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Lunar Module Digital Autopilot
WILLIAM S. WIDNALL*

Intermetrics, Inc., Cambridge, Mass.

The lunar module digital autopilot is a first generation digital control system which would
have been difficult to implement with conventional analog autopilot design techniques. The
control synthesis problem was divided into the design of an attitude state estimator, the re-
action-control-system (RCS) control laws, and the main engine thrust-vector control laws.
The attitude state estimator derives the angular velocity and angular acceleration of the
vehicle, based on measurements of vehicle attitude and assumed control response only. Rate
gyros are not used. The RCS control laws employ parabolic switch curves in their phase plane
logic to obtain fast response with a minimum of firings. The critical parameters are adapted
in flight in response to varying flight conditions. An unconventional set of nonorthogonal
axes is used to decouple the responses to RCS control about different spacecraft axes. A third-
order minimum time control law is used to control the vehicle attitude by means of the
thrusting descent engine. Performance in flight is presented.

Nomenclature

c = conversion factor having dimension of time
ci,C2,Cs = constants for stored mass properties
CSM = command and service modules
F — thrust of the throttleable descent engine
I,Iq,Ir = moment of inertia about the Q or R axis
IMU = inertial measurement unit
KW)Ka = gains used in the state estimator
L = distance from descent engine gimbal plane to

vehicle center of mass
LM = lunar module
ra = spacecraft mass
n,n — 1 = present, previous sample
np,nu,nv = number of RCS jets selected to torque about the

Pj Uj and V axes
R = thrust vector actuator drive rate (0.2 deg/sec)
RCS = reaction control system
t = time at present sample instant
T = autopilot sample period (0.1 sec)
tj = same as tp, tu, or tv
tp,tu,tv = jet torquing durations commanded by the P, U,

and V RCS control laws—the sign gives the
sign of the torque desired

Ug,Ur,u = thrust vector rotation command signal for the
Q or R axis (1, 0, or —1)

u0pt = thrust vector rotation command signal for time-
optimal control

ve = assumed rocket exhaust velocity
Xi,X2,X3 = components of a nondimensional attitude state

vector
cxj — magnitude of the angular acceleration that will

result from firing the RCS jets for one axis
= magnitude of the P-axis angular acceleration

that will result from firing one P-RCS jet
•. = magnitudes of the Q, R, and Uf components of

angular acceleration that will result from fir-
ing one C7-RCS jet

aq,(Xr,(x = Q and R components of the estimated vehicle
bias angular acceleration vector

aq,ar)a = magnitude of the Q or R axis rate of change of
angular acceleration that will result from com-
manding thrust vector rotation

5 = angle by which the V and V axes are skewed
away from the U and V axes

da,da>

Aorg,Aar

A0p,A0g,A0r

At

Be
Qo,6i,0m
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correction to a component of the estimated
angular acceleration, angular velocity, based
on the unexplained attitude

estimated changes in the Q and R bias angular
accelerations due to thrust vector rotation
commands in the last control interval

estimated changes in the P} Q, and R angular
velocities due to RCS jets commanded during
the last control interval

changes in P, Q, and R components of vehicle
attitude (small angles)

sample period of the powered flight guidance
equations (2 sec)

measured change in velocity due to thrusting
attitude error
outer, inner, and middle gimbal angles of the

IMU
desired outer, inner, and middle gimbal angles
attitude error deadband size in the RCS control

laws
P, Q, and R components of the unexplained

attitude (small angles)
threshhold value that must be exceeded by a

component of the unexplained attitude before
an attitude measurement is incorporated

estimated vehicle angular velocity vector
desired angular velocity vector
angular velocity error
components of the estimated vehicle angular

velocity

Introduction

THE lunar module (LM) digital autopilot provides atti-
tude control of the spacecraft during both coasting and

powered flight. It is designed to control the three spacecraft
configurations shown in Fig. 1: LM descent, LM ascent,
and command and service modules (CSM) docked.

