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1.0 INTRODUCTION

This report describes a study which had as its objective the evaluation
of pursuit and proportional navigation laws for use in closed loop simulations ‘
vo develop/evaluate new techniques for emitter homing [1]. The use of a . ﬁ
pursuit guidance law was a potential candidate since only stationary targets
are considered. For targets which have a significant velocity proportional !
navigztion has long been considered the acceptable approach [2, 3]. There have
. been other guidance laws which have been considered including modern optimum

control schemes [2, 3]. However, these two laws with their variations, adap-

AT DN IATA NS

tations and extensions cover a broad class of useage. In addition, their sim-
plicity (as compared with many "optimal" systems) allow a good understanding

of their structure and operation. Furthermore, many of the modern control laws

can be considered as "augmented" proportional navigation. Finally, proper use
of these laws result in systems which can admit fairly wide variations in para-
meters without serious degradation of performance from the nominal design con-

ditions.

One of the important aspects of this study is that the sensor used as the
control element is likely to be a strapdown type, that is it is fixed to the
body of the vehicle. It is important to note the ramifications that this has
on the mechanization of the control system and, hence, its sensitivity to the
motions of the vehicle, which can be quite large. This is in contrast to many

situations in which the homing sensor is gimbal mounted, isolating it from body

motion.

For this study, a framework has been selected which is relatively simple

A et S i A C M e T A A Ler M 2 e« AN S N IO (v Yo b bk LS

yet includes the essential features of the two control laws. Provision has
B been made to introduce the major physical parameters of a homing flight vehicle

including its inertial and aerodynamic properties as well as a representation

. of the stability augmentation features of the autopilot, i.e., rate gyro and

s
pOPPrICH
R

accelerometer feedback. For the present, the response has been limited to the
: linear regime for the final 10 seconds of flight, in which the velocity and

aerodynamic parameters can be reasonably considered constant (except for the

closing range between the vehicle and target).
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The two types of error models used are described in Section 2.0. The
first is a deterministic model in which a systematic external disturbance or
an internal instrumentation error is introduced and the resulting response of
the system is computed. The second is a stochastic model in which the external
disturbances are characterized by their spectrum levels. The stochastic model
utilizes an adjoint technique [5] in which the sensitivity of the system to

various types of errors are computed.

In 3ection 3.0 numerical results of six types of vehicles are presented.
(Note that the use of type includes the pitch and yaw characteristics of the
vehicle, if they are daifferent.) The tables of error coefficients allow
various combinations of error levels to be studied and an overall miss-

distance in feet to be computed.

Finally, in Section 4.0 some conclusions based on the numerical results

are presented.
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2.0 ERROR MODELS

2.1 Deterministic

The coordinate system with the vehicle is shown in Fig.

analysis small angles are assumed, that is

cos Y= 1
cos 8 ~ 1
cos o = 1
A= —F

V(to—t)

where y = flight path angle
9 = body angle
= angle of attack

A=

line~of-sight (LOS) angle

2.1.

For our

Since we will be considering only the last 10 seconds of flight it is also

reasonable to assume that the velocity is constant.

The equations of motion of the vehicle are

~mvy = L
N =M

where L = aerodynamic 1lift
» = mass (= W/g) (slugs)
= weight (1bs)
= acceleration of gravity (= 32.2 ft/secz)

moment of inertia

=6

O G e =
]

M = aerodynamic moment

The 1ift and moment can be expressed as

=

== Zaa + 266

B
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?'= Mo+ M65 + MQQ
where
z, = Cod S/m
Zs = Csa S/m
M& = Cmaq Se/3
. Mg = G5 SL/J
1 MQ = €t s(2?/2v) /3
3 ' o = angle of attack
é q = 1/20 V?
i § = control surface rotation

p = air density slugs/ft3 (= 0.00238 at sea level)
S = reference area (ft2)

£ = reference length (ft)

CLa = 1ift curve slope (per radian)

CLG = 1lift from control surface deflection (per deg)
Cma = change of mement with angle of attack

Cm6 = change of mement with control surface deflector
CmQ = change of mement due to body rotation

For the small angle assumption
. Z=-VY=-V(O - a)
Using the definition of angle-of-attack as
) o =3

where u is the lateral motion of vehicle in body coordinates.

