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Estimation of Postlaunch Angular Motion
for Kinetic Energy Projectiles

William C. Pickel*
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Nomenclature

body frame inertial accelerations at the
accelerometers, i =1, 2

A/D accelerometer output signals and their
estimates, i =1, 2

accelerations sensed by the accelerometers,
i=1,2

nominal accelerometer signal model,
i=1,2

nominal accelerations expected at the
accelerometers, i =1, 2

inertial to body transformation matrix
accelerometer biases and their

estimates, i =1, 2

inertial to despun body

transformation matrix

drag, normal force, pitch damping force,
spin moment, and spin damping
aerodynamic coefficients

projectile diameter

nominal distance of the accelerometers
behind the projectile center of gravity,
i=1,2

vectors from the projectile center

of gravity to the two accelerometer
locations on the projectile

vectors from the projectile center

of gravity to the normal force and pitch
damping force centers of pressure

gravity force plus aerodynamic drag,
normal, and pitch damping forces

gravity acceleration magnitude

Kalman filter linear error observation
coefficients

projectile roll and pitch inertias

roll moment and damping coefficients and
the estimate of the roll damping coefficient
body angle and angular rate aerodynamic
coefficients and their estimates
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Aerodynamic jump is a contributor to projectile launch dispersion errors. To reduce aerodynamic jump with
an active control device, a method of estimating the aerodynamic jump is needed to identify the active control that
is required. A method is developed for estimating the angular motion of a kinetic energy projectile immediately
following launch. The sensors required are two body-fixed accelerometers nominally mounted on the projectile
longitudinal axis, the nominal sensing axes of which are orthogonal to the longitudinal axis and orthogonal to each
other. This estimation method permits the use of a body-fixed control device to reduce aerodynamic jump.

navigation model precession

and nutation rates

projectile mass

accelerometer measurement noise, i =1, 2
accelerometer signal digitization noise,
i=1,2

simulation roll rate estimate

error model propagation plant noise for roll
moment, oscillation amplitude, precession
angle and nutation rate, respectively
projectile model roll transformation matrix
projectile aerodynamic reference area
accelerometer measurement scale factor
errors, i =1,2

accelerometer sensing direction unit
vectors, i =1, 2

projectile relative speed in the despun
body frame

projectile velocity vector in the despun
body frame, [v;, vs, v3]7

wind velocity vector in the despun body
frame, [w;, wy, w3]"

projectile inertial position vector

vertical and horizontal angle of attack
components

navigator equivalent estimates and
estimation errors for the vertical and
horizontal angle of attack components
Kalman filter propagation time step
accelerometer error measurements, i =1, 2
deviation of the accelerometer difference
observations from a linear combination

of the Kalman filter error states, i =1, 2
Kalman filter error model variables

for roll, roll rate, roll moment oscillation
amplitude, precession angle, nutation angle,
nutation rate, and two accelerometer biases,
respectively

navigator model of the perceived projectile
angle of attack components

navigator estimates of the perceived
projectile angle of attack components

unit vectors in the nominal orthogonal
accelerometer sensing directions, i =1, 2
air density

navigator model of the projectile
pitch—yaw oscillation magnitude decay
time constant

navigator model of the projectile
pitch—yaw oscillation magnitude nutation
angle and precession angle
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¢ = projectile roll angle

Dai = nominal roll angles of the sensing axes
of the two accelerometers, i =1, 2

®o, 0, Vo = initial projectile roll and pitch and heading
Euler angles, respectively

0, ¢ = navigator model of the projectile roll angle
and its estimate

wp=[p,q,rl" = angular rate vector of the body coordinate
frame relative to the inertial coordinate
frame

we =0, w,, w3]7 = angular rate vector of the despun body

coordinate frame relative to the inertial
coordinate frame

wr=[p,0,0]" = angular rate vector of the body coordinate
frame relative to the despun body
coordinate frame

Introduction

ISPERSION reduction methods for projectiles and rockets that

employ only onboard sensors have been examined recently. Ki-
netic energy projectile aerodynamic jump cancellation, the cancella-
tion of lateral center of gravity motion resulting from pitch and yaw
angular rates at launch, was demonstrated by using a timed rocket
motor ignition in Ref. 1. Unfortunately, the effect of a rocket mo-
tor misalignment on performance was not examined. Lateral pulse
jets or thrusters were used for active damping for rockets.? In addi-
tion, lateral thrusters have been used for dispersion control of rock-
ets by controlling the trajectory to follow a prescribed trajectory’
and by controlling the trajectory to a prescribed impact point.* The
last three methods for dispersion control assumed that the required
rocket states were available with no errors.

