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ABSTRACT

The lunar module autopilot is a first-generation digital ccntrol-system design. The two torque sources
avaiiable for the control function of the descent-stage configuration consist of 16 reactior jets and a
slov, gimbaled, throttlable engine. This case study includes a review of the design history, the design
requirements, criteria, constraints, and general design philosophy of the control-system develorment. Com-
parative flight-test results derived from design testing are presented.

INTRODUCTION

iIn the fall of 1964, a significant Apollo Pro-
gram decision was made; that is, to develop a dig-
ital autopilot {DAP) for all spacecraft primary
control systems. It is ncteworthy that previous
mann=d-spacecraft designs {Mercury, Gemini) involved
analog control-system technigues; thus, the Apollo
DAP represents a first-generation design develop-
ment. This paper contains a case study of the de-
sign history of the lunar module (ILM) primary
control system. The IM DAP, with respect to design
requirements and ~cnstraints, is considered to be
the most coumplex Apollo control system in use.
Hence, significant original design concepts were
necessarily required in the aevelopment process.

The general purpose and motivetion of this paper
are to provide some insight into the problems en-
countered by the control-system designer. In many
ways, the so-called "gap" between control-system
theory and practice is the result of a lack of ap-
preciation of the severe time and -ost constrairts
under which the control-system designer is required
to produce his product.

Reading this paper, one may wonder why the total
development has continued during a period of approx-
imately U years; he may ask why the DAP should not
be designed once and be finished. Mcst projects of
this magnitude are iterative, because the require-
ments sometimes change radically, because the ini-
tial design constraints are generally poorly
def’red, because the inherent characteristics of the
spacecraft plant are not well known, and because the
basic input data for control-system design are fre-
quently not available in a timely manner. It is
important to realize that major design decisions
must be made, rightly or wrongly, despite the lack
of fundamental input information. Because of the
basic factors that characteristically make the de-
sign task difficult, the designer must adopt an im-
plicit or explicit philosophy of providing some
degree of flexibility in the ‘control design, so as
to accommodate future contingencies or unexpected
developmental problems.

The concept of performance margin will be exam-
ined in a late section, but a point to be recog-
nized now is tnat most papers on control theory
emphasize obtaining optimum (or acceptable) perform-
ance for nominal situations, whereas in practice,
the acceptability of the total design is most often
determined by performance under extreme, off-nominal
conditions. Generally, establishing explicit math-
ematical criteria for off-nominel perform-..ce is
extremely difficult; therefore, the suojective judg-
ment of the system designer (who uses significant
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simulation testing programs for design velidation)
is essential.

A significant problem encountered in designing
the DAP was the lack of effective analysis tech-
niques for develcring and evaluating the digital
control system. The major design tools used were
phase-plane simulation techniques in which tradeoffs
and design constants were established by "cut-and-
try" methods. A more colorful manner of expressing
this approach is (1) "the [design] has been chosen
on the basis >f theoretical investigations and em-
pirical observations."

DESIGN C2NSIDERATIONS

Vehicle Cnaracteristics

The DAY provides stabilization and contrcl of the
IM Quring both coaszing and powered flight in three
configiur-tions — descent (Figure 1), ascent (Fig-
ure 2). :nd docked with the command and service
moil: SM) as skown in Figure 3. During the pre-
liriner. spacecraflt-design phase, many fundamental
de:isi us were made that define (and constrain) the

RCS
theuster
assembly

Compute
display and
Keyt AR e

engine

Fig. 1. The IM descent configuration.
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Fig. 2. The LM ascent configuration.
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Fig. 3. The CSM-docked configuration of the IM.

control-system design. For the IM, three basic pro-
pulsion force and torgue systems were established —
reaction control system (RCS), :escent propulsion
system (DPS), and ascent propulsion system (APS).
Characteristics that influenced the control task
included the typ.e of actuation system, the geometri-
cal location and number of thrusters or jets (for
redundancy), and the type of thrust-variation sys-
tem.

The control options available to the systems
designer are divided into various flight-mode cate-
gories (Table 1). The RCS provides automatic/manual
rotation and small tr-nslation control for all IM
configurations during coasting flight. During
coasting flight, the design problem is characterized
by the presence of extremely low disturbance torques
(except for an RCS jet-on failure).

During APS-powered flight, the primary purpose
of the RCS is to provide attitude stabilization and
control. However, whenever feasible, it is a de-
sign requirement to fire only the upward-thrustirg

RCS lets to obtain AV in the desired 2irection.
Because the APS is a norgimbaled, fixed-thrctile
system, the RCS control laws associated with this
mode must accommodate large time-variant disturb-
ance torques.

During DPS-powered flight, the design provices
yaw control with the RCS jJets, and pitch/roll a*-
titude control with a combination of the RCS and the
gimbal trim system (GTS). The design problems as-
sociated with dual control, including interactions
between RCS and GTS modes, were significant for the
DAP. As previously mentioned, the geometrical lo-
cation of the RCS Jets is significant in establish-
ing the fundamental design approach. The locations
of the RCS Jets are shown in Figure 4. The eight
X-axis RCS jets inherently provide control about
the U/V axes, where the natural axes to corsider
phase-plane logic design are the Q/R pilot (or body) -
axes. The descent engine (not shown) is gimbaled
about the pitch {Q) and roll (R) axes.

P

Yaw axis
13 16

15

_V |
A A l/
| (A et |
A

for pitot

("Y)
Pitch axis f

———— Jets associated with RCS fuel system A
Gets 2,4,5,8,10,11,13, and 15)

wmamsae  Jets associated with RCS fuel system B
Gets 1,3,6,7,9,12,14, and 16)

Notes
1. The amrows indicate thrust direction,

2. The P, Q. and R designations for the pilot axes and the
P, U, and V designations for the control axes are used
1n connection with rotation. The X, Y, and Z designation
are used in connection with translation.

Fig. 4. Locations of RCS jJets on LM. ;

An important parameter not shown in Figure b is
the distance from the sparecraft center of mass to
the geometric center of tne 16 RCS jets. Thix
equivalent arm length is dependent upon both con-
figuration and propellant loading, and strongly
influences the ability to translate in the Y == 2
direction.

Sensor Characteristics

The sensor information available for the control-
design problem is provided by an inertiel platform
called the inertial measurement unit (IMJ). For
attitude information, gimbal angles are provided
through a coupling data unit (CDU). Basic trans-
lationel information is sensed by pulsed integrat-
ing pendulous accelerometers (PIPA's) located om
the inertial platform. Early in the design
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TABLE 1. CHARACTERISTICS OF SPACECRAFT PROPULSION FORCES A%D MOMENTS

Descent propul- LM descert,

sion system

Propulsion Vehicle . Control
force/moment configuration Characteristics function
Reaction control LM descent, 16 jets mounted in b4 quads LS deg. off P-, U-, V-axis
systcm LM ascent, Y/Z body axes centerline. Nominal contrel for
LM/CSM force of 100 1b., arm length of all configura-

5-5 ft.

Throttlable engine (1,050 to

sion system LM/CSM 10,500 1b.) with slow-speed gimbal trol for both
actuators in Q-, R-axes configurations
Ascent propul- LM ascent Constant-thrust engine (3,500 1b.) None

fixed with respec’ ‘o spacecraft

tions

Q-, R-axis con-

process, the decision was made to eliminate the
requirement for an independent set of rate-gyro
sensors for the control function. Thus, the
attitude-state-estimation function of the DAP is
required to provide rate estimation, filtering (for
stabilization), and disturbance-acceleration esti-
mation (when appropriate).

Control-Mode Requirements

The DAP control modes are established primarily
by mission requirements. The three required capa-
bilities are for general attitude maneuver and
attitude hold, general RCS translation, and DPS/APS-
powered-flight maneuvers. A listing of the control
modes associated with the present design is pre-
sented in Table 2. The design of the control modes
requiring phase-plane logic will oe emphasized in
this case study.

TABLE 2. CONTROL-MODE STRUCIURE OF THE DAP

Control modes

Coasting flight Powered flight

Attitude hold
Sutomatic maneuvering Automatic steering
ual sttitude rate Manual attitude rate

nal Y-axis rotational | Manual X-axis rotational
override override

otational minimum Manual translation
impulse

Fanual translation

ttitude hold

' Design Constraints

Kumerous constraints influenced the DAP design,
the most predominant class of which related to
weight restrictions associated with the lunar-
landing program. Weight considerations constrained
the system design in structural characteristics of
the LM/CSM — structural bending modes are signifi-
cant; in propellant-sloshing cynamics — slosh
baffles were removed early in the program; ‘and in

unbalanced couple-control.requirements for APS-
powered flight.

Another class of constraints, generally identi-
fied late in design-development thase, involved
restrictions on RCS jet firing. These restrictions
included duty-cycle constraints (because of propul-
sion instabilities), exhaust-contamination con-
straints (particles on windows, optics), thermal
constraints (rendezvous radar, antennas, spacecraft-
impingement heating), and operational constreints
{during extravehicular activity docking).

A thira class of constraints that influenced the
design problem was associated with propulsion-
system characteristics. The slow-speed trim-gimbal-
actuator characteristics of the DPS were established
for crew safety to avoid hardover actuator failures
during powered descent of the LM, A special gear
drive was developed to restrict the trim-gimbal-
drive rate to $0.2 degrees per second. Unlike the
classical actuator used for the CSM thrust-vector-
control system, the DPS actuator cannot fail at a
higher drive rate. A second propulsion-system
constraint was associated with the decision to have
a nongimbaled APS engine. This decision imposed
significant limits on allowable center-of-mass
characteristics during powered ascent flight. Un-
fortunately, effective control of mass-property
characteristics is extremely difficult in a program
such as Apollo. Another propulsion-system con-
straint was associated with the decision to locate
the RCS jJets 45 degrees from the body axes. This
geometry significantly influenced the interaction
between the RCS mode (U/V axes) and the GTS mode
(Q/R axes); during DPS-powered flight. With respect
to design and development, effective analytical
techniques were virtually nonexistent for this
problem.

The fourth class of constraints that impacted
the design problem included computer-oriented re-
strictions. The LM guidance computer (LGC) is
limited in both fixed and eresable memories; in
addition, definite timing restrictions are placed
upon the programs required to provide the control
functions.

