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ABSTRACT

This thesis examines the design of the guidance, steering, control, and
attitude measurement systems for the third stage of a space vehicle in
exoatmospheric powered flight., The guidance methods used in this study
include position offset guidance and energy management (fuel depletion)
guidance, develeopad-hy The Charles-Stark—Draper-baboratoryd~ A general-
ized flight control system design method is developed which allows the
autopilot filter gains and coefficients to be readily determined for
any desired crossover frequency. Several steering modes for velocity-
to-be-gained and fuel depletion guidance are then discussed. The effect
of terminal steering on the end-of-burn stability and velocity-~to-be-
gained residuals is discussed for abrupt thrust termination and thrust
tailoff conditions. An empirical approach to the determination of
sensitivities to thrust direction errors for fuel depletion and simul-
taneous control of reentry angle and time-on~target guidance is discus-
sed and compared to analytical predictions. Finally, an attitude meas-
urement study is presented which compares several methods of processing

the IMU attitude measurements with regard to reducing computational
requirements and minimizing worst-case error.
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SUMMARY

In the design of space vehicle flight control systems for highly
constrained guidance methods, the system elements must be carefully
analyzed in terms of the required vehicle response to guidance commands.
These guidance commands, particularly in the case of highly constrained
methods, may require at the same time a high degree of steering accuracy
and a well-behaved response to large transients.

In the case of fuel depletion steering, for example, if we assume
that the vehicle is initially thrusting along the velocity-to-be-gained
vector, there will be a large instantaneous attitude error (50 degrees
might be a typical value) as the vehicle maneuvers to "waste" excess
fuel. This large input command can result in extremely high turning
rates, which, even neglecting the structural aspects, can severely tax
the capability of the flight control system. This is a particularly
severe problem for flight control systems which are designed to precisely
null the velocity-to-he-gained.

The transient may also cause saturation of the engine actuator,
forcing the actuator into position and rate limits. Also, since the
attitude data is sampled at discrete times and extrapolated over an
interval, the high turning rates can cause significant attitude (and
hence derived rate) errors. The high rotation rates may also cause
significant errors in the sensed acceleration due to the location of
the IMU away from the vehicle center of gravity.

In spite of these problems, the overall goal of the flight control
system is to cause the vehicle to precisely achieve the velocity re-
quired to coast to the impact point at thrust termination. This re~
quirement drives the design to be highly sensitive to small steering
errors which is at odds with the requirement to be well-behaved in the
presence of large transient signals.

12
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In this thesis, these problems are examined in terms of their

i ‘ impact on the design of a flight control system for a Stage III

| : . vehicle. The system design is evolved to minimize residual velocity-
to-be-gained errors and maintain vehicle stability despite the highly
constrained nature of the guidance techniques.
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SECTION 1

SYSTEM DESCRIPTION

1.1 The Vehicle

The vehicle used in this study is the third stage booster and
payload of a ballistic missile. The missile is assumed to be a rigid
body, symmetric about the longitudinal (X) axis. The vehicle is powered
by a solid fuel rocket engine with constant thrust (unless otherwise
specified) and the vehicle mass, moments of inertia, and center of gravity
are assumed to vary linearly with time. The vehicle is assumed to be
operating outside the atmosphere. The vehicle parameters are illustrated
in Figure 1 and listed in Table 1.

BODY COORDINATE FRAME
AND VEHICLE PARAMETERS
AND SIGN CONVENTION

Figure 1. The vehicle model.
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Control of the vehicle is accomplished by deflecting the rocket
nozzle in pitch and yaw. The pitch and yaw autopilot channels are
identical. Motion about the roll axis is assumed constrained to zero.
It is further assumed that there are no inertial coupling effects.

The derivations of the vehicle, actuator, and steering loop
transfer functions are given in Appendix A. Although the digital auto-
pilot operates by sampling inputs and performing calculations at dis-
crete intervals of time, we will assume the autopilot-actuator-vehicle
combination to be approximately continuous, since the sampling frequency

of the autopilot is high (33.33 cycles/sec) relative to the expected
crossover frequency (<8 rad/sec).

The open-loop transfer function for the actuator and vehicle from
Appendix A is given below. "Tail-Wags-Dog" and IMU location effects
have been analyzed and will be neglected. A second-order actuator model

will be used. System lags, such as sampling delays (T/2) and computation-
al lags, are combined into the delay term

2

K K -T s
Gy t8) = 3% 8 e °}
OL {:2‘}{32 + Ko + Ksz}g

Vehicle Actuator Lags

with
Kv = Vehicle DC gain = Tzcg/I
K = Actuator w
s n
To = I delay terms (sampling and computational)

The frequency response of the uncompensated vehicle and actuator is
given in Section 2.5, along with the response curves for several auto-
pilot filter configurations and steering loop designs.

1.2 Guidance and Flight Control sSystems

The guidance and flight control systems are diagrammed in
Figure 2. The guidance system receives accelerometer-sensed velocity
increments from the IMU, which is the Advanced Inertial Reference
System (AIRS) developed by CSDL. This information is used with other

inputs to compute predicted orbital parameters at the guidance cycle
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Figure 2, System block diagram.
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rate, in particular, the required velocity and the reentry angle. ] .
The required velocity, vreq' is the velocity needed to coast from the
current position to the desired impact point. The velocity~to-be-gained,
Vé, is defined as the vector difference between the required velocity
and the current vehicle velocity

Vg = Vreq -V )

The reentry angle is the predicted flight path angle at 300,000 feet and
may be controlled by selecting the appropriate guidance mode (see
Section 3).

The guidance parameters are computed by specifying the present
and final position vectors, ¥, and Fz, and the desired time of flight
and solving the "Lambert Problem.” The inertial reference frame and
the nominal trajectory used in this study are illustrated in Figure 3.

-———

- - -~ =~ -~
Zi P N
‘ STAGE 11l BURNOUT N ¥
e \
INERTIAL COORDINATE FRAME POWERED \
AND NOMINAL TRAJECTORY TRAJECTORY COASTING

TRAJECTORY \

STAGE IIi IGNITION \
|
)
|

I

!

/

/
/
//
\ /
/
/
/
Xi
IMPACT POINT
NONROTATING SPHERICAL EARTH
Figure 3. Inertial coordinate frame and nominal trajectory.
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The flight control system consists of the digital autopilot,
steering loop and engine actuator. Steering is accomplished at the
steering cycle rate by computing a desired thrust vector in platform
coordinates, USF, and by taking the vector cross-product between the
incremental sensed velocity vector, AV, and USF. This steering method,
popularly known as cross-product steering, results in an inertially-
referred steering vector, ALPHASTEER, where

ALPHASTEER = AV x USF (2)

For simple cross-product steering (no integral term in the feedback)
the rate command vector in the body axis, Gc, is obtained by the
expression

— *

w = PBD(

c ALPHAETEER] (3)

steer

*
where PB is the platform-to-body transformation matrix and Ksteer is
the steering gain.

When integral feedback is added, the body rate command vector is
obtained by the operation

— * — -—
w, = PB[Ksteer ALPHASTEER + K, . ALPHAINT] (4)

where Kint is the integral steering gain and ALPHAINT is computed each
steering cycle from

ALPHKINT(nTS) = ALPHKINT(n-l)Ts + ALPHASTEER T, (5)

where Ts is the sampling time of the steering loop.

The incremental attitude command vector to the autopilot,
THCMDINC, is computed by

THCMDINC = chDAP

where TDAP is the sampling time of the digital autopilot.

19
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The nominal cycle times for the guidance, steering, and autopilot
times are given below in Table 2.

Table 2. Nominal cycle times.

System Element Cycle Time No. of DAP Cycles
Guidance (TG) 1.35 sec 45
Steering (TS) 0.45 sec 15
Autopilot (TDAP) 0.03 sec 1

The autopilot computes an error signal by comparing measured attitude
increments with the commanded attitude increments. The compensation
filter provides gain and phase stabilization to this conditionally

stable system by modifying the open-loop gain and adding phase lead to
meet the design requirements given in Section 2.1. The transfer function
of the compensator is given below

w+w2
D (w) Kw —_— w Domain

+
w W3

%—}—%. the function becomes

With the substitution w

-1
l -Az .
D(z) = Kz [ 2 = 2z Domain
1l - Bzz

where

1l - wz 1 - Wy
A = — B =
2 1+ Woi 2 I+ W,

The autopilot DC gain is continually modified as a function of the
magnitude of the thrust acceleration in order to maintain the open
loop gain at a constant value as described in Section 2.6.
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1.3 The Inertial Measurement Unit

The Inertial Measurement Unit (IMU) used in this study, is the
Advanced Inertial Reference System (AIRS) described in detail in
Section 4. This system provides measured body-angle increments as a
feedback signal to the autopilot loop and accelerometer (assumed ideal)
sensed velocity increments as a feedback signal to the guidance and
steering systems. The attitude feedback approach is to initialize the
attitude errors at the beginning of the burn and then to update the
attitude errors approximately by adding to the attitude error for each
body axis the difference between the commanded body-angle increment
f and the AIRS measured body-angle increment for that axis every auto-

pilot cycle. The advantages of this approach are (1) it requires only
one time-consuming computation of the platform-to-body transformation
matrix from measured band angles for error initialization at the be-
l ) ginning of the burn, and (2) it also minimizes the computation time by 1
| ‘ precisely undating the band-angle-increment-to body-angle-increment
4 matrix only every steering cycle.

feedback body-angle increments determined by multiplying the measured
band angle increments over autopilot cycle by a band-angle-to-body-angle
transformation matrix. This incremental transformation matrix requires
less computation time than computing the platform-to-body transformation

l After initialization, computation time is minimized by using
1

#

&

1

1

i

%

) matrix, and does not have to be updated precisely every autopilot cycle.
4
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SECTION 2

STEERING AND AUTOPILOT ANALYSIS

2.1 Steering and Autopilot Design Parameters

The overall function of the steering and autopilot combination
is to minimize steering errors without exceeding actuator position or
rate limits. The steering errors are generally reflected by velocity-
to-be-gained errors at thrust termination. Another requirement is that
the vehicle response be stable throughout the burn and particularly
near the end, when the steering methods used in this study are inherently
unstable. As we shall see, the steering mode must be switched to a
"terminal" mode near the end of the burn, and it may also be advantageous
to vary the autopilot parameters at this time.

In terms of specific autopilot design goals, we shall specify
the phase margin, gain margin, and peak closed-loop gain. In addition
we shall also specify residual Vg "goals". These design paramters are
given in Table 3 below.

Table 3. Design parameters.

Parameter Design Value
Open-Loop Gain Margin 6 dB
Open-Loop Phase Margin 30 degrees
Peak Closed-Loop Gain 6 dB
Residual Velocity to be Gained <10 fps

2.2 Steering Modes

The vehicle may be operated in either of two distinct steering
modes; V_ (velocity-to-be-gained) steering, or fuel depletion steering.
In Vg steering, the vehicle thrust vector is pointed in the direction
of the velocity-to-be-gained vector, which is computed by the guidance

22

™ Jtialhet. alhalki it PRI TR W . T




FO

RS ol i c ool e At ot ety

v el

C s -

computer as the difference between the required velocity, v¥eq' and the

present velocity, V. 1In vector notation, this is again

v =V -V (1)
9 req (Repeated)

The required velocity at a given point on the trajectory is calculated
by solving the Lambert problem, given the present and desired final
radius vectors, and the desired time of flight. The vehicle radius
vector is offset to account for the nonimpulsive nature of the thrust.
This guidance scheme is discussed in detail in Section 3. Vg steering
assumes that the vehicle has thrust cut-off capability or that the
thrust may be modulated so that the AV capability of the vehicle is
exactly equal to the magnitude of the velocity-to-be-gained. 1In vg
steering, then, the vehicle is steered such that the thrust vector is
pointed along the velocity-to-be-gained vector and the engine is shut 1
off when the magnitude of the velocity-to-be-gained goes to zero. Since
all three components of the Vé vector do not normally go to zero at
exactly the same time, the engine is usually shut down when the
component of Vé along the vehicle x-axis goes to zero.

If the vehicle has a AV capability which is greater than the
magnitude of the velocity-to-be-gained for a given burn, and the engine
cannot be shut off, then fuel depletion steering must be used. 1In
this steering mode, the thrust vector is rotated at an angle to the Vé
vector to "waste" the excess fuel. As the magnitude of the AV capability
is reduced, the angle between the thrust vector and the velocity-to-be-
gained vector goes to zero in such a way that when the fuel depletion
angle is zero, the remaining AV capability and the velocity-to-be-gained
are also zero. The geometrical relationships of fuel depletion steering
are shown in Figure 4. After the vehicle rotates to the initial fuel
depletion angle, the rate of change of the fuel depletién angle is
almost constant. As shown in Figure 4, the vehicle thrust vector
rotates through an angle 20 during the burn, so this rate is approx-

imately Ze/TBURN‘

When fuel depletion steering is initiated, a plane containing the
radius vector r, the V_ vector, and the normal to the Vé vector, the
unit vector B, is defined in velocity space. The fuel depletion angle
0 is computed from Equation (7) which is derived in Appendix 4

. v
sin 6 _ g (7)
8 v
cap
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Figure 4. Geometry of the fuel depletion arc.

This relationship is obtained from the geometry of the arc of a circle
where 26 is the interior angle subtended by a chord line, represented
by vg, and the arc length is equal to the magnitude of the AV capability.

The desired thrust vector, USF, is computed from 6, Vé, and B
using the equation-

USF = cos 8 Unit (V) + sin o (B) (8)

The USF vector is always tangent to the circular arc and forms the R
angle 6 with the Vé vector. :

The computation of the fuel depletion angle 6 may be simplified

by expanding (sin 6)/6 in a power series and neglecting terms of order
64. This gives the simpler expression given in Equation (9)

~

6 = VBT - V /N, (9)

A comparison of the resulting 6 using this method and the exact

method and the sensitivity of the fuel depletion angle to small V ‘3

cap
changes are given in Table 4. Note that the angle computed by Equation

(9) is always less than the exact method.
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Table 4. Sensitivity of the fuel depletion angle 6
to a small change in the ratio of Vg/v

i cap’
i
: 6 (deg) 6 (deg)
Vg/vcap exact A6 (deg) % Change simplified
+23% 0.816 61.99 -2.82 -4.35 -
: Nominal = 0.800 64.81 - - 62.76
i -2% 0.784 67.54 2.73 4.21 -
+2% 0.918 40.70 -4.37 -9.70 -
! . Nominal { 0.900 45.07 - - 44.38
. -2% 0.882 49.10 4.03 8.94 -
: , ‘ +2% 0.969 24.83 -6.79 -21.47 -
. Nominal % 0.950 31.62 - - 31.38
| i -2% 0.9310 37.26 5.64 17.84 -
} ‘ +2% 0.997 2.81 -17.10 -85.89 -
?1 Nominal 0.980 19.91 - - 19.85
% -2% 0.960 28.10 8.19 41.14 -
4
i

f* 2.3 Steering Stability Analysis

The stability characteristics of the steering modes presented in
this study are conveniently analysed in terms of the frequency response

characteristics of the pitch (or yaw) autopilot channel and steering
loops. As previously stated, we assume that the roll orientation is
M; constant, and translational motion occurs in the pitch {(or yaw) plane.

The single plane analytical model to be used in this analysis is
presented in Figure 5. This model represents the steering effects in
terms of two sampled-data transfer functions Fl*(s) and Fz*(s) which
b are based on: the steering sample period Ts. The key definitions,

] assumptions, and approximations of this model are:

(1) The autopilot and steering systems are approximated by
linear perturbation equations where the vehicle rotation,
6, the engine deflection §, and the inertial rotation of
the thrust vector, Av, have zero steady-state values. The
steady-state position of the vehicle center of mass is
assumed to be on the vehicle x-axis, and the steady-state
{ directions of the commanded and actual thrust vectors are
r assumed to be along the steady-state inertial orientation
of the vehicle x-axis.
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AUTOPILOT LOOP APPROXIMATE CONTINUOUS MODEL

O.ls) E(s) 5(s) ots)
COMPENSATION Ms)
- z FILTER a1 ACTUATOR VEHICLE 2

1
welsh 0
S
3 s
2 A
] T,
2
2
) # -T‘l
\

‘ OFF

Ats}

1= o'Ti'

Ayls)

s

7 = 1 Vg STEERING

7&‘ Klm Ts =
ON -T,

INTEGRAL STEERING

1-¢ s 7 = 4 FUEL DEPL. STEERING

STEERO2

-L
TD°

XUSF (s)

Figure 5. Autopilot and steering loop analytical model.

(2)

(3)

(e U

Since the autopilot sampling period TDAP is much shorter
than the steering period Ts, it is possible to treat the

autopilot as continuous and to combine the autopilot func- )

tion e(s)/ec(s) with other factors to obtain

_ 1 {8(s)\[A(s)
Fi(s) = ?(ec(s))(e(s))

It can be shown that the sampled function Fl*(s) which is
expressed as

Fl*(s) = @‘i- E Fl(s + jnws)

ns-o

can be approximated by the n=0 term

F *(s) = %;FI(S)

26
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(4)

(5)

(6)

(7)

and so

(1

1 1 6(s)\/A(s)
e ()G EE)(E)
1 Tg s3 B, (s)J\6(s)
This approximation can be justified on the basis that the
1/s3 term in F,(s) causes the In|>0 terms in F,*(juw) to
be small compared to the n=0 term in the frequency range
less than half the steering sampling frequency.