Whereas a transfer alignment and an inertial measurement unit
can be used to provide accurate navigation on a rocket, it is virtually
impossible on a projectile undergoing huge launch accelerations. A
methodology for improving such navigation performance by esti-
mating sensor biases on projectiles with inertial measurement units
is presented in Ref. 5, but the effect of launch accelerations on the
integration of the inertial measurement unit outputs could not be
identified.

If the pitch motion of the projectile can be estimated with the
aid of inertial sensors after launch, lateral thrusters can be used to
reduce the aerodynamic jump by damping the pitching motion, as
was done for rockets in Ref. 2. With both the sensor and the control
devices fixed to the body of the projectile, estimation of the pitching
motion is only required relative to a nonrolling coordinate frame.
Knowledge of the orientation of the gravity vector in this coordi-
nate frame is not required because only deviations of the projectile
from its trajectory without aerodynamic jump are observable. This
requires the observability of the roll rate and either the pitch and yaw
motion of the projectile or the lateral acceleration of the projectile
resulting from the pitch and yaw motion.

Fin-stabilized kinetic energy projectiles usually have small Mag-
nus forces and moments® because the body surface is small. For
these types of projectiles, the pitching motion looks like oscilla-
tions on a slowly rotating line segment. When a priori knowledge
of the characteristics of the body motion based on its aerodynamic
properties is used, the pitch and yaw motion of a projectile can be
estimated using two accelerometers. If the projectile has negligible
Magnus, the roll rate can also be accurately estimated using only the
two accelerometers. A methodology for this body motion estimation
is described for such projectiles.

Model of the Projectile Dynamics

The trajectory motion of the projectile is modeled by a rigid-body,
longitudinal-axis symmetric, six-degree-of-freedom simulation.”*
Three coordinate frames are employed in the simulation. The first
coordinate frame is an Earth-fixed frame the origin of which is at
ground level at the projectile location at the end of the muzzle. Its
first axis is horizontal, and its positive direction is nominally down-
range. Its second axis is horizontal, perpendicular to the first axis,

and its positive direction points to the right when looking down-
range. Its third axis is vertical, perpendicular to the other two axes,
with its positive direction pointing down. Coriolis and centripetal
accelerations’ resulting from the motion around the Earth and the
Earth’s rotation are considered negligible, and this coordinate frame
is treated as if it is an inertial frame.

The second coordinate frame has its origin at the center of gravity
of the projectile, and it moves and rotates with the projectile’s motion
and rotation. Its first axis points in the direction of its longitudinal
axis of symmetry. The other two axes are orthogonal to the first axis
and to each other and form a right-handed coordinate system. The
initial relationship between the two coordinate frames is determined
by the Euler angle transformation of a vector from the inertial frame
to the body frame:

CQ()CI/I() C@()SW() —SG()
B = | sOycosdo — socho  sOosPosdo + cPocdo  cOoseo
sOocrocdo + sYospy  sOpsochy — cosdy  cOocey

t=0 (e))

where c¢ and s¢ denote cos¢ and sing for the angle ¢, respectively.
Subsequent coordinate transformations between the two coordinate
frames are defined by the solution of the matrix differential equation

B’ ={w;)B, t>0 2
where
wp=[p.q.r"

is the angular rate column vector,

0 r —q
{wgy=|-r 0 p
g -p O

and the superscript 7' denotes the transpose of a matrix or vector.
Let R be the roll transformation defined by

1 0 0
R=1|0 c¢p s¢ 3)
0 —s¢ co¢

with the roll angle ¢ defined as a function of time by the differential
equation

¢ =p, t=0 4)
with initial condition
¢ = ¢y, t=0

Then, a third right-handed coordinate frame is defined by the matrix
transformation

C=R"B Q)

from inertial vectors to vectors in the third nonrolling coordinate
frame. Initially, the first axis of this coordinate frame is in the di-
rection of the first axis of the body frame, whereas the second axis
is horizontal, and the third axis lies in the vertical plane containing
the first axis.