Performance and Stability Criteria

The crite~ia for establishing the adequacy of
the DAP design are outlined in Table 3, which lists
functional criteria for both coasting-flight and
powered-flight control modes.
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TABLE 3. PERFORMANCE AND STABILITY CRITERIA

OF THE DAP

Control modes

Coasting flight Powered flight

Transient behavior — ac-]Stability characteristicsj
quisition and recovery

Fimdt-cycle characteris- |Integrated AV pointing
tics accuracy

Attitude-maneuver-rate Attitude-transient be-

overshoot havior
LCS propellant consump- |Limit-cycle characteris-
tion ties
Total number of Jjet Steady-state attitude
firings offset
RCS propellan. consunp-
tion
Total number of jet
firings

SCOPE OF PRESENTATION

Primary emphasis will be given to reviewing the
design of the LM powered-flight modes. These modes
are considerably more complicated than the coasting-
flight modes ard provide significant insight into
the design principles. The manual modes, as well
as the associated displays and astronaut LGC-input
functions, are beyond the scope of this case study.
Ot.er areas that are not discusced include ground/
spacecraft interfaces, general operational proce-
dures, and software-implementation technigues
(ircluding coding verification).

DESIGN PHILOSOPHY

General Design Guidelines

Various decisions made in the initial DAP
control-system developmental plane established gen-
eral design guidelines. A partial list of these
guidelines includes:

1. Simultaneous three-axis attitude maneuver-
ing is required (as opposed to sequential-maneuver
techniques).

2. Attitude rotation shall have RCS priority
logic over translation (an alternate technique is
a share-type logic).

3. The control system must provide acceptable
performance with single RCS jJet failures (on/off),
with reasonable inertia-mismatch variations, and
without information about single externally cis-
abled Jets.

k., The spacecraft mass-property information
must de updated during DPS/APS powered-flight ma-
neuvers.

5. The GTS control ioop must be stabilized
independently of the RCS control loop.

General Philosophy

Ini* «lly, an important questior with respect to
design philosophy was how to use the inherent flex-
ibility essociated with a spacecraft digital com-
puter. This question was especially significant
because the DAP represented a first-generation,
digital design development. Emphasis was placed
upon using digital capabilities such as logic
(switching, branching), nonlinear computations,
and function generation. For example, design con-
siderations of the timing structure for the RCS/CTS
control laws during DPS-powered flight included
consideration of simultaneous control, sequential
cor*rol, and time-interlaced logic control. These
ortions are generally limited to analog control-
system design. Another example was the reduction
of switching-line chatter by logical branching to
achieve improved performance under inertia mis-
mevch, undetected jet failures, and ullage (X-axis
tranzlation) maneuvers.

The concept of performance margin was an area of
design philoscphy that influenced DAP development.
This concept emphsasized the principle that the ac-
ceptability of the design should be based upon per-
formance of the system during extreme (but
required), degraded conditions. Acceptable per-
formance during off-nominal conditions, such as
single undetected jet failures, and large control-
effectiveness uncertainties (thrust magnitude,
inertia properties, thrust misalignment, actuator
drive rates, etc.), was difficult to achieve. The
performance-margin councept identified a general
trade-off between lowering the nominal to achieve
acceptable performance during degraded conditions
and maintaining high nominel performance despite
severe degradation during cff-nominal conditions.
The control-system designer must use insight and
Judgment in establishing the degree of degradation
(or margin) to which the design must acconmodate in
terms of performance. Even after this philosophy
has been adopted, the ability to develop explicit
mathematical criteria for off-nominal performance is
still generally difficult to establish.

Azother general philosophy was maximum utiliza-
tion of modern controli-theory techniques and
frecuency-domain techniques associated with sampled
data~control systems. For example, the original
attitude-state estimator developed for the DPS-
powered flight was a Kalman filter. In addition,
the GTS control loop was developed as a time-
optimal control law. The many analytical methods
available at that time were reviewed in reference 2,
wvhose authors implied that state phase-plane tech-
niques (involving simulations) would probably be the
primary design tools in DAP develcpment. Techniques
considered, but discarded, included convergence and
stability (Liapuuov, Aizeman, Legrenge), modified
rate diegram, d.3cribing function, and dynamic pro-
graming. The concepts of defining regions of at-
traction and ultimately bounded regions were found
“0 be inapplicable for this design development.

The philosophy of providing system-design flexi-
bility to accommodate developmental problems or
future contingencies was related to the concept of
performance margin. An example was the guideline
to stabilize the GTS cont: o1 loop independently of
RCS control loop. Three years after this design
wes initiated, additional thermal constraints (which
essentially restricted all X-axis RCS jet firings)
vere identified for the IM/C™ configuration during
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DPS-powered flight. The design was flexible enough
to accommodate this restriction without signifi-
cantly affecting the program.

The final design philoscphy listed for DAP devel-
opment was associated with the RCS propellant-
performance requirements. Design emphasis tc
achieve efficient propellent usage should be placed
upon those control functions that require the larg-
es*. amount of propellant over a complete mission
profile. For the DAP, these :control functions in-
cluded manual translations, manual and automatic-
attitude maneuvers, and maneuvers associated with
povered-flight guidance. In this general sense,
the importance of efficient RCS propellent perform-
ance for coasting-flight and powered-flight
minimum-impulse operation should be downgraded.
Thus, one may reasonably ask why design complexity
(and associated verification) should be increased
to save 20 percent performance on an item that uses
S percent of the total mission propellant. A defi-
nite trade-off exists between design complexity and
performance-improvement payoff.

[MG 4 = Transformation from gimbal axes to pilot axes

[MPC = Transformation from pilot axes to control axes

DESCRIPTION OF DAF DESIGN

The DAP design that was flight tested on the
Apollo 9 manned mission will be described in this
section. This design (associated with the SULDANCE
flight ropes) is described in reference 3, and will
be treated as the base line design for the case
study. Virtually all the following design descrip-
tion is condensed from reference 3.

Coasting-Flight Modes

The two coasting-flight modes described are the
attitude-hold mode, and the automatic-maneuver
mode. A block diasgram of the coasting-flight
attitude-hold mode is presented in Figure 5.

The major design elements include the attitude-
state estimator, the RCS control laws, and the
Jet-selection logic, functional descriptions of
vhich are provided in this section.

Manual translation

Thruster disable

Reference e Jet codes
g:lsm:):ls ee % (Conirol) RCS Jet 7 mimes [Jet RCS
‘[Mcd -> [Mpc] control selection timing j=o th Spacecraft
84 4 (Gimbal) (Pilot) laws logic e logic rusters
£ | (Control)
M
[ PC] Spacecraft
B Y ratations
3 | it and
8 . e Estimated applied translations
State control effectiveness
estimator [
e
Gimbal
angles

Fig. 5. Coasting-flight attitude~hold mode,

The basic measurements avsilable to the recur-
sive state estimator are th- . hree gimbal angles
from the IMU. The estimator for coasting flight
predicts both attitude and angular velocity, and
uses nonlinear threshold logic to reject low-level
measurement noise. Angular-acceleration informa-
tion caused by RCS jet firings is an additional
input to the state estimator.

The RCS control laws compute the requirements
for rotational impulses, using information based
upon attitude phase-plane errors, control effec-
tiveness, and phase-plane targeting logic.

The jet-selection logic combines the required
rotational impulses with the commanded translation

inputs to select appropriate jets for control ac-
tion. Additional information used by the jJet-
gselection logic includes the desired number of
Jets to be fired and the identification of
disabled jets.

Additicnal design elements shown in Figure 5
are transformation equations and Jet-timing logic.
The transformation equations, from gimbal to pilot
axes, and from pilot to control axes, are straight-
forward, not to be presented explicitly. The jet-
timing logic is used to esteblish mandatory
conditions for two-jet control in the U/V axes,
and for four-jet control in the P-axis,
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A block diagram of the coasting-flight
sutomatic-naneuver control mode is presented in
Figure 6. Automatic maneuvers are implemented
uging the sutc logic as attitude hold, except for
the attitude-maneuver routine. This routine pro-
vides desired steering commands in both attitude
and rate, as well as generating a set of lag
angles 8. These lag angles are introduced 1o
prevent overshoot when initiating or terminating
an automatic maneuver. The simplified single-~
prlane equations for the attitude-maneuver routine
are given as

40 & (1)
d(tn) = [ed(tn * l) - ed(tn) 3T,

ed(NJ) = 8, (ud-l) + Aed(tn) (2)

B = mdam:d (3)

where Equation (1) is computed every steering

cycle (ATC = NJ - “J—l = 2 sec.), and Equation (2)
is computed every control cycle (ATS = 0.1 sec.)..

The value of Wy is set by the maneuver-rate input,
;and oy is defined as the magnitude of the as-

‘sumed two-jet acceleration. When the maneuver is

‘completed, Wy Aed, end B are reset to zero,
and the control system reverts to attitude hold
about the desired gimbal engles.

Powered-Flight Automatic Mode

The control operations associated with powered
flight are considerably more complicated than
coasting-flight operations. Maj)or additions for
both DPS- and APS-powered flight include an inte-
grated guidance and navigation outer loop that
interfaces with the DAP through a steering routine,
and a mass monitor-and-control parameter routine.
In addition, the state estimator is required to
derive offset angular acceleration a. The RCS
control laws are modified by making the control
effectiveness and the phase-plane targeting logic
dependent upon the estimated offset angular acceler-
ation. During DPS-powered flight, a control law
for the GTS is required. A timing-and-control-
logic interaction between the RCS control and the
GTS control is also required. A blo:k diagram of
the APS powered-flight automatic control is pre-
sented in Figure 7. The major design elements
(state estimator, control laws, jet-selection

Maneuver rate
L.
Attitude
s Maneuver 0
Terminal| routine Aed 5 M o, +
desired GP
ang‘es ‘_J‘_L +
(1 sec.)
o RCS Jet RCS R
> [Mpc] £ =1 control > selc_ection *1 thrusters /| Spacecraft __3
wg -] laws logic =

Estimated applied
State [ control effectiveness

Spacecraft rotations
and translations

estimator

)

.

Gimbal . MU
angles \

Fig. 6. Coasting-flight automatic-maneuver mode.
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] calculator computations
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window directions
8
Guidance
+. and Steering |4® % ~cnle] + —
navigation routine RCS e RCS
Qquaions ‘ (Sec.) (sgé}) r+ h_- control fuas ::Lection thmst"s spacecmﬂ
o] laws timing
9
5y o1 GTs Jescent
¢ control control
ey laws assembly Spacecrah
- rotations and
transiations
o v ";i t |- N—Estimated
| i
| stae el
| estimator | effectiveness
) .
t Gimbal angles | CDU's
) l
MU
)| v PIPA's fam

Fig. 7. Powered-flight automatic control of the DPS. .

logic) will be discussdd in detail in following
sections.