2 = u-VQ

¢
.
¥
+
&
7
L

Thus
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The equations of motion then become

z = @ -VQ =20+ 2
Q = Mﬁa + MGG + MQQ

The control of the vehicle ic accomplished through the control surface as

§ = 6N+KQQ+kKAZ

where SN is the control surface commanded by the navigation signal and the

remaining two terms represent the autopilot function: K_ is the rate damping

Q

and kKA is acceleration feedback.
For pursuit navigation we have

P
GN = -czxa[x - 8]

where the hat ( ~ ) over the LOS angle in the brackets indicates a filtered

estimate of the angular deviation from the dcsired direction of flight.

For proportional navigation

GN = —Gl KAA

SHEEERERI S

where the control signal is the filtered LOS rate.

The block diagram for the pursuit case is shown in Fig. 2.2 and for the

proportional case in Fig. 2.3. As may be seen there are four error inputs:

1. Wind disturbance, € . The wind disturbance can take the form
of any distribution. For example, for a wide band gaussian fluc-
tuation the filter (bandwidth, w_) will produce a reasonable re-
presentation of the wind gust if the bandwidth is properly selected.
With a wide bandwidth a fairly pure wind shear disturbance can be

5 introduced into the system. For the models shown in Figs. 2.2 and

; 2.3, a wind shear of 1 ft/sec/100 ft will be used to generate the

S basic sensitivity of the system to winds. In terms of the time

history, the wind shear can be expressed as Ew = 0.01 Vt.

R e R R R T ARy 0

2. Gyro error, £.. For the pursuit navigation case the gyro error .
enters only through the feedback path of the autopilot. On the
other hand, for proportional navigation case it enters not only
into the damping feedback, but also into the command loop. The
rate gyro signal is integrated to obtain a measure of the body
attitude, GM, which is subtracted from the LOS measurement from
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the sensor giving:
LosS = (6 - 1) - eM
or

LOS = =)+ EG

where £, is the difference between the actual body position and that

estimated from the rate gyro signal. Thus, in the block diagram,

X, represents the error 6,. For the basic sensitivity analysis the
. error will be computed on the basis of a gyro error of 1°/sec.

3. Sensor error, € . The sensor error can be a noise, drift or bias.
The noise portion of the error will be considered below where the
' stochastic model is described. The deterministic error is assumed
to be a bias of 1° for establishing the basic error sensitivity
for deterministic errors.

4, Accelerometer error, £,. The accelerometer error enters the feed-
back path of the acceleration autopilot loop. For some of the cases
there will be no accelerometer, therefore, k = 0 and there will be
no acceleration error. The noise component wi’.l be considered below
and the steady state level will be a bias of 1 ft/sec2 (about 39
millig's).

The sensor transfer function is assumed to be

1
S+ 1?
S

for the pursuit case and

s
S 2

Gt
S

HS(S) =

for the proportional case, where S is the Laplacian operator.

The equations represented by the block diagram can be cast into a matrix
equation as

X = FX + Ge

where the definitions of the components of this matrix equation are given in

Tables 2.1 and 2.2 for pursuit and proportional cases, respectively.
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TABLE 2.1
SUMMARY OF PURSUIT NAVIGATION EQUATIONS
;c = Fx + Ge
Xgx1 €4xl Cax4
¥ =2 €1 = &y Gy3 = k K,Zs4
x2 =z €, = sS G24 = KQZ(SA
X, = u €. = ¢ Gyy = k K,Zgh
X, = Q €, = &g G34 = KQZGA ..
Xs = Ay Gh3 = k K Mg
x6 = )\2 G44 = I\QM6 -
x7 = 0 GSZ = ws
xg = Uy Ggy =
F&xS
Za
Fo3 =7 B Fyp = KoZehs Fpg = GK 2B, Fog = -Fyq
z
- a - = -
Fy3 =78 Fyp = KZA +V, TFyg = G)K,ZeA, TFyg = -Faq
M, Zk KM
Fag =7 T » Fuy = Mg+ KMghs Fyg = GRMA, Fyg = -Fyq
Fg5 = - wgs Fgg = wg
Fer = Ve, Feo = Wg» Fgy = Wg
F74 =1 .
Fgg = Yy
b=1+zkK, t =t -t t, = flight time
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TABLE 2.2