Let

wr=1[p,0, 01"
we=R"wp —wr =10, 0, w3]" (6)
Then, the derivative of C is given by
C'= —R'{wr)B+ R (ws)B= — (wp)R'B+ {R'w; |R'B

= {wclC, =0 )
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The simulation constructs the roll matrix R using Eq. (3) and
integrates the differential equation (4) by using the fourth-order
Runga—Kutta integrator used in all simulation integrations. The ma-
trix C is constructed, using Eq. (2-40) of Ref. 9, from the integral
of the quaternion differential equation (2-41) in that reference, with
initial values

[=5(60/2) s(Y0/2), 5(60/2) c(¥0/2),
c(60/2) s(0/2), ¢(00/2) c(Yo/2)]"

This quaternion is normalized to a magnitude of one on each inte-
gration step.
The matrix B is constructed by

B = RC, t>0 (3

The inertial location of the projectile’s center of gravity has the
initial position vector x at time ¢ =0 and velocity vector

x =C"y, t=0

The inertial acceleration of the projectile center of gravity satisfies
the differential equation

X' =[fe + C" (fx +fva +fvg)]/m ©)
where f, is the gravity force vector
fe=10,0,mg]"

and fx, fva, and fy, are aerodynamic force vectors. Let
v=Cx"=[vy, vy, Ua]T

let the wind speed in the nonrolling coordinate frame defined by C
be

T
w=[w;, wa, w3]

let

o=

V=[( —w)’+ 0 — w)* + (v3 — w3)’]
and let
tano = (w3 — v3)/(v; — wy), tan B = (wy — v2)/(v; — wy)

where the positive direction of these angles is taken in the opposite
direction relative to the definition of these angles in Ref. 7, p. 114.
Then, approximating the results in Ref. 8, Chapter 2, the component
aerodynamic force vectors are modeled by

fx=—(3)pV?SCx[1.0,01"

e =knal0, B, 1", Srng =kngl0, w3, —wn]"
with
kna=(3)PV?SCra. kng = (5)pV SdCy,

The transformation of the angular acceleration equations of Ref. 7,
p. 144, the assumption of symmetry about the longitudinal axis, and
the aerodynamic equations in Ref. 8, Chapter 2, yield the angular
acceleration in the nonrolling frame

p'=(keo — kpp)/1. (10
where
ko= (3)pV2SdCyy. kp=—(1)pVSd*Cp
and the angular accelerations in the nonrolling frame

W = (1:pl0, —w3, 021" — {dya} fya — {dng}frg) [T (1D)

that are used in the simulation.

Accelerometer Model

The model of the two accelerometers assumes that the accelerom-
eter locations on the projectile are defined by the body coordinate
frame vectors d,,; and d,,, from the projectile center of gravity. The
unit vectors u,; and u,, define the direction of a positive acceleration
measurement for each of the accelerometers. The inertial location
of the accelerometers is given by the inertial vector

Pai =X + BTdai

for i =1, 2. The second derivative of this equation provides the
inertial acceleration of the accelerometers in the inertial coordinate
frame

pli=x"+B"d,;=x"+ B {wp}d, — B" (W},

The transformation of these inertial accelerations to the body frame
provides the inertial acceleration of the accelerometers in the body
coordinate frame

ag =Bx" + {wp)?d,; — {wi i (12)

fori =1, 2. The simulation uses Eq. (12) for the calculation of these
accelerations along with the calculations

wp =Rwe + wp, wh = {wr}Rwe + Rwi + )y (13)