Control Effectiveness

The DAP control lawe and the recursive state
estimator require infcrmation on the assumed RCS
and GTS control effectiveness. The GTS control
effectiveness is represented by the rate of change
of angular acceleration, &G, caused by constant

angular-drive-rate command to the actuators. A
flow diagram indicating those factors that relate
to the GTS control effectiveness is presented in
Figure 8.

|6:Q| uQ

at

FLTEL

Fig. 8. Control effectiveness of the GTS.

'The factors indicated in figure 8 are as follows:

M = estimated mass

L = L{M, distance from hinge pin of descent
engine bell to center of mass of IM
I = I(M) pitch or roll moment of inertia
AV/At = measured linear acceleration
uQ,u.R = trim-gimbal drive commands (+1, 0, -1)
. for Q and R channels
§ = gimbal-drive rate of descent engine =

) 0.2 deg./sec.
The effectiveness of the RCS control is represented
by the angular acceleration a5 about an axis from

the firing of a single jet. A flow diagram con-
taining the RCS control effectiveness equation in
the P-, Q-, R-axes, and the eppropriate equations
for trarsformation to the P-, U-, V-axes is pre-
sented in Figure 9. To represent the RCS angular

°JJP
] a o q U RCS
-pnd ) = M—"b+c 1 1 ot control
o aU=a)ve—=—1(J,Q+a) R)] WV
J N2 laws |
fi ion bi State
Configuration bit

Fig. 9. Control effectiveness of the RC8.
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accelera*tion as a hyperbolic function of mass, a
nominal Jet-torque level of 550 foot-pounds is
assumed, and additional vehicle configuration
assumptions are required to establish inertia char-
acteristics as a function of mass.

State Estimator

The recursive state estimator for powered and
coasting flight is described in this section. The
most complex estimator design, associated with DPS=-
powered flight, will be described first. Kalmun
filter theory provides a reasonable structure for
combining estimates of state changes caused by RCS
Jet firings and trim-gimbal activity witi exiccunal
neesurements of attitude. The IM plant is assvmed
to be represented by a simplified set of rigid
body equations of motion

0= u ()
ws=a+ Uy (5)
m==uG+Ncg (6)

where 0 = attitude
w = angular velocily
= offset angular acceleration caused by
DPS/APS thrust
angular acceleration caused by RCS jet
firings
U, = rate of chang. of angular acceleration
caused by desce.’ engine gimbaling
Nc = rate of change of angular acceleration
g caused by center-of-mass movement

The tir> histories of the control outputs VJ

and UG between sample instant tn_l and tn are

assumed to be the values commanded, and are repre-
sented by

[=
]

-
SR
2

vhere T = tn - tn-l = control-sample period.

The measurement equation is expressed by

o =0+ N (7)

vhere N = measurement noise from vibration, track-
ing errors of the CDU, and quantization. The esti-
mation process requires the development of equations
for state extrapolation and measurement 1ncorpornp
tion. Given the estimate of the state 8, @, &

* at fn-l’ and assuming the time histories of UJ

and UG between t and L the extrapolated

n-1

state at tn is obtaired by integrating Equa-
tions (U4), (5), and (6) to obtain

- - e 2
9(t0) = 8(tnn) * 5(ta) T * (t0a) =
+UG—6+U1;(T-;‘.I.) (8)
' = & 23
? (tn) w(tn~l) * 0‘(tn-l) T+l Uty
(9)
u‘(tn) = &(tn_l) + U,T (10)

The extrapolated attitude variables are compared
with the external messurements to obtain an updated
estimate at tn

5(tn) = e'(tn)+ Ke[em(tn) - 6'(tn)] (11)
«:»(tn) = w'(tn) + -gﬂ[em(tn) - e'(tn)] (12)
&(tn) = a'(tn) + %[Gm(tn) - e'(tn)] (23)

If the filter weights, KF’ Kw’ and K . are
7] “

optimized based upon Kelman filter theory, the
values are time variant, and are dependent upon the
values of Ncg and N, and the uncertainty in the

-initial state estimate. During the design develcp-

ment of the DAP, the optimum filter-gain concept
was discarded after many problems were identified
through simulation testing. At that time, a non-
linear threshold filter was developed as part of
the base line design. This filter and the thresn-
old values associated with the concept were estab-
lished from direet engineering considerations.
Development of the nonlinear threshold filter
wag motivated by the specific properties of ‘he
measurement noise from the IMU. For the design
considered, the predominant measurement noise is
derived from the nonlinear-tracking servo charac-
teristics of the electronic CDU's. Gimbal-angle
information encoded in the LGC (for moderate
angular vehicle velocities) contains high-frequency
noise having a peak-to-peak amplitude of approxi-
meately 0.09 degree. It is important to note that
the distribution of this noise is rectangular
rather than gaussian, A trap filter using thresh-
old logic was developed to reject this type of low-
level measurement noise. The logic and associated
filter-gain equations sre as follows. If I o, -

8 | $ 0 . then

Ky =K, =K =0 (%)
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K =—5 5 K (15)

vhere 9 = threshold value (0.1L4 degree)
Nw = rate gain constant
0 acceleration gain constant
n, = number of sample pariods that have
* elapsed since the threshold was ex-
ceeded last
Extersive testing has demonstrated that the non-
linear threshold logic successfully rejects low-
level aeassurement noise. This filter also performs
well with respect to disturbances that are cyclic
in p:ture, such as slosh and structural vibrations.
The filter gains for the rate ard accelieration es-
tirates derived by Equation (15) are functions of
n,. If the trap overflows almost every time, it is

generally desirable for the filter characteristics
%0 provide a fast rate estimete and a slow accel-
eration estimate. The desired response time ¢n the
acceleration estimate is set by requirements to
track a moving center of mass and to respond tc
time-variant thrust-actuation compliance effects.
The upper limit on response time is restricted be-
cause of the desire to avoid rapid fluctuations in
the autopilot switching curves and because of the
requirement to attenuate slosh accelerations.

If the threshold logic be exceeded only rarely,
a maximum incorporation of the measurement is gen-
erally desired. The logic given in Equations (1h)
and (15) is actually a simplification ¢“ the devel-
oped design. The threshold value is actually com-
pared with the total unexplained attitude that has
accumulated since the last trap overflow, where the
incremental amount for one control-sample period is
the difference between the measured and the pre-
dicted changes in attitude.

A summary of the input and output variables as-
sociated with the state estimatcr for DPS-powered
flight is presented in Figure 10.

The structure oi. the estimator for APS-powered
flight is ! 'entical except that the variables as-
sociated witn the JUTS are deleted. Similarly, the
state estimator for coasting flight is vased upon
the same structure, except that the estimoted state
does not include offset angular acceleration. The
total estimator design represents an integrated
concept with respect .o both powered and unpowered
modes of control. To conclude this sectiom, tke
dynamical effects not explicitl, considered in the
initial development of the filter equations will be
jdentified, as follows.

1. Propellant-slosh dynamics

2. Structural-bending dynamics

3. Jet-impingement-forces model

. Jet=-thrust lags

. Jet-misalignment geometry

. Jet acceleration caused by Y/Z transzlation
. Undetected je: failures

. Trim-gimbal lags

=) O\ &

9. Inertia misnatch
10. DPS-actuator-compliance model
1l. Propellant-~fuel-shift model

GJ,P' % Q° °J,R Assumed RCS contro! effectiveness
&Q‘ &R Assumed GTS contro! effectiveness

Configuration bit

[M] gimbal-to-pslot increment matrix
lﬁma‘. N . N, filter parameters

Gimbal angles | S L TR T

60' & eM Angular velocity estimate
State estimator

(Direct measurement)
| S °Q + %

Bias angular acceleratior. estimate

Y’ “R
Trim-gimbal activity
lp, lu, tv
Signed firing durations

e My v
Numrher of jets selected

Fig. 10. Input and output veriables of the state
estimator.

Other assumptions that modified the estimator
equations implemented in the filter dasign were
that the cross products of inertia terms were
ignored; that the term: in Equations (8) and (9)

caused by the trim-gimpal drive UG vere deleted:

and that second-order rate terms were ignored in
the equations of motion.

Detailed verification testing was required to
demonstrate the stability and performance, includ-
ing the known dynamical effects, of the total
system. Simulation testing supported the estab-
lishment cf the critical filter values of 6

1]
Nw, and Na' An important comsideratinn was testing

the filter performance when an undetected jet-off
failure existed. Whe~ this coudition occury. the
acceleration estimate will seek an average value
double the actual acceleration offset present.
Because the DPS acceleration-nulling control law
is a function of the sign of the acceleration-
offset estimate, and is invariant with the magni-
tude, this control law will seek the center of mass
properly when undetected Jet-off c-nditions exist.

BCS Comtrol Laws

The coutrol lews assuciated with the RCS estab-
1ish jet-firing durations (TJET values) based upon
phase-pliane logic and assumed control effective-
ness. These control laws are predictive in nature
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.angular-acceleration information.

and are related to the classical two-point-bouniary-
value problem. To some extent, inis predictive ie-
sign is inherently sensitive to the uncertainties *
control effectiveness and unmodeled disturbances.

A description of the TJET LAWS asscciated with the
IM descent and ascent configurations is provided

in this secticen.

Angular error/error-rate phase planes are estab-
lished for each P, !j, and V RCS control axis.
Because the sets of jets that produce rotation about
each of these three ares are distinct, the P-, iU-,
and V-axis Jets are turned »n and off independently.
A block diagram of the control-law irputs for the
IM descent and ascent configurations is presented
in Figure 11.

£, Eys Ey
Ep. Eys Ey| RCS CORTROL LAWS
—_— TJET,
S
1905 1. ROUGHLAW TIET,
__a'ﬂe!_;_, 2. FINELAW - coasting e
- Coasipos 13 FINEL’ ¥-poweredno.1l ~ V
a -
coastneg 14, FiNELAW - powered no. 2

Zone 3 FLAT DB 1-/2-jet performance,
LiM U,V axes

Fig. 11. TJET LAWS, LM only.

The attitude ard rate errors E,E are used to
establish the estimated state location in the phase
plane. The acceleration inputs required by the RCS
coatrcl laws include net angular acceleration (Jet
acceleration plus offset accelera.ion), and coast-
ing accelerstic~ (acceleration caused by offset
alone). The tasic shape of the target parsbolas
and swilching-line parabolas are set by this
Additional
inputs — deadband (DB) and FLAT — establish the
positisnal location of these parabolas. The four
different phase-plane configurations associated
vith the DAP design =re listed in Figure 11. The
TJET control logic is developed by dividing each
phase-plane configuration into coasting and firing
zZones.