SUMMARY OF PROPORTIONAL NAVIGATION EQUATIONS

; = Fx + Ge g
*gx1 €4x1 Coxt :
= = = ;.
Xy = 2 :»:2 = E:S 624 = KQZGA :
x3 = 83 = EA G33 =k KAZGA J
X, = Q €, = & G34 = KQZGA
X5 = A Ch3 = k KyMg :
* = % Gy = w§ Gg2 = ~¥s :
Xg = Uw G74 =1 i
g1 = %4 :
&
Fgx8 :
Flo=1 ;
z ;
Fa3 =7 0 Fyy = KoZgbs Fyg = GKZA, Fyo = -Fy, :
Fy5 = Fa3s F3g = Fpp + Vs Fy5 = GKZeA, Fay = -Fyy :
Ma Z(!
Fa3 =T 7k KMg = KM+ M, Fyo= GRMAA
Fu7 = “Fys
- 2
s _ _ 2 2
) Fs1 = V(e -0 ° Fgg = ~Wg» Fgg = gy Fgy = —ug
w _ - _
S Fop = V5o Fgz = Wgs TFgg = -uy

F,, = o
61 Vo(to—t)

t, = flight time A=1+kE,zZ,

11
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The numerical solution of these equations can be expressed as

X = (I + AtFn) X

1 T At G e,

where I is an identify matrix and At is the solution time interval.

2.2 Stochastic

The sensitivity of the miss distance to stochastic inputs is most conven-
iently done using the adjoint technique [5]. Basically, this technique recasts
the block diagram of the basic system into an adjoint form by

1. replacing t by t - t in the arguments of all time varying coef-
ficients where t is the final flight time

2. reversing all signal flow, redefining branch points as sum points

and sum points as branch points, making the original inputs appear
as outputs in the adjoint system.

Before going on to the more complex problem we will consider a simple
system to illustrate the adjoint technique. Figure 2.4 shows a second order
system with its adjoint. The system is excited by a white noise input € having
a spectral density of ¢ unitsZ/Hz. The rms resn~onse to the basic system is

given as:
c ©= IH(w)l

w

o

where H(wW) = 5 > . Carrying out the integration we obtain the
wo -w + ZCwojw

classic result
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s 2=2 :
xl 4C z

5 For the adjoint problem the solution is expressed as 3
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~Cw t

vhere x, == e © sinBt, B = woyl—gz for initial condition of il(o) =1,

1

w|~

xl(o) = 0 (or the impulse response).

Carrying out the integration we get

2 Lw 9 w -2Cw t
Gx = ¢ ~——-2§— sin Bt - —~—2—§ sinBt cosBt( e °
1 2(1-25) 2/1-¢
U)o -2 Cwot N
-9 ZZ'(e - 1) &‘

which is the adjoint time history of the variance of x It is readily seen

1°
that as Zgwot becomes large, we obtain the steady state result. .

O e oo P oo

g€

2_._9
0xl T4 ¢

The usefullness of the adjoint technique becomes apparent for more complex
systems with multiple stochastic inputs. Not only are all the sensitivities
to the inputs determined in one run, bur the stability of the system may also

be observed.

Although the adjoint technique can handle nonlinearities [5], only linear

cases will be considered in the present study.

Using the two rules for obtaining an adjoint block diagram for a specific

system, the pursuit and proportional navigation were obtained as shown in Figs.

2.5 and 2.6. From these block diagrams, the equations for both systems were

obtained in the form

x = Fx

where the x is a 9x1 vector. The FA is the system adjoint matrix with dimen-

sions appropriate to the x vector. The second equation is a vector equation -

for the outputs in terms of the solution vector, x. It is of 4x1 dimension to

account for the four output variances (stochastic inputs for the original sys-
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TABLE 2.3

