rate of 19.7 rads/sec.

Trying something a little different this time, we went to the trace of the
vector sum of two orthogonal radial accelerometers to see if the same surface
wave existed on the peak values. Figure 41 shows the accelerometer trace and
" Figure 42 is the peak values from Figure 41. There is clearly a surface wave on
Figure 41, and averaging time intervals between inflection points for just this
course data gives an average rate of about 19.6 radians/sec.

It seems that for a fin stabilized projectile of the design considered in this
analysis the precession rate can be identified as a surface wave on the trace of
one radially oriented accelerometer or on the trace of the vector sum of two
orthogonal radially oriented accelerometers. This in turn allows determination of
the nutation rate, since the nutation-precession frequency is also determinable
from either of these two acceleration traces. The technique presented here is
identical to the one used for determining the nutation and precession rates for a
spin stabilized projectile. The only difference is that in the outcome of the
frequency analysis, the surface wave for the spin stabilized case is twice the
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precession rate, as opposed to just the precession rate in the fin stabilized
case. The reason for this difference remains, as yet, unexplained.

3.10 Qualitative Assessment of Projectile Stability

An interesting secondary observation which can be made from the
accelerometer traces just presented for the damped spin stabilized projectile
and the undamped fin stabilized projectile is that these projectiles’ stability is
clearly seen in the output of just one or two radially oriented accelerometers.
Figure 18 shows the one radially oriented accelerometer output for the motion
in Figure 17. The damping nature of the very large amplitude swings clearly
states that the projectile nutation arm is dampening out. Looking at Figure 19,
the two radially oriented accelerometer trace, one sees the same nutation
damping, as well as a general downward trend in the trace, indicating
precession damping. These indication of damping in the motion are all signs of
stable projectile flight.

Looking at the accelerometer traces for the undamped finner in Figure
37, just the opposite is seen. Figures 38 and 41 show that all accelerations are
growing, clearly indicating instability in the projectile motion. Therefore, if the
amplitude of yaw is not necessarily required from the telemetry, but rather a
qualitative answer on the projectile stability is the goal, a very simple sensor
configuration presents itself, with no complicated data reduction.

3.11 Fourier Analysis of Accelerometer Traces (F.M. Demodulation)

Utilizing fast fourier analysis software (the IEEE FFT842 subroutine), we
had very encouraging results in identifying characteristic frequencies in the
accelerometer output. More detailed presentation of this software is contained
in monthly report number 6. Significant findings of this effort are reported here.

Analysis of a radially oriented accelerometer trace using FFT techniques
identified the spin-nutation and the spin-precession rates of motion. Figure 38
shows the output from one radially oriented accelerometer for the undamped 75
Hz spin rate fin stabilized case. Figure 43 is the FFT output for the first 1024
data points, or about the first 1 second of flight. FFT software requires data
sets of magnitudes 2", so 1024 data points were used (2'° = 1024). Figure 43
shows two peaks toward the left side in the FFT output time series, the first at
time .064 and the second at time .080. The same two peaks appear on the
right side, representing the imaginary components in the fourier transform.

The FFT routine employed performs an in-place transform of the
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accelerometer trace time series data and outputs the characteristic frequencies
in the same time space. Therefore, the times at each peak value correspond to
a frequency using the following relationship:
f/ (2r) / 1000. = 1000. *t / 2° ' (13)
where
= 1024

and

t
t2

.064
.080

Using (13), these two time points calculate to frequencies of 392.7 and
490.9 radians/sec, respectfully. Figure 43.2 plots the FFT time series converted
to angular rates using equation (13). The first frequency, 392.7 is nearly exactly
the spin rate minus the nutation rate (471.2 - 78.3 = 392.9), and the second is
exactly the spin rate minus the precession rate (471.2 - - 19.7 = 480.9).
Whereas our moving average analysis technique has identified in this trace
(Figure 38) the three frequencies of spin-nutation, nutation-precession, and
precession for the fin stabilized case, the FFT has identified only one of these,
spin-nutation, and the additional frequency of spin-precession.

3.12 Frequency and Amplitude Analysis of Outputs from Longitudinally Oriented
Sensors

The longitudinally oriented accelerometer and gyroscope sensors
presented in Figures 7 and 8, respectively, allow measurement of the rate of
change of the total angle of attack, Q. The maximum and minimum values of Q,
coupled with the measured nutation and precession rates of motion, allow
determination of the yaw arms during the projectile flight, using equations (8)
and (9). ,

The rate of change of the total angle of attack as determined from two
longitudinal accelerometers or one longitudinal gyroscope is presented in Figure
44, for the undamped spin stabilized motion shown in Figure 1. The
characteristic frequency for this trace is found by averaglng many individual
cycles to be the expected nutation minus the precession rate. This is the same
result for the trace of two orthogonal radially oriented accelerometers (Figure
12).
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For the first complete cycle in Figure 44, the maximum value is about
10.05 radians/sec and the minimum about 5.95 radians/sec. Given that the
nutation and precession rates are determinable from the radial accelerometer
configuration and are 144.8 and 13.8 radians/sec, respectfully, the yaw arms
may be calculated using equations (8) and (8). The resulting nutation arm
calculates as 3.17 degrees, and the precession arm as 8.51 degrees. These
arms give a maximum yaw of 11.7 degrees, and a minimum yaw of 5.34
degrees, which is just about what is seen in the corresponding epicycle motion
in Figure 1 and the angle of attack history in Figure 10.