The ROUGHLAW phase-plane configuration shcwn in
Pigure 12 is used for all control modes whenever
either the magnitude of E exceeds 11.25 degrees or
the magnitude of E exceeds 5.625 degrees/second.
If neither of these limits be exceeded, a FINELAW
phase-rlane configuration is used in the RCS con-

-vl logic. The use of ROUGHLAW for large values
of E and E permits the efficient use of single
precision arithmetic by the LGC. The computational
ability to provide indepeudent scaling for differ-
ent regions of the error phase plane provides a
significant flexibility compared with most of the
analog control-system designs. The ROUGHLAW phas
plane configuration is divided intc zcres A to D.
The logic for computing TJET for the upper half
plane of ROUGHLAW is presented in Table ...

10

" the tume requred 19 4 ve £ 10 Mt stude-eorer
the 5.025 o9 s, rite e levs 1
G.020 wec.. Sec a pets e feedt 2eme8 €

Fig. 12. The ROUGHLAW rhase plane.

TABLE 4.- ROUGHLAW TJET LOGIC

Location

of the Basis of computing TJET

IM state

Zone A TJET is the time required to drive E
to -5.625 deg./sec.

Zone B TJET is set equal to 0.250 sec; that
is, a "large"” value.

Zone C TJET is set equal tc zero; that is,
no jets are turned on.

Zone D TJET is the time required to drive E
to +5.625 deg./sec.

The three phase-plane configurations associated
with FINELAW are shown in Figures 13, 1k, and 15.
The configurations include drifting flight,
powered-descent flight vhen the trim-gimbal nulling
times are less than 2 seconds, and powered-ascent
flight or wher the trim-gimbal nulling times are
greater than 2 seconds. The FINELAW TJET logic for
coasting flight is presented in Table 5.

The zones 2 and 3 logic was developed to acquire a
minimum-impulse limit cycle efficiently. The moti-
vation for occasionally permitting the jets to re-
main on in zone b was to avoid switching-line
chatter vhen the net angular acceleration is under-
estimated because of inertia mismatch.

The FIRELAW phase-~plane logic for powered-
descent flight when the trim-gimbal nulling times
are less than 2 seconds is identical to the coast-
ing logic of Table 5, except that 2zone 3 has been
eliminated. This logic provides an efficient inter-
face betweern the RCS and GTS control systems.

The FINELAW logic for the phase-plane configura-
tion associated with Figure 15 is also similar to
the coasting logic of Table 5. The principal excep-
tions are that zones 2 and 3 have been eliminated,
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Fig. 13. The FINELAW phase plane when the IM is i:
Jrifting flight.
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Fig. 1b. The FINELAW phase plane when both command
trim-gimbal nulling drive: times are less than
2 seconds during powered descent.
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Fig. 15. The FINELAW phase plane when the IM is in
povered ascert or when either of the trim-gimbal
nulling drive times is greater than 2 seconds
during powered descent.
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TABLE 5.- FINELAW, CCASTING TJET LOGIC

Location
of the Basis c¢f computing TJET
IM state

Zone 1 JET is the tiue reguired to drive
the IM state to a "target parabcla.”

Zone 2 TJET is the time requirei to drive
the IM error rate to zero.

wone 3 TJET is set so small that the jet-
selection logic will fire a cne-jet
pinimum impulse.

Zone 4 TJET is 3et tc zero unless the jets
for the axis ccacerned are already
on &nd are driving the IM state to
intersect the E axis betwecen -DB

2
and DB, .
1

Zone 5 IJET is the time required to Arive
the IM state to a “target
parabcla.”

As mentioned previously, the DB1 through DBh

parsmeters, together wvith FLAT, are used to estab-
lish the positions of the phase-plane parabolas.
The intercept values vere established empirically
through sixulation testing, and are proportional to
the DB. The proportionality conmstants, which were
developed to depend logically upon tue estimated
offset acceleration, are presented in Table 6.

The general design strategy was to se’ the position
of the parabolas %o yield small, average, steady-
state attitude errors during powered flight. The
classic analog contrcl-system trade-off of estab-
lishing a single switching-line logi: to provide
adequate performance during both high- and low-
disturbance-torque conditions is avoided in this
design.

Another input required for the RCS contrcl laws
is the indication of one-Jet or two-jet couple
preference for U/V axes control. RNormally, ore-jet
control is desired for powered ascent and X-axis
translation. However, additional logic associated
with large phase-plane errors is used, requiring
mandatory two-jet couple control when certain con-
ditions are exceeded.

For the P-axis, the computetion of TJET is al-
ways made on the basis of two-jet couples. How-
ever, the TJET logic is overridden and four Jets
are fired for 0.1 second if certain TJET values and
error-state conditions are exceeded.

Jet-Selection Logic

The RCS control laws establish requirements for
same number of jJets tc be fired about the P-, U-,
and V-axes. The translation-acceleration require-
ments are obtained directly from guidance inputs or
manual commands. Thé Jet-gelection logic deter-
mines the RCS jet policy when provided the desired
rotational torque information, the desired direc-
tion of translstion, and the desired number of Jets
t0 be used for each maneuver. In addition, the
firing logic is modified when Jets are known to be
disabled.
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TABLE 6.- CRITERIA TO DETERMINE THE INTERCEPT

OF THE FHASE-PLANE PARABOLAS

—
Define

a = 1.4 deg.’sec.2
min !

Aos = estimated offset anguiar acceleration

For povered flight (except when both of the com-
manded trim-gimbal nulling drive times are less
than 2 sec. during powered descent)

FLAT = O and

a) If Aos 8 i’

= -0.7TSDR. DB, = 2DB
b) IfA < -a_ .,
o5

DB, = 2DB, DB, = DB, DB, = 2DB, DB, = -0.75DB
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¢) Ica . >A > 0.5a . .
os mi
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d) If -0.5a . >A > -a . ,
min 0s min

DB, = DB, DB

3 , = DB, DB

3 = DB, DB, = 0.5DB

e) If O.Samin > Aos > -O.Sahin,
DBl = D32 = DB3 = DBh = DB

For drifting fligkt (and when both of the com-
manded trim-gimbal nulling drive times are less
than 2 sec. during powered descent)

DB, = DB, = DB, th = DB, = DB + FLAT,

1 2 3

and FLAT = G ° deg.

The jet-selection policies associated with the
P-axis rotation and the Y- and Z-axis translations

are presented first. Because rotation takes prior-
ity over translation, the Y- and Z-axis commands
are executed only when no P-axis commands are pres-
ent. The noraal P-axis jet-selection policy is
presented in Table T.

TABLE 7. P-AXIS FORMAL JET-SELECTION POLICY

T-pe of rotation Jet-selection policy
h-jet, +P b, 7, 12, 15
2-Jet, +P Alternate pulses between U4 and
12, and between T and 15
bi-jet, -P 3, 8, 11, 16
2-jet, =P Alternate pulses between 3 and
11, and between 8 and 1€

If any of the rcteticn pclicies given in Tabue 7
involves a disabled jet, then alternate two-jet ro-
tation policies will be attempted in the fcllowing
sequential order until a policy irvolving only
enabled jets is fcund.

*? Rotation =2 Rotation
T, i% 8, 16
L, 12 3, 11
b, 7 g, 11
T, 12 11, 16
12, 15 3, 16
k, 15 3, 8

The normal Y- and Z-axis translation policies,
with alterrate policies for disabled jets, are pre-
sented in Table 8.

The jet-selection polizies associated with the
U- and V-axis rotations and the X-axis translation
are now presented. If no conflict exists between
Jets required for translation and rotation, then
both policies are executed. However, if a conflict
exists, only the rotation policy is applied.

The U- ard V-axis rotational policies for both
normai and disabled-jet conditions are presented
in Taeble 9.

Finally, the X-axis translationai policies for
both normal and diseabled-jet ccrditions are pre-
sented in Table 10.

If no alternate disabled-jet policies be pos-
sible, a computer program alarm is lighted and an
alarm code informs the astronauts that a rotation
or translation failure exists. This alarm procedure
is applicable for all of the jet-selection policies
presented.
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“ABLE 8. Y- AND Z-AXIS JET-SELECTTON POLICIES

Alternate disabled-jet rolicy

If 16 has been disabled, set up the tacking policy of
alternating between 12 and 3, and between 12 and 11.

If 12 has been disabled, set up the tacking policy of
elternating between 16 and 15, and between 16 and T.

if 8 has been disabled, set up the tacking policy of
alternating between 4 and 3, and bYetween L sud 1.

If L has been disabled, set up the tacking policy of
alt=rnating between S and 7, and betveen 8 and 15.

If 11 has been disabled, set up the tacking policy of
alernating between 7 and 8, and between 7 and 16.

If 7 has been disabled, set ur %Le cacking policy of
slternating between 12 end 12, and between 11 --nd !

If 15 has been dissbled, set up the tacking policy of
alternating betwecn 3 and L, and between 3 and 12.

If 3 has ceen disabled, set up the tacking policy of
alternating between 15 and 8, and between 15 and 16.

If either 11 or 12 has been disabled, use 7 or 16.

If either 7 or 16 has been disabled, use 11 or 12.

If either 8 or 15 has teen dissbled, use 3 or k.

If either 2 or L has been disabled, use 8 or 15.

If either 4 or 11 has been disabled, use 7 or 8.

If either 7 or 8 has been disabled, use 4 or 11.

Type of translation Normal policy

+Y 12, 16

-Y L, 8

+Z T, 11

-2 3, 15

+Z, +Y (+U) 7, 11, 12, 16
-z, =Y (-U) 3, «, 8, 15
+2, =Y (+V) b, 7, 8,11
-2, +Y (-V) 3, 12, 15, €

If either 15 or 16 has been disabled, use 3 or 12.

If either 3 or 12 has been disabled, use 15 or 16.

GTS Control Laws

2 3/2
(82 ; . B
Two slowv-speed actuators are used to gimbal the u = -sgn e + e(%— - AKG) + A(;KG -3 )

descent engine about the Q- and R-axes. The con-
trol modes developed for commanding these trim
actuators are an attitude-contrcl mode, and an
acceleration-nulling mode.

The control law associated with the attitude-
control mode has been developed to be a fun-*ion
of errors in attitude, rate, and accelerati ..
The control-law equations are basi.:a.ly a xclifi-
cetjon of a time-optimal solution, end are given as

ﬂ .