Torques for attitude control may be generated by the reac-
tion control system (RCS) and by the descent propulsion
system. The RCS employs 16 jets mounted in clusters of
four on outriggers equally spaced around the LM ascent
stage. Each jet has a thrust of 450 newtons. The descent
propulsion system has a single engine that can be throttled
from a maximum thrust of 45,000 newtons down to 12%
of the maximum thrust. This engine is mounted in a gimbal
system with actuators which can change the angle of the
thrust vector relative to the spacecraft center of mass at the
constant rate of 0.2 deg/sec. The ascent propulsion system
has a single 16,000-newton engine, which is mounted rigidly
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to the ascent stage. During ascent, attitude control must be
maintained by use of the RCS jets alone.

The autopilot is an integral part of the LM primary naviga-
tion, guidance, and control system.1-2 Most logical func-
tions of this system are programed in the general purpose
on-board digital computer, which has 36,864 words of fixed
memory for program storage, and 2048 words of eraseable
memory. The word length is 15 data bits plus a parity bit.
It utilizes fixed decimal point arithmetic. The memory
cycle time is 12 jusec. The execution of most instructions re-
quires either two or three memory cycles.

The preliminary design of the autopilot is presented by
Cherry and 0'Connor.3>4 A history of the development of the
autopilot is presented by Cox.5 This paper presents a sum-
mary of the final design of the autopilot as flown in the first
lunar landing mission, Apollo 11. The complete design de-
tails are presented in Ref. 6.

Structure of the Autopilot

Three major subsections of the autopilot were identified,
each of which could be designed somewhat independently:
1) the attitude state estimator, 2) the RCS control laws, and
3) the thrust vector control laws. The RCS control laws were
divided into three separate channels, termed P, U, V. The
locations and orientations of the RCS jets are such that if the
spacecraft center of gravity lies near the geometric center of
the 16 RCS jets (such as in the ascent configuration), then
eight "P jets" thrusting only in the F or Z directions produce
torques about the P axis only (Fig. 2), four "U jets" thrusting
in the ±X direction produce torques about the U axis only,
and four "V jets" thrusting in the ±Z direction produce
torques about the V axis only.

The descent engine may be gimballed under computer con-
trol about the pitch (Q) axis and the roll (R) axis. There-
fore, the descent-engine trim-gimbal control laws were sepa-
rated into two channels (Q and R). The computation of the
proper trim-gimbal drive for each channel is based on inde-
pendent single-plane control laws.

The basic sample interval of the autopilot is 0.1 sec. Every
0.1 sec, whatever computer job is in progress is interrupted
and control is transferred to the autopilot computations.
Typically, it requires 0.025 sec to complete the autopilot com-
putations. In addition to the main autopilot computations
there is a subprogram that is executed every 2 sec in powered
flight to adapt the autopilot gains as a function of the esti-
mated decreasing vehicle mass and the estimated bias angular
acceleration due to the thrusting main engine.

The most complex interaction between the guidance equa-
tions and the autopilot, and between subsections within the
autopilot occurs during descent-engine powered flight (Fig.
3). The spacecraft velocity-changes due to thrusting are
measured by the three integrating accelerometers of the in-
ertial measurement unit (IMU). The velocity-change in-
formation is sampled every 2 sec by the computer and is used
by the navigation equations to determine the present velocity
and position. The guidance equations then compute the
desired new thrusting attitude. In addition to commanding
the desired thrusting attitude, the guidance equations can
command changes in the thrust level of the throttleable de-
scent engine.

The velocity-change information is also used every 2 sec
(A£) to update the estimates of spacecraft mass and thrust:

m(t) = m(t - AO - Av m(t -
F =

(1)
(2)

These estimates are inputs to the autopilot adaptive loop.
The control effectiveness of the RCS jets about the P, Q,
and R axes is calculated according to

SERVICE
MODULE

COMMAND
MODULE

LUNAR MODULE
ASCENT STAGE
(USED ALONE IS
THE ASCENT
CONFIGURATION)

LUNAR MODULE
DESCENT STAGE

Fig. 1 Spacecraft configurations controlled by the lunar
module autopilot.

A separate set of constants is appropriate for each axis and
for the descent and ascent configurations. The values so
calculated for the orthogonal angular acceleration compo-
nents aqu and aru are then resolved onto the U' axis to deter-
mine Qfu't*. Because of the inertia symmetry, the value of
du'u can be used also for V axis computations.