SUMMARY OF PURSUIT NAVIGATION EQUATIONS
ADJOINT SYSTEM

A =
F88 -

84

83

A
“Fa2>

A
2

K QM 5A

A__A _A_
3 = Fgps Fop =

KQZGA, Fq

15

A=1 +kKAZG
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TABLE 2.4

SUMMARY OF PROPORTIONAL NA.IGATION EQUATIONS
ADJOINT SYSTEM

x=Fx §=352
0
Sl = cwz/q)w S01 = wwx7
Sy = USZ/ % So2 = ‘*’szxs - WgXg
83 = UA2/<I>A So3 = z(SkKAA(x2 + x3) + kKAMGXZ;
S = 0Gz/q’c Sos = X9/
T
e A o e A_ s
15 = TVt 16 - Vt
FA =1
F3§';q’3 , Fy3= Ty F32=%+M6k§[‘ &
Flé‘ = zgK A, FA‘;‘ v+ FA‘; , F4‘2 = KA + ¥
Fyp = 26K,C18, Fyg = Fop, Fag = McKpC18s Fg5 = -ug
Fgs =~ Us> Fgg = g, b = -ug’, P g
Fgp = ‘Fsg’ Fsg = Fsé’ Fgg = ‘F32 , Fsg =y
Fg‘; = ~1/Tg, Fg‘; = KQZGA, FQ? =1, Fg‘; = Fg‘;‘, ng = K M.A
A=1+ kKAz(S
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Fig. 2.6. Adjoint proportional navigation model.
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2
tem). The details of the equations are given in Tables 2.3 and 2.4 for %
pursuit and proportional, respectively. It is noted that a filter has been %

b
added between the gyro noise output and the system. This is to account for ‘%
the reasonable long correlation times that can exist for gyro noise. g%

Solution of these equations is carried out by seeking the impulsive %
condition on miss distance which can be accomplished by giving an initial ,%
condition of é(o) = 1 and propagating the results for the solution time, which %

2

. was taken as 10 seconds for all cases run. As for the basic system described %ﬁ
above, these equations were solved numerically as %

=

x, = (I - At:FA)xn__1 {
_ At 2 2
Sn - sn-l + 2 (So + So )

n n-1

SRR

TG

2

s

¥

with At = 0.01 second and initial condition xz(o) = 1. To obtain variance of

T

W

the miss distance from all four error sources we multiply each output by its
spectral density as

2

o = Sl¢w + S ¢S + 85,9, +5,¢

2 3°A 4°G

where the subscripts are wind, sensor, accelerometer, and gyro,

respectively. 1In the case of the wind spectrum we have

G st et e kb A

where Oy is the rms level of wind gust

:‘T

w, = V/Lw
R L, is the wind correlation length
V is the vehicle velocity.

Thus, an error budget for the system is quite readily obtained.

19
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3.0 NUMERICAL RESULTS

Calculations for both pursuit and proportional navigation laws were carried

out for six representative flight models.

MISSILE - is a boost-glide vehicle with a speed less than Mach 1
in the terminal phase of the flight. Since it is symmetrical,
both pitch and yaw are essentially the same. The charzcteristics
are similar to the Maverick missile.

PROJECTILE - is based or a 155 mm cannon launched projectile which

deploys a set of fins and wings for control. It also has a speed

less than Mach 1 in the terminal phase of flight. As for the mis- -
sile, it also is symmetrical.

TR T

MINI DRONE - is a representative version of a powered mini drone. v
The vehicle considered in this study is a skid-to-turn vehicle

with side force surfaces for enhanced yaw steering capacity. Its

pitch and yaw dynamic characteristics are substantially different

from one another so both pitch and yaw models are considered.

AL DA AT L i

GLIDE BOMB - bears a representative likeness to the GBU-15 plana:
wing glide bomb. It also is a skid-to-turn vehicle but with no
enhancing side force surfaces. The pitch and yaw characteristics
are sufficiently different from one another so that each is con-
sidered as a separate case in the error studies.

AR LIRS S DT

Table 3.1 gives the numerical parameters [6] for the six cases studied.

The yaw vparameters have been modified in sign to allow the equations developed

in Section 2.C to be used. The flight characteristics of each vehicle required

stability augmentation to be adequate for the application. Representative

valuces of feedback gains were selected to represent this stability augmentation
or autopilot function:

g
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%
i
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KQ is a rate gyro which senses the body rate and supplies a signal

to the control surface to oppose body motion and, thus, provides
additional damping.

k is an accelerometer which senses the body acceleration aad provides
a signal to the control surface which is used to null the
difference between commanded acceleration and actual body
acceleration. For the Projectile and Mini Drone, there is
no accelerometer so that the gain is taken to be zero.