K=C.3M A L (16)
1

A= -sgn(xé + 9—%91) (17)

13

(18)

The cont=ol output commands the sign of the
change in angular acceleration. The sampling pe-~
riod for this mode is set at 200 milliseconds.
Referring to Equation (16), the time-optimal law
is modified by a 0.3 gain factor in the assumed
control-effectiveness term K. This reduction is
designed to avoid transient-response overshoot,
and tc prevent large steady-state limit cycles.
However, this gein should be kept reasonabiy high
to prcvide good transient-response characteristics.

The GTS control law associated with the accel-
eration-nulling mode is designed to regulate the
offset (disturbance) acceleration from the descent
thrust. The primary dynamical enviromments that
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TABLE 9. U- AND V-AXIS JET-SELECTICN POLICIES

Type or rctation :Z:i:litzz::id Normal policy alternate dizabled-tet policy
2-jet, +U - 5, 14 If 1L has been disabled, use 5 alone;
if 5 has been disabled, use 1k alone.
1-jet, +U +X il If 1k has been disabled, use 5.
1-jet, +U -X 5 If S hes been disabled, uze 1k.
2-jet, -U - 6, 13 If 13 has been disabled, use 6 alone;
if 6 has been disabled, use 13 alone.
1-jet, -U +X 6 If 6 has been disabled, use 13.
~Jet, -U =X 13 If 13 has been disabled, use 6.
2-Jet, +V - 1, 10 If 10 has been disabled, use 1 alone;
if 1 has been disabled, use 10 alone.
1-jet, +V +X 10 If 10 has been disabled, use 1.
1-Jet, +V -X i If 1 has been disabled, use 10.
2-jet, -V - 2, 9 If 9 has been disabled, use 2 alone;
if 2 has been disabled, use 9 alone.
1-jet, -V +X 2 If 2 has been dissbled, use 9.
1-Jet, -V X 9 If ' tes beer disabled, use 2.

TABLE 10. X-AX:._ JEPT SELECTIOK PCT.ICY

Type of translation Normal policy Alternate disabled-Jjet policy
b-jet, +X 2, 6, 10, 14 If either 2 or 10 has been disabled, use 6 or 1k.
If either 6 or 1k has been disebled, use 2 or 10.
2-jet, +X (fuel system A) 2, 10 If either 2 or 10 has been disabled, use 6 or 1k,
2-jet, +X (fuel system B) 6, 14 If either 6 or 1l has been disabled, use 2 or 10.
b-jet, -X i, 5, 9, 13 If either S or 13 has been disabled, use 1 or 9.
If either 1 or 9 has been disabled, use S5 or 13.
2-jet, -X (fuel system A) S, 13 If either S or 13 has been disabled, use 1 or 9.
2-jet, -X (fuel system B) 1, 9 If ei*her 1 or 9 has been disabled, use 5 or 13.

cause offset acceleration include shifting center-
of-masg properties, DPS actuator compliance, and
DPS engine-ablation effects. This con*rol law is
structured in the form of a trim-gimbal drive-time
equation, and is given as

1 (19)

The prirncipal sampling period associated with the
accelera-ion-nulling law is 2 seconds. However,
under cer*ain conditions, this acceleration-nulling
law 18 used as mart of the basic RCS control-law
timing ~tructure. The interaction and timing logic
vetween he RCS and GTS control laws are presented
in the £ 1iowing section.

CS/GTS Inter “ace

During DPS-powered fligh%, the GTS is generally
adequate to provide satisfactiory control im the Q/R

14
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axes when the maneuver requirements are slowly vary-
ing. It is beliieved that the GTS should provide
complete control (rather than regulation of the off-
set acceleration) whenever possible, to limit jet
firings and to minimize RCS propellant usage. Dur-
ing design cf the DAP, 8 time-shared control lcgic
vas developed in which the use of RCS and GTS con-
trols are interfaced to minimize mutual interaction.

The RC3/GTS interface hLas been designed sc¢ that
the RCS phase-plane state is examined for a logical
decision {and the %CS control law applied) at least
every 200 milliseconds. The timelire creration is
as follows.

t t + 100 msec.}t + 200 msec.|t + 300 msec.
RCS Test for RCS Test for
control (1) Attitude- control (1) A:titude-
law control law law control law
(2) Acceleration- (2) Acceleration-
nulling law nulling law
(3) RCS control {(3) PCS control
law law

The test logic associated with use of the
attitude-control law svery 200 milliseconds is that
the trim-gimbal drive times (ir the Q- and R-axes)
must be less than 2 seconds [Equation {19)], and
that all U and V RCS jets must be off.

The requirements associated with the use of the
acceleration-nuliing law are that the attitude-
control law must have been used on the previous
pass, and that the test logic for present use of
attitude-control law must have failed.

Therefora, in the RCS/GTS timing loop, the
acceleration-nulling law is used only as a trans-
action between the attitude-controi lew and the RCS
control law.

In addition to the RCS/GTS timing loop, another
routine executes e test for the GTS accelerstion-
nulling law every 2 seconds. The nulling law is
applied if, end only if, the trim gimba: is not

under GTS attitude control (at least orne of the two
test conditions is not satisfied). This "captive"
logic is designed to prevent a sustained thrust off-
set when the RCS control laws are commanding Jjet
firings to ccunteract the disturbance acceleration.

HISTORY OF DFSIGN DEVELOPMENT

The history of DAP development will be discussed
by presenting base line designs for the decign-
formulation phase (September 1964 to December 1966)
and for the SUNBURST flight-program phase (Decem-
ber 1966 to August 1967). Where applicatle, compar-
isons will be made to the SUNDANCE base line design
previously discussed. The significant problems en-
countered will also be discussed.

Apollo S, the first (unmanned) IM mission, was
leunched intc earth orbit January 22, 1968, and
used the SUNBURST flight program. Following this
mission, a decision was made to simplify the DAP
logic, and a significant redesign of ihe contrcl
systez was begun, resulting in the SUNDANCE digital
program. This design version wss flight tested on
the first manned LM mission (Apollo §), launched
March 3, 1969. Subsequent lunar-landirg missions
will be flown using a slightly modified SUNDANCE
flight program.

Preliminery Design Developmert

Many modifications in design philonsophy and in
control-system implementation occurred during the
preliminary design phase of DAP development. Ex-
cellent insight into the various control-system
problems encountered is provided by reference A4.
To establish background for a discussion of design
problems, a base line blocx diagram using agsumed
conditions was formulated '“igure 16). The major
desigu areas to be discusse include RCS control-
law formulation, estimation ‘oncepts, RCS/GTS
control-mode interaction logic, and RCS switching
logic.

Jet-selection RCS

thrusters |

Spacecraft

Descent-engine
control assembly

(Powered
Aos ascent
|
9c estimator only)
"
=1 RCS control
Rate | E laws logic
estimator
:]
Kalman GTS
> .
filter control laws
%
*]
Gimbal angle

Fig. 16. Prelimirary design control system.
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Three types of estimation programs were devel-
oped (an integrated design concept had not estab-
lished at that time.) For coasting flight, a
simple rate estimator was established; for povered
ascent, a combined rate and acceleraticn estimalor
was designed; and for powered descent, a Kalman
filter was developed for the GTS control-law func-
tion, and a rate estimator for the RCS control-law
function.

Two control modes were provided for the powered-
descent operation. The primary mode controls the
Q- and R-axes with tre GTS, and the P-axis with the
RCS. The secondary control mode uses the RCS to
control all rotational axes. The primary and sec-
ondary coatrol modes were designed to be exclusive
as shown by the interface logic (Figure 17).

When any primary-logic condition is exceeded, con-
trol is switched to the secondary mcde, and an

open-loop GIS drive is performed, using data based
upon the drive time derived from Equation (19). A
Kalman filter estimate of offset acceleration Aos

is required, and is calculated in the primary mode
in which undetected RCS jet failures are not a de-
sign factor. During the nominal seconaary-mode
operation, the RCS jets are commanded off every

10 seconds, and a Kulman filter estimate of the
current offset acceleration is obtaineil. After
this sequence, the RCS control is reinstated, ac-
companied by a new trim-gimbal open-loop drive.
The logic conditions necessary to effect transfer
from the secondary to the primary control are also
presented in Figure 17. It should be noted that
all conditions must be satisfied to return from
secondary to primary control. The problems associ-
ated with this logic-design concept will be dis-
cussed in a following section.

Primary mode Primary mode
GTS) (GTS)
1. Switch to secondary if Switch to primary if
1. E>2deg., or 1. E<1.4deg., ad

2. E <0.5 deg./sec., and
3. Al jets are off

2. E>0.65 deg./sec., o

3. Change in throttle
setting

4 0. (nitiate open loop GTS drive

Secondary mode Secondary mode
(RCS) (RCS)

Fig. 17. Interface logic of the RCS/GTS.

A significant design decision required in the
initial developmental period was associated with the
philosophy of RCS control law. The two fundamental
concepts considered were a predictive control law
based upon & two-point-boundary-value approach in
the error phase plane, end & logic-determination
technique requiring only present-~ and past-state
information to calculate modulated jet commands.
When the two concepts were being considered, the
logic-modulation technique had the advantage of con-
siderable design experience because of enalog
control-system development. Hence, the basic deci-
sion was whether to establish the control-law design
by digitizing a known analog-autopilot concept, or
by developing & predictive control luw s.lely based
upon digital prineiples.

The logic-determination techniques available in-
cluded pulee-frequency modulation, pulse-width mod-
ulation, pulse-ratio modulation (PRM) delta
modulation, and integral pulse-frequency modulation.
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The development of two proposed designs that use PRM
techniques 18 discussed in references S and 6. The
input to the modulator is typically obtained from

.attitude-error and rate information, as shown in
.Figure 18.

Lamiter Attitude
dead zone [T
Lumter 170 ¢ nodulator
dead 2one hmremmaammg.
tilter
Rate
gan

Fig. 18. Generation of control-error signal.

The various trade-off “actors between the digi-
tal PRM and the predictive control law are worthy
of discussion. For nominal conditions, the pre-
dictive control law .s generally more efficient in
RCS propellent ussge, {an Isp penalty cccurs for

pulses shorter than 80 milliseconds), and usually
commands a smaller number of jet “irings. The
principal disadvantages of the predictive approach
include the sensitivity to plant uncertsinties,
such as inertia, thrust, ard undetected jet fail-
ures, and the storage requirement for a larg= com-
puter memory (parameter tracking, prediction logic,
and recursive-filter technigues).

The most significant advantage of the digital
PRM approach is that all logic is based upon
present~ and past-state information. Thus, for
large off-nominal conditions, this approach has
distinct advantsges over the predictive design.
The disadvantages include the sensitivity to noise
because of low-value threshold logic, and the
large steady-state attitude offsets for sustained
disturbance-torque conditions. The digital PRM
system cited in reference 5 estimated a sampling-
rate requirement of 30 to 40 samples per second.