Starting with the approximation that Fl*(S) = 1/'1‘s Fl(s)
and noting that the resulting steering loop transfer function

is given by

_ 1 \/1\/6(s) \/A(s)
F*(s) Fy*(s) = (TZ)(?)(_T_" s))(——e(s)) F,* (3)

[+]

it can be reasoned that the effect of this transfer function
can be equivalently represented by treating the steering as
merely an addition to the unity-gain attitude feedback of
the autopilot. This yields a modified “total" open-loop
function of the autopilot which is expressed as

Jew ], rryiyrs
Gpor(s) = [EF:T] 1 (TS)(S3)(6_(§Y) Fy*(s) (9)

The sampled-data transfer function Fz*(s) is expressed, as
shown in Figure 5, in terms of the sampled integral AV of
the thrust angle X and in terms of the sensed-velocity angle

AAV and commanded thrust angle AUSF'

The sensitivity of the angle AUSF of the comméhded thrust
direction to the sampled angle Av of the integral of the
thrust angle A is approximately expressed as the ratio
y/Tgo, where y=1 for Vg steering and y=4 for fuel depletion
steering, and where Tgo is the time-to-go. The derivation
of these sensitivities is presented in Appendix A4 and

Section 3.3.

An approximate expression for A(s}/6(s) is given in Eq. (A-12)
of Appendix A3. It can be shown that for the vehicle para-

~

meters used in this study that A(s)/6(s) £ 1, and this assump-

tion will be made for the purposes of the following analysis.
217
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We now consider two steering models, STEER61 (shown in Figure 6)
in which the gain of the integral path of the steering law is set to
' zero and STEER82 (shown in Figure 7) which includes the integral path.
In case STEER61, the function Fz*(s) is given by

<

-T_8

-T_8 8
l -~-e
F,*(8) = =K 1-es ______+_l._
2 steer( ) Tg Tgo

Assume for this case that Tgo is sufficiently large such that y/'rgo can
be neglected

then

* = -
F2 (s) Ksteer T

~T_8
Now,\ 1l - e 8 ) can be transformed first to the z-domain-and then to

the w-domain by the substitutions

-T 8 -1
e B = 2
and
z_l - 1 -~w
1 w
Therefore .
_ 4 w 2
Fa*(8) = ~Kgieer T; (1 ¥ w)

w is related to real frequency, w, by the relationship
wT
w = 3 tan(—ﬁi)

C Assume that the steering loop crossover frequency is much smaller than
the half-steering loop sampling frequency. Then for the region of
frequencies of interest

T Tss

~ s _ _8_
woE e 5 o= 3

i
!
;
|
!
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Then, Fz*(s) can be approximated as

g2

steer Ts (1 + Tss)

PR

Fz*(s) ~ =K
The modified total open-loop function then becomes

G - 8(s)f{y , Als) K 1
TOT E(s) 8 (s) “'steer s(1 + TSSS
If we make the further approximations that Tss << 1 and 7(s)
' | then
K s + K
~ 0(s) steer | _ 6(s) steer
Gror [E(ST][I M } = E(s) 8 (0

This simplified steering loop model is used in Section 2.4 to select
the autopilot parameters in the normalized design process. The selec~

tion of the value of Ksteer is dependent on the design of the autopilot

and its desired crossover frequency, since we desire the frequency of
the steering loop to be significantly lower than the autopilot crossover

..

frequency.
A
¢ T
j 4 1-e
p |
e {s)
o - CROSS-PRODUCT STEERING BASED Ay
_ ON AV X VG .
»
£, (s) W -Ts
: A A ce ' §
\ KsTeeR jee— ! = -——————¢
+ $
(s}
Ausk o
Tco

v = 1 FOR VG STEERING
v = 4 FOR FUEL' DEPLETION STEERING :

{ Figure 6. Analytical steering model - case STEERO1.
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In the second steering model, (STEER02) to be considered, the -
effect of adding integral feedback to the proportional loop will be ‘
considered. The integral feedback is added to reduce the steady-state -
errors due to the approximately constant rate command during fuel
depletion steering. It will be shown how the integral gain,

K, ., can
int

be selected based on Ksteer' The STEER02 model is described in Figure 7.

For this case the function Fz*(s) is given by

-T 8
K, T -T 8 8
= - int s ( _ 8 ) l ~e Y
FZ*(S) Ksteer + -Tgs 1 e T tF
( 1l -e s go :
n :
CROSS PRODUCT STEERING BASED ON AV x USF i
la d .
+ Av“,
Ksteer frett——

. Kim Ts

INTEGRAL STEERING ON| 1-671sS

Y = 1 FOR VG STEERING

Y = 4 FOR FUEL DEPLETION STEERING

Figure 7. Analytical steering model - Case STEER(Q2.

If the same assumptions are made as in the case of STEER0l, then

-T_ 8
(1 -e 8 ) is again replaced by sTs and y/'rgo is assumed negligible.

THE STEER(02 steering model of Figure 7 reduces to that shown in Figure 8
and Fz*(s) is given by

Fy*(s) = —STS(%steer s + Kint.)




et b e e S
Ty

L e g

1t

e

APPR P IR YN >

steer

Figure 8. Simplified analytical model STEERO2.

For the assumption that A(s)/6(s) ® 1, the modified total open-loop
function (for which the unity-gain attitude feedback is added to the
steering loop feedback) then becomes

K
_ 0 (s) steer int
Gpop(s) = [E‘(‘ss] 1+ 3

[ 2
[e(s)] s+ Ksteer s + Kint

E(s) 2 (11)

S

If the second@ order numerator is expressed in the "standard" second
order form

then
2 _ L2 2 )
s + Ksteer s + Kint = 8 +2;wns+ ®h
Therefore
2 _ 22 _ 2
Ksteer = 457wy, = 427 K.,

Select a damping ratio for the steering loop of 7 = 0.5.

Then

int steer
31
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This relationship will be used to determine Kine after K

has been
determined from the normalized compensation design.

steer

Finally, STEER02 can be modified to include the case near the end
of the burn when T ° becomes small.

In this case, the function FZ*(s)
is approximated by

Fy*(s) = -T, [Ksteer s + Kint] {s + Tl_}

go
Therefore
K Y K.
2 steer y int
] Keteer 8+ ( T + Kint) 8+ =
G (s) = 9(s) 14+ go go
TOT | E(8) ] s3
K K,
3 2 [ steer y ] Y Rint
- 8~ + K 8" + + K, 8 + ———
. 6(5)1 steer q0 int Tgo
-EISjJ 33
(12)

Approximations for the modified total open-loop steering and
control transfer function have been derived for three different sets

of assumptions for the steering loop. These are summarized as follows:

Assumptions for all 3 cases:

(1) For frequency range below steering loop crossover frequency,

-Tss
the expression (1 - e

(2)  A(s) -
§(s)

) can be approximated by Tss

1

Case I: Steering Model STEEROl1-—No integral path in steering law.

Assumption: T large =1 negligible
go qu

- egs; ‘s + Ksteer)
E(s 8

Cror(8)

32

BRI D e T




, . Case II: Steering Model STEER02—Proportional and integral paths in

steering law.

i : Assumption: Tgo large (Tl negligible )

go
i
? 82 + K s + K
G (s) = 8(s) steer int
TOT E(s) s2
. 2 . . .
(Kint is chosen to be equal to Ksteer corresponding to a damping ratio
of 0.5)
t
. Case III: Steering Model STEER02—Proportional and integral paths in

; steering law.

; . Assumption: Tgo small (Tl— term cannot be neglected)

i e Y e - T A

go
K Yy K.
s3 + K s2 + [ steer y K. } s + int
steer T int T
G (s) = 6(s) go go
TOT E(s) 3

2.4 Normalized Compensation Design

In this section, we develop a design approach that is based on
normalizing the system parameters such that the characteristics of

the autopilot and steering loop become independent of the autopilot
crossover frequency.

ety = b e

i
!

The result is a general expression for the
simplified open-loop transfer function that is used to select values
of normalized gain and system delays that provide the desired response.
After these values are selected, the system parameters are readily
determined for any desired value of autopilot crossover frequency.

s e

To develop this expression, we write the open-loop transfer
function of the combined compensator, actuator and vehicle derived
in Section 1.1 as

-T 's
((8/w,) + 1)K K e
. G(s) = 2 cv

L * (13)

Equation (13) is obtained by treating the pole of the rigid body compen-
‘ sator, was and the actuator transfer function as pure delays since they

33
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occur at high frequencies relative to the desired range of crossover

frequencies. These lags are lumped into To' along with the sampling
and computational delays. If we then let

L) - Ll = ——
8 l/mz; Ko 3

and

we can rewrite (13) as

(s' + 1) Kle “¢,'8'

G'(s) = —_— (14)
sl

We then obtain the open and closed-loop frequency response of (l14) and
then plot the locus of maximum values of the closed-loop gain M, M
against Ko' and ¢°'. This data is tabulated in Table 5 and plotted in
Figure 9 for autopilot loop (without steering). Figure 9 indicates

that, in order to keep Mp less than 6 4B, for ¢6 = 0.30, the allowable
range of K ' is approximately 1.2 < Ky,' £ 1.75. For ¢,' = 0.25, K,'

has an allowable range of 0.8 < K,'. If we select a nominal K,)' = 1.4,
for ¢°' = 0.30, the closed-loop gain margin is 0.12 dB and for ¢°' = 0.25,
the closed-loop gain margin is 1.03 dB.

We now turn to the design of the system including steering effects.
For the purpose of this design process, we will use the simple cross-
product steering transfer function developed in Section 2.3. The in-
corporation of this simplified model gives an open-loop transfer
function shown in Equation (15).
-T 'S
s+ w [|(s/w, + KK e ©

Gts) =| — — (15)

Again, we normalize this function to the frequency of the rigid body ‘
compensator zero, wy v and the result is ]

8' +w |’ + l)Ko'e-¢°'

G'(s) =
s' s.2

(16)

34




Table 5. Minimum values of Mp (peak closed-loop gain) for w,' = 0.

Kg Gain

Kg

00 0.8 1.0 1.2 14 16 18 2.0

0.20 5.39 4.9 4.56 4.21 4.08 3.90 3.8

, ¢'° 0.25 6.00 5.50 5.20 497 4.84 4.79 4.82

‘ Delay

i 0.30 6.62 6.27 6.00 5.88 5.89 6.06 6.35 3
- 0.35 7.49 AL 7.02 7.09 7.39 790 8.70

10.0

80

¢g = 035 ~—
0.30
\ /

70 -

e A o e A ————
-]
(-]
L]

Mp

o

,%’ 60 0.25 '
t 5.0 ¢
; f . 40}

L 4
e
«©

10 12 14 16 18 20

Ko

Figure 9. Minimum values of Mp for ml' = 0.0.

B e S T i o A

35

e e s e s

——

* bt 3
-ty — - ¥ s T S . Y'Y ‘,:’i"""“’s""’ U




i

e TR g R e

- et c—

o Al

LT T —— M v
where
s' = s/w2 wl' = wl/m2
Kch
) = ] = ]
K, w2 % wyTo
2

As in the case without steering, this design will result in a 0 dB
crossover frequency which is proporticnal to Wy Again, we obtain the
open and closed-loop frequency response of (16) and plot the locus of
peak closed-loop gain, M_ versus Ko' and ¢°'. These results are tab-

ulated in Table 6 and graphed in Figure 10, and show that, with steering

included, the maximum value of ¢o' that gives M_ < 6 dB is now 0.25.
For Ko' = 1.4, the closed-loop gain margin is 0.10 dB for ¢o' = 0.25
and 0.91 dB for ¢°' = 0.20.

If we now select a ratio of the steering frequency to the frequency

of the compensator zero, ml/mz, of 0.10, for example, we can determine
the approximate crossover frequency of the "real" transfer function as
a function of the normalizing frequency Wy

Equation (16) is written as

_¢ gt

Ko'(s' + ml/wz)(s' + 1je ©

G'(s) = 3 (17)
sl

With “1/”2 = 0.1, we can safely neglect the gain contribution of the
steering loop at the expected 0 dB crossover frequency of the autopilot
loop and set |G'(jw)| = 1.

-h et

K '(s' + 1) Yo®

Go(s) = .0_2_—._
sl
and squaring the magnitude of Go(jm)
2 Rw?en
(GO(Jw)) = ———*;Tz—————- = 1
w'd Ko'z(w'z +1) = Ko'zm'z + Ko'2 (18)
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Table 6, Minimum values of Mp (peak closed loop gain for wl' = 0.1.

K(’) Gain

ry 1.0 1.2 14 16 1.8 20 2.2
1]

0.20 6.06 5.50 5.09 4.78 4.57 4.4 4.31

%0 0.25 6.75 6.25 5.90 5.66 5.54 5.51 5.60
Delay

0.30 7.67 7.19 6.96 6.87 6.96 7.22 7.70

o RN St 3o - LB e

- — e e et i o i o s e
-y = oA -
— -

0.35 8.76 8.40 8.35 8.57 9.02 9.80 >10

10.0

90 | ¢p = 0.35

801

70 0.26 \ /

Mp
.? sof 0.20
4
> 50}
& sof
3 » A | 1 1 i 1
10 12 14 16 18 20 22
Ko

Figure 10. Minimum values of M_ for wl' = 0.1.
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and

- 2 e w1 = 0 .
K ]
o
which is written as
-dsh? e wdh v o= o
K
o
The positive solution for w' is
Ko.2 K0,4 ) 1/7211/2
] = 0 ]
w = 5~ + Tyt Ko (19)

Now w' can be solved for in terms of Ko'. These results are shown in
Table 7.

Table 7. Ko' vs w'.

w' 1.09 1.27 1.46 1.64 1.82 2.01 2.20

The crossover frequency, Weo! is given by . 3

W = w'wy (20)

If we use the previously selected value of Kn' = 1.4, this gives w' = 1.64,
and hence, wy is determined for any desired crossover frequency (approxi-

mate). oOnce u, is determined, all other system parameters are determined
from Equation (16).

The determination of these specific parameters for autopilot
crossover frequencies of 2, 5, and 8 rad/sec is given in Appendix AS5.
The results of these calculations are summarized in Tables 8, 9, and 10.
From Table 8, we see that, if we restrict the lead ratio, w3/w2 to ¥

values less than 15, then a crossover frequency of 10 rad/sec is not
attainable.
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Table 8. Autopilot parameters.

Desired w-Plane
Crossover s-Plane w-Plane Filter

Frequency P ~ - A . Gain

) wq wy w3 Wy w2 w3 Ke :
2 0.12195 | 1.2195 | 59113 | 0.001829 | 0.01829 | 0.08867 | 0.10410 ';
5 0.30488 | 3.0488 | 21.6606 | 0.004573 | 0.04573 | 0.3249 |0.65066

5* 0.60000 | 3.0488 | 15.000 | 0.09000 | 0.04573 | 0.22500 | 0.65066
8 0.48781 | 4.87805 | 64.8635 | 0.007317 }0.073171 | 0.97295 | 1.66568

10 0.60976 | 6.09756 | 193.548 | 0.009146 |[0.091463 | 2.9032 | >4

w
*For Wy = 10; -—-3—= 31.74> 15 (We assume that this lead ratio is too large to be
w2 obtained with a simple compensator.)

»*%
ForK, = 20

*Optimized design

Table 9. 2-domain filter coefficients.

DESIRED w, g A, B, K,
20 0.964072 0.837104 0.471993
5.0 0.912540 0.509548 3.6485
5.0 0.912540 0.632651 2732
8.0 0.866636 0.013710 12,0475

*Optimized design
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Table 10.

cbmparison of design results.

Desired Weo Actual dx Gain Margin Phase Margin Freq. at Phase
o Crossover
(rad/sec) (rad/sec) (dB) (deg) (rad/sec)
2.0 1.9 20.12 34.6 9.4
5.0 4.9 12.59 32.5 15.6
5.0% 4.8 12.70 27.0 13.3
8.0 7.3 9.2 30.6 20.9

2.5

*Optimized design

Frequency Response

For the specific point design to be used in this study, an autopilot
crossover frequency of 5 rad/sec will be selected and evaluated. If
this design can be shown to satisfy the responsiveness required by

the steering techniques used, it will also have the additional benefit

of reduced sensitivity to noise from the IMU relative to the 8 rad/sec
autopilot.

This section contains the frequency response plots of the uncom-

pensated system,

loop) are used.

steer (steering gain), Kint (integral gain), T
to go until the end ¢f the burn), and Ts (sample period of the steering
These are given in Table 11l.

(Figures 11-13) the compensated system resulting from
the normalized compensator design,

parameter effects.