KA is the gain which converts the commanded acceleration into a
control surface position
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TABLE 3.1

s

PARAMETERS FOR ERROR ANALT’SIS

JETESS

3 MINI DRONE GLIDE BOMB
1 MISSILE PROJECTILE (PITCH) (YAW) (PITCH)  (YAW)
4
g,
: s (FT%) 0.786 0.196  18.18 18.18 16.6 16.6
> W (LBS) 398 135 135 135 3000 3000
3 J (SLUG FT°) 53,5 6.13 25.5 32.4 646.2 716.6
: V (FT/SEC) 700 800 200 200 600 600-
. L (FT) 1 0.5 1.65 1.65 1.54 11.33
L (FT) 900 900 900 900 900 900
¢,  (/RaD) -14.32 -20.05  -5.5 -1.5 -5.73 -1.66
3 (/DEG) -0.066 -0.130  -0.0066  -0.0044  -0.008  -0.015
Gy, (/RAD) -6.99 -19.19  -1.72 -0.80 -0 -0
Cys (/DEG) -0.239 -0.390  -0.0223  -0.140 -0.038  -0.006
G (/RAD) -573 -155 -7.0 -10.0 -0 -0
K -1 0 0 0 -1 -1
K, (D/FT/52) 2.2/g 2/g 2/g 2/g 2/g 2/g
Ko, (D/R/S) 0.2%r 0.2%r 0.2%r 0.2%r 0.2%r 0.2%r
K& (D/R/S) 0.3%; 0.3%r  0.2%r 0.2%r 0.3%r  0.5%
Gg“(F/SZ/R/S) 6V 6V 6V
G, (F/S2/R) 5V
wSI(R/ s) 27 27 27 2T 27 2m
Wgy (R/S) 4 41 4t 41 41t 41
w}* (RAD/S) 11.26 16.26 13.38 6.80 4.78 2.63
g - 1,07 1.63 0.807 0.726 0.848 1.507
Gy (F/S2/R/S)  0.443 0.500 0.449 0.213 0.765 0.765
wy" (R/S) 11.55 16.73 13.38 6.80 5.05 3.06
gy - &§%§§;;49 2.36 0.807 0.726 1.167 3.188
Gy, (FT/S2/R) 81, 0.473 0.449 0.213 0.684 0.565
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The dynamic characteristics of the vehicle autopilot were computed and

are also included in Table 3.1. As may be seen, there is a wide variation in
nz.ural frequency from a high of about 16 radians/sec to a low of about 2.6
radians/sec, or a factor of 6. It is to be noted that there are differences
between the dynamic characteristics of the vehicles in the pursuit mode from
those in the yaw mode. The reason for tiis is that for an adequate behavior,
the rate damping had to be greater for pursuit than for proportional, except
for the mini drone. The aerodynamic gain varies from 0.276 to 0.77 at about a

factor of three. The overall kinematic gain of the systems varies with time as
. } Goi X Gi
kinematic to -t

where 1 = 1 is the proportional navigation case

i

2 is the pursuit navigation case
E; = G1/V the navigation gain
Goi = aerodynamic gain

t, = flight time

Although the gains selected are not necessarily optimal, they do provide a

reasonably good system response for no errors or disturbances.

The parameters of Table 3.1 were used in the numerical evaluation of the
equations outlined in the previous section. As a baseline, the six venicles
were run for both proportional and pursuit with no errors or disturbances.
Figures 3.1, 3.2, and 3.3 are typical responses of the cross range distance
(miss distance) and lateral acceleration for the Missile, Mini Drone-pitch,
and Glide Bomb-yaw, respectively. The initial condition in all cases was a
10 ft/sec cross range velocity, z(o), or an angular miss alignment of 2(o)/V
for the vehicle. Except for the pursuit case of Glide Romb-yaw, miss distances
were small (as typified by the Missile and Mini Drone). Because of the poor
Glide Eomb-yaw response characteristics, it is not too surprising that diffi-
culties existed in this final 10 second flight period. It is further to be
noted that the peak acceleration levels of the pursuit cases were constantly

higher than for the proportional cases.
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Table 3.2 gives a complete summary of the error sensitivities of the six
vehicle types for both proportional and pursuit navigation. The two sections
of the table are the basic error sensitivities for deterministic and stochastic
inputs as discussed in the previous section. For the deterministic cases, the
numbers represent the miss distance in feet due to a specific level of input as
follows

SENSOR ~ 1° (BIAS)

WINDSHEAR

1 ft/sec/100 ft.

ACCELEROMETER i ft/sec2 (RIAS)

GYRO

1°/sec (BIAS)

For the stochastic cases, the values in the table represent the variance divided

by the spectrum level as noted in the previous section.