A modification to this PRM concept, in which both
on~time and off-time were calculated and the sam-
pling requirement was reduced to 10 samples per
second, is discussed in reference 6. A genersl
trade-off exrists in the area of sampling, because
a good predictive system will generally require
lover sampling rates tkhan a comparative logic-
determination system. - However, off-nominal
envirommental conditions (and basic plant
uncertainties) tend to increase the sampling-rate
requirements of a predictive system. Thus, an
estimate of expected plant uncerteinties and envi-
ronmental conditions is important in establishing
sampling-requirement trade-offs between predictive
and logic-determination control laws. After
extended consideration, the decision was made to
develop a predictive control law for the DAP
design.

The initial concept of the phase-plane switch-
ing logic is discussed in reference 7. This
degign concept includes a combination of parabolic
and linear curves to represent the switching and
targeting lines. The phase-plane logic, assuming
a positive disturbance torque, is presented in
Figure 19. The value of the intercept constant B
{2 dependent upon the deadband, jet-control accel-
eration, and offset-disturbance acceleration. The
basic purpose of establishing switching-line equa-
tions that vary with disturbance acceleration is
to lower the average steady-state attitude error.
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Fig. 19. Prel:minary-design phase-plane logic.

Most of the s.gnificant problems associated
with the preliminary design were identified as a
result of extensive simulation testing. The prob-
lem of estimating rate and acceleration when unde-
tected jet fallures existed proved to be especially
difficult. Conside.ation was give to the use of
multiple Kalman filters to estimate (from space-
craft dynsmics) which of the 16 jets had failed,
and to adjust the control functions accordingly.

A second approach (subsequently implemented) was
using the Kalman filter equations only when the
GTS control law was operative or when the RCS jets
were inhibited. However, disabling control during
powered flight for the time needed to obtain good
Kalman filter estimation was considered unaccept-
able and the technigue was then discarded.

A second prcblem was that minimum-impulse opera-
tion was not achieved using the initial design.
Design-verificution studies indicated that this
problem was caused by rate-estimation inaccuracies
and quantization effects. Four phase-plane logic
modifications were considered: estsblishing a
zone 3 concept (Figure 13), discounting the com-
puted TJET time when in zone 2, setting the
derived rate (under certain conditions) equal to a
relatively large magritude with the sign changed
from the value used previously, and establishing the
value FLAT as a functicn of inertia. The first
modification was implemented in the preliminary
design.

Significant design problems were identified with
respect to Kalman Tilter performance. In simulation
testing, this estimator was shown to be sensitive to
slosh disturbances and large initial conditionms.
Furthermcre, during the DPS start transient, the
filter performiance exhibited poor convergence be-
cause of engine compliance, prorellant-fuel shift,
and initia) engine-mistrim conditions. The manner
in which the Kalman filter estimate of acceleration
was initialized was also c¢f concern. The GTS open-
loop drive =chnique influences how the initial
acceleration estimate should be set for the next
pass. The filter-extrapolation equations were also
modified during the preliminary design phase.
Originally, the equations did not use information
on the assumed GTS control effectiveness. The
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addition of the Us term [Equation (10)] substan-

tially improved the performan-ce of the Kealman f_lter.

Another preliminary design problem concerned the
vehicle performance during the DPS start transient.
The convergence characteristics between the primary
and secondary control modes were demonstrated to be
marginal. The interaction of the GTS and RCS con-
trol modes under off-nominal conditions was of con-
cern at that time, and proved to be a major
motivation in the subsequent decision to redesign
the control system.

The final problem concerned rate-overshoot per-
formance during coastirg maneuvers. The command-
maneuver logic did not explicitly account for the
finite time required to accelerate or decelerate to
the desired maneuver ra=e, and additional jet
firings resulted. To solve this problem, lag
angles were provided to prevent overshoot when
initiatiiz or terminating an automatic maneuver.

To concluae inis section on preliminary design,
a few genersl remarks cn the control-system per-
fcermance under off-nominal ccnditions are worthy of
mention. Performance-verification studies indi-
cated that the control system was insensitive to
noise end small disturbance-tcrque conditions, but
sensitive to inertia variations and thrust degrada-
tions (including undetected jet failures).

SUNBURST Design Develcpment

The base line design developed for the initial
flight program (1) and design problems that
occurred in that time period are presented in this
section. The flight-test results of the SUNBURST
DAP, flown on the Apollc 5 nission, will be pre-
sented in a later section. This description of the
SUNBURST design emphesizes the modifications and
additions tc the prelirminary base line design.

The state-estimator equations are structured in .
a manner similar to that outlined in the descrip-
tion of preliminary design. The rate equaticn Yor
coasting flight is given by

o . Kl _% _
Gy = 1= K)[“’n-l t oy t.ﬂ *T| % " % :
2 -
a, t
+ —J-Z—J (20)

e

The rate-estimation equation for powered flight is :
identical to Equation (20) except that the term
(1 - % T4 is added to the right-hand side. A

2 os o8
is defined as the estimated disturbance accelera-
tion caused by a main-engine thrust. During

heresd 1< MRAGAA 4y s

descent, Aos is determined every control period
(T = 0.1 second) by

Coaa S s
s, “hos  * TTT (21) ‘
n n-1 . F
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" For povered ascent, the Aos estimate is evalu-

ated e °ry 2 seconds by
- - -~ _ - ~ \
Aos(ti) C A (ti 2)+ Q - c) m(til

t

- .:,(ti - 2) - fi aJ'(t) dat, (22)

Y0

It is interesting to note that the rate- and
acceleration-estimate equations are coupled for
ascent. The filter gains, K and C, were estab-
lished through detailed simulation testing. The
nominal value of K for coast and descent is 0.5.
The gains values for ascent are time variant to
accommodate & nominal offset-acceleration profile

and are given as

= 0.bb + 2‘-{%:‘- (23)
0.25 + %2 (24)

Kalman filter equations are used during the
primary (GTS) mode and are updated every 50 milli-
seconds. These equations are programed in gimbal-
angle coordinates and are given as

=
[l

«
n

PN [ -~ L}
CDU = CDU  + "’o CDU - CDU (25)
. .1 . '
CDU = CDU + "1 (CDu - CDU ) (26)
o oot - [
CDU = CDU + w2 {chu - cDU ) (27)

The assumed extrapolated state equations are
expressed by

3

~ 2 .
+ U, % (28)

' ~ s I T
CDU_ = CDU_ , +CDU _, T+CDU _, %

A 2

. ! : N t T
Chu_ = CDU,_, + CDU _, T+ Uy 3 (29)
. 1 N *
U ooty  *Ug T (30}
n-1

where the assumed GTS control-effectiveness term is
transformed to gimbel-angle coordinates.

A description of the RCS control laws associated
with the SUNBURST cdesign is necessary to the dis-
cussion of development. The basic structure cf the
switching lines was modified from the structure
shown in Figure 19 to & format using only parabolic

equations. Most of the.design description has
emphasized the single-plane aspects of the contrsl-
system development. A design area unique to the
IM-thruster geometry (RCS Jets U5 degrees from the
body axes) was the logic of establishing the
desired axes of rotation when simultaneous errors
in pitch and roll occur. For the SUNBURST design,
the Q/R axes were chosen for the control laws, and
the concepts of urgency functions ard urgency plane
were established. Urgency functions in both the Q-
and R-axes were developed to measure the state
location from the coast region, as well as to meas-
vre the RCS propellent penalty if the decision to
apply torque be deferred. These functions are
approximately equivalent tn the torquing time
needed to reach the toundacy of the ccast region.
The logic flow associated with the urgency-function
concept is presented in Figure 20.

Compute Q and R errors

Compute Q and R urgency functions

From u-gency plane, determine best
axis of rotation and number of jets

Compute TJET values

Fig. 20. Urgency-function logic flow.

The urgency plane used to select the desired
axis of rotation is illustrated in Figure 21.

“lk
4 neg R jets

Y

UV ,
2 neg U jets

N
2 neg V jets

=Q jets Qjets™ Q

2 pos U jets 2 pos V jets

{

/ 4 pos|R jets

Fig. 21. Urgency plane.
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The two urgency functions UQ and UR’ define a

position in the urgency plane and thus establish
the desired axis of rotation from the eight rota-
tion sets available (K, +Q, *U, :V). Additioral
logic is applied to determine the number of Jets to
be used in the chosen axis.

Two alternate approaches will give some insight
into the design trade-offs. To illustrate the
techniques, one must assume that the urgency func-

tions in UR and UQ are initially established as

shown in Figure 22a, The SUNBURST design logic
will cormand a U rotation, then an R rotation, then
a U rotation — until the urgency-function errors
are nulled. An alternate design approach would be
to null all U errors first, and then command the
remaining R errors, as shown in Figure 22b,

v

Q Ya

Fig. 22a. SUNBURST urgen- Fig. 22b. Alternate SUN-
cy concept. BURST wurgency concept.

The alternate approach is attractive in that ad-
vantage may be taken of the diasgonal-jet moment
arm; but, during certain disturbance-torgque condi-
tions, the delaying of the R correction could give
undesirable performence. A seccnd alternate ap-
proach (implemented in the subsequent redesign)
would be to transform the originel errors into the
U- and V-axes, and to command U and V as shown in
Figure 22¢. Because the control-axis torques in
U and V are decoupled, these corrections can be
applied simultaneously. The logic simplifications
that result from this design approach are signifi-
cant; however, inefficiencies do occur for a de-
tected Jet failure, as discussed in reference 8.

U

Q

Fig. 27>. Another alternate
SUNBURST urgency concept.

A brief description of the GTS control laws
agssociated with the SUNBURST design is needed. The
time~-optimal attitude-control law provided by equa-
tions (16}, (17), and (18) was developed for the
primary control mode in which the attitude-state
errors are obtained from the Kalman filter equa-
tions. This design satisfies the requirement for

an independentiy stabilized DPS control. The GTS
acceleration-nulling law is used as part of the
tranafer logic from the primary mode to> the second-
ary mode. The open-loop drive-time equation is
given by

(31)

where a 1is the Kalmen filter estimate of offset
acceleration. A major difference between the SUN-
BURST design and the preliminary design was elimi-
nation of the technique of disabling RCS Jets
during powered flight to obtain Kalman filter esti-
mation during the secondary control mode. This
elimination restricted the GTS acceleration-nulling
law function to an open-loop drive as part of the
RCS/GTS transfer logic. The resultant performance
problems associated with this interface will be
discussed later.