Because the accelerometer cannot observe the force of gravity in the
gravity force field, the acceleration measured by each accelerometer
is the acceleration component in the direction of its sensing axes
less gravity, and it is modified by any scale factor error, bias, and
measurement noise

api = (1 + sq)ul (g — Bf,/m) + by + nai (14)

fori =1, 2. Equation (14) is used to generate the acceleration mea-
surements in the simulation. In the simulation, the accelerometer
measurements in Eq. (14) are passed through a 12-bit A/D con-
verter, producing the digitized accelerometer measurements

Agi = Apmi + Ng; (15)

Nominal Accelerometer Placement and Orientation

To provide the best observability of the body motion, the ac-
celerometers are nominally placed on the longitudinal axis of the
projectile at distances d,;, i =1, 2, from the center of gravity. For
this placement, the accelerations sensed by the accelerometers can
be expressed as

/ / T
@, =R(fx +fra +fvg)/m +R[—1* — ¢*. oy, —a}] du

by using Eqgs. (6), (9), (12), and (13). The nominal accelerometer
alignment vectors are perpendicular to the longitudinal axis and
perpendicular to each other. Therefore, they can be expressed as

Wi = [O, Cos d’ai’ sin ¢ai]T
with
¢a2 = ¢al + 71’/2

Consequently, the accelerations nominally observed by the ac-
celerometers can be expressed as

ay = MaT,-am' = co8(¢ + Poi) (knaB + kngws + dyi )
+ sin(@ + Pui) koot — kygwr — dyiw})

Now,

i = c08(¢ + Gui) (kna B + kngB' + dui B") + sin(¢p + ¢ui) (kno
+kngot' + dyiad”) + cos(@ + Gui) kng Vs + dai v3)

+ Sin(d’ + ¢ai>(quV2 + daiyz/)
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where y, and y; are the angular rates of the velocity vector:
n=—w —d, vi=w;—f
Therefore, the accelerometer measurements can be expressed as
agi =c(@ + Gui) kna B + kngB' + duiB’) + s(@ + ¢ui)
X (kna® + kngot' + dgi”) + by + 14 (16)
where r,; includes the effects of noise, scale factor errors, accelerom-

eter misalignment and position errors, and modeling approxima-
tions.

Simplified Angle-of-Attack Motion Model
Let ¢ be any body roll angle. Then, ¢ satisfies

¢'=p (17)
as in Eq. (4). Let

n=cos(¢p —@)B + sin(¢ — p)a
v=—sin(¢ — @) + cos(¢ — p)a
Then, the accelerometer measurement can be expressed as
agi = C((/) + ¢ai)(kNot77 + quﬂ/ + dai T]N) + S(<P + ¢ai)

X (kNotv + qu V/ + dai V//) + bai + Fai (18)
Simulation outputs of angle-of-attack motion over several pitch cy-
cles for this type of projectile show that the body motion of the
projectile is approximately a slowly decaying oscillation along a

line segment that is slowly rotating about the velocity vector. This
allows the body motion model approximation

n=vcosécos¢ (19)
v=vcosésin¢ (20)
where the oscillation magnitude v decays via
v=-v/t 21)
the precession angle ¢ satisfies

¢ =k (22)

&' =ke (23)

Equations (19-23) provide the means for approximating n’, n”, v/,
and v” for use with Eq. (18). Under the assumption that 7, k., and
kg are essentially constant during the estimation processing time
interval, differentiation of Egs. (19) and (20) produces
n' =—vckcl /T — kgvsEcs — ke vcEse (24)
0" =vckct (1/1° =k — k) — 2(kevsécg + kevcksg) /T

+ 2kek;usEse (25)
V' =—vcEss /T — keusEsSE + ke vckce (26)
V' =vcEst (1/1° =k} — k7) + 2(kevsés — kevcgel) [T

—2kek,vséct 27)