(Figures 14-22) and various steering
Also, the frequency response of the compensated
system for the 5 rad/sec autopilot is "optimized" to obtain a desired
closed loop gain over the maximum possible range of frequencies.

otherwise stated in these analyses, the nominal value of the steering
loop parameters K

Unless

go (time

Table 1ll. Nominal steering loop parameters.
Ksteer Kint Tgo Ts
Normalized Design 0.30488 0.0930 60 sec 0.45 sec
Optimized Design 0.6000 0.3600 60 sec 0.45 sec
40
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The freguency response of the steering modeis is obtained by using the
exact steering representation from Figure 5 and substituting

= 1 - [cos wTs - j sin “Ts]

If we now say

Cm = 1 - cos wTs

and

Sw = Sin UTS

The total steering loop can be represented as

K K.
] 'steer 2 int Y
P {s) = j 2+ bt e ) s
steer ' | _ Ju Twa w 876\ Kteer Tgo w
K K.,
w1 [t oc s +f 20t . X ir s (21)
T “u wow Koteer 7 s u
s go

Equation {21) is used in determining the frequency responses given in
Pigures 23 through 32.

Figure 23 shows the fregquency response of the combined system
with no steering and with Vg steering with and without integral com-
pensation. The other steering loop parameters are set to their nomina
values. Note that in this frequency range there is very little dif-
ference in the two steering modes and both modes contribute phase lead
at the autopilot crossover frequency. Figures 24 through 29 show the

effects of changing the steering loop parameters (K. o' Ts) on

int’ Tq

the frequency response of the steering loop alone. Figure 24 shows that

increasing Kint gives increased gain at very low freguencies, but more

attenuation at about 1l rad/sec. Figure 25 shows that increasing Kint

gives more phasc lag at very low frequency, and slightly more phase le

near the autopilot crossover. The effects of decreasing the time-to-go

are shown in Figures 26 and 27. The low frequency gain and phase lag
from steering are increased significantly as Tgo+0. Figures 28 and 29
show the effects of sampling period T, for both steering modes. At
low frequency, the effect of changing the sample period is almost
negligible, and at the higher frequencies where it would become import
the effect of the other steering parameters causes the total effect of

the steering to disappear. .
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| STEER02 >~ 0 8
\ 3 6
P, @
he
4 2
‘ l \ 2
1 ]
i 4 &
1
1 i 2 8
7
z
v
}r-::s 0 o :
4
-2
' | 6
/ / -4
M, = 6dB 4 l
-6
10 -8 .
f
) -10

CONDITIONS — NORMALIZED DESIGN
VgSTEERING K, = 0.3048

T, = 045 K = 0,0.093
Tgo = 60 sec

int

Figure 23. Effect of steering, normalized design.
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Figure 30. Effect of steering, optimized design.
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This series of plots show that for wl/w2 = 0.10, the steering
effects have little impact on the autopilot in the vicinity of crossover.
We would like to use the response characteristics of the steering to -
modify the overall system characteristics to shape the gain-phase curve.
to the M = 6 dB contour to give an "optimum" closed-loop gain over a
wider range of frequencies. To do this, we increase the frequency of
steer = 0.3048
to Ksteer = 0.60. This corresponds to a ratio of wl/w2 = 0,20. We
also wish to shape the gain-phase curve at fregquencies at and above the
crossover point. We do this by decreasing the frequency of the com- :
pensator pole from wy = 21.66 rad/sec to wy = 15.0 rad/sec. This will 2
reduce the overall phase lead of the compensator and bend the high

the steering loop by changing the steering gain from K

frequency part of the gain-phase plot around the 6 dB contour. The -
effect of the steering parameters on the steering loop response will
remain the same except for the frequency shift, but the steering loop ..
response now will have more effect on the total system response.

In this optimization process, we use the time-to~go sensitivity ;
of the fuel depletion steering as a worst case, since we have seen how -
the time-to-go contributes significant phase lag, and the time-to-go
sensitivity of the fuel depletion steering is 4 times as great as Vg

steering. The effect of steering on the "optimized" autopilot is

shown in Figure 30, Since the autopilot is optimized around the effect

of the steering loop, in particular the phase lead contribution, with-

out steering the gain-phase curve crosses the 6 dB contour. The integral

term in STEER02 gives more phase lag at low frequency, but more phase

lead near crossover. The gain-phase curve for steering mode STEERO1 .
crosses the 6 dB contour between 3 and 5 rad/sec, but with a small

increase in open-loop gain, this curve could be adjusted to be tangent

to the 6 dB contour.

Figure 31 shows the effect of decreasing time-to-go for STEERO1.
Note the dramatic change in the gain-phase curve for Tgo = 2 sec. Here,
the curve crosses the 6 dB contour between 1.4 and ~ .6 rad/sec, but this
can easily be prevented by a slight change in open-loop gain.

Figure 32 shows the effect of decreasing time-to-go for STEER02.
Here, the phase lag contributions from the integral term and from time-
to-go cause a significant invasion of the 6 dB contour which can only
be prevented by "freezing" the steering command at Tgo values greater .
than 2 seconds. In this case, the dependance of the steering loop

on time-to-go disappears entirely.
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2.6 Gain Scheduling

The analysis and parametiic design of the autopilot and steering
loops assume that the open loop gain, KCKV of the compensator and
vehicle combination is constant. Since the vehicle gain, Kv’ is defined !
as K, = Tlcq/l and these parameters vary as the burn progresses, the
vehicle gain increases from Kv = 20 at ignition to Kv = 80 at burnout
(assuming constant thrust). When the thrust tailoff model is used,
the vehicle gain changes from a maximum value of Kv = 61.4 to Kv = 0.

In order to present the dynamics of the system from drastically changing
due to these gain shifts, it is desirable to schedule the generalized
compensator gain Kc as an inverse function of the vehicle gain to
preserve the desired value of open-loop gain. This is accomplished by
computing the digital filter gain Kz as follows

CeadEod e b

ol o b

Kz = KV/I(v

KV is given as a function of the autopilot configuration of the initial
values of K, (w-plane equivalent gain) and Kz (digital filter eguivalent
gain) in Table 12. When the thrust tailoff model is used, the compen-
sator gain is increased as the vehicle gain is reduced. In order to

prevent the compensator gain from becoming infinite, it is frozen when
it reaches its initial value. This occurs at approximately 2 seconds to
go.

Table 12. Gain scheduling autopilot coefficients.

Desired wxo Initial Kw Initial Kz KV
2 0.104103 0.47199 9.4398
5 0.650663 3.6485 72.9700
8 1.665679 12,04788 240.9576

In a similar manner, the steering gain, Ksteex’ is decreased as
a function of thrust acceleration during tailoff in order to prevent
the decreasing torque capability of the engine from forcing the actuator
into rate or position limits. After the thrust acceleration reaches

its peak value, is computed from

Ksteer

-~ 59




- K - -
steer steerinit Kchange (ATmax AT)

Kchange is defined as :
K _K
X - steerinit Steerfinal ;
change AT s
max ;
Nominally, K is set to 0.01. For the different values of
steerfinal
steering gain corresponding to the three autopilot configurations,
Kchnnge is
K
FCS _change
2 0.0006
5 0.00158
8 0.00256

2.7 Terminal Steering

As previously discussed, the steering modes used in this study are
unstable at the end of the burn, the perturbation sensitivities being
1/'1'go for vg steering, and 4/'1‘go for fuel depletion steering. To avoid
this problem, the steering signal must be modified as the time-~to-go
approaches zero. Two approaches were considered for this study:

{1) 2ero the rate command vector, wéMD’

(2) Freeze the commanded thrust vector, USF.
The latter method has the slight advantage of having the final commanded .
thrust direction oriented in the direction of the last computed thrust
vector command. Since V_ steering results in an almost constant attitude
maneuver near the end of the burn, the advantage of either mode is prob-
ably negligible for this mode. For fuel depletion steering, zeroing the
commanded rate may contribute to the terminal stability, but if the fuel
depletion maneuver continues to very near the end of the burn, this in-
crease in stability may be at the expense of slight increases in the vg .
residuals. The guidance commands are not used in the last second of the i
burn, but the AV vector and the rate command vector are continually com-
puted, and this results in a slightly more accurate steering signal than
simply commanding a zero rate. Therefore, the approach we will use in
the study will be to freeze the commanded thrust vector, USF.
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SECTION 3

GUIDANCE METHODS

3.1 Pogition Offset Guidance

As mentioned in Section 1.2, position offset guidance can be used
during the powered flight portion of the trajectory to correct for
inaccuracies in the calculation of velocity-to-be~gained caused by
assuming that the velocity change is made impulsively. The development
of the position offset guidance method in this section is taken from

"A New Approach to Lambert Guidance," by Timothy J. Brand of CSDL.
(Reference 1).

The traditional guidance method involves the pre-maneuver calcula-

tion of a target offset. This calculation requires accurate prediction

of the initial state and the path to be taken by the vehicle to the tar-
get. In the traditional method, an impulsive velocity change is used to
approximate the thrust phase, then the velocity required to coast from
the initial position to the terminal position in a specified time is

determined using Lamberts' routine. Direct numerical integration of

the equations of motion, accounting for gravity perturbations, is then
used to extrapolate this required velocity and initial position along
the trajectory. The first estimate of the target offset is taken as

the negative of the resultant miss. PFurther iterations using the off-

set target derived from the previous iteration as the desired final

radius vector for the Lambert routine are generally required to accu-
rately determine the offset target.

Unless the thrust maneuver is very short, the offset target
determined by assuming an impulsive velocity change can cause signif-
icant terminal errors when used with the Lambert routine. This is
due to the fact that the compensation for gravity perturbations is

based on prediction of those effects over both the thrust and the

subsequent coasting periods. Due to the nonzero length of the thrust

phase, the actual trajectory does not follow the path predicted by
the impulsive velocity change assumption, but rather a neighboring path.
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The difference in the perturbing gravitational acceleration between the ) -
two paths accumulates over the entire trajectory, causing a miss
at the target. .

An improvement, then, to the traditional method would be to deter-~
mine a coasting trajectory that is coincident with the actual trajectory
at thrust cutoff. 1In this case, the difference in gravitational accel-
erations only affects the trajectory during the thrust phase, and as
shown by Brand in Reference 1, can usually be neglected.

This improvement is the position offset method, where the initial
position is offset to lie on a coasting trajectory such that at thrust
§ cutoff, the thrusting path and the coasting path are coincident as shown
/ in Figure 33. This pseudo~-initial position is then used in the Lambert

! CCOASTING PATH

POWERED FLIGHT

\ —— — —— |

——.

e A e =

.
]
"™

TARGET

Figure 33. Geometrical relationships of perturbation analysis.

routine to accurately determine the velocity-to-be-gained. An iﬁportant
advantage of this method is that it simplifies the computation of"V§

U O SUS

between guidance cycles. On a coasting trajectory we define

T o= w " T
Vg Vreq v (22)

v [ frong |
Since Vreq = g(r'), we can write

e
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where Ag is the difference in the gravitational acceleration between the
coasting trajectories, powered trajectories, and K& is the thrust accel-
eration. Brand gives numerical justification for neglecting this term
in Reference (1), so we have that
vg = -Ap (23)

This equation indicates that Vé may be accurately updated between
computations of vreq' by decrementing Vq at the steering cycle rate by
the accelerometer-sensed AV over the steering period Ts‘ Since Ag + 0
as the coasting and powered trajectories become coincident at thrust
cutoff, this computation becomes more accurate near the end of the burn
when it is important to have an accurate V_ for thrust cutoff calculation.
The position and velocity at thrust cutoff, EEo
in terms of the initial state Fsand Vé by the following equations

and VEO, can be expressed

co
Voo = T+ [ (B + 3@1at (24)
o
t
co
Fco = r, +f vV dat (25)
(o]

where i& is the thrust acceleration and g(r) is the gravitational
acceleration.

The state at thrust termination can also be expressed in terms of
the coasting trajectory initial conditions, Eé' and Vs', as

tco

o L — =

Voo v, +f g(r')dt (26)
o

t

_ co

I .

Foo = I +f Trat (27)
o]

i i




where g'(r) is the gravitational acceleration along the coasting path.
Then, the difference in initial velocity on the coasting and thrusting
trajectories is

AW =V -F =f (K, + 3(0 - 3(T)lat (28)
o]

The expression for the thrust acceleration of a vehicle with
constant thrust T and mass flow rate in is

where EA is a unit vector in the direction of the thrust vector and M,
is the initial mass. From Equations 24 and 26, the velocity difference
AV between the velocity on the coasting trajectory V' and the powered
trajectory V can be written

£t oi ]
AV=v-_v'-m7°-f—-—§dt (29)
° Mo - mt

where AVO is the initial velocity difference and the gravity difference
is ignored.

Evaluating this integral gives
AV = AV -v._ i 1og[1-3]
o ex “A T
where 1 = Mo/ﬁ and the exhaust velocity

vex = T/m

Since AV = 0 at the cutoff time

~ t
T o= A co
AV° = Vexll log (1 - ~?—)
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We can solve this equation for the cutoff time and derive

'Avo/vex

teo= Tl -e ) (30)

From Equations 25 and 27, the expression for the initial position
offset is

Feo - teo !
or, = -f (V' - Nat = -f AV at i
[ e} l
Substituting for AV , we obtain :
_ teo _ ~ N
0F, = -f [AVO - v, i, log (1 - ?)]dt
[}
Integrating this expression
~ t t t
= AT - A _ _co _ _co co
Aro BVoto - 1 Vex iy (l —?—) log (1 —?—) + — (31) :

~ t
Replacing vexix log (1 - —%2) by AV;, Equation 31 reduces to

AT = —tAVO-t v i (32)

o co ‘ex "

which can be used to determine the initial position offset after the
cutoff time, tco' is computed from Equation 30.

For fuel depletion steering, the vehicle thrust acceleration is not
pointed in the direction of Vg, but instead is rotated from the Vé
vector by the amount of the fuel depletion angle. For this case
with constant thrust and linear mass loss, it is shown in Reference 3

that the position offset equation is

- _ - - 2 _ ~
bE = Kpo[vcap Vg + Veap [cos vg/vcap]a/e] (33)
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where B is a unit vector normal to V_ and vCap and Kpo are functions of

the elapsed time, t (measured from the time of the initial state con-
ditions) defined by the expressions

t
co
(v = t) T au
(M, - mu)
5 ust
Kpo - v2
cap (34)

Since the fuel depletion angle 6=0 for Vg steering, the position offset
equation can be written as

or = Koo Vcap & (35)

Equations 33 and 35 are implemented in the guidance routines of the

simulation programs OFFSETT and STEER. For assumed constant thrust, T,

and constant mass flow rate of fuel, m, the integrals in equation 34 can
be solved to yield the following solution for K

po
M_ - mt
(t - t)log + (t - t_ )
. co
- LMo - Mo
po M, -~ mt 2
v log
ex M_ - mt
° co (36)
T M

m

where, as previously defined, V and T = =2
m

For in-flight mechanization (as represented by the STEER program),

the guidance computer solves for the required velocity and the position
offset using these equations at each guidance cycle time (every 1.35
seconds), and the velocity~-to-be-gained is updated every steering cycle

(0.45 second) by subtracting from the previous V_ the change in velocity

over the steering period. The velocity is updated every autopilot cycle

by accumulating the accelerometer sensed velocity increments.
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3.2 Reentry Angle (y) and Time-On-Target (TOT) Control

The fuel depletion steering method coupled with position offset
guidance provides a convenient technique for simultaneously controlling
the reentry angle, y, and the Time-On-Target (TOT). By modifying the
ratio Vg/vcap' the fuel depletion angle may be modulated to introduce
a pitch profile that modifies the trajectory of the missile such that
Yy and TOT are controlled simultaneously.

Time-On-Target is readily controlled since time of flight is a
specification to the Lambert guidance routine, i.e., the routine com-
putes a trajectory that satisfies the time of flight and hence the
Time-On-Target constraint.

For reentry angle control, the guidance system first computes the
reentry angle as the flight path angle at an altitude of 300,000 feet on
a trajectory that satisfies the Time-On-Target constraint. If this angle
differs from the desired reentry angle, the guidance program incrementally
changes vcap to modify the ratio vg/vcap and thence the fuel depletion
angle. This resulting change in the pitch profile modifies the orbit. A
new position offset is then computed since the offset is a function of
both Vca and the depletion angle, and the Lambert routine computes a
trajectory that satisfies the time of flight constraint. A new reentry
angle is then computed. This process continues iteratively until the

reentry angle error is within a desired tolerance..

3.3 Perturbation Sensitivity of Fuel Depletion Guidance

We are interested in determing the sensitivity of the fuel depletion
angle to small deviations in the velocity-to-be-gained caused by gquidance
inaccuracies and autopilot/steering errors. Obviously, if the computation
of V_ is exact and the vehicle is steered precisely along the fuel deple-
tion arc, there will be no stability problems. However, since there will
be steering errors, we need to determine how this sensitivity varies as a
function of the maneuver parameters. We have seen that in velocity-to-be-
gained steering, the sensitivity of the steering loop to steering errors
increases as 1/'1‘go and the commanded thrust vector USF must be "frozen"
near the end of the burn to prevent instability. We expect to find a
similar problem in fuel depletion steering; as we shall demonstrate, the
sensitivity of the steering loop in this mode is actually 4/Tgo.