The finael SUNBURST design description to be pre-
sented are the Q- and R-axis Jet-selection poli-
cies. The Q- and R-axis rotational policies for
both normal and disebled-jet conditions, with al-
ternate policies listed in order of preference, are
presented in Table 11.

TABLE 11. Q- AND R-AXIS JET-SELECTION POLICIES

. Normal Alterrate disabled-
Type of rotation policy ot policy
+Q 2, 5,9, 1k 2, 59, lh; 2, lh;
5,9
-Q 1, 6, 10, 131, 6; 10, 13; 1, 13;
6, 10
+R 1, 5, 10, 141, 14; 5, 10; 1, 5;
10, 1k
-R 2, 6,9,13106,9;2,13; 2, 6;
9, 13
+U 5, 1h 1k; 5
-U 6, 13 6; 13
+y i, 10 16; 1
-V 2,9 25 9
+Q (+X sense®) |2, 5,9, 14 |2, 14; 2, 5; 9, 1b;
5, 9
-Q (+X sense) 1, 6, 10, 13|6, 10; 1, 6; 10, 13;
1, 13
+R (+X sense) 1, 5, 10, 14410, 14; 1, 14; S5, 10;
1, 5
-k {+X sense) 2, 6,9, 1312, 63 6, 9; 2, 13;
9, 13

8The -X sense policies are only slight modifica-
tions of the +X gsence policies 1listed.

Several problems occurred during the SUNBURST
design phase. The general area associated with
the descent primary/secondary node interface was
tested under extreme conditions, with particular
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emphasis upon the DPS start-transient perfcrmance.
The nominal start-transiert thrust profile for DPS
povered-flight firings is presented in Figure 23.

A 'inass lockout" problem can occur for certain off-
nominal conditions, when the thrust is operating

at a maximum value of 10,500 pounds. One of the
logic conditions needed for mandatory secondary
control mode operatisn is that a change in throttle
setting has occurred. This logic is applied when a
change in thruet command Tc ie sufficiently large to

satisfy the ine 1ality.

AV
Tc - M ot >525 pounds

When T_, is operatiig at a maximum value of

10,500 pounds, a mesg error of 5 percent or more
will cause the primary cuntrol mode to be locked
out. The intent of this logic was to inhibit
Kalman filter estimates of offset acceleration
vhen actuator-compliance effects were introduced
by changing throttling conditions. This potential
problem with the interface logic was corrected in
the SUNDANCE redesign.

Lo

10,500

Thrust, 1b.

1 ,050—\

0 26
Time, sec.

Fig. 23. Throttle profile.

The performance of the primary/secondary modes
during the DPS start-transient period was of suffi-
2ient concern to require design modifications before
the mission. The major problem wes caused by errors
introduced in the open-loop drive~time equation and
by the subsequent poor convergence characteristics
o the primary/secondary control modes. The effect
or a drive-time error is to maintain a residual off-
set disturbance torque ." i’e the system is in the
secondary mode. If th' offset be larg=, the RCS
Jets converge the attitude and rate eriors very
slowly to the region in which return to the GTS con-
trol is made. During this period, the jets must
fire to combat the sustained offset disturbance. An
example of this type trajectory behavior is shown in
Figure 2k.

Faztors that significantly contribute to the
error in open-loop drive time are

1. Propellant-fuel shift during ullage and the
low throttling-time period
2. Actuator mount compliance
3. Uncertainties in the assumed values of M,
L, I, and §
L, Kalman estimate of offgset ascceleraticn
a. Insufficient measurements
b. Propellant-slosh dynamics
¢. Attitude-rate initial conditions
d. Measurement noise

3

Initial condition upon entering
RCS control law
0.5
-E
-0.5
Region for transfer
from RCS to GTS

Fig. 2L. Example of RCS/GTS convergence.

Simulation testing indicated that these factors

.could seriously degrade the performance of thre

control system during the DPS start-transient
period. Design modification: were made to improve
the RCS/GTS logic interface and the quality of the
Kalman estimate of offset acceleration. The mod-
ified interface logic is given in Figure 25. -

Primary mode
(GTS)

1 I. Switch to primary if

1. E < 3deg./sec., and

2. All jets are off

II. Return to Kalman filter and stay in
GTS for at least 10 passes (0.5 szc.)

Secondary mode
(RCS®

Fig. 25. Interface logic of RCS/GTS.

"The interface logic shovm provides significantly
improved convergence characteristics at the
expeng: of permitting large attitude errors during
the transfer of control modes. The additional
logic of insuring a minimum number of measurements
for the Kalman filter was inserted because of the
transient characteristic of the estimator. An
actual acceleration-estimate response (9) is

shovn in Figure 26. For the simulation response
shown, the acceleration estimate contained an
error in sign for the first few measurements.

Pour additional design modifications were made
to improve the DPS start-transient performance:
modifying the Kalman filter weighting values, limit-
ing the maximum open-lcop drive time to 15 seconds,
*forcing the primary control (and Kalman filter esti-
mates) at specific times when operating in the
.low-throttle region, and modifying the GTS atiitude-
control lav during the 26-seco.d start-transient
period.

20

-%



IS T I

GRS B e

#
-
£

0.006
IActual acceleration
0.004 1
N
2
(v,
~0.002F
B Estimated acceleration
ey
0
6.002 A )

0.2 0.4 0.6 0.8 1.0
Time, sec.

Fig. 26. Kalmen filter transient performance.

The modified GTS attitude-control law (for the
start-transient period) is given by

u = -sgn(a) (32)

The modified design was considered acceptable for
the first unmanned fligh*, although the inherent
properties of the open-loop gimbal drive was of

_concern.

In Avoust 1967, a uccision was made %o redesign
the DAP; the SUNDANCY Jdesign, previously described,
was the result of this .c=design effort. The
objectives of the redesign were to reduce merory-
storage requirements, improve off-nominal perform-
ance, and reduce computer-execution time. The
five major change. that resulted included elimi-
nation of the urgency-function concept, simplifi-
cation of the jJet-selection logi~, simplification
of the RCS control-law logic, improvement in the
oTS/RCS interface design, and development of an
integrated state-estimator design.

TESTING AND VERIFICATION

The mission-verificetion and design testing con-
ducted on the SUNDANCE DAP is discussed neat. The
primary objectives of preflight testing were to
validate the control-system performanc~ during
nominal conditioas, off-.iominal conditions, and
mission-related :onditions. The types of simula-
tion facilities ised included engineering digital
simulators, inte~pretive computer simulators (ICS),
and hybrid simulators.

Engineering s:mulators were used durirg initial
development (or nodification) phases to provide
dynamic validation and performance evaluation of
the functional design under a broad spectrum of
mission conditiors. The ICS bit-by-bit simulator
modeled the detajled computer characteristics, and
was used to verify the software-programing design.
Parameter-type studies associated with off-nominal
performance are generally inetficient to run on
the ICS. However, nominal-performance verifica-
tion is conducted on a mission-by-mission basis.
The hybr.d simuletors were used to verify hardware/
goftware interfec:s, and to provide overull system-
performance validition. With respect to the DAP,
both design-validation and mission-verification
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testing programs were conducted on hybrid sirula-
tors.

The formal testing conducted nn the SUNDANCE
DAP design is reported .n rzierences 8, 10, and 11.
Reference 10 is &n excellent test-results document.
A1l control modes ¢  fllght were tested during
nominal-performance conditions, RCS jet-faiiure
conditions, and incorrect-mass-property conditio. 3.
Powered-flight testing included re- wery from
large rate and attitude errors, DPS/APS start-
transient performance, and performance with large
offset accelerations. A general sumary of the
test results follows.

1. lNominel performance was satisfactory (all
modes).

2. Minimuam-impulse limit cy..es were achieved
(coasting modes).

3. Efficient, asutomatic attitude maneuvers were
achieved.

4. Translation-acceleration capability . de-
graded by Jet failures.

5. Powered flight modes were ic ~tive.y insen-
sitive to inertia mismatchn {errors ¢. #25 rercent
were tolerable).

Several tests recults from reference 10 are
presented to irndicate performance trends.

The RCS vropellant consumed during a 2-degree-
rer-secuond maneuver is shown in figure 27 as a
function of mass misretzh. The theoretical fuel

24¢
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Fig. 27. RCS fuel for 2 deg./sec. maneuver.

(1.21 pouncs) is substantially below the minimum
fuel usage (1.55 pounds), because the theoretical
model does .ot eccount for J:t-plume-impingement
forces. A summary of descent-configuration
meneuver performance for various jet-failed condi-
tions is presented in Table 12.

For the third condition listed, the fuel con-
sumed was less then nominal. The reason for this
paradox ir that the jJet 10 impingement force is
lerger than the impingement forces associated with
t .e other Jets, 80 that overall rvstem efficiency
is higher if jJet 10 control be deleted.

The final performance curve shown is presented
in Pigure 28, in vhich the KCS propellant-versus-

mareuver rate is presented for a IM descent ronfig-

uration. The relative maneuver efficiency of the

DAP desizn is difficult to assesg becauce the theo-

retical fuel conBumption used us a standard does

not include the effects of jet plume impingement cr

; L
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TABLE 12. DESCENT-CONFIGURATION MANEUVER TEST SUMMARY

-
or w !
"a:::v/- :ec“e' Maneuver Ruel Theoretical ]
Jets * ° consumed fuel needed
Failed Greatest Desired Gizbal n::::gr Coapertors
Desired obtained gimbal angles st b na.ni:ver,
N angles end of run ‘ *
20 19.01
one 2 2.04 80 91.09 1.55 1.21
kO 39.2%
vets i0 and 11 20 20.03
failed off 2 V20T 80 A0.3C 1.67 1.21
undezected Lo 39.86
Jets 10 and "1 20 19.84
failed off 2 2.0 80 £0.60 1.3% 1.21
detected ko 39.98
A system 20 19.48
failed o.f 2 2.09 80 80.86 1.23 1.21
undetected kc 39.47
A system 20 20.17
failed off 2 2.33 80 80.c0 1.55 .21
detected ko LD .46

the effects of crossproducts of inertia. The thec- minimum-impulse fuel required to maintain the

retical fuel consumption includes, however, the angular deadbands during the maneuver.
fuel required for acceleration and decelerationm. A brief summary of the hybrid-simulation -est
the effect of crosscoupl.ag torques, and the results reportel in reference 8 will ve given. The

control system was subjected to e realistic flight
enviropment includirg the effects of RCS thruster
7r impirgement, propellant slosh, and actuator com-
. . pilence. Off-nominal spacecraft envircaments in-
A  Theoretical fuel consumption cluded inertia, thrust, and center-of-mess
(simulation cesults) uncertainties; DPS actuator-drive wncertainty; and
ol O  Actual fuel corsusaption RCS Jet failures. The verification-run matrix
asgsociated with the hybrid testing was quite ex-
tensive. Integrated guiisnce and control hardware
and a flight attitude table were used in the test
facilities. Twenty-seven discrevancy items re-
ported by the testing activity required formal dis-
positioc. Virtually all items requiring minor
design modifications were incorporated into the
lunar-landing-mission program.