The effectiveness of the thrust-vector control signals in the
descent configuration is calculated according to

aq = FLR/Iq, a.r = FLR/Ir (4)

where F is calculated by Eq. (2), Iq and Ir are calculated as
being inversely proportional to aqu and aru, and L is calcu-
lated as

L = c4 -f c5/(m

Attitude State Estimator6

(5)

The basic measurements of the vehicle attitude state avail-
able to the autopilot are the gimbal angles of the inertial
measurement unit, which are sampled every 0.1 sec. To
separate any bias angular acceleration due to the main engine

+ Y AX IS OR +Q AX IS
(PITCH A X I S )

+ U AXIS

+ U' AXIS

c2/(m + c3) (3) Fig. 2 The control axes of the LM.
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Fig. 3 Information flow in
the autopilot during descent-

engine powered flight.

from the angular acceleration due to RCS jet firings, the
state estimator needs additional inputs from the RCS control
laws containing the jet-firing information. Including jet-
firing information as well as thrust-vector-command informa-
tion gives an added benefit; the basic attitude inputs may be
filtered as required, without necessarily introducing large
lags into the estimates of angular velocity and bias angular
acceleration.

The estimated changes in the P, Q, and R angular velocities
due to RCS jets selected during the last control interval are
computed as

Acog = agu(tunu — tvnv)

Ao>r = oiru(tunu + tvnv)

(6)

The estimated changes in the Q and R bias angular accelera-
tion due to thrust vector rotation commands in the last con-
trol interval are computed as

arTur (7)

The IMU gimbal angles observed during the previous exe-
cution of the estimator computations have been stored. The
present gimbal angles are now sampled, the change in gimbal
angles is computed, and the change is transformed to a change
in body angles. The difference between the measured change
in attitude and the predicted change in attitude is called the
unexplained change in attitude. This is computed and added
to the previous total unexplained attitude to form the present
total unexplained attitude :

ep(ri) = 0P(n -

Bq(n) == Bq(n -

Br(n) = Or(n -

aq(n -

ar(n -

(8a)

(8b)

(8c)

The quantities in brackets may be identified as components of
the predicted attitude change. Note that the predicted atti-
tude change due to gimbal drive commands has been ne-
glected, and the exact expression for the attitude change due to
jet firings has been approximated by a simpler term.

The unexplained attitude is used to update the estimates of
angular velocity and angular acceleration. But first, logic is
applied to reject the measurement quantization noise. Since
the probability distribution of this noise is not Gaussian but is
rectangular, the noise may be largely rejected by a nonlinear
filter logic which is applied independently to the P, Q, and R
axes in the state estimator. For each axis, if the component of
the unexplained attitude is less than a threshold value 0max =
0.14 deg, then the unexplained attitude is assumed to be
largely due to the attitude measurement quantization noise.
In this case, the corrections &o and da to the estimates of
angular velocity and bias angular acceleration for that axis are
set to zero. The unexplained attitude is not zeroed. How-
ever, for each axis where the unexplained attitude exceeds the
threshold, it is assumed that the estimated angular velocity
and angular acceleration for that axis are in need of correc-
tions. Nonzero corrections 5co and 5 a are computed as

8a> = Ka6(n)/T, da = KaB(n)/Tz
(9)

and then the unexplained attitude 6(ri) for that axis is reset to
zero.

The estimates of the angular velocity and the bias angular
acceleration are now updated to the present sample instant as

aq(n -

cor(tt) ar(n -

aq(ri) = aq(n -

Or(ri) = ar(n -

8aq

(10a)

(lOb)

(lOc)

(lla)

(lib)

Note that bias angular acceleration about the P axis is as-
sumed to be zero, and the estimated rate-change term due to
trim-gimbal activity in the last control interval has been ne-
glected. In periods of coasting flight, it is assumed that the
Q and R components of bias angular acceleration are also
zero. Accordingly, the final step in the state estimator sets
aq and ar to zero during periods of coasting flight.