This indicates that steering instability occurs in fuel depletion

steering at a value of T four times as great as in velocity-to-be-gained

go
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steering. This variable sensitivity is represented in Figure 5 in .
Section 2.3 as the y/'rgo term in the steering loop model.

To analytically determine this sensitivity, we introduce a small .
perturbation, vérr' in the velocity-to-be-gained in a direction normal

to the fuel depletion arc and the unperturbed thrust vector command

USF,. Referring to Figure 34, we call the perturbed Vé vector Vél.

aby = 92-01 '90

.
R R ST YR

Figure 34. Geometrical relationships cf perturbation analysis. ]

and the vector sum of Verr and Vgl is designated ng. We assume that

this velocity error is the result of accumulated steering errors such 3
that its magnitude, V , is given by the integral

Verr = jATAdt (37)

where A is the agnle between AV and the commanded thrust vector as
defined in Appendix A3. If we assume that the thrust acceleration, AT,
is constant, we can write !

verr = 'I'/Mf)‘dt

at this point again assuming

err

We can write the remaining impulse, V

cap
constant acceleration as
vcap = AT Tgo = I/M Tgo .
So the ratio of V"_,r/v‘:‘p is now

1
v - ——fmt
err’ "cap Tyo
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From the geometry of Figure 34, we see that

- 2 2
ng = Verr + Vgl - 2vgl Verr cos (90 + 61)

. 2 _
writing ng = (Vgl

2 2 ,
Yg{"+ 2V ) 6V + gyg/ AL 24{4,+ Vg Ve, sin o

+ cvg)2 and cos (90 + 6,) = - sin 6,, we now have

or

2 ;

\Y
_ 1 Terr . .
GVg = 5 —T,—‘- + Verr sin el (38) i
gl ¢

Also from geometry, we have that
v i

sin 8. = 2L cos @
g ng 1

Assuming for small Bg that sin eg = Bg, we obtain

cos Ol : (39)

The basic relation derived in Appendix A5 is

N Veap (M

Repeated

Taking the variation of both sgides: with Vcap constant

sin 8 )Y
6(__5_—1) = —3

1 Vcap ;
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or 91 cos 61 ~ 8in el - v

2 1 v
61 cap
2
86, 8
GVg Vcap (el cos el - 8in 517

Expanding cos 6 and sin 6 in power series around 6 = 0 and subtracting

gives
2
661 _ Gl
&V 3
g Vcap(-el/3 + ...)
and
3 v
68 = = V““%‘ (40)
cap 1

Equation 4 gives the change in 6 due to a small variation in the mag-
nitude of the velocity-to-be-gained. Substituting for svg gives

v 2
3 1 "err .
56 = - 5 +V sin ©
Vcap el 2 Vgl err 1
or 2 .
so = - 3 Verr R 3 Vg SID el
2 Veap Va1 8 Veap 6,
or v in ©
50 = - Verr(3 Verr + 3(5 1) 1)
vcap 2 vgl ) 8, (

Examining the two terms inside the bracket discloses that, while
both terms have singularities at 61 = 0, the first term is much smaller
than the second term during a nominal burn. From a typical fuel deple-
tion simulation run (OFFSET), we have that at Tgo = 1 second, Vgl =
250 ft/sec and el = 0.113 radian. For these values, we see that for

verr = 5 ft/sec

v
% T = 0.265
gl "1
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and

sin 61
{———— = 2.994
%

Therefore, we neglect the contribution of the first term and we write
the expression for the change in 6 due to a variation in the magnitude
of the velocity-to-be gained as

v sin o
g6 = - |31 (42)
cap 1

To determine the total change in the fuel depletion angle relative
to the unperturbed V_ vector, we must subtract the angle of rotation
eg since 62 is computed relative to ng rather than Vgl. This gives

v sin 6 \'4
56 = - 5= |3\ 1) - 5= cos 8, (43)

total cap 1 92
Near the end of the burn, we can determine an approximate expression by
assuming that

sin el
2]

[}

l ; cos © £ 1
1 1

and

n

ng Vcap

We can then write Equation 43 as

4 verr

R

60potal =

R T
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We have already shown that

v
err . _1 /Adt
\ T
cap go
So now we have

4
66 = - = Adt (45)
total Tgo f

We now wish to compare the sensitivity determined from the
approximate analytical expression of Equation 43 with the actual sen-
gitivity. To do this, we introduce a perturbation subroutine, PERT,
in the guidance program, OFFSETT. After the nominal parameters (6,

Vél, vcap' U§F1) are computed at a particular time, we perturb the vgl
vector by adding to Vél a small perturbation vector, vérr’ and use
this new Véz to recompute a new fuel depletion angle ez and a new
commanded thrust vector, U§F2 as shown in Figure 34. Since we are
computing these perturbation parameters at the same instant of time

as the unperturbed parameters, Vcap remains constant. Note that the
magnitude of V 2 is equal to Vgl plus a small increment, 6Vg and vgz
is rotated from Vgl by a small angle 6_. The actual parameters are
computed by the PERT routine as follows

B0, ota1 = arcsin |USF, x USF,| (46)
56 _ DLOpotal
8 verr verr (47)

To compare the actual sensitivity to the analytical sensitivity,
we first compare the actual rotation of ng with respect to vgl to the

approximation given by Equation 39. The actual rotation is computed by

8y = arcsin lUnlt(Vgl) x Unit(vgz)l (48)

and the approximate rotation is again

. Verr . Verr
eg = 7 cos 8, = F— (39)
cap cap Repeated
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The difference (normalized to verr) of these two terms we will call
ERR1 and

The assumptions made in this approximation are that for eg << 1,
sin 6 £ g_ and that cos 6, = 1,
i g = g n at co 1

We now look at Equation 42. We have assumed that sin 01/91 21

and that 3/2 (Verr/vgle) can be neglected. Therefore, the approximate

sensitivity contribution of this term is 3 Verr/vcap’ The actual

contribution of this term to the sensitivity is computed in PERT as
the difference between the fuel depletion angles computed from the

perturbed and unperturbed Vg vectors and the constant Vcap' ERR3 is
then defined as
(6, - 8,)
ERR} = - - 2.1 (49)
cap err

The total sensitivity of the fuel depletion angle to Vg perturbations
is the sum of ERR1l and ERR3. We therefore write

4 1
ERR4 = ~ &——(06, - 6, - 8_) (50)
Veap Verr 2 1 g

We can compute the sensitivity partial by normalizing the total

change in 6 to Verr so we have

DTH/DVg = (92 ~ 61 - eg)/verr (51)

The values of these four parameters are shown with the unperturbed values

of Vg, vcap’ and 6 for a nominal fuel depletion burn in Table 13 and
for a fuel depletion burn with reentry control in Table 1l4. Note that

the sensitivities computed with and without reentry control are es-
sentially the same.
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SECTION 4

ATTITUDE MEASUREMENT

4.1 Attitude Measurement System

As previously discussed, the vehicle uses the Advanced Inertial
Reference System (AIRS) to measure the attitude of the vehicle with
respect to an inertial reference. The AIRS platform, shown in
Figure 35, consists of a hydraulically floated inner sphere inside
an outer spherical case. The inner sphere contains the gyroscopes
that are used to maintain the orientation of the inner ball relative
to an inertial reference and the accelerometers which measure vehicle
inertial accelerations and compute the velocity increments. The inner
sphere is maintained at an initial alignment relative to inertial space
by a system of hydraulic jets that rotate the inner ball in response
to signals from the gyros. The inertial ball has three printed circuit
resolver "driver" bands which are mounted as three orthogonal great
circles on the outer surface of the ball. The platform attitude is
measured in terms of the intersection points of the driver bands with
a "receiver” band, also mounted as a great circle on the inner surface
of the case. The positions of these intersections are defined in terms
of the angles X1r Xa¢ X3 measured along the receiver band and in terms
of the angles ¢1. ¢2, ¢3 measured along the driver bands.

As illustrated in Figure 36, the three receiver band angles are all
measured from the intersection with the receiver band of the vector Ql’
in the plane of the receiver band, in a direction that would cause a
right-handed screw to advance along the vector g3 (which is perpendi-
cular to the plane of the receiver band). The terminal points of the
receiver band angles are defined as follows in terms of the receiver-
driver band intersections and the triad of vectors P,, P,, B,.
perpendicular to driver bands 1, 2, 3, respectively: the terminal
point of X3 (where i = 1, 2, or 3) occurs where the receiver band
crosses driver band i going from the positive to the negative side of
band i, as defined by its vector P,
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The AIRS platform.

Figure 35,
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Figure 36. Definition of the AIRS band angles and

body-angle increment relationship.
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The three driver band angles ¢1, ¢2, ¢3, are measured from the
intersections with the ball bands of the vectors 22, 23, El' re-
spectively, in directions that would advance right-handed screws along

Py 22’ 53, respectively. The terminal points of the driver band
angles are where the driver bands cross the receiver band from the
positive to the negative side as defined by its vector g3.

It is important to note that the point of intersection of any
driver band with the receiver band is accurately measurable only if the j
angle of intersection between these bands is greater than 45 degrees.
Fortunately, at least two of the driver bands fulfill this intersection
requirement for any ball-case orientation, and only the intersections of
these two driver bands with the receiver band need be measured to determine
i the orientation. The AIRS programs used in this study are capable of
‘ selecting those driver bands that have the required >45° intersection ‘

with the receiver band and are capable of determining the ball-case ?
orientation from any selected pair of driver band angles (e.g., ¢., ¢j)

.

i
in combination with the corresponding receiver band angles (e.g., Xjr xj).

e e e — o e =+

4.2 Attitude Data Processing ﬁ

E ] The incremental updating of attitude errors following their
initialization at the beginning of the Stage 3 burn is simple and con-

venient for an AIRS based autopilot. This incremental approach, illus-

trated in Figure 37, requires the computation of an incremental trans-
formation matrix B which transforms a set of two driver band angle

'.:",,_' et -

i increments (A¢i, A¢j) and one receiver band angle increment (Axi) into
‘e : the corresponding increments in body angles (Ael, Aez, ae3).

COMMANDED BODY ANGLE INITIAL VALUE OF E IS
INCREMENT VECTOR SUPPLIED AT =0

PITCH AND YAW
; l f ATTITUDE ERRORS

. T
@7 \DAP o 4

> E
B .+AD. -A 2| 1oprcHAND
En-1782¢ ~%2n Ean ‘ YAW AUTOPILOTS

BODY ANGLE INCREMENT VECTOR
DETERMINED EVERY Tpp seconds

T A¢; Yoo BAND ANGLE INCREMENT
\\DAP M' VECTOR DETERMINED
N N I EVERY Tp,p sconds
Axi

! INCREMENTAL TRANSFORMATION MATRIX Tpar™ AUTOPILOT SAMPLING PERIOD

! Figure 37. Incremental updating of attitude errors.
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The transformation relationship is

' - . =
: 48, ad; i
86, = [B] | ¢y :
A93- Axi i
where ?
d11 912 93
[BI = ]dy dyp dp;
k-
| 931 932 933 ‘
i and
i d11 = -w COS8 ¢i cos ¢j
d), = 0
d13 = =1
d = wz sin ¢. sin x 1
21 j J ';
d = w2 cos ¢. sin y
22 i i
d3 = 0
; d = -w2 sin ¢. cos .
3 3 j )
b | - o2
& dj, w" cos ¢; cos x;
dy3 = 0

w = 1/sin (xi - xj)

Ideally, the B-matrix should be updated every autopilot sampling
period prior to the computation of each new set of body-angle incre-
ments. However, the computation of the trigonometric functions of the .
band angles which make up the elements of B is such a time-consuming :
process that it is desirable to consider ways of reducing the com-
putation time by approximating the elements of B and/or updating these
elements less often than every autopilot cycle.
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AIRSBAE Method

various schemes for approximating the B-matrix and updating it
less frequently were studied at CSDL in 1973 and 1974 as part of the
development of the.single-rotation-axis (SRA) autopilot. This auto-
pilot, which was developed for large attitude maneuvers of a space
vehicle under the control of reaction jets, takes advantage of a
theorem of Euler, according to which the attitude of a body may be
changed from one orientation to any other orientation by rotating
the body about an axis which is fixed to the vehicle and stationary
in inertial space. The SRA autopilot study showed that if the values
of the band angles used in the B-matrix updates are extrapolated every
0.45 seconds into the middle of the next 0.45-second time interval, the
B-matrix based on these extrapolated angles can be employed over the
entire 0.45-second interval, with negligible degradation in SRA auto-
pilot performance compared to updating B precisely every 0.03 seconds.
This method of updating the B-matrix has been termed "AIRSBAE" ("AIRS
band angle extrapolation”).

The AIRSBAE method is illustrated in Figure 38, where the matrix
updating interval is designated as Ts' Here, it should be noted that

Extrapolated value of band angle

dl
e
7 1
BAND
ANGLE
~Matrix used over entire interval
|
~
n- N7, (n~%n, nT, (n+12.)rs {n+ 1T,

{now)

Figure 18. Pictorial representation of AIRSBAE.
8l
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the same symbol (Ts) is used for both the steering-loop sampling period
and the B-matrix updating interval because the studies carried out in
this thesis and in the SRA autopilot investigations have shown that the
choice of Ty = 0.45 seconds for both the sampling period and updating
interval is reasonable for the dynamic requirements considered. This
period amounts to fifteen of the 30 ms autopilot sampling periods which
are used in this thesis (as well as in the earlier SRA autopilot studies).
However, the investigations of B-matrix updating techniques described
below consider also other values of the B-matrix updating interval of

2, 30, and 45 autopilot cycles, which may not be the same as the optimum
sampling period for steering-loop computations. Thus, the symbol T.

can represent a diffecent time interval in the case of the B-matrix
updating than in the case of steering.

Referring to Figure 38, it is seen that the AIRSBAE method pre-
dicts the band angles halfway through the next Ts interval by taking
half the difference between the present value of each band angle and
the value measured Ts seconds rreviously, and adding that difference
to the present value of the band angle.

The dead zones and allowed terminal errors in both angular velocity
and attitude in the SRA autopilot provided some tolerance for the errors
resulting from the infrequent updating of the B-matrix in the AIRSBAE
approach. However, the dynamic requirements of other autopilots,
such as the boost autopilot being coneidered in this thesis, may not
permit the errors in attitude and estimated angular rate which result
from the AIRSBAE approach,

One aspect of particular concern in applying the AIRSBAE method
to the third stage boost autopilot with fuel depletion and gamma-time-on-
target guidance is the relatively large step change in the B-matrix
occurring every 0.45 seconds as the result of the large angular rates
associated with these guidance methods. This step change in B can pro-
duce autopilot transients which might not be considered acceptable in
these boost applications.

AIRSME4 Method

The AIRSBAE method was considered along with other B-matrix up-
dating approaches in terms of the Stage 3 boost autopilot and the
dynamic requirements imposed by fuel depletion guidance and gamma-time-
on-target guidance. The most promising alternative to the AIRSBAE
technique has been termed "AIRSME4" ("AIRS matrix extraploation 4").
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This alternative, which is illustrated in Figure 39, extrapolates the
band angles to the end of the next '1‘8 interval (instead of to the middle,

actual band angle

i

[ } extrapolated
band angle

N(nT,) Nin+T,
extrap extrap

(n-2)T, tn- T,

L] L
at (n+ NT,, “old” N (n + 1)T, becomes “new” N (nT,)
extrap extrap

FPigure 39. Pictorial representation of AIRSME4.

as in AIRSBAER), and computes a predicted B-matrix from these extrapolated
angles. The predicted B-matrix from the previous T.-interval is then
subtracted from the new predicted matrix and the resulting matrix dif-
ference divided by the number of autopilot cycles in T. to obtain an
incremental B-matrix, AB. The B-matrix is then updated every autopilot
cycle within T. by adding AB to the B-matrix determined in the pre-

vious cycle, starting with the predicted B-matrix from the previous T.
interval.

The band angle extrapolation approach used in AIRSMF4 is based on
differencing the band angles over T., as is done in AIRSBAE, but in
AIRSME4 the entire difference is added (rather than half the difference)
to perform the extrapolation.

The incremental updating of the B-matrix every autopilot cycle by
the AIRSME4 approach results in a smoother operation of the autopilot
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than with AIRSBAE, and accomplishes this improvement with only a small
increase in the computational burden.

Band Angle Switchover

The switching of band angles, which can occur of any autopilot
cycle, is treated in the following manner as a special case in both
AIRSBAE and AIRSME4:

(1) The B-matrix is recomputed in terms of the new set of band
angles as soon as the switchover occurs.

(2) The switchover value of the B-matrix is retained for a
pre-specified number of autopilot cycles, ulwitchovet'
which is equal to 5 in all the simulation results pre-

sented in this thesis.

(3) When Uswitchover autopilot cycles, have elapsed, the
band angles are again extrapolated (to the middle of

Tg in AIRSBAE and to the end of Ts in AIRSME4) and

the standard B-matrix updating approach is resumed. 1In
the case of AIRSME4 the value of B needed at the be-
ginning of the new 'l‘a interval is computed from current

band angles.