Projectile Angular Motion Estimation

Equations (10), (17), and (19-23) provide models for maintaining
estimates of the projectile’s angular motion over time for naviga-
tion. Navigation estimates of ¢, p, v, ¢, and & are required, with n
and v calculated from them. Navigation estimates of ko, kp, T, k¢,
and k¢ can be derived from aerodynamic models and simulation out-
puts. Equation (18), along with Eqs. (24-27), provides a model for
comparing the accelerometer measurement observations of the pro-
jectile’s angular motion with the estimated angular motion. Because
the accelerometer measurements can include significant biases, es-
timates of these biases are also required. Estimation of other param-
eters could be needed, as well. For example, if the accelerometers
cannot be placed sufficiently close to the projectile longitudinal axis,
or the projectile aerodynamic roll axis is not sufficiently aligned with
the projectile longitudinal axis and the accelerometers can not be
placed close to the projectile center of gravity, the accelerometers
will also sense centripetal accelerations that vary in proportion to
the square of the roll rate. In this case, these two centripetal accel-
erations would have to be included in the accelerometer model in
Eq. (18) and their distance from the roll axis estimated. Estimates of
the coefficients ky, and ky, for the measurement model in Eq. (18)
can be derived from aerodynamic models.

Correction for errors in estimates of these body motion model
states and accelerometer biases can be accomplished by using
Kalman filter and extended Kalman filter techniques (see Ref. 10,
Chapter 4, and Ref. 11, Chapters 4-6). An extended Kalman filter
was developed and implemented in the simulation to correct the
navigation state estimates. Discrete equivalents of the propagation
Eqgs. (10) and (17-23) are used. The measurement model in Eq. (18)
is used to correct the estimates of ¢, p, kro, v, £, &, ke, ba1, and b,y.
When S¢(k), 5p(k), Skpo(k), Su(k), 8¢ (k), 85 (k), kg (k), 8ba (k),
and &b, (k) denote errors in the estimates on the kth step, respec-
tively, the error propagation equations used to develop the discrete
propagation of the error covariance matrix are

Sp(k) =8¢k —1) + 8p(k — 1) At

+[8kiok — 1) — kpdp(k — DIAF/2
8p(k) =8p(k — 1) + [8kro(k — 1) — kpdp(k — D]AL
Skpo(k) =Skpotk — 1) + g,k — 1)
Su(k)=e"2""8u(k — 1) + g,k — 1)
s¢ky=38ttk =D +q;(k—1)
88 (k) =08&(k — 1) + 8k: (k — 1) At
Okg (k) =06ks (k — 1) + que (k — 1)
8ba1 (k) =68ba1 (k — 1), 8bar (k) =8bur (k — 1)
where At is the propagation time step, kp is an estimate of kp,
and g, (k — 1), g, (k — 1), g (k — 1) and g4 (k — 1) are uncorrelated
plant noise contributions to the errors resulting from model imper-
fections and approximations.

Estimates of the accelerometer measurements based on Eqgs. (18)
are formed from estimates of the model parameters by

() = ¢(@-() + Gui) o (k) + g Y + dui A

+5[@(k) + bai) hna (k) + knaD(k) + dui D (k)] + b

for i =1, 2, where ¢, knas IGN(,, n, ¥, and b,; are estimates of o,
kna, kng, 1, v, and by, respectively. Error observations are formed
by subtracting a,; (k) from a,; (k), forming

da; (k) = ag; (k) —aq; (k)

The error observations are then linearized with respect to the error
variables for the construction of the Kalman filter corrections. This
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yields an error model having the form

da; (k) = hyi (k)3g (k) + hy (K)Sv (k) + hei (k)¢ (k)

+ hei (k)85 (k) + 8bai (k) + 874 (k)

where hy;(k), hy;(k), hei(k), and hg;(k), the observation coeffi-
cients, are functions of the estimates, and where &r,; (k) is the sum
of r,; plus terms containing higher-order products of the error vari-
ables. The Kalman filter uses second-order filter methods (Ref. 11,
pp- 191, 192) to account for the second-order error contributions
to 8r,; (k). No other correlations for these measurement error noise
terms are assumed in the Kalman filter implementation.

Results

The simulated projectile is a 7.425-kg fin-stabilized projectile
that is 0.7728 m long and has a center of gravity location 0.3864 m
from the nose. The pitch and roll moments of inertia are 0.4071 and
0.0008518 kg - m?, respectively. It exits the barrel at the time t =0
at the vector x =[0, 0, —2]” m with an initial speed of 1700 m/s
pointed in the direction of the body longitudinal axis of symme-
try. The initial Euler angles are ¢, =0 deg, 6y =0.495 deg, and
¢o =0 deg. The roll rate at time r = 0 is p = 0 deg/s, but the angular
rates w, and w3 can be nonzero. An initial nonlinear ramp of the
air density to its nominal value after launch is included to represent
the effect of gun gases on aerodynamics. This ramp was extended to
5 ms from launch to show the convergence of the roll rate estimation.