In looking at the error sensitivities, certain patterns emerge for the two
control laws. If we leave out the Glide Bomb-yaw case as being atypical, we
notice that both accelerometer and gyro errors are relatively low contributers
for both pursuit and proportional for deterministic inputs. On the other hand,
the wind shear and sensor inputs are substantial contributers for pursuit and
very small contributers for proportional. When we look at the stochastic in-
puts, we see that the major contributers for proportional are the sensor and
the gyro. The reason for the large gyro contribution is due to the fact that
the gyro is used to separate out the body position from the line-of-sight. The
wind and accelerometer contributions are relatively small, For pursuit, the
sensor is a moderate contributer while the wind gustiness is the major contri-

buter.

. Figure 3.4 illustrates some typical adjoint responses for the gyro noise
error and proportional navigation. The data have been normalized with respect
to the maximum values given in Table 3.2 (for example, 159 ftZ/Spectrum level
for the missile). This figure provides a graphic illustration of the sluggish-
ness of the Glide Bomb (particularly yaw) compared with the other vehicles.

It is further noted that the values for gyro noise given in Table 3.2 as-

sume wide band input. These values are markedly reduced as the correlation
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time increases. The relationship shown in Figure 3.5 can be expressed as

2
S 2 o./®
OG B ( G G)o
. = 7

1+ TG

2
o

where (69) is the value for the gyro noise in Table 3.2.
G

o

2
oG
(%;—) is the correlated value

T is the correlation time of the gyro noise

(]

This expression can be used for all of the vehicles as a reasonable approxima-

tion. The spectrum level for the gyro noise is given as

To obtain a measure of overall performance, it is necessary to select some
reasonable values of errors/disturbances. For the sensor, we have assumed a
bias of 1 degree and noise level of 0.08 degZ/Hz. For a bandwidth of 10 Hz this
implies an rms value of about 1.6°. The wind shear was taker as C.5 ft/sec/100
ft. which implies a variation of 150 ft/sec from sea level to 30,000 ft. altitude

(for the pitch plane). The gust intensity was chosen to be 10 ft/sec (rms), with
the spectrum level being

2 1 (10)2 200L
_ W W

Qw N v = v

where Lw is the correlation length assumed to be 900 ft. and V is the vehicle
velocity. [7] suggests that an autopilot grade accelerometer will have a bias

of 10 millig's (or 0.32 ft/secz). For our analysis, we will assume a pessimistic
value of 1 ft/sec2 bias. [8] suggests that autopilot grade accelerometers are

an order of magnitude lower in accuracy than inertial grade, and that a noise spec-

trum level of 1 millig (or 0.024 (ft/secz)zl Hz) will be reasonabley conservative.
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[8] suggests that the drift or biss of an autopilot grade gyro will be two or-
ders of magnitude worse than an inertial grade unit. Considering a 10-15 deg/h
inertial grade gyro implies a bias level of about 0.35 deg/h for an autopilot
grade gyro, which is in agreement with the range of autopilot grade gyros sug-
gested by {7].

Finally, a chart in [7] suggests that for an inertial gyro an rms of 0.1°/h
with a correlation time of 15 min. would be a reasonable noise level. Using a
factor of 100 on each of these, we obtain a spectrum level of

2
G = 2<§%%6 ) (10) = 1.5 x 10-4 (deg/sec)z/Hz

With a correlation time of 10 seconds, the reduction factor for the gyro noise
sensitivity in Table 3.2 will be 10—2. These levels make the gyro noise contri-

bution negligible.

The error budget using these values is summarized in the two sections of
Table 3.3 for proportional and pursuit, respectively. The values for the indi-
vidual components of the error budget are the 10 miss distances in feet and the
RSS error for each of the vehicles for each law is shown at the right hand side
of the table. It can be seen that the RSS errors for proportional are consistent~-
ly lower than for pursuit by a substantial measure. For proportional, the major
contributor is the sensor, while for pursuit, the major contributers are the sen-

sor bias, wind shear, and gust.