Computation Requirements

A comparison of the computation times required by AIRSBAE and
AIRSME4 for an updating time interval of Ts = 0.45 sec is presented in
Table 15. Here, it is seen that AIRSBAE requires 4.65 ms per 0.45 sec,
while AIRSME4 requires 5.38 ms per 0.45 sec. Thus, the difference in
computation times of the two updating methods is an almost negligible
value of 0.73 ms per 0.45 sec (which is less than 0.05 ms per 30 ms
autopilot cycle). However, it should be pointed out that both B-matrix
techniques are very substantial improvements over updating the B-matrix
from its trigonometric functions every 30 ms autopilot cycle, which
would require about 36 ms per 0.45 sec. The reduction from 36 ms per
0.45 sec to an approximate time of 5 ms for AIRSBAE and AIRSME4 amounts
to a reduction from an 8% computation load to a 1.1% computation load
for attitude data processing.

4.3 Idealized AIRS Error Study

The first phase of the attitude measurement study evaluated the
purely geometric errors resulting from AIRSBAE and AIRSME4 when the
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Table 15. Comparison of computational requirements of AIRSBAE and
AIRSME4* based on the Honeywell 701P computer.

Operations Common to Both AIRSBAE and AIRSME4

1. Update Incremental Transformation Matrix
at Beginning of TB

4 sin/cos @ 125 units**
14 Mult./Div @ 3 units
1 Subtr. €@ 1 unit

2. Matrix/Vector Multiplication at Each
Autopilot Cycle (TDAP)

9 Mult. € 3 units x 15
6 Add. @ 1 unit x 15

Totals

AIRSBAE

1. Common Operations

2. Extrapolate Band Angles Over T.

6 Add. @ 1 unit

(Division by 2 is handled by a SHIFT
operation which takes neglible time)

Totals

AIRSME4

1. Common Operations

2. Difference Incremental Matrices at T.

9 Subtr. @ 1 unit

3. Division of TB Increments by TDAP
9 Div. @ 3 units
4. Addition of TDAP Increments to Matrix

at Each Autopilot Cycle
9 Add @ 1 unit x 15

Totals
*Neglecting Computer Bookkeeping Operations,

4#*)] Unit = 4.45 usec, 85

Computation Time

(m sec) per Ts

Units

= 500 2.23

= 42 0.19

= 1 0.0045

= 405 1.80

= 90 0.40
1038 4.62

= 1038 4.62

= 6 0.03
1044 4.65

= 1038 4.62

= 9 0.04

- 27 0.12

= 135 0.60
1209 5.38

assuming T_ = 15 autopilot

cycles

= (0,45 sec
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boost vechicle is rotating at constant and equal rates about the pitch
and yaw axes, with no motion about the roll axis. Two programs were
developed for AIRSBAE and AIRSME4 which determine the errors in com-
puted body-angle increments per degree of separate pitch, yaw and roll
rotations which occur when the vehicle rotates at specified rates

at various orientations. Vehicle orientations considered were defined
in terms of roll Euler angles of 0°, 45°, 90°, 135°, and 180° pitch
Euler angles which are incremented by 30° from -180° to +180° and

yaw Euler angles which are incremented by 30° from -90° to +90°. These
programs also search for the worst-case errors in body-angle increments
per degree rotation for each pair of equal pitch and yaw angular rates
i assumed. Rates were considered which yield pitch and yaw rotations

: over Ts seconds of 2.5°, 5°, 10°, and 20°. The programs compute the

} ) body-angle errors at only those points where there is not a switchover
' | of the attitude bands over the Ts intervals used for computing these
errors. A comparison of the worst-case body-angle errors per degree
rotation about any body axis is given in Table 16, This comparison.
indicates consistently lower errors for AIRSME4.

4.4 Autopilot Simulation Study Based
on the STAR Program

The next step in the evaluation of the attitude measurement study
was to use AIRSBAE (renamed AIRS) and AIRSME4 (renamed AIRSX) as sub-
! routines in the STAR simulation program. The STAR program is basically
a simulation of the Stage III vehicle operating in inertial space with
no guidance system. The vehicle is steered by commanding a pitch rate
profile that approximates the profile seen in fuel depletion guidance.
This profile consists of a parabolically~-increasing pitch rate command
until the pitch rate reaches 31.25 deg/sec, then a constant 31.25
deg/sec rate is commanded for two seconds. At that time a linearly-
decreasing rate signal is commanded for two seconds, followed by a
steady state 10 deg/sec rate signal. This commanded pitch profile is
shown on channel two of the response curves. The displayed variables
are given below.

PITCH RATE - The vehicle pitch rate in deg/sec.
PITCH RATE COMMAND - The commanded pitch profile

INDICATED RATE - The vehicle pitch rate as indicated by the
AIRS (AIRSBAE) or AIRSX (AIRSME4) platform.
In a NOAIRS run, this measured rate is not

used as the feedback signal.
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ENGINE DEFLECTION - The engine actuator pitch deflection in
degrees.

@ ST e AT e e e e

PITCH ATTITUDE - The vehicle pitch attitude in degrees.

REJECTED BAND - The driver band that has an intersection with {
a receiver band of less than 45 degrees.
Since only two band intersections are required
to completely determine the orientation of
the AIRS inner sphere relative to the case,
this band is not needed and is rejected.

Plots of the above variables versus time are presented in Figures
40 through 55 for various combinations of the following conditions:

(1) Type of feedback:

(a) Ideal feedback (denoted as "NOAIRS") in which the actual
l body-angle increments are employed for feedback.

‘ (b) AIRS-based feedback in which the feedback body-angle
increments are computed either by an "AIRS" subroutine
(based on the AIRSBAE approach) or by an "AIRSX" sub-
routine (based on the AIRSME4 method).

(2) AIRS errors:

(a) If the types of errors in the AIRS band-angle measure-
ments are not specified in the title of the simulation
run, these errors have been assumed zero.

(b) The measured angle of any driver or receiver band con-
tains a deterministic error term which is a function
of the angles of both the driver and receiver band
angles which define any particular band intersection.
The maximum magnitude of this error term is less than ten
arc minutes although its rate of change can be as
large as 3 degrees per degree of band angle change. A
table lookup representation of the deterministic errors
based on laboratory measurements is employed when these
errors are simulated.

{(c) A second source of band angle measurement errors is the
random electrical noise. This noise is represented in
simulation runs by a random number generator whose
standard deviations are pessimistically assumed to be

‘ 180 arcseconds for the driver bands and 20 arc seconds

for the receiver bands.
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(3)

Time interval between updates of B based on extrapolated
band angles:

The number of 30 ms autopilot cycles, UMAX, between
updates of the B-matrix based on extrapolated band angles
is considered to have the following values in the simulation
runs: 2, 15 (nominal case), 30 and 45.

The simulation runs in Figures 40 through 55 are described in
terms of the above conditions in Table 17.

It is seen in the figures of simulation runs that increasing UMAX

past 15 cycles gives a significant decrease in the fidelity of the feed-

back signal for both AIRS and AIRSX runs. For all UMAX values the

AIRSX data is of significantly higher quality than the AIRS data. This

is because the incremental matrix is updated at each autopilot cycle
in AIRSX, rather than at intervals of UMAX autopilot cycles as in AIRS.
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Table 17. STAR simulation runs. -

Run No. Mode Felgdebaalck UMAX t:gf sse DeteEr:;:'t)nrisstic "
4/00 NOAIRS yes 15 no no
4/40 NOAIRS yes 15 no no
4/21 AIRS no 2 no no
5 4/22 AIRS no 15 no no
! 4/23 AIRS no 30 no no
; 4/24 AIRS no 45 no no
‘ 4/25 AIRS no 15 yes no
z ‘ 4/26 AIRS no 15 no yes
i 4/27 AIRSX no 2 no no ‘
; 4/28 AIRSX no 15 no no
‘ 4/29 AIRSX no 30 no no
_‘g 4/30 AIRSX no 45 no no
| 4/31 AIRSX no 15 yes no
j ? 4/32 AIRSX no 15 no yes
"_ 4/33 AIRS no 15 yes yes
; 4/34 AIRSX no 15 ves yes
|
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SECTION 5

SIMULATION RESULTS

5.1 Overview

This section presents the results of the computer simulations
using the OFFSETT and STEER programs. As explained in Appendix C,
OFF3ETT is the simulation of the guidance system with a point mass vehicle
model with no autopilot or steering dyramics. STEER is a complete
system simulation that incorporates thne guidance equations from the
OFFSETT program, the steering, autopilot, and actuator dynamics from
the STAR program, and the attitude measurement effects from AIRS.

The simulation initial conditions were the same for both the
OFFSETT and STEER simulation runs. These initial conditions are given
in Table 18 along with the results of the solution of the Lambert rou-
tine, position offset computations, and the fuel depletion guidance
equations from the initial guidance cycle.

Table 18. ~CrFSETT and STEER simulation initial conditions.

Altitude Velocity Range Angle Vcap Time of Flight
(ft) (ft/sec) (deg) (ft/sec) {sec)

400,000 18,000 100 8400 2500

The inital solution to the Lambert routine with position offset
guidance gives the following results for the given initial con-
ditions and fuel depletion steering:

Required Reentry Position
Velocity Velocity-to-be-Gained Angle Offset
(ft/sec) (ft/sec) (deg) (ft)
24,070 6,071 -27.54 231,456

Fuel Depletion Angle (deg)

77.3
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5.2 OFFSETT Simulation Runs

The results of the OFFSETT simulation are given in Figures 56 through
60, and the parameters of each of the five runs are given in Table 19.

Fiqure 56 is an example of V_ steering, and Figure 57 shows fuel deple-

tion steering.
control of Time-On-Target and reentry angle.

Figures 58-1 and $8-2 show the effect of simultaneous
Figures 59-1 and 59-2

show the effect of velocity perturbations on fuel depletion steering,
while Figures 60-1 and 60-2 show the effect of velocity perturbations
on fuel depletion steering with reentry control.

Figure/Run
56 2/00
57 2/01
58 2703
59 2720
60 2/21

Table 19. OFFSETT simulation runs.

Steering Reentry Perturbation

Mode Control Analysis

v No No

g

Fuel No No
Depletion

Fuel Yes No
Depletion

Fuel No Yes
Depletion

Fuel Yes Yes
Depletion

The output parameters shown in these fiqures are explained below:

DEPL ANGLE

VCAPT

VG MAG

RENTRY ANGLE

RENTRY

ANGL

ERR

THR ACCEL

KPOT

The fuel depletion angle, 6
The AV capability

The magnitude of the velocity-to-be-gained

The reentry angle, Y

The ceentry angle error, y = Yaesired

The angle between the perturbed and unperturbed

V_ vectors
g

The thrust acceleration

The position offset constant, Kpo
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VGX - The horizontal component of the Vé vector relative

to inertial axes

VGZ - The vertical component of the Vé vector relative
to inertial axes

USFX - The horizontal component of the thrust vector com-
mand relative to inertial axes

USF2 - The vertical component of the thrust vector com-
mand relative to inertial axes

ERR 1, 3, 4, - Differences between theoretical and computed per-
turbation sensitivities

DTHTOT - The theoretically determined partial, ae/avg

THPPRT - The actual value of the partial, ae/avg

5.3 STEER Simulation Runs

The results of the STEER simulation study are given in Figures
61-83. Examples of velocity-to-be-gained steering are given in
Figures 61-64, and Figures 65-83 illustrate fuel depletion steering.
The initial conditions for the STEER simulations are given in Table 18,
and the input parameters for each of the STEER simulation runs are
given in Table 20. 1In Table 20, the autopilot and steering con-
figuration for each run are listed in the second column according
to the following code. The first number indicates the autopilot cross-
over frequency and the number after the slash indicates the steering
model, e.g., the 5 rad/sec autopilot (FCSS) and s eering model 01
(no integral feedback) are designated as 5/01. an asterisk after the
autopilot frequency means that the "optimized" autopilot and steering
combination is used in that run. The fifth column indicates which (if any)
AIRS method is used. The code 0 means that ideal measurements are used,
the code 1 stands for AIRS, and code 2 stands for AIRSX. The tailoff
Column indicates whether or not the thrust tailoff model is used. The
comments column are self—explanatory.
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Figure 66-1. STEER, fuel depletion steering, integral feedback.
' 128




tFT/79ECH

VOHFT

ENG DEFL-F (DEG) PITCH ATTD (DEC) DEFL MNGLE (DECs vC (FT/SEC;

ENG RATE (D/SEC)

| PG FUEL DEPLETION, INTEGRAL FBK

4.

-8
LRR1735%¢

21/25/78  21:18

Figure 66-2.

STEER, fuel depletion steering, integral feedback.
129

o T




1/87 FUEL OEP._ETION,

{ <222

FT/SEL

VGX

INTECRAL FEK,

TERMINAL STEERINC AT TGO=2

vGZ (FT/5EQ)

; 7.9F

USF2
!

>
-

-18H

¥ RATE CMD(D/5EQ)

RSN
/?Et‘
|
{
[}
]
I
\
I
1
A

&

FYICH RNTE (05
0
&
~

¢ P

ERFDEL

STEEF

wab o

LRR1 734

21:22

@l s/

TIME (S

J

Figure 67-1.

130

o

STEER, fuel depletion steering, integral feedback,

Ter =




B ettt T St

—— e e, .

1/87 FUEL DEPLETION, INTEGRAL FBK, TEAMINAL

VCRFT (FT/SEC)

STEERING AT TGO=2

VG (FT/SEC)

DEPL ANGLE (DECi

PITCH ATTO (DEC)

e
<
4

ENG DEFL-P (DEG)

25

ENG RATE (D/SEC)

aLRﬂln‘iﬁ 21/25/718 21:29

4

TIME S

Figure 67-2. STEER, fuel depletion steering, integral feedback, 'rn = 2.

131




FT/75EQ)

vCX

vGZ (FT/SEC)

USF2

P RATE CMD (D/SEC)

PITCH RATE (D/SEC)

STEER ERR (UEG

v o —
e —— Sy . - -l

/2 FURL DEPLETION, INTEG FBK. ERM STEERING AT .GO0=-2, AIRSX
sea+

@. 34

e =
-104
_;_’GJb
o ' TIME ()
éﬁ

LRR1735E @1/25/78 21:53

Figure 68-1. STEER, fuel depletion steering, integral feedback, TFR = 2, AIRSX.
132

|

4
i__ A

S e




Cratdial MR SaS S5 Aohnt bl Bt
—_——

v e e

S g

- ————

seee f

(FT/SE0)

VCRF T

1/03 FUEL OEPLETION, INTEC FBK, TERM STEERING AT TGO=2, AIRSX

58224

FT/5E0)

vC

w4

WLEGs

DEPL ANCLE

- NG DEFL-F (DECs PITCH STTD (DEC)

ENG RATE (D/SEC)

LRAR1735.

2

" Py ™ ol
v e

B1/25/778  21:53

Figure 68-2.

STEER, fuel depletion steering, integral feedback,
133

Ter

= 2, AIRSX.

——




. ~lig? TUTL BEPLETION, INTEG FBK, TERM AT TGD=2, AIRSX, TAILOFF 3
50”‘}‘ 3
i o
Y
=
: -
. (5]
5 >
} —+ +
% S
i ) =
] [B]
b =
A [
‘ ~ —t ~+— —~ — —— -+ -+ + —+
(%)
| o
%]
-
|
} oy .
i g ~+ + + ' + + + S
o
- wd
3 Q -+ + + + + + + + + -+ + .
, [ t
. O
T w .
= -184
- T
i «~
w 4 " N - N " - N N N
; I} + * —+— + + t + + —+ -+ + —
~
: 3
tad
=
’ 2
P
e
Y -204
¢ N e~ 215 S0 1
T T :
3 j] i
v “9" -
! £
) [ .
| . ]
al ».
- 54 i
‘ LRA1735L  @1/26/78  @:@3 )

Figure 69-1. STEER, fuel depletion steering, integral feedback, T = 2, AIRSX,

FR
134 *4

H
{
i thrust tailoff.
2
!
*.
|
|
|




O A Al i bt AL Wt . 12 1 A Vi e 2

+1/69 UEL BEPLETION, INTEG FBK, TERM AT TGB=2 AIRSX, TAILOFF

FT/7EQ)

VIKF T

Ve (FT/5EL

\LEG)

DEFPL ANCLE

4

i

PITCH HTTRDEC

ENG DEfL-F (DECs

THRUST GCCEL IFF'SS)
3

A
—

¢1/25/78  0:03

TIME 15

i Figure 69-2. STEER, fuel depletion steering, integral feedback, TFR = 2, AIRSX,
{ : thrust tailoff. 135

LARI 735t




i .
A
F
]
1/1@ FUEL DEPLETION, TERM AT TGO=2, OPFLAG
\ seeaf
i = |
' :‘s’ :
~
-
w
g
(&)
>
i - 200t
ES <
£ wl
o ¢
i Z |
e .
1 3 ]
i >
0.9 .
E 1
"" ™~
[T
[7ad -
=
| ~ ‘
b} J
&
g ~
£ =
. [=]
P x
g ! [
! ul
;1 T -10 3
o @
; Q. ~ ‘
3
g /
~ + -+ +— + -+ —~+ + + ¥ N
» g
. a
» x -18
(B ] o
=
a ‘
]
v ¥ ——— A -+ ﬂ
; 8 TIME (5) .
; 2 ,
4 «
[T¥]
5
! i
v -S54
LRRI73SE  @1/25/78  22:22 E
' -

Figure 70-1. STEER, fuel depletion steering, TFR = 2, simplified 0 calculation.
136 R




i ity 7.