The simulation has nominal accelerometer locations of 0.7 and
0.72 m behind the nose on the longitudinal axis of symmetry. The
simulated accelerometers have a measurement range between 800
and —800 m/s?. This range is adequate to observe the measured ac-
celerations for a projectile pitch oscillation with as much as a 6-deg
amplitude in the presence of accelerometer bias, scale factor, loca-
tion, sensing direction, and random measurement errors. For each
accelerometer, the simulation randomly selects at initialization a
bias, a scale factor error, a location error, and sensing axis direction
errors from zero mean normal distributions having standard devi-
ations of 80 m/s?, 0.1%, 0.2 mm, and 0.2 deg, respectively. The
standard deviation of the zero mean distribution of the random error
contribution to each measurement is 0.8 m/s?, which is approxi-
mately twice the resolution of the 12-bit A/D converter. A 5-ms
delay in the use of the accelerometer measurements is included to
account for the accelerometer settling time from the large accelera-
tions at launch. A longer settling time for the accelerometers would
merely delay the implementation of the estimation process.

In addition to the estimates ¢, 7, and D, let p be the estimate of
the roll rate p. Then

Sp=p—p
In addition, the effective estimates of o and g are
p = cos(d — 9)i) —sin(¢ — §)D
a = sin(¢ — ¢)i) + cos(¢ — P)V
The error in the estimates of « and 8 are
=8B,

The Kalman filter initial conditions are given in Table 1 with
nondiagonal error covariance matrix entries equal to zero. Because
there are no “true” simulation states for the model parameters v, ¢,
and &, the initial estimation errors in Table 1 are based on estimates
after convergence of the Kalman filter. Also, convergence of the es-
timates of v and ¢ can also converge to —v and ¢ + 7. Moreover,
the direction of the estimate of ¢ will be rotated from the true oscilla-
tion direction by the difference ¢ — ¢ after filter convergence. This
difference initially is 1.047 rad, but changes because of the initial
air density model. This air density model is also the primary reason
for the large initial variance for §p in Table 1. The initial error é¢
is zero because ¢ can be any roll angle. The initial roll rate error is
zero under the assumption that the projectile is not rolling initially.

fa=a—«a

Table 1 Initial errors

Error state First example initial error Initial error variance

1) 0 rad 0.000001 rad?
Sp 0 rad/s 100 rad?/s?
Skro 4 rad/s? 4 rad?/s*
) 0.105 rad 0.0025 rad?
5¢ 0.922 rad 1 rad?
5 0.15 rad 0.04 rad?
Ske —1.7 rad/s 1 rad?/s?
8bai —178. m/s? 6400 m%/s*
Sbar —7 m/s? 6400 m?/s*
400
350
2 300 //
5 250
£ 200 i
£ 150 - e
£ 100 b~
) o P
1 P T ‘
-50

0 0.02 004 006 008 01 012 014 016 0.18
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Fig. 1 First example: roll rate, estimate, and error.
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Fig. 2 First example: horizontal angle-of-attack component, estimate,
and error.

The initial error listed for 8k is the error after the air density has
reached its full magnitude. The Kalman filter estimator error mea-
surement noise variance used for each accelerometer measurement,
not including higher-order error state products, was 9 m?/s*. The
nominal plant noise variances for q,, ¢,, ., and g used in the
Kalman filter were 0.004 rad?/s*, 0.0000025 rad?, 0.000001 rad?,
and 0.001 rad?/s?, respectively.