Figure 45 shows the rate of change of total angle of attack from the
longitudinal sensor configuration for the damped spin stabilized motion shown
in Figure 17. For this motion the nutation rate is also 144.8 radians/sec, and
the precession rate remains 13.8 radians/sec. This motion just includes
damping. Similar analysis gives the maximum and minimum yaws found in
Figure 17 and the angle of attack history in Figure 20.

For the undamped fin stabilized case shown in Figure 26, the analysis
technique comprising equations (8) and (9) are correct, as well. For this fin
stabilized case, the nutation rate is 63.42 radians/sec, and the precession rate
~is -24.38. Figure 46 is the measured rate of change of total angle of attack
from the longitudinal sensor, and calculations give the same maximum and
minimum yaws found in Figure 26 and Figure 27. Analyzing the undamped fin
stabilized motion in Figure 37 also validates equations (8) and (9). Figure 47
shows the rate of change of angle of attack history for Figure 37. Figure 48 is
the angle of attack history for Figure 37, and Table 11 shows the maximum and
minimum values taken from Figure 48. The nutation rate for this motion is 78.3
radians/sec, and the precession rate is -19.7 radians/sec. Calculations using
equations (8) and (9) give accurate results for the maximum and minimum
yaws. :

i

3.13 Direct Integration of Acceleration Traces

For fin and spin stabilized projectiles, both damped and undamped
motion, we investigated the possibility of extracting epicycle motion information
from the direct integration of accelerometer traces, without regard for the
direction of the acceleration. This analysis effort revealed interesting similarities
between the form of the acceleration output integrals and the yaw angle
histories, but no absolute yaw values could be deduced. Monthly report
number 5 gives a complete presentation of the analysis performed, and will not
be restated in this report.
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3.14 Simultaneous Integration of Sensor Outputs

If the inertial roll orientation can be accuretely determined during flight,
the component missile accelerations, U, V, and W, as measured by radially
oriented accelerometers, can be numerically integrated to reconstruct the entire
epicycle motion of the projectile. This integration technique can be similarly
applied to the telemetry output from two radially oriented gyroscopes, which
measure ¥,, and 8,. These two data processing techniques are described in
great detail in the second monthly report, and will not be repeated here. Suffice
it to say that if roll orientation is known without error, nearly exact epicycle plots
result from the integration. Figure 49 shows the known epicycle motion, from
tghe 6-DOF simulation, of a spin stabilized projectile with 5 degrees initial yaw.
In Figure 50, the motion is reconstructed using the simultaneous numerical
integration of the sensor outputs. The motions are for all intents and purposes
identical, except for the offset due to the unknown initial conditions.
Nevertheless, the initial conditions become obvious after the integration of one
precession cycle.

What does warrant repeat in this report, with respect to this data
reduction technique, is the error in the reconstructed motion, if roll orientation is
not known very well. Figures 51 through 56 show the resulting reconstructed
motion for errors ranging from 10% to .1% in the spin rate used to calculate the
relative roll orientation angle for each integration step. Clearly, the
reconstructed motion does not begin to approach reality until the spin rate error
is below .25%, and even with .1% error, the measured errors in pitch and yaw
amplitude are approximately 10% from the actual.

Over a .25 second interval, with a spin rate of 1369 radians/sec and a
spin rate error of .1%, the resulting cumulative angular error in roll orientation
approaches 20 degrees. Following the trend in the resuits, a .01% roll error
should give a 1% error in reconstructed pitch and yaw angles. This is probably
an acceptable error, but it means that cumulative roll orientation errors cannot
exceed about 2 degrees, for the total duration of the integration. A reasonable
integration period would be at least one precession cycle. With spin rates
about 100 times the precession rate, such required roll accuracy is a serious
challenge.