L i s b b s i e 2 ¢

Sl . "
e

R

e e v S i S Ml T S

e e T B R A £

e s n o i e e b A A B e AR -t o 7 AR S A A1 A T S 8 % R o s G e s T b A

. |
) ]
o 1-1@ “UEL DEPLETION, TERM AT TG0=2, OPFLRG ]
3
(V9]
<
e 1
&
I
(%]
>
o
]
~
-
[(©]
>
) 3
s
=)
[ve]
-
(]
4
(<o
-
G
wl
(=]
3
wl
=]
=2 3
T ]
X
(5]
—
. N
3
" L.A:J e - -+ + -+ oo -+ —t-
«
1
4 E
g
-1
(%]
z
d
- 25 1
g 4 R - ~+— o + —+
(Y TIME (S}
=]
=
a
o
2
wt
-20
LRR173 .t @1/25/713 22:22
Figure 70-2. STEER, fuel depletion steering, TFR = 2, simplified 6 calculation.
137 ]

. s R 2 AR O O T N e e

cd & TN ¥ .



i 1711 FUEL DEPL, GAMMA/TOT TROL, TERM STEERING AT T60=2
. .
i
i -
i =
s
4 &
; —
. =
. ht
» Q
. >
; - 4
: 3 1
. Y
3 ~
~\ S |
| ~ J
{ H
j\ .
% o
1 & + + + 1
1 = ‘
| N — |
| 3 _._—’——"—)\
| S e A
s o 1
v X
3 >
1 w
15 g e
o «
Q G -
1
2 S + et et
-
F 5 =
L b3
- . -10-
= .
@
. 2 -+ et~ -+ + ~+ -+ + + + ¥
- S TIME S
o
&
Y]
« .
-t
w
v —';H-
' LRR1735E @1/26/78  4-39

- Figure 71-1. STEER, fuel depletion steering, Gamma/TOT control, Tp, = 2.
S 138




1/11 FUEL DEPL, GAMMA/TOT CONTROL, TERM STEERING AT TGO=2

VGK WFT/3E0)

xRt

A RRBIE 'y AABoEsbes s ) L
VGZ (FT/SEQ)

USFZ

-1

OIS
P RATE CMD (D/3EL)

-18

FITCH RATE (D/9EC)

TIME (51

STEER ERA (DEC

-5¢

LAR1735E  @1/26/78 3:55

-
e e

2.

Figure 71-2. STEER, fuel depletion steering, Gamma/TOT control,
139

Ter =




' is12 fU L OEP CTEC FEK. G erc TeR I T 0=
'i e/t

VCX (FT/95€0)

VCZ (FT/SEQ)

A, Ay W s e St

| : @9

UsSFz

X

P RATE CMD (D/SEC)

. bk M.i.,;_.-.,...,_ e

'

-10

PITCH RS E (D/95EC)

INT

ke H 3 ]

3 | .~ :
1 . o«
R o«
3 .oow
! wl
: W
: Lo

.

! LRU173SE  @1:26/ 8 :/1
‘ Pigure 72-1. STEER, fuel depletion steering, Gamma/TOT control, integral

feedback, PR = 2,

140

P pnsvnr i . S - " - v p.g.;"‘v S
& - W * . w e K . 4 1.y - N s




INTSG "BK. - --. 70T CIL, TERM STEER AT TGO=2

(FT/SEC)

VCRF [

DECH f

DEFL ANCL

N e - v : -t s + + 3 4 o+ -t

HENTRY ERRIDEC
[

)
B
;
|
5
!
g
%
|
'

PTTCH - TTDIDEG)

TIME KSs

ENG EfF -P(DELS

173 /{1 26/°8B i/

Figure 72-2. STEER, fuel depletion steering, Gamma/TOT control, integral ~
feedback, TFR = 2,

141

L | et S LY
.

bmcanch i it il i i




1/13 FUEL EPLETI..N, FCS2, TERM RT TGO-2

VGX (FT/SEL)

At < i s

VGZ (FT/SEC)

i B M S

UsSF2

STl B b - e

P RATE CMD (D/3EC)

PTTCH RATE (D/SEC)

-

CTIME )

" " " + :
+ — -+ -+ * + + +

STEER ERR (DEG

-584
LRR1735E @1/26/78 0:18

Figure 73-1. STEER, fuel depletion steering, 2 rad/sec autopilot, TFR = 2. ‘
142 ]




i . 1/13 FUEL DEPLETION, FC32, TERM AT TGO=2
\ ‘MMJ’»

VCAHPT (FT/ZEC

4

iFT/SEL)

VG

DEPL ANCLE (DEC)

pro—

FYTCH RTTD (DECS

oo g oy e £
!

ENG DEFL-F (DEG)

TIME (&

-

ENG RATE (D/3EC)

i
9 . LRRI73SE  @1/26/73  @:18

Figure 73-2. STEER, fuel depletion steering, 2 rad/sec autopilot, Tpp = 2.
143

.- - e —
. L s B ) IR T DY TPl AR L ool B ¥
e — - 't sl i it S B e AR . s B ol BT PRI S




s

1714 FUSL OEPLET.ON,
“m«r\

1 TEG FBK, FCS2, TERM °T TG.=2

FT/5€EL)

vC«

vGZ (FT/SEQ)

USFZ

.

P RATE CMD (D/SEC)

PITCH RATE (0/5EC)

94

25 50

STEER ERR (DEG

-5¢4

LARI73%€ @1/26/78

@:46

— Figure 74-1. STEER, fuel depletion steering, 2 rad/sec autopilot, —
integral feedback, T

S

FR ™~ 2-

144 -




bt s

|

R ikt

PRI

{FT/5E0)

VCAF T

(FT/5EC,

\DEGY ve

DEPL ANGLLE

PITCH RTTDIDEC)

ENG DEFL-F (DECs

0/5EC)

ENC RRTE

1714 FUEL

0@+

ODEPLETI N, INTEG FBK, FCS2, TERM AT TGD-2

25 Se

ek,

o

-34
LRR1735¢E
Figure 74-2.

TIME (5

+ +
a na - -+ g + Y e

Q17267 3 2:ub

STEER, fuel depletion steering, 2 rad/sec autopilot,
integral feedback, TFR = 2,

145

—_—




!
’,
¢
!
|
|
i
|

FT/9EC:

viX

1715 FUEL BEFLETION, FCS . "ERM AT GO=2

FT/79EL)

i

~
tr

v

USFZ

4L
b

¥ RGTE (MDID/SEL)

FIT{H RATE {0/SEC)

|
H,
%

STEER ERR (DET,

-se4

L
Figure 75-1.

LRR1735%t  @1/26/73 @:<3

STEER, fuel depletion steering, 8 rad/sec autopilot,
146

ME

Tp

(5)

R'

2.




~
]
z =
¥ &
1 .Av 4f A. = fﬂ
o
i s} 4
3 wnT nOw.
&
=1
©
1 1 .
o
(]
N
! 1 S
]
Y
1 | ®
: o
: 5
— Aﬁ 7 r
= :
a .
P o
£ ) :
) 4, ~T o
. o] 9
o
2 | | a3
. o
: ﬁ 3
- i | .
o g |
—_ qr
W ~ W
z f s s Dm
.._ = “i e
o« wm
L :
~ : c
> : 4
2 i
(33S/14) 14HIA (336/714) 9A 1930) 379NY 1430 930 0Ll HOL1d 1930) 4-71430 9N3 (33S/0) 3ibY ON3 W. m
. -l y
(S
!
]
i
3
[}
: < A AR A
e e oo e e e R T
T i s smin S on i .




1/16 FUEL DEPLETION, NTEG FBK, FCS8, TER+ AT TGO=2 :
W*F . :
g |
w ]
Q .
-
kel
Q
>
S
ad
©
—
v
~
9 3
4
':
~ ]
bl + +— + —
=1
2 —+ -"/’:p\ + + . ~— + + “TL-\
@ + 4
S
Q
x
=)
w
—
&
< -2!-#\/
G
g e ——— N
{.‘
2
wJ
[
T
«
x
=2 4&%
Y
L e + ;:5 — - — + s:q *J\\
- TIME &
8
&
w
o«
W
w
v -52 .
LRR1735E ©01/26/78 1:@7

Figure 76-1. STEER, fuel depletion steering, 8 rad/sec autopilot, integral

feedback, TFR = 2. 148

v b S —— -

oo e b7 aalls L il 5 PO




1/15 FUEL DEPLETION, INTEG fFBkK, FCS3, TERM AT 7G0=2

vCaPi (FT/SEC)

iFT/5EQ)

vC

(OEG)

DEPL ANGLE

PTTCH STTOD (BEGs

ENG DEFL-P (TEGs

. s
llll..n. 4 + — - + -e + - JJ'J —
: TIME (S
-5Q

LRPRI735E @1/26/73 1:87

ry
e

ENG RGTE W/5E0)

Figure 76~2. STEER, fuel depletion steering, 8 rad/sec autopilot, integral
feedback, TFR = 2. 149

e L LTI

T, TS
L. . kg g TN A e L4 LI
i, i St bl B S, M om0 Wditin e o T meraail




5e0¢1

FT/5E0)

VCA

1717 FUEL DEPLETION, FCSS,TERM AT TGO=2, OPI CASE
F‘\;

2009

VG (FT/5EC)

ED}

UsfF2

+

-1@4

P RATE CMD ID/SEL)

-104

PITCH RRTE (b/SEC)

S

25

STEER £RR (UEC

Rt
LRR1735¢t

21/25/718

23:18

Figure 77-1.

STEER, fuel depletion steering,
150

optimized design, Tpr = 2,




[N s L=t S

e = RN

C eman e e ean

e Tt——

1/17 FUEL DEPLETICN. FCSS,TERM AT TGD=2, OPT CASE

(FI1/5EL:

VCRPT

tFT/5E0)

ve

DEFL ANGLE (DECH

FITCH GTTDIDEC)

ENC DEFL-P (DEC)

ITTPPTYI N 4 + N + g~ + -+ Y
ot + +

f?hf [&Y]

ENG RATE (D/SEC)

LRR173%c  @1/25/78 23:19

Figure 77-2. STEER, fuel depletion steering, optimized design, 2.

151

Tpg =




- <
3 k:
{ 1/18 FUEL DEPLETION, INTEG FBK, FCSS, TERM AT TGO=2, OPI CASE
et .
| 3 i
i &
i ~
-
£S
el
(%]
>
;. T s
: b §
A ~
- s i
]
: ™~
i S "
4
K 0.5 E 3
i 3
j
~ ;
= + + + + + i
B '
. <
3 ) ' 3
{ 8 N — "\ '
p ¢ [T L
3 L —+ — + + + —+ + + +
- | =
: Q J
! 5
' . w
H — -104
g |
b ! e :
y! S [\/ ———-\
-. o8 + + + ' + + + +
H ~
. I -
¥ g wl '
b - - !
;8
Lo
+ - i . 2:5 — + + —— 53 -+ P\
P TIME (5
Co8
i * [ 3
4 o d
- H :
[ i
i Pow : .
y e -5!1' !
LRRI73SE  01/25/78 23:26 ;
: ' S
’ Figure 78-1. STEER, fuel depletion steering, optimized design, integral
) feedback, T,, = 2.
\ FR 152
* .




i WA 7. e s - P e

o e dbemes -

VCHPT (FT/SEC)

1/18 FU_L DEPLETION, INTEG FBK, FCSS,TERM AT TGO=2, OPT CASE , i

e

VG (FT/3EC)

DEPL ANGLE {DEG)

PITCH ATTD (DEC)

ENC DEFL-P (DEG)

"y

25 50

tn 3 + + " e
\ T \j

ENG RATE (D/SEC)

LAR1735¢ @1/25/78

TIME (S)

23:26

Figure 78-2. STEER, fuel depletion steering, optimized design, integral
feedback, T

PR™ 2- 153




i, SRR A IR, Sl T e i e

S L e,
e e b

[ i

e+

e o e s w— e Sl e - e

FT/5EC)

vGX

vCZ (FT/3EL)

USFZ

P RATE CMDD/SECS

PITCH RATE (D/3EC)

STEER ERR (DEG

1719 FUEL DEFLETION, INTEG FBK, RIRSX, TERM AT 7G0=2, OPT CRSE

‘SMT
0+
0.3¥
-124

Pl A PN

ey 55 ————t- + - ig -+

TIME (S

-521
LRRI73SE  @1/25/78 23:29

Pigure 79-1.

feedback, AIRSX, TFR =2,
154

STEER, fuel depletion steering, optimized design, integral

A T W

e 8 A

chaladd

IR N




1/19 FUEL DEPLETION, INTEG FBK, -IRSX,TERM -T TG0=2, OPI CASE

~20e

VCRPT (FT/9EC)

5P

VG (FT/SEC)

e~

DEPL ANGLE (DEGs

v
PITCH RTTD (DEC;

e

ENG UEFL-F (DEG}

»

.

ENG RATE (0/SEC)

LRR1735E @1/25/78 23:29
Figure 79-2. STEER, fuel depletion steering, optimized design, integral

= 2,

feedback, AIRSX, TFR
155

S Asr e G KA.




Ty

1/2@ FUEL DEPL, INTEG FBK,RIRSX, TERM AT TGD=2,0PT CARSE, TRILOFF

52004

FT/79EC)

VGX

2ee0 1

P,

s S 8 el et o Vo
VvCZ (FT/SEC)

8.2

USFZ

-181

e e e
P RATE CMDD/3EC)

P

-

i i .
v e bt e ot agees

PITCH RATE (B/SEC)

SIEER ERR (DEG

-5+
LRRI735E  @1/25/78  23:47 !

Figure 80-1. STEER, fuel depletion steering, optimized deisgn, integral
= 2.

feedback, AIRSX, thrust tailoff, T
156 FR




BTNl S 4 TG 2 M i

e e —— - - o

AT YT e

o

1/2@ FUEL DEPL.INTEG FBK,RIRSX, TERM AT TGO-2.0PI CARSE, TAILOF-

222

VCRPT IFT/5EC)

(Fy/5EL)

VG

DEFL ANGLE (DECG)

CH GTTDDECS

LAY

ENC DEFL-F (DEG)

Wn/560

ENC RGTE

LRR1735E @1/2%/ 73 23:47

Figure 80-2. STEER, fuel depletion steering, optimized design, integral

feedback, AIRSX, thrust tailoff, '1'FR = 2.
157

o T e YT -3y 2t 1 B . Se c B R R + e e B

o -

¢ i

crw ke B4
: ey )




1/21 FUEL DEPL, FCS8, AIRS, TERM STEERING AT TGO=2

VGX \FT/SED)

VG2 FT/SEC)

UsfZ

Ryspp
[}

P RATE CMO (D/SEC)

+
i
]
1»
i}
[
1
[_4
4
i
-
v 1
V

PTTCH RATE (0/SEC)

-
*L\
3
L du
¢
}

TIME

s e

STEER ERR (UEG

-5
; LARI735E @1/26/78 3:41 -

Figure 81-1. STEER, fuel depletion steering, 8 rad/sec autopilot, AIRS,
= .

2.
Trr 158

Lar

ca e T . ’

PN

. - .
3% N0 S e g — 2 oo e e o tog n




3

e s L L ——

o Slaska
C e o

g wal O ool 4

R

g

SRt Dlihes A

B

(FT/3EC

VCRF [

W T/5E0)

tDEG, VG

DEPL ANGLE.