In the first example, the simulation used launch angular rates of

w, =0rad/s, w3 =10rad/s

at t =0, which produce a peak oscillation of close to 6 deg in the
horizontal direction with little vertical angular motion over the first
three pitch cycles. The roll rate, roll rate estimate, and roll rate esti-
mation error are shown in Fig. 1, where it can be seen that most of the
roll rate estimation error is eliminated by 0.04 s, or approximately
two-thirds of a pitch cycle. The horizontal and vertical components
of angle of attack, their estimates, and their estimation errors are
shown in Figs. 2 and 3. The horizontal estimation error §f stays
below 0.1 deg after approximately 1.5 pitch cycles, and the vertical
estimation error stays below 0.1 deg after the first pitch cycle. Con-
vergence of the two accelerometer bias estimates is shown in Figs. 4
and 5, where it can be seen that it takes approximately one pitch cycle
to separate these constant contributions to the accelerometer mea-
surements from the oscillatory contributions at the spin frequency
and the pitch frequency. Note that the true angle-of-attack motion
shown in Figs. 2 and 3 illustrate the approximate body motion model
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Fig. 3 First example: vertical angle-of-attack component, estimate,
and error.
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Fig. 4 Firstexample: first accelerometer bias, bias estimate, and error.

150
‘s 8ba2
1y
100 1 -\
- | -
2 LN
2 50
TRV
E ooy S~ = =
g | I ba2l " Iy
S .50 14 ' .
S | r
< | \’_/
100 +—p
!5
150 \) ba2

0 002 0.04 006 008 0.1 0.12 0.14 0.16 0.18

Time (sec)

Fig. 5 First example: second accelerometer bias, bias estimate, and
error.

presented in Eqgs. (19-23) and can be used to estimate the parameters
7, k¢, and k.
In a second example, the simulation used launch angular rates of

wy;=—1.414rad/s w3 =—1.414rad/s

att = 0. The magnitude of the peak oscillation is approximately one-
fifth the magnitude of the peak oscillation in the first example. The
peak accelerations sensed by the accelerometer are only slightly
larger in magnitude than the magnitude of the acceleration bias
standard deviations. Yet the estimation performance is similar to
that in the first example as shown in Figs. 6-8. In Fig. 6, the roll
rate, roll rate estimate, and roll rate estimation error are shown. The
roll rate estimation error requires nearly a full pitch cycle to be
effectively eliminated. In Figs. 7 and 8, the horizontal and vertical
components of angle of attack, their estimates, and their estimation
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Fig. 6 Second example: roll rate, estimate, and error.
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Fig. 7 Second example: horizontal angle-of-attack component, esti-
mate, and error.
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Fig. 8 Second example: vertical angle-of-attack component, estimate,
and error.

errors are shown. The horizontal estimation error and the vertical
estimation error both stay below 0.15 deg after 1.5 pitch cycles from
launch.

Estimation accuracy can degrade with smaller initial angular rates
because of lower acceleration amplitudes in the presence of the
simulated accelerometer biases. The last example was rerun with
angular rates having half the magnitude, with

wy =—0.707 rad/s, w3 =—0.707 rad/s

at t = 0. All other initial conditions remained the same. The roll rate
estimation error at the end of the third pitch cycle was approximately
8.6 rad/s. In the third pitch cycle, the peak estimation errors in both
the horizontal and vertical directions were greater than 50% of the
corresponding peak angle oscillations.

To examine the sensitivity to initial conditions, this simulation
was rerun with no accelerometer biases, and it was rerun again with
the accelerometer biases unchanged but with initial angular rates of

w,=0.707 rad/s, w3 =—0.707 rad/s

at  =0. In both cases, performance of the estimation errors was
better than the performance shown in Figs. 7 and 8, but with a
slightly longer time for full convergence of the roll rate estimate
shown in Fig. 6. Thus, estimation accuracy can be degraded for
small launch angular rates in the presence of large accelerometer
biases, depending on the relative values of the initial errors.
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Conclusions

A method has been developed for estimating the angular motion
of a kinetic energy projectile immediately following launch. The
only sensors required are two body-fixed accelerometers nominally
mounted on the projectile longitudinal axis, the nominal sensing
axes of which are orthogonal to the longitudinal axis and orthogo-
nal to each other. This estimation method provides the navigation
capability to implement a guidance scheme with body-fixed control
devices to reduce the aerodynamic jump of the projectile.
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