Although Table 3.3 does not seem to indicate so, gyro bias can be a sub-
stantial contributor to miss distance. The reason for this is demonstrated in
Figure 3.6, which is a plot of cross range distance and lateral acceleration for
the missile with a bias of 1°/sec in the gyro. The rather lerge excursions and
acceleration introduced by this error stand out in comparison to the zero error
case, The accelerations caused by gyro bias will produce a substantial increase
in drag which will, in turn, reduce the speed of an unpowered vehicle. The re-
duced speed will reduce both range and maneuver capability, thereby increasing

the potential to miss the target.
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In order to obtain a measure of the sensitivity to the gain level, a sec-
ond case was run in which the overall navigation gain was reduced by 25%. The
results of this calculation are shown in Table 3.4. As for Table 3.2, the two
sections give the basic sensitivities for pursuit and proportional, respectively.
In Table 3.5, the two sections give the error budget to the specified input
values as before. Comparing the zero error case for the two gain levels, it
may be seen that the only substantial change was for the GBU-yaw case for pro-

portional, in which the miss distance was somewhat increased.

Looking at the individual error semnsitivities, we see that for the propor-
tional case that error sensitivities for sensor and gyro noise were substan-
tially decreased, while the sensitivity for gyro bias was noticeably increased.
The acceleration noise sensitivity was also somewhat increased, but it was
quite low in any event, For the pursuit law, there was a slight degradation
for all contributors. The total effect was a slight decrease in the RSS error
for the proportional case and a slight increase in the error for pursuit case.
Thus, we may conclude that both laws can perform adequately for substantial

changes in gain from the nominal.
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4.0 CONCLUSIONS

The following observations can be made from the numerical results of this

study:

1. The peak accelerations are generally higher for the pursuit :
law. This means that the potential for saturation of the -
maneuver capzbility of vehicle is more likely. In addition,

a greater velocity loss can be expected from the pusuit law.

2, The largest error contributors for pursuit navigation are sen-
. sor bias, wind shear, and wind gust. On the other hand, the
proportional law is relatively insensitive to wind effects.

3. The largest error contributors for the proportional law are
sensor noise and gyro bias. The contribution of gyro bias
arises from the need to subtract body rate from the strap-
down sensor measurement. The larger sensitivity of the pro-
portional law to sensor noise is basically due to the fact
that noise is differentiated. On the other hand, for this
same reason, the pursuit law is relatively insensitive to
sensor and gyro noise.

4, The Mini Drone vehicle with proportional guidance produced
the best performance with respect to miss distance in this
study. 1In this case, even sensor and gyro contributions
were small. The basic reason for this is that the Mini Drone
vehicle is highly maneuverable. On the other hand, its slow
speed may make it undesirable for some applicationms.

5. A reduction in the gains of both proportional and pursuit
laws resulted in some degradation of the response. For
proportional law, the gain reduction reduced the semnsitivity
to gyro and sensor noise, but increased the sensitivity to
gyro bias.

These obser- ons support the following conclusions:

- F.-~ accurate results in closed loop simulations of systems
- with proportional navigation, the simulations should include
the effects of gyro and sensor noise. For simulations in-
volving pursuit law, accurate simulations should include the
- effects of the wind (both shear and gust) as well as any bias
in the sensor,
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- The numerical results and the above associated observations
support the conclusion that a proportinnal based law is
generally more effective than a pursuit based law.

- In the implementation of a strapdown sensor for proportional
navigation a gyro of less noise and drift than the usual auto-
pilot sensors may be needed.

Closed loop simulations [6] of these vehicles with a more accurate repre-
sentation of the aerodynamic parameters as well as saturation limitations tend
to support the conclusions with respect to the superiority of the proportional
navigation law. It was found in this study that the use of a "noise adaptive"
gain in conjunction with the proportional navigation law greatly improved the
performance of the systems. The noise adaptive gain mechanization was ex-

pressed as

G

G =
A v

1+ Vo
i=N . ® 2

where V = % (A, = A)

. i
1=N-n0

N = current time interval

n, = no of samples in window
A, = ith value of LOS rate
2 1=N
i = i z A average value of the LOS rate ip window
i no i
i=N-n
o

Vo = reference variance
GA = poise adjusted gain

G = nominal gain

For periods of very high noise levels, this law was quite effective in reducing
the loss in energy produced by noise induced maneuver drag. Since the present
studies show that a reduction in gain reduces the sensor noise contribution to

miss distanee, this should alsc provide some insulation against degradation
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caused by sensor noise. Care must be taken, however, that a proper balance is

struck since a reduction in gain also produces an increase in contribution of
gyro drift.

Since the noise adaptive gain is relatively easy to implement in a system,

development of methods for optimizing its parameters Vo and n would be a good
direction in which to proceed.
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