The yawsonde is reported to be able to give inertial roll rates with
accuracies less than .1 Hz and expected to be able to give accuracies to less
than .05 Hz (private communication with Dave Hepner). Measurement of inertial
roll rate, as opposed to the eulerian roll rate, is accomplished by setting the
optical slits straight up and down so that they are sigma insensitive. The
extreme accuracy is possible because the rate measurement is taken from the
sun angle, which is a fixed reference point from which to re-zero the
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Figure 51  Reconstructed Motion with 10% Spin Rate Error
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Figure 52  Reconstructed I%Otionwith 5% Spin Rate Error
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Figure 53 Reconstructed Motion with 1% Spin Rate Error
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Figure 54 Reconstructed Mgtion with 0.5% Spin Rate Error
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Figure 55  Reconstructed Motion with 0.25% Spin Rate Error
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Figure 56  Reconstructed Mgijon with 0.10% Spin Rate Error




measurement after each cycle. Therefore, scale factor errors cannot
accumulate. .1 Hz accuracy on a typical 155mm projectile (1369 radians/sec
spin rate) translates to about .045%. By our estimate, this should result in less
than a 5% error in the reconstructed motion using this integration technique.

3.15 Determining roll orientation with Phase Locked Loop

An alternate technique of achieving very accurate roll orientation was
assessed, which employed a phase locked loop filtering mechanism to sense
the gravity vector every time an accelerometer passed through the absolute
vertical. Monthly report 3 gives detailed explanation of the theoretical forces
and accelerations involved and the filtering process, not to be repeated here.
The advantage to this technique, if correct in determining roll orientation, is that
high accuracy is gained by re-zeroing the roll angle with a fixed reference after
each cycle. This is similar to how the yawsonde gains its roll rate accuracy, as
just presented. We have, however, not been able to resolve whether this
mechanism measures inertial roll or eulerian roll with respect to the gravity
vector. We suspect it is eulerian roll (inertial role modulated by the yaw angle);

.and therefore, its practical value in aiding the determination of projectile yaw
through the sensor output integration techniques has yet to be established.

4.0 Results and Discussions
4.1 General

The research just presented shows that there are several accelerometer
and gyroscope telemetry options available to assess the stability and determine
the yaw of both spin and fin stabilized projectiles. These configurations range
- from sirhple to the complex.

42 The binary answer.

The output from one radially oriented accelerometer indicates stable
projectile fiight if the acceleration history shows damping, and vice-versa.
Damping is indicated in the accelerometer trace if the magnitudes of successive
acceleration amplitudes are decreasing over time. This very simple
configuration has some utility by itself. For example, an investigator may wish
to determine if a projectile configuration undergoes alternate periods of stability
and instability over the course of a trajectory involving varying flight velocities,
roll rates, and atmospheric ‘conditions. Isolation of the trajectory circumstances
which indicate instabilities is an important first step towards understanding and -
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solving the problem in the projectile design.

4.3 Calculate the yaw arms from the measurement of the nutation,
precession, and total yaw angular rates of motion

A.M. and F.M. demodulation of the outputs from two orthogonal radially
oriented accelerometers gives the nutation and precession rates of motion for
both spin and fin stabilized projectiles. In addition, the output from two
longitudinally oriented accelerometers, or one longitudinally oriented gyroscope
gives the maximum and minimum total yaw angular rate, Omega, for each
nutation cycle. Using equations (8) and (9), one can then calculate the yaw
arms at each nutation cycle: '

Q.ax = Qprec* arec + Qut* aut ® -
and
Qut = Qrec*arec + Qut* aut 9)

This telemetry concept satisfies the objectives of this research program.
That is, to determine the in-flight yaw of the projectile. For both spin and fin
stabilized projectiles, this concept employs 4 accelerometers, or 2
accelerometers and one two-axis rate gyroscope. Depending on the launch
environment of the projectile, i.e. high set-back acceleration and high spin
acceleration, the use of off-the-shelf gyroscopes may not be practical. This is
because the gyroscope is less durable than the accelerometers. However,
recent advances in micro-device gyroscopes, which are hardenable to the level
of accelerometers, may eliminate this concern. If use of a gyroscope is
possible, this offers the advantage of greater accuracy in measuring the total
yaw angular rate of motion, since the gyroscope directly measures this angular
rate, whereas the alternate technique of differencing the outputs of two axially
oriented accelerometers is affected by in-flight drag accelerations and
transverse accelerations on top of the acceleration due to the yawing motion.

44 Reconstruct the epicycle motion of the projectile by measuring and then
simultaneously integrating U, V, and W, or ¥, and 6,

This telemetry concept is the most complex. However, it is the technique
which more completely describes the yawing motion of both fin and spin

stabilized projectiles.

V and W are measurable from two sets of two orthogonal radially -
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oriented accelerometers separated by an axial distance. U is measurable from
two longitudinally oriented accelerometers.

¥ _ and 8, -are measurable from two orthogonal radially oriented two-axis
rate gyroscopes.