The dynamic characteristics of the state estimator are
strongly determined by the choice of filter gains K^ and Ka.
The gains selected6 were a compromise between fast estima-
tion response and rejection of bending mode and propellant
slosh oscillations. Extensive simulations were used to demon-
strate satisfactory estimator performance.
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RCS Control Laws6

Within the computational capacity of the LM guidance
computer, the fastest repetition rate that is possible for the
autopilot calculations is 10 cps. However, in the lightest
ascent configuration, two RCS jets torquing can produce an
angular acceleration of about 50 deg/sec2. The simplest form
of RCS control law would turn-on and turn-off the RCS jets
only at the control sample instants. However, if this ap-
proach were used, the angular velocity of the lightest ascent
configuration would be controlled to an accuracy of only 5
deg/sec. This is clearly unacceptable. To overcome this
difficulty, the assumed control effectiveness of the RCS jets is
used to determine the exact jet firing durations that are re-
quired to deliver a desired change in angular velocity.3-4

For automatic control in the LM-alone case, a subroutine is
programed which calculates the required jet torquing time
tj for one axis as a function of: 1) the attitude error 6e and the
angular velocity error coe, 2) the parameters, as calculated in
the adaptive loop, that determine the curvature and position
of phase plane parabolas, and 3) the preference for 1-jet or 2-
jet firings to obtain the required torque impulse. By suc-
cessive calls to this subroutine, with the appropriate input
information for each axis, the jet firing times for each axis are
determined.

The control logic applied by the subroutine in coasting
flight is illustrated by the phase plane diagram shown in Fig.
4. The phase plane above the Oe axis is divided into five
zones. The boundaries of these zones are parabolas. The
steepness of the parabolas bounding zone 2 are identical to
that of the estimated vehicle phase plane trajectory when the
jets are torquing. The jet acceleration magnitude which de-
termines this parabola was calculated in the adaptive loop.
The parabola separating zone 4 and zone 5 is not a trajectory
of the vehicle. It is flat to keep control angular velocities
low, but is not so flat that a large 6e can persist. The para-
bolic form is retained to keep the boundary logic general for
compactness of coding. The flatness selected corresponds to
an acceleration of 1.4 deg/sec2. A smaller acceleration could
not have been chosen without rescaling the fixed-point arith-
metic calculations. The intercepts of the parabolas with the
Oe axis are a function of the deadband 0d& selected by the astro-
naut or by the automatic maneuver program. Available
attitude error deadbands are 0.3, 1.0, and 5.0 deg.

This phase plane design is such that the control action in
response to any initial condition will transfer the state toward
the origin with at most two major pulses. This is illustrated
by segment A-B-C of the sample trajectory in Fig. 4. After
the acquisition of the deadzone, the vehicle state is held in a
minimum impulse limit cycle, as shown by segment D-E-F-G.

ZONE 1
TORQUE NEGATIVELY

The state traverses the deadzone, and its direction is re-
versed by a single firing of one RCS jet each time a zone 3 is
encountered.

The control logic applied by the subroutine in powered
flight is illustrated by the phase plane diagram shown in Fig.
5. The intercepts of the various parabolas are shifted as a
function of the magnitude of the estimated bias angular ac-
celeration. The intercept locations shown in Fig. 5 are typi-
cal for powered ascent with a large ascent engine thrust vector
misalignment. The steepness of the four parabolas are based
on four different angular accelerations. The upper left pa-
rabola is based on the minimum acceleration awn = 1.4 deg/
sec2 as in coasting flight. The upper right parabola is based
on the net acceleration possible with the jets firing against
the bias torque. The lower right parabola is based on the
bias angular acceleration alone (no jets firing), however, it is
steepened by a factor f to improve the probability that the
trajectory would not recross the switch curve into the torqu-
ing zone causing an unnecessary small pulse.

A typical phase plane trajectory is shown superimposed on
the phase plane logic in Fig. 5. The phase plane design is
such that the vehicle is controlled with a low-frequency limit
cycle in which the jets are commanded to fire a single pulse in
opposition to the bias torque once each cycle.