ENC DEFL-FP (DEG) F1TCH RTTD DEC)

ENG RATE (0/5€C)

1721 FUEL DEPL, FCSB  'IRS, TERM STEERING T TG0=2

cdmai a s

-se4
LRR1735. @81/26/78 ERUY

Figure 81-2. STEER, fuel depletion steering, 8 rad/sec autopilot, AIRS,

Tpr = 2- 159

e e it e —— e
. 'y N NS W T8 ) *»;"é&gt\i" LI SO B 3
i 1 O i, ot i T ik i ac K HY. BRNPIIPDY A S LR SN SR




S 1s22 FUEL DEPL, FC38, RiRSX, TERM STEERING AT TGO=2
00t

VCGX (FT/SEC)

VGZ (FT/SEQ)

USFZ

N
1
-

P RATE CMD (D/SEC)

-84+

1-‘

+

-3

PITCH RATE (O/SEC)

§ i .
N e : + hid — R +
+ 4

TIME (5

E 3

STEER ERR (DEG

-5@1
LRR173SE ©@1/26/78 3:27

Figure 82-1. STEER, fuel depletion steering, 8 rad/sec autopilot, AIRSX,
T = 2, 160
FR




S ot e s hclamss

USRIV NP

PR L

oa0+

VCRPT (FT/SEC)

./22 FUEL DEPL, FCSB, -IRSX, TERM STEERING AT TGO=2

eed

VC (FT/3EC)

DEFPL ANGILE (DECs

PITCH ATTO (DEG)

ENC DEFL-P (DEG

ENG RGTE (D/SEC)

LARR1735.  /1/26/ 8 3:27

Figure 82-

2. STEER, fuel depletion steering, 8 rad/dec autopilot, AIRSX,
Tpr = 2- 161




Ay LA ik RNl £ - ~

F
T i
1723 FUEL DEP-ETION. TERM AT TGO=2, BIRS, TAILOFF © 3
s200 .
; 1
s
~
I
A d
[Sa}
>
] - 282 1
1 et
! ' < 1
3 =
~y ;.
4 Q ;
1
|
. .
- . [
‘ g + -+— =+ -+ + + + —t St + —t- —
! x—
1
: < ~+ f: + et + + + — ¥ + .
1 Q 4
E a3 1
" i
R wi i;
:' e 18 3
3 g
z -
‘ S — v ~.w—-‘—/\.\“
- ¢ P coutmta + + —+— Pmscmeertn
3
Wi
=
[+ o
» o
&5
—
N 224
¢% L
o) TIME ) _
[V )
a A
! et
= &
d <
u -
! w
; I -5e+
1 LAR173°E @ /26/73 1:26

Figure 83-1. STEER, fuel depletion steering, optimized design, AIRSX,
thrust tailoff, T

= 2.
162

FR

cabandin




—— e

e - 2 St A ne .

(FT1/95E0)

PTTCH GTTD (BEC) DEPL ANCLE (DECS vC {FT/5EL VCARPT

ENG OEFL-F (REG)

ENC RGTE (D/SECH

1/23 FUEL DEPLETION, TERM AT TGO=2, KIRS, TRILOFF

LRRL73°L  @1/26/7 B 1:26

Figure 83-2. STEER, fuel depletion steering, optimized design, AIRSX,
thrust tailoff, T = 2.
163

FR




e e—— e

Autopilot/

Figure/Run Steering
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62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

8l

82

83

1/01

1702

1/03

1/04

1/05
1/06
1/07
1/08
1/09
1/10
1/11
1/12
1/13
1/14
1/15
1/16
1/17
1/18
1/19
1/20
1/21
1/22

1723

5/01

5/01

5/01

5/01

5/01
5/02
5/02
5/02
5/01
5/01
5/01
5/02
2/01
2/02
8/01
8/02
5+/01
5*/02
5%/02
5%/02
5%/01
8/01

8/01

Table 20. STEER simulation runs.

Mode

FD

FD

FD

FD

FD
FD-Reentry Ctl.
FD~Reentry Ctl.

FD

FD

FD

FD

FD

FD

FD

FD

FD

FD

FD

TR AIRS Tailoff
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Ro

No

Yes

Yes

&

&

Yes

No

No

No

No

No

NO

No

Yes

Yes

No

No

Comments
Normalized Design
Normalized Design
Normalized Design
Terminal Steering

Normalized Design
Integral Feedback

Terminal Steering

Simplified 6 Computation

Gamma/TOT

Gamma/TOT

FCS2

FCs2

FCS8

FCSs8

Optimized Design

Optimized Design

s

Optimized Design

Optimized Design

Optimized Deaign
FCS8 w/AIRS

FCS8 w/AIRSX i
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The output parameters shown in Figures 61-83 and not previously
explained (Section 5.1) are discussed below.

P RATE COMMAND The pitch rate command to the autopilot from

the steering loop

PITCH RATE - The vehicle pitch rate

STEERERR - The angular difference between the vectors
USF and AV

PITCH ATT - The vehicle pitch attitude measured from the

local vertical

ENG DEFL-P - The pitch deflection of the engine actuator
ENG RATE - The pitch deflection rate of the engine
actuator

Note that in these figures, a negative pitch rate command or response

is actually nose-up due to the sign convention established in Section 1.
A negative pitch response (up) corresponds to a negative rotation (up)
of the engine nozzle. Pitch attitude, however, is defined in the
opposite (and more logical) sense. Negative pitch rotation of the
vehicle will result in a positive increase in the pitch attitude, which
is measured from the local vertical. Note also, that the fuel depletion
angle is measured from the Vé vector rather than the inertial axes.
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SECTION 6

CONCLUSIONS

6.1 Overview

The purpose of this study was to examine the design of the auto-
pilot and steering loops and the attitude processing requirements for
the third stage of a ballistic missile. 1In accomplishing this, we have
discussed the design of the steering loops and examined the stability
of these loops as a function of the changing vehicle parameters. Then,
we developed a simplified method for determining the parameters of the
autopilot filter for any desired crossover frequency by normalizing
the design to a convenient parameter.

We have examined the effect of the steering loop on the system
response and then used the steering dynamics to "optimize" the closed-
loop response in a simple manner.

The guidance equations for position offset guidance for velocity-
to-be-gained and fuel depletion steering were then discussed, and a
perturbation study was performed to determine analytically and em-
pirically the sensitivity of these methods to steering errors, and
evaluate the analytical expression so determined. Next, several
attitude prcressing methods were developed and compared as to their
effectiveness in reducing the computation load of the attitude s: stem.
Then, two of the methods were evaluated by using them in a simulation
of the vehicle in maneuvers involving high timing rates.

Finally, the autopilot and steering loops and the "best" attitude
data processing method were combined with the guidance methods and
evaluated in a full system simulation of a ballistic missile flight.

In this simulation, the effects of data measurement noise, thrust
tailoff, and terminal steering were interjected to test the system
response and performance compared to an ideal system. The conclusions
arrived at through this process are presented in this section.
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6.2 Attitude Measurement Studies

From the study done to compare the worst case errors for AIRS
and AIRSX, we see that AIRSX (AIRSME4) has a distinct advantage over the
other methods of processing the attitude data. The worst case errors
for AIRSX were significantly lower than those for "standard" AIRS
(AIRSBAE). It we also compare the computational requirements required
for each method, we notice that, although, AIRSX requires slightly more
computation time than AIRS, the difference in the computational require-
ments is negligible compared to the total time required. This is part-
icularly true if the difference is compared to the other computational
requirements of the guidance computer. When these two methods are com-
pared in the STAR simulation, we see that, again, the AIRSX data is
consistently more accurate than the AIRS data, particularly at the
higher rotation rates.

6.3 STEER Simulation Studies

This section presents the conclusions drawn from the OFFSETT
and STEER programs. We will discuss the results of simulation runs
that were made with the autopilot designed using the normalized design
process, and compare this system response with that of the system using
the "optimized" autopilot and steering combination. Then these results
will be compared to the ideal case, OFFSETT.

Normalized Design - The STEER simulation has verified that the

normalized design process may be effectively used to determine the
autopilot parameters for any desired crossover frequency. For each

of the 3 designs (2, 5, and 8 rad/sec autopilot crossover/frequencies),
the frequency response plots verify that the compensated system has
the desired open and closed loop response, and the STEER simulations
have indicated that these systems behave as they should. Specific
conclusions that may be drawn from the simulation runs that involve
the normalized design autopilots are described below:

I. Steering Model - For fuel depletion steering, the simplest

steering model, i.e., the proportional steering mode, gave

the lowest residual velocity-to-be-gained. Since this

model is less accurate than it would be if integral feedback
was added (as is shown by the magnitude of the steering errors
for these cases), the excess AV capability is wasted early

in the maneuver, the guidance system switches back to the V
steering mode at an appreciable value of Tgo. Hence, more
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time is spent nulling the V_ errors with this steering model
than there is with the integral feedback added.

II. Terminal Steering - Terminal steering is required during the
last few seconds of the burn when fuel depletion steering is
used. The instability is more noticeable when the switch
back to V_ steering occurs in the last few seconds. Even
with terminal steering in the last two seconds, the final
pitch rates and residual Vg's are higher when the fuel
depletion maneuver extends to the end of the burn.

IIXI. Simplified 6 Calculation - The use of the simplified expres-

: sion for computing 6 gave no noticeable degradation in re-
sponse when used with the simple steering mode. Since this
method always computes a smaller 6 than the iterative method,
particularly at the higher values of 8, when used with a more
accurate steering method it could cause underwasting and the

| fuel depletion angle could suddenly increase at the end of
the burn.

IV. Attitude Data Processing - The use of AIRSX or AIRS for
attitude data processing interjects about 10 deg/sec of

f; actuator rate noise with 5 rad/sec autopilot and about 40

. deg/sec of noise with the 8 rad/sec autopilot. For the 8
_3 rad/sec autopilot, this noise also causes significant resid-
;i ual Vg errors. Without AIRS or AIRSX, however, the 8 rad/sec
’ autopilot gave the best performance in fuel depletion steering,
particularly with the simple steering model.

i V. Gamma/TOT Control - With the 5 rad/sec autopilot it was pos-
§ sible to control the reentry angle within the desired tol-

) 6 radians) from the beginning of the burn until
B t 49 seconds for the proportional steering model, and until
t 59 seconds for the proportional plus integral model. For
the given initial conditions, however, an additional 1600

fps of AV capability was required to accomplish this.

erance (10~

n

ne

IV. Specific Autopilot Capabilities - From examination of
je . ¥ Figures 73 and 74, it should be clear that the 2 rad/sec
autopilot is not capable of accurately following the pitch

e

profile commanded by the guidance system during fuel deple- k
tion steering. The 5 rad/sec autopilot has adequate ‘
responsiveness to follow this probile, as well as the

A 4 g

168

i

v DL A T S S e S —— e

———— - - e
L et

MRS L Lt




desired noise attenuation characteristics at higher fre-
quencies. The optimized 5 rad/sec autipilot has approkimately
the same response characteristics as the 8 rad/sec systenm,
but, of course, has a narrower bandwidth. This is an impor-
ant advantage, as was pointed out in 1IV.

Optimized Design

I. The optimized 5 rad/sec design gave much improved performance
over the standard 5 rad/sec autopilot. The shape of the fuel
depletion arc for this configuration is very much like that
of the 8 rad/sec autopilot in that the switch to V_ steering
occurs at about 50 seconds, rather than at 45 seconds.
Delaying the switch back to V_ steering to about Tgo =10
seconds (or t = 50 seconds) lowers the required turning

1 . rate during the fuel depletion maneuver by stretching the

P i b

ity

O e it i v A SRR Mot &
—

' maneuver over a longer period. This also seems to be about
the optimal time to switch back to Vg steering in order to
have the maximum time to null the Vé errors.

The numerical comparison of the terminal conditions for the
OFFSETT and STEER simulation runs is given in Table 21. It should be
noted that the residual Vé values shown in this table could in most
cases be reduced by performing a fine countdown during the last few
seconds of the burn. The Vg and Vcap values in the table are the
results of shutting down the engine at the next autopilot cycle after
either 1) the x-component of the V_ vector goes to zero (Vg steering)
or 2) the magnitude of Vca

e et

P goes to zero (fuel depletion steering).
Since the rate of change of Vcap is equal tq the thrust acceleration
and for the constant thrust case, the acceleration is about 300 ft/sec
at the end of the burn, we can see that vcap changes by about 10 fps
between autopilot cycles. Obviously, further refinements can be made.
The lowest residual Vg error (1.24 fps) was achieved by the optimized

5 rad/sec autopilot (Run 1/23). This run also ended with the lowest

2

. b A
.

terminal pitch rate (0.003 deg/sec).
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Run #

1/01
1/02
1/03
1/04

1/05
1/06
1/07
1/08
1/09
1/10
/11
1/12
1/13
1/14
1/15
1/16
1/17
1/18
1/19
1/20
1/21
1/22
1/23

5.13
5.11
1.60
1.60

7.67
19.46
24.58
24.60
26.81
11.61
15.09
58.95

397.94

8.18

2.22
19.77

2.85
11.88
12.07

1.04
72.12
76.40

1.24

OFFSETT RUNS

2/100

2/01
2/02

0.01

0.26
0.75

Table 21.

gx

-4.37
-4.35
-1.53
-1.53

-4.19
-16.63
-20.31
-20.37
-19.90

-9.30
-14.51
-57.82

44.41

-6.06

-1.84
-17.00

-2.83
-11.22
-11.35

-0.69

59.55

63.37

0.91

0.01

0.191
0.281

Comparison of STEER and OFFSETT
terminal conditions.

v
gz

~2.68
-2.67
~-0.46
-0.46

-6.42
-10.11
-13.84
-13.80
-17.96

-6.94

-4.15
-11.50

-395.46
5.50

-1.24

-10.08
0.29

-3.90

-4.10

-0.77
-36.32
-38.47
-0.84

0.005

-0.171
-0.692

Vcap

-4.9
-4.9
2259.2
2259.2

-0.8
-3.9
-3.9
-4.0
0.2
-4.6
-7.5
-2.5
365.8
-5.6
-1.0
-3.8
-2.6
-4.2
-4.1
0.2
-5.2
-4.5
0.0

0.000
0.161
-0.250
-0.225

2,092
6.797
1.222
l1.166
-1.130
0.307
0.239
-2.109
4.177
-1.903
0.082
1.921
0.039
1.787
1.781
-1.958
0.141
0.115
0.003

N/A (Not applicable)

N/A
N/A

Autopilot/
Steering/'l‘FR

5/01/0
5/01/0
5/01/0
5/01/5

5/01/0
5/02/0
5/02/2
5/02/2
5/02/2
5/01/2
5/01/2
5/01/2
2/01/2
2/02/2
8/01/2
8/02/2
5*%/01/2
5%/02/2
5%*/02/2
5%/02/2
8/01/2
8/01/2
5*/01/2

Mode

@ o o°

<

FD - Y
FD - y
FD
FD
FD
FD
FD
FD
FD
FD
FD
FD
FD

\'
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FD
FD -~ vy
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APPENDIX Al

VEHICLE ROTATIONAL TRANSFER FUNCTION

Rotational Dynamics (Pitch or Yaw Axis)

e

Using Eulers' Equation

i . .

i f I6 = IM = Tlcgs + Mezezcgs + Ied (See Table 1)

o .

| assuming

3 ‘ (sin § = §)

‘ The first term on the right-hand side is the torgque about the

; vehicle cg caused by the defection of the thrust line; the second term
i

" is the inertial reaction torque due to lateral translation of the engine
‘} nozzle; and the third term is due to the angular acceleration of the
| engine. Taking the Laplace transform of both sides
1

f.

2
1s26(s) = T 8(8) + (MR tog + I)878(8)

O
]
:
—
= |
8

X 8 (s) I s2
with
} w2 _ Tlc
TWD Mezelcg + Ie
i If we substitute typical vehicle parameters into this expression, we

find that Wewp = 80 rad/sec. This frequency is much higher than the
autopilot crossover frequency and for the purposes of this study, this
3 effect will be neglected.
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APPENDIX A2

ACTUATOR TRANSFER FUNCTION

The actuator open-loop transfer function consists of A DC gain
factor, a first-order lag with time constant, 1, and an integrator,
shown in Figure A2-1. With the unity feedback loop added, the closed-
loop transfer function becomes

Kg

~

T

G.(s) =
§ K
32+ +—_l_§‘

Ajn

We choose 1 = l/!(s so that the damping ratio, { is equal to 0.5 and the

natural frequency, W is equal to Ks. Then the closed loop transfer
function can be written as

Gs(s) = 8

Figure A2-1. Actuator Model.
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APPENDIX A3

DERIVATION OF A(s)/0(s) 4

The autopilot and steering loop models described in Section 2.3
employ the variable A to represent the angular position of the thrust
acceleration in the pitch or yaw plane relative to the initial body x-
axis that would be sensed by the zero-quantization accelerometers of
an idealized IMU. If the vehicle rotates about its pitch (y) or yaw

(z) axis with an angular velocity 8 the IMU-sensed acceleration will
have an x-axis component

2
a = T cos § /M + & 3 (a-1)
xIMU e IMU

and a component perpendicular to the x-axis

ay = - T sin se/n + lIMU 6 (a-2)

where GE is the angular displacement of the engine from the x-axis
(defined positive in the direction that produces a positive 8) and EIMU
is the distance of the IMU forward of the vehicle center of mass.