The acceleration or angular rate outputs from either the accelerometer or
gyroscope configurations are then numerically integrated to give a two
dimensional trace of the complete epicycle motion of the projectile. This
reconstructed motion has the advantage of providing continuous yaw data
during flight, without the need for sophisticated demodulation of sensor signals.
The accelerometer based system, however, has the limitation that the projectile
center of gravity must be known and unchanging during flight. On the other
hand, the gyroscope based system is the most powerful, in that all mass
properties of the projectile may vary without affecting the accuracy of results.

Each of these techniques requires accurate knowledge of a relative
inertial roll orientation angle to within .01% error for a 1% error in reconstructed
motion. Roll orientation may be determinable from real time yawsonde data,
direct measurement of inertial spin rate using two off-axis radial accelerometers
or one radially oriented gyroscope, or perhaps with a mechanism for sensing
the absolute vertical of the gravity vector.

5.0 Conclusions
5.1 General

The objectives of this Phase | study have been to develop a telemetry
configuration based on inertial sensors, such as accelerometers or gyroscopes,
which will allow accurate determination of the in-flight yaw of both spin and fin
stabilized projectiles.

The results indicate that all objectives of this Phase | study have been
met. Several configurations, using accelerometers, gyroscopes, or
combinations have been derived and analyzed. The results of the analysis
indicate that the yawsonde can be replaced with a package of inertial sensors.

Option 1 is to use two orthogonal radially oriented accelerometers
coupled with two tandem axially oriented accelerometers. This four
accelerometer system will allow calculation of the precession and nutation yaw
arms for both spin and fin stabilized projectiles at any time during the trajectory.

A modification to this concept is to replace the two tandem axially oriented

accelerometers with one two-axis rate gyroscope. Both sensors perform the
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same function. However, the gyroscope may provide greater accuracy in
measuring the yawing angular rate of motion, which is required for determining
the yaw arms.

A second option is to employ two pairs of orthogonal radially oriented
accelerometers in tandem, with two tandem axially oriented accelerometers.
This six accelerometer system will allow, through numerical integration, direct
reconstruction of the two-dimensional epicycle motion of both spin and fin
stabilized projectiles. This telemetry output will provide a continuous graphical
record of the yawing motion of the projectile during the entire trajectory.

A modification to this second option is to substitute two orthogonal
radially oriented two-axis rate gyroscopes in place of all six accelerometers.
The outputs from these two gyroscopes will also allow, through numerical
integration, direct reconstruction of the two-dimensional epicycle motion of both
spin and fin stabilized projectiles. However, this gyroscope based system has
the advantage that the projectile mass properties and center of gravity can be
unknown and changing during flight, without affecting the determination of the
yawing motion. The six accelerometer configuration is limited to projectiles W|th
a known and unchanging center of gravity.

The only disadvantage to employing the configurations in the second
option, the two gyroscope and the six accelerometer based system, is the
requirement for an independent measurement of the projectile spin rate.
Accurate spin rate knowledge allows decomposition of the pitch and yaw
accelerations and angular rates into perpendicular components prior to
numerical integration. Three concepts for providing accurate projectile spin rate
have been presented in the body of this report.

5.2 Sensor Technical Data

There is no question that the required components can be obtained.
The performance requirements for the inertial components are described in
Monthly Report 5. *** go into report 5 and pull them out and present here ***
The issue is being able to obtain components that can withstand the required
launch environment (up to 13000 g's set-back in a 155mm projectile), and then
function at the required performance levels. In the case of the accelerometers,
they must maintain their linearity and be matched after the initial launch shock
loading. In the case of longitudinally oriented accelerometers, this shock will be
along the sensitive axis of the accelerometer.
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6.0 Recommendations

The objective of the research was to develop telemetry configurations for
determining yaw. This is certainly beyond the capabilities of the qualitative
stability answer given by one radially oriented accelerometer. The individual
nutation and precession yaw arms must be determined in order to give a
quantitative answer on the magnitude of the in-flight yaw of the projectile.

For two mode epicycle motion -- nutation and precession -- yaw arms
may be readily determined from the use of two axially oriented accelerometers
or one gyroscope, coupled with two radially oriented accelerometers. Basic
projectile stability and aerodynamics will be determinable from this configuration
and data reduction. This technique should be tested and refined to see its
performance with respect to real sensor capabilities and more compllcated
epicycle motions, which include more than two modes.

For the most complex projectile motions, involving projectiles with
changing inertial parameters, complete reconstruction of the pitch and yaw
histories should be performed using either accelerometer, gyroscope, or hybrid
configurations, coupled with an independent measurement of the inertial spin, in
order to decompose radial outputs into orthogonal rates for simultaneous
integration. The resulting reconstructed motion will allow detailed analysis -of
the projectile stability and aerodynamic and inertial parameters, regardless of
the complexity of the motion.
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