The autopilot must perform the same basic control func-
tions in the CSM-docked case as in the LM-alone case.
However, a separate subroutine was developed for the CSM-
docked case.6 A problem peculiar to the docked configura-
tion is that the vehicle has three low-frequency bending
modes associated with the relatively weak docking adapter
connecting the vehicles. To guarantee that the RCS jets
could not be fired at the bending frequency, jet inhibition
logic7 was designed for the CSM-docked case.

In addition to the RCS control laws provided to follow the
automatic attitude commands, separate control laws are pro-
vided to follow manual attitude commands, as inputed to the
computer by the rotational hand controller.8

An interesting performance problem existed with an earlier
autopilot design, in which the orthogonal P-U-V axes were
used for the application of the single-axis phase-plane RCS
control laws. Figure 69 shows the C/-axis jet firings as tele-
metered to the ground during a short portion of ascent-stage-
only powered flight in Apollo 9. One can see evidence of the
low-frequency limit cycle, in agreement with the design in-
tent, in which the bias torque from the thrusting ascent engine
is balanced by torque pulses from one [7-axis jet. (The U-
axis jet selected is the one that can provide the desired sign
torque by thrusting in the same direction as the ascent en-
gine.) However, note in addition to the four substantial
RCS pulses there are five useless small pulses.

These multiple jet firings are caused by inertia cross-
coupling effects. The mass distribution in the LM is such
that the principal axes of the moment of inertia are aligned
closely with the Q and R axes, not the U and V axes. As a re-

TORQUE AGAINST
THE BIAS TORQUE

ZONE1
TORQUE POSITIVELY

Fig. 4 RCS control law for LM-alone coasting flight.

TORQUE WITH
THE BIAS TORQUE

Fig. 5 RCS control law for LM-alone powered flight with
a large bias torque.



60 W. S. WIDNALL J. SPACECRAFT

o-l
-2

TIME 0= 101=57:45 G.E.T.

.U Ul Ul Ull
TIME (SEC)

Fig. 6 Typical £7-axis jet firings during Apollo 9 ascent
powered flight.

suit, applying a torque with a F-axis jet produces an angular
acceleration not only along the V axis but also along the U
axis. The magnitude of this cross-coupled acceleration is
such that in the worst case the angular acceleration vector is
about 15° away from the applied torque vector. During the
same interval of time shown in Fig. 6 a similar low-frequency
limit cycle existed about the V axis. The F-axis pulses were
occurring slightly delayed with respect to the t/-axis major
pulses. Hence at the end of a major £/-axis pulse, the F-axis
jet was still firing. This F-axis torque produced a cross-
coupled angular acceleration along the U axis. This in turn
caused the £/-axis phase-plane trajectory to leave the coast
zone and return to the torquing zone. The result is unwanted
small pulses. This cross-coupling effect had been anticipated
before flight as a result of detailed autopilot performance
simulations.10'11

To decouple the RCS control channels and thereby reduce
the number of RCS firings, a nonorthogonal set of control axes
called U' and V was introduced.12 The U' and F' axis di-
rections are uniquely determined by the requirement that the
Uf direction shall be orthogonal to the angular acceleration
induced by applying either a F-axis torque or a F-axis torque,
and the V direction shall be orthogonal to the angular ac-
celeration induced by applying either a [/-axis torque or a P-
axis torque. The U' and V axes are skewed symmetrically
with respect to the LM R axis as shown in Fig. 2. The sines
and cosines of the angle 5, by which the U1 and V axes are
skewed away from the U and F axes toward the R axis, are

(12a)

(12b)cos5

By resolving the attitude error vector and the angular velocity
error vector onto the Uf and V axes and by utilizing the U'
and F7 components for the purpose of determining U and F
jet torquing requirements, the two control channels have
been decoupled.