An interesting design problem occurred in the
area of inertia cross-coupling effects. With the
TJET calculations established in the U/V-axes
system, an RCS torque applied arcund the U-axis
produces not only an acceleration arcund the de-
sired U-axis, but also, in general, & coupled ac-
celeration about the V-axis. The same situation
applies to an ®CS torque applied around the V-axis.
2 F The simplified equations of motion that demonstrate

the effect of inertia crosscoupling are writven as

H n
I \

w
'

Total fuel consumption, Ib.

L1 1 L ] 1 ] L1 1
0 1 2 3 4 5 6 7 8 9
Ilmeuvunte,(hg-/sec. Yy

F:.. 28. Theoretical and actual RCS fuel consumption
for LM descent configuration.
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where w = angular velocity

MU’MV = aprlied torque

I, Izz = principal moments of inertia

Yy

This inertia crosscoupling effect betweer ap-
plied U/V torques and resulting U/V engular accel-
erations is significant only vhen the pitch and
roll moments of inertia are substantially different.
For powered-ascent operation, these inertia values
wvere sufficient to cause crossccupling that resvlited
in undesired limit-cycle performance. A subsequent
degign modification was made toc eliminate the in-
ertia crosscoupling effects. A nonorthogonal set of
control axes U'/V' vas defined vhich has the prop-
erty that a pure U torque produces no observable ac-
celeration in the V' direction, and a pure V torgue
produces no observable acceleration in the U'
direction. This U'/V' nonorthogonal system can be
constructed as shown ir Figure 29.

v vV

U
Ul

Fig. 29. XNonorthogonal J'/V' systenm.

Y

The desired reiationship between the U- and V-
axes, and the U- and V-axes can te obtained if the
transf.rmation angle satisfies

= -1 ‘FY - )
Y = cos 7.1 ] 172 4s (35)
Yy 2z

The implementaticn of this control law where the
crogsscoupiing accelerations are eliminated is de-
scribed as follows. The vehicle state is estimated
in the P-, Q-, R-axis system. When RCS control is
to be aprlied, the Q and R components of error angle
and rate are transformed to the U'/V' system.

Errors about the U'-axis are controlled by firing a
U-axis RCS torque, and errors about the V'-axis are
controlled by firing a V-axis RCS torgque.

FLIGHT TEST RESULTS

The flight results discussed include test data
from the unmarned Apollo 5 mission and the manned
Apollo 9 mission. Typical flight-data results are
presented to indicate performance trends. The abil-
ity to match the preflight-simulation test re-
sults closely with the actual flight data is
dependent upon the quality of the telemetered data
and the knowledge ot the spacecraft enviromment.
In general, powered-flight maneuvers and coasting-
flight attitude maneuvers can be closely aupli-
cated, but attitude-hold limit-cycle behavior is

23

more difficult to match in the postflight analysis
process. For the test data shown, a data-sampling
frequercy of one sample per second was availatle.

Only the DAP coasting-flight modes were exer-
cised on the Apollo 5 flight. Flight data for an
automatic 5-degree-per-second attitude maneuver
shewed close agreement with simulation data. As
reported in reference 12, the Apollo 5 missicn
provided some unplanned limit-cycle data during
coasting ascent because of a mass-mismatch con-
dition. This situation arose because, although
the spacecraft was actually in an ascent config-
uration, the DAP computed the vehicle inertia to
be that of the unstaged IM. As a consequence of
the 300-percent inertia-mismatch condition, a vir-
tualiy continuous-firing limit cycle resulted. The
narrcv-deadband attitude-hold logic 31ii maintain
the desired conditions, however. Alter this oper-
ation, one RCS propellent system was allowed to
fire to Jepletion, and data were taken at various
lower thrust levels as the propellent was being
depleted. Aimost immediately, the limit-cycle
characteristics began to improve, and eventuslly
the attitude-hold function settled into a minimum-
impulse conditicn.

Limit-cycle data were also analyzed during the
descent-coast phase of the Apollo 5 mission (13).
Unexplained iimit-cycle trajectories in both pitch
and rcll rhase planes, which were asymmetrical in
computed error rate and symmetrical in attitude
error, vere observed. A rerresentative trajectory
is shown in Figure 30. During a 2-hour pericd,
125 Jet firings occurred, approximately 30 of which
nad durations of from 50 to 110 milliseconds.
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Fig. 30. Pitch-rate error versus pitch error during
a descent-coast phase.

Preflight verification testing indicated that
16-pillisecond (minimum-impulse) firings should
occur at the deadbtand extremities. An extended
effort was made to match the flight-test data
through simulation testing. Inertia coupling,
aerodynamic torques, and diagornal firing logic
were all examined, but the cobserved limit-cycle
phenomenon was only partially explained.

During snother descent-coast phase, a different
limit-cycle characteristic (Figure 31) was obtained.
These trajectories contained 2C-millisecond fir-
ing times, with the limit cycle restrained to one
gside of the attitude deadband.

This trajlectory condition generally occurs dur-
ing sustained torque disturbances. Limited post-
flight data prevented identifying the exact nature
of this disturdbance, but a combirition of aero-
dynamic torque and rate-estimation error was be-
lieved to have been the cause.
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Fig. 31. Pitch-rate error versus pitch error during
another descent-coast phase.

The Apollo 9 mission, during which the IM was
manned for the first time, was flcwi: in earth ordbit.
All powered- and coasting-flight DAP nodes were
exercised during the mission, and the controi-
system performance was generally excellent. No
aanomalous or unexpected control-system conditions
occurred. Data examined in the postflight analysis

included peak-to-peak rates, attitude-deadband
excursions, general limit-cycle charactaristics
(including existence of disturbance torques), ard
trim-gimbal performance.

Several flight-data rzsults are given to indicate
general performance. A 2-degree-per-second maneuver
response for the ascent configuration is illustrated
in Figure 32. A slight overshoot occurred in the
Q- and R-axes, but overall rate performance was sat-
isfactory. This overshoot was caused by rate-
estimator errors.

A phase-plane plot of the limit-cycle performance
during a powered ascent firing is presented in Fig-
ure 33. The intent of the plot is to trace the
shape of the limit-cycle trajectory. Because of the
asta-zampling limitations, only discrete data points
in the vhase plane are available. The plot does
indicate on & quantitative basis that the results
are withiin a range consistent with preflight simu-
lation resuitc.

The final Apollo 9 flight-test results presented
(Figur= 34) is a plot of phase-»lane attitude per-
formance during a DPS insertion Jiring. The results

" indica.e nominal attitude-hold perfcrimance.

Altitude rate, deg./sec.

CONCLUSIONS

The history of the design and developnent of a
first-generation digital control system L:ags been
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Fig. 32. Attitude maneuver during ascent-coast phase.
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presented in this case study. Because of the de-

sign flexibility inherent in digital systems, it is
expected that increased emphasis will be placed upon
digital control-system techniques.

This case study has been written to define the
environment in which control-system designer vorks.
Reviewing the design history, one gains an implieit
perspective viewpoint of the relative importance of
optimal control and modern control techniques.

Some of the experience learned during develop-
ment of the DAP may be used to avoid future design
problems. Logical decision techniques should be

applied with care in the design development, because .

conditions may exist in which thess iLechniques may
unexpectedly lock out entire system functions. The
use of logic in avoiding degraded perfovaance hes
to be traded off with potential unintended restric-
tions.

Another generalization concerns the manner in
vhich requirements in the estimation functior are
established. Open-loop testing alone is not alvays
adequate to assess the acceptability of the filter
performance. Estimation requirements should re-
flect the manrer in which the output information is
used in the control law. As an example, a control
law that is mechanized to operate on the sign of a
function only has differemt requirements from a law
that cperstes on both sign and magnitude.

Furtker research effort should be expended to
develor additional analytical techniques for digital
control-system design. Adaptive design techniques
making use of the inhereat flexibility awvailable in
digital systems should also be established.

ACRONYMS

APS ascent propulsion system

Chu coupling data unit

™ comand module

csM command and service module

DAP digital autopilot

DB deadbzond

DPs descent propulsion system

GTS gimbal trim system

ICs interpretive computer simulators
™MU inertial measurement unit

LGC IM guidance computer

IM lunar module

PIPA pulsed integrating pendulous accelercmeter
PRM pulse-retio modulation

RCS reaction control system

sM service module

TJET +time(duration) of jet firing

SYMBOLS

Aos estimated offset angular aecceleration

a,b,¢c = mass property parameters

B = intercept constant

chu = coupling data unit angle

E,ﬁ = attitude and rate errors

I = I(M) pitch or roll moment of imertias
Iny“ = principle moments of inertia

K s filter veights

L = L(M) distance from hinge pin ¢f descent
engine bell tc center of mass of IM

M = egtimated mass

HU’"V = applied torque

] = gimbal-to-p.lot increment matrix

[HGJ = transformation from gimbal axes to pilot
axes

["Pc] = transformation from pilot axes to control

axes

N = noise

lj = integer

n, = nuzber of sample periods

P,Q,R = pilot saxes

P,U,V = control axes

T = control rample period

Tc = thrust cosmand

t = time

uQ’“R = urgency functions

u = trim gimtal drive command (+1, 0, -1)
v = velocity

L = Kalman filter gains

Greek letters

o = angular acceleration

8 = leg ernzgles

Y = transformation angle between U/V and
U'/V' axes

ATC = gteering sample period

ATS = control semple period

8 = giabal drive rate of descent engine =
0.2 deg./sec.

€ = PRM attitude error

8 = gimbal angle, attitude

) = anguler velccity

Subseripts

c = cycle

cg = center of mass
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d = desired angular velocity
e = attitude error
G = gimbaling
I = inner girbal angle
1 = index
J = about an axis from the firing of a single
Jet
M = middle gimtal angle
m = index -
n = index
(o] = outer gimbal angle
rators
- = estimate
. = first time derivative
= gecond time derivative
~ = measured value
2 = summation
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