We neglect the centripetal acceleration term, £IMU02, and assume e

that §, is small enough that

cos 5e =z 1 (A-3)
sin §, = Ge (A-4)
The body-axis components of the IMU-sensed acceleration are then
approximated by
ay = T/M (A-5)
IMU
ay = - T/M 8o + EIMUe (A-6)

- IMU
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Assuming that a << ay . the angle of the IMU-sensed acceleration

Nimu IMU
relative to the body x-axis is given by the ratio

(A-7)

The angle A of this IMU-sensed acceleration, measured relative to
the same inertially fixed coordinates in which ¢ is measured, must be

+ whence
IMU

given by the sum 6 + ay /ax
IMU

A = 9 - GE + [EIMU/T/M) 6]

The transfer function A(s)/6(s) may therefore be expressed as

A(s) [1 + g2 tivu ] _%®

(s) (T/M) 8 (s)

Moment of inertia about the axis
of rotation for which 68 is defined

Moment arm between the engine

hinge point and the vehicle
center of mass

therefore
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APPENDIX A4

RELATIONSIHIP BETWEEN ), AAV’ AND AV
g

We suppose that Figure 5 in Section 2.3 represents transfer

functions in a pitch plane whose inertially fixed x-axis is the

reference for the previously defined 6 and A. If we further assume
small engine deflections such that the thrust acceleration vector is
approximately parallel to the vehicle x-axis we have from Figure A4-1.

mTs
2 T
sz(mms) = ® Adt
(m—l)’rs
and
= I
Avx(st) = % Ts
z
] Y AAV

Figure A4~1. Definition of angles in inertial frame.

e

Therefore, using the fact that tan x x for small x

AV_ (mT_) mTg
Ao (mT ) = 2 __8_ =z L A dt
AV s Avxlst) Ts
(M=-1)T
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The integral is equivalent to

AAV(st)

which can be represented pictorially by Figure A4-2.-

(s)

L
T
8

mT

Jrue s

o

As)

" [=

LY,

Figure A4-2. Relation between X (s) and AAv(s).

The representation of the effects of Vé

assumption that

and the assumption that the initial direction of Vg points along the

x-axis of the pitch (or yaw) plane. For the case of pitch plane motion,

it is assumed in Figure 5 in Section 2.2 that

[
X3

=3

t
f Adt
[o]
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and also that

gx go
t
= o = - T
Vg, & -V, = fodt
o
Finally, is is assumed that
v
Ay E\_’ﬂ
g gx
whence
t
=/
A = - = Adt
v t
g go %
Thus, the effect of sampling V_ to determine AV every Ts seconds can
be represented by the following diagram. g

l A(s)

1

s
(s) K
s

AVg

I
Too

.

Figure A4-3. Relationship betweenA)\V (s) and A(s).
g

In Figures 5 and 6, Av (s) has been replaced by the more general term
g9
AUSF(S) and the term -l/Tgo has been changed to -Y/Tgo since the Y/Tgo

term represents the 1/'I‘go sensitivity for vg steering and 4/Tgo sen-
sitivity of fuel depletion steering as discussed in Section 3.3.
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APPENDIX AS

DERIVATIONS FOR FUEL DEPLETION STEERING

A5-1. Basic Relationship of Fuel Depletion Steering
S

Figure A5-1. Geometry of the fuel depletion arc.

In this figure, 6 represents the fuel depletion angle, the
chord length c represents the magnitude of Vg and the arc length S

represents vcap'
Note that
sin 6 = EéZ = f%
and s = 2mr 22 = 26r
. = S, = S
N T 2r )
SO
sin 6 = sse = %§ ,
sin 6 - ¢
;] s ¢
and finally in o v
sin = g
2] Vcap




APPENDIX A6

CALCULATION OF SPECIFIC
FLIGHT CONTROL SYSTEM PARAMETERS

N e  t)

The relationship between the approximate autopilot crossover

frequency and w' is

and

€
[ 8]

(]
€
~
€

! = ."E
: Y2 2 ¥2
;i
s Since we have selected wl/w2 = 0.10
E
w, = 0.10 Wy ]

. ’J -
- The w~plane pole of the compensator is given by

_ T/2
s w3 - T3
and 'r3 = (¢;/’w2) + TDAP/z + Tpome
: We have selected ¢; = 0.25 and
1 i H
x —
i TDAP = 0.03 and
! T = 1l/w = 0.020833
i . ACT nact
s
]
!
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Finally the compensator gain is

]
2
K = Ko Y2
(<] Kv
where
] -
Ko = 1.4
and
Kv = 20

Using these equations and values for the fixed parameters, we generate
Table 7. With the substitution

for this simple compensator, we can determine the z-plane coefficients
from the equations

1"A22-1
D(Z) = KZ ————-—__:T
1l - Bzz
with
wozl + w l - w 1l ~w
k., =[3 2{k. i a, = i B, = 023
z W, T+ w3 W 2 T+ w, P T T+ w3

The z-plane filter coefficients A, and 82 used in the digital simulation

are given in Table 8.
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APPENDIX B

COORDINATE TRANSFORMATIONS

The coordinate transformations required for the simulation

programs are presented herein. The relative orientation of the body

frame and the inertial frame is shown in Figure B~1, and it assumes

that the platform axes are initially aligned with the inertial axes.

The platform-to-body transformation matrix, ﬁ%, and its inverse, the
body-to-platform matrix, E?, are used to transform inertially-referred
vectors into the body frame and body referenced vectors into the inertial

(platform) frame. These transformation matrices are updated at the

PB’

1 0
" = [cOA 0 SINA
SINL 0 cos
PRODUCT
b = PB’ FB"

PB = |-SINUCOSA  COSy  -SINY SINA

autopilot loop cycle time.

BODY FRAME TO INERTIAL
FRAME TRANSFORMATION

FIRST ROTATION:

cosy  SINy
= | sing cosy
0 0

SECOND ROTATION:

COSy COSA SINA COSY SINA

-SINA 0 COSA

Figure B~1. Body frame to inertial frame transformation.
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The engine frame-to-body frame transformation matrix is presented

in Figure B-2. It is used to transform the engine orientation angles

into a body referenced vector, ENG, which is then transformed into the
inertial frame by multiplying it by the body-to-platform transformation
matrix, ﬁ%. This inertially referred vector, ENGPLAT, represents the
direction of the engine thrust vector.

THRUST VECTOR

By
BODY LONGITUDINAL AXIS

+8P
ENGINE CENTERLINE

The direction of the thrust vector is referenced to
the vehicle body axes using the ENG vector where

cos § $
y cos p
ENG = -sin 8y cos Gp
sin §
in P

Figure B-2, Engine frame to body frame transformation.
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APPENDIX C

SIMULATION DESCRIPTION

To evaluate the design of the guidance, steering, control and
attitude measurement systems, digital computer programs were developed
and run to simulate these systems independently, as well as in an
integrated system. Three major programs (OFFSETT, STAR, and STEER), E
and five subroutines (PERT, AIRSBAE, AIRSME2, AIRSME4, and AIRSINC) |
were developed or used in this study.

OFFSETT is a simulation of the guidance system with simplified
vehicle dynamics operating in orbit around a spherical, nonrotating
earth. STAR simulates the steering and control loops and the vehicle
and actuator dynamics, but has no guidance routine and operates in ;
inertial space. These two major programs are merged into STEER, which
is a complete simulation of the integrated guidance, steering, auto-
pilot and actuator systems coupled with the complete vehicle dynamics
in earth orbital flight. PERT is a subroutine to OFFSETT that is used
to compute sensitivities to velocity errors. The AIRS programs are

variations of the program that simulate the attitude data processing.
A description of each of these programs is presented below.

OFFSETT

The OFFSETT program simulates the guidance system. The vehicle
is represented by a point mass, with no steering or autopilot inter-
actions or rotational dynamics. Normally, the thrust and the mass
flow rate are constant, but the same thrust model (see Appendix D)
used in STEER is available for use.

The program inputs are the initial and final radius vectors, the
time of flight, the initial velocity, and the reentry angle control

tolerance. The program begins by computing an impulsive velocity to be
gained by solving the Lambert problem using the initial and final
radius vectors and the time of flight. Then, at each guidance cycle,

a position offset is calculated to account for the nonimpulsive
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nature of the burn. The new velocity-to~be-gained is calculated from
this offset position. The vehicle may be steered in either Vg steering
or fuel depletion steering. If fuel depletion steering is used, the
reentry angle may be controlled by modulating Vcap to change the fuel
depletion angle and hence, change the pitch profile to control the
reentry angle, while at the same time maintaining a fixed time of flight.
The vehicle dynamics are simulated in a differential equation loop,

and all measurements are considered ideal.

The OFFSETT program and its variations are used as an "ideal"”
, case to show just the effects of the guidance computation without
steering or vehicle lags.

OFFSETT)

This program is identical to OFFSETT, except that the thrust model
explained in Appendix D is included to simulate the effects of thrust
tailoff.

PERT

PERT is a subroutine to OFFSETT (and OFFSETT1) that computes the
change in fuel depletion angle caused by a small variation in the

velocity-to-be-gained. The PERT subroutine is called after the
guidance calculations at a particular time have been made. A small

variation in the vehicle velocity, and hence the velocity-~to-be-gained,
is made and the perturbed parameters are calculated at the same time as
the unperturbed parameters. After these parameters are calculated, the

AP .. .. ..o

P

unperturbed parameters are restored and the simulation continues.

SRR A-’-' -

Sample output for the OFFSETT program with the PERT feature
activated is shown in Table C-1.

STAR

The STAR program simulates the steering loops, autopilot filter,
engine actuator, attitude measurement and processing system (using the
AIRS subroutines) without inputs from the guidance program. It was

?! i used to evaluate the response of the vehicle to test steering inputs to
examine the steering concepts, autopilot filter parameters and two
different methods of processing the attitude data. In the STAR program,
= . the vehicle may be steered using Vg steering or a test steering input

- el a—

! may be used. For the purpose of the AIRS study presented in Section 4,

? : ; 184
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a combination of a parabolically increasing constant, and linearly de-

creasing rate input was used. 1In the STAR program, the mass, moments

of inertia, and center of gravity location are linearly varying func-
tions of time. The thrust is constant but the autopilot filter gain

is changed as a function of thrust acceleration to maintain a constant 1
value of open loop gain.

Sample output of the STAR program is given in Table C-2.

The variations of the AIRS programs differ in the methods that
are used to extrapolate and interpolate the AIRS band angles and

compute the transformation matrices. 1In general, though, the AIRS

programs receive the platform-to-body transformation matrix and the
values of receiver and driver band noise from the main program and p:
compute quantization and deterministic (table look-up) errors to K
determine the measured incremental attitude vector and the measured

body~to-platform transformation matrix. The variations of the AIRS
program are discussed further in Section 4.

STEER

The STEER program combines all aspects of the previously described
programs into one complete simulation program, as shown in Figure C-1,
the simplified STEER flowchart. Referring to Figure C-1, after

initialization of the parameters, the program computes the guidance

parameters under GUID. These parameters include, the predicted engine

cut~off time, which is either the time when the velocity-to-be-gained

should be zeroc or when the Vca is exhausted, the position offset, the

fuel depletion angle if fuel depletion guidance is used, the current
velocity-to-be-gained, and the reentry angle. Within this loop, a
solution convergence check recomputes the parameters until the position

offset and guidance solution converges. After the guidance parameters

are computed, the program enters the STEER routine .here the velocity-
to-be-gained, the steering error vector, and the ri.e command vector
are computed. The rate vector is multiplied by T

pr» tO compute the
incremental attitude command vector.

The program then enters CONTRL ';
where this vector is compared to the incremental attitude feedback and

an attitude error vector is computed. This error signal is used by the

autopilot filter to generate actuator deflection commands. Under
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1

SOLN
CONVERGED?
YES

GUIDOV

Figure C-1. Simplified flow chart-STEER program.
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UPDATE, the vehicle mass, center of gravity, and moment of inertia data
is updated and if the thrust tailoff option is selected, the thrust, mass
flow rate, and exhaust velocity is modified. The vehicle acceleration
is then calculated. The actuator commands previously computed are then
used in the ACTUATOR subroutine which is the start of the differential
equation routine to compute the actuator response. Under DYNAM, the
actuator response and the rest of the vehicle parameters are used to
compute the vehicle response. The program enters the AIRS subroutine
where the actual and AIRS program computed attitude data is calculated.
If the elapsed burn time is less than the cut off time, the program
returns to GUID. However, since there are nominally 45 CONTROL cycles
between GUID cycles, the program jumps to STEER. There are nominally
15 CONTRL cycles between STEER cycles, so the program then jumps to
CONTRL and exercises that loop. This process continues for 15 CONTRL
cycles and then the STEER routine is exercised. After a total of 45
CONTRL cycles (and 3 STEER cycles), the guidance parameters are re-
computed. The program continues in this fashion until T = T at which

co
time the program ends. Sample output for the STEER program is shown

in Table C-3.
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APPENDIX D

THRUST TAILOFF MODEL

For the purposes of much of this study, the rocket thrust was
assumed to be constant. The mass flow rate was also constant, and

hence the mass decreased linearly with burn time. The magnitude of
the thrust acceleration was given by

Thrust
= —=2x==F {D1)
AT M° - mt

The AV capability of the vehicle is given by the integral of the
thrust acceleration
t

t
= = T (D2)
Veap = 6/ A dt = f — dt

O M -mt
o

With the assumptions stated above, this integral can be evaluated
analytically as

_ T
Veap = ; 1n (My/Mpyrnout! (D3)
Recognizing ? as the exhaust velocity, vex’ the expression becomes
m
Veap = Vexln Mo/Mpyrnout! (D4)

While the assumption of constant thrust and linear mass change is a
useful simplification in the design process, most real solid-fuel
rocket engines exhibit thrust tailoff characteristics, marked by
decreasing thrust, mass flow rate, and exhaust velocity in the latter

part of the burn, as well as thrust variations throughout the burn,
caused by unequal burning of the fuel.

As has been demonstrated in Section 2, the steering/autopilot/

vehicle combination is stable only for a range of value of open-loop gains.
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Since the gain contribution of the vehicle is Tzcg/I, as the thrust
decreases rapidly at the end of the burn, the system tends toward in-
stability. This effect may be compensated for by varying the steering
and/or autopilot compensator gain as a function of sensed acceleration.

To correctly represent the effects of thrust tailoff, it is not
adequate to simply decrease the thrust to zero in some fashion. The
other engine and vehicle parameters (m, Vex’ Vcap’ M, AT) must be
simultaneously changed to make a consistent set. Since the AVcap of
the engine is assumed to be accurately known beforehand, the first
requirement of consistency is to vary the acceleration such that the
area under the curve (the vehicle AV capability) remains the same.
Since the acceleration decreases with the thrust, in order to keep the
same AVca , the burn time must be changed. This forces a change in the
mass flow rate and hence the exhaust velocity changes. If the thrust
and mass flow rate assumed constant up to a certain time into the burn

the integral expression for AV may be expressed as

fbo tl fbo

T T(t)
\' _ (t)dt = —dat + —_— dt (D5)
-9 AT ofM - mt

cap o t1 Mtl - m(t)t
_ _ 2
If we take T(t) = max Klr and
mE) = mo.. - K12
Mnax 2
where T = (t - tl); from tl to tbo,
M(t) = M, - (m- K,12)T
tl 2
Then Kl and Kz can be computed from
K. = Trax Mo T My t T
= . K =
1 T2 i T2 T3

Where 1 is selected to make Vcap equal the desired value. The
variation of thrust, acceleration, mass, and mass flow rate are

shown in Figures D1 through D4, Engine Tailoff Model.
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Figure D-1.
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Figure D-2. Thrust acceleration vs time.
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APPENDIX El

EFFECT OF IMU POSITION
ON ACCELERATION AND RATE VECTORS SENSED

The Inertial Measurement Unit (IMU), which contains the acceler-
i . ometer and rate gyros, is normally located in the post-~boost vehicle or
‘ payload vehicle since this information is required after the powered

; . flight portion of the trajectory is over. During the third stage burn,
this results in a large moment arm between the center of gravity of

the vehicle and the IMU location. The effect of this moment arm is to
cause errors in the sensed rate and acceleration vectors when the

vehicle is rotating. These errors are due to the centripetal and
tangential components of acceleration caused by the rotation. Figure
El shows this pictorially.

SENSED ACCELERATION

- AtnrusT * ACENT
ATaAN

ACENT

IMU LOCATION

CENTER OF GRAVITY

Figure El. Effect of IMU position on sensed acceleration.
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The maximum tangential acceleration, ATAN’ sensed by the IMU is
the maximum angular acceleration, emax times the moment arm, r.

Apaw ™ T Oy (E1)
Assuming emax = 20 deg/secz, and r = 10 ft., tgis gives a maximum
tangential acceleration of = 3.495 ft/sec®. The worst case
condition occurs when the magnitude of the thrust acceleration AT
is at a minimum. The minimum (ignitiorn} value of the thrust acceleration
is AT = 94,3 ft/secz. Adding these twc accelerations vectorally gives
a worst case false thrust direction indication of 2.12 degrees. Since
this is a small value, and since the maximum value of 6 occurs sarly
in the burn (at the initiation of fuel depletion steering) and will be
corrected by guidance, this effect will be neglected for the purposes
of this study. '

The maximum centripetal acceleration, ACENT’ sensed by the IMU

is the square of the maximum angular rate, 92, times the moment arm, r.

— 2
Acpnr = rd (E2)

Assuming a maximum angular rotation rate, § = 25 deg/sec, and
again r = 10 ft., this gives a maximum centripetal acceleration of
1.904 ft/secz. Since this value is small compared to the magnitude
of the thrust acceleration, it will be neglected for the purposes of
this study.
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