Thrust- Vector Control Laws6-14

It was the intent of the spacecraft designers that the
gimballing capability of the descent engine would be used to
place the thrust vector through the spacecraft center-of-mass.
This would eliminate any torque on the vehicle due to the
descent-engine thrust and thereby reduce the propellant ex-
penditure rate of the RCS jets. Since attitude control would
be maintained by the RCS jets, there was no design require-

10 20 30 40 50 60
T I M E ( S E C )

Fig. 8 Pitch guidance command and response, initial
phase of powered ascent.

ment to provide a high-speed engine-gimballing capability for
thrust-vector control. Therefore, light-weight, low-power
actuators were selected. These were geared so that the en-
gine angle could be commanded to change at only 0.2 deg/
sec. The actuator interface with the computer is simply an
on-off interface. For both the Q axis and the R axis about
which the thrust direction can be controlled, the computer can
command a positive drive rate (+0.2 deg/sec), a negative
drive rate ( — 0.2 deg/sec), or zero drive rate.

However, minimizing the propellant expenditure of the
RCS jets was an essential design consideration. It was noted
that torques for attitude control could be developed without a
propellant-expenditure penalty by using the descent engine,
because the descent engine in powered flight would be firing
continuously. Therefore, an attitude control law was sought
that would utilize the descent engine in such a way as to per-
mit attitude control without the assistance of the U-V axis
RCS thrusters. The control law selected was the one which
would provide the fastest possible response time—that is, the
minimum-time control law.

About either the Q axis or the R axis, the differential equa-
tion relating the gimbal-drive control signal to the deviation
of the vehicle attitude away from the desired attitude is

d*de/dt* = an (13)

where a is given in Eq. (4).
The first and second derivatives of the attitude error are the

angular velocity error and the angular acceleration error.
Assuming that these state variables are all provided to the
control law with no measurement noise or estimation error,
the optimal control may be determined as a function of the
present state by the following sequence of calculations:13'14

s2 = sign(z2

sign [x8 + Zi3/3 +

) (14)
)

s2(s2X2 + Zi2/2)3/2]

300 320 340 360 380 400 420 440
TIME (SEC)

Fig. 7 Pitch-rate during a portion of the lunar landing
powered descent.

Fig. 9 V—component of estimated bias angular accelera-
tion during final phase of powered ascent.
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Fig. 10 Total F-axis RCS jet firings during powered as-
cent.

The parameter c has the dimension of time and converts the
state (ae,(j*e,0e) into a nondimensional state (x^x^Xz). The
optimal control signal uopi is then given in terms of the non-
dimensional state.

Performance during the First Lunar Landing

The LM autopilot has flown with dramatic success in the
several Apollo missions, including the lunar landings. Tele-
metered data plus comments from the astronauts confirm
that the autopilot performs in flight in close agreement with
the intended performance.

During the first lunar landing (Apollo 11) the autopilot
followed first the automatic and later the manual attitude
commands, changing from a nearly horizontal thrusting atti-
tude at ignition to a vertical (upright) attitude at touch-
down. During the first four minutes of the powered descent
after the initial transient, the thrust-vector attitude control
law was successful at following the slowly changing attitude
commands without the assistance of the U or V RCS jets.
Later, a propellant slosh oscillation developed with amplitude
sufficiently large to exceed the deadbands in the RCS control
laws. Small RCS firings were commanded to limit the slosh
oscillation amplitude. The slosh oscillation at 0.5 Hz may be
seen in the pitch angular velocity shown in Fig, 7.9 The
automatic guidance was landing the spacecraft among
numerous boulders, so Armstrong switched from automatic
to manual attitude commands and pitched the Eagle upright
to extend the trajectory beyond the rock field.15

The pitch attitude following liftoff from the lunar surface
is shown in Fig. 8.9 After 10 sec of vertical rise, the auto-
matic guidance commanded a pitch-over of 50 deg at a rate
of 10 deg/sec. Note the rapid response provided by the
RCS control laws. The actual attitude follows closely the
desired attitude. After the pitch-over maneuver, the typical
ascent low-frequency attitude limit cycle can be seen.

As the ascent propellant is expended, the center of mass
moves from behind the thrust vector (-Z direction) at liftoff
to slightly ahead of the thrust vector (+Z direction) at cutoff.
This causes a time-variation in the bias angular acceleration
components along both the U' and V axes. The V compo-
nent of the bias angular acceleration as computed by the state
estimator during the last 150 sec of powered ascent is shown in
Fig. 9.9 The autopilot adapted its critical parameters in the
RCS control laws in response to this varying estimated bias
acceleration. The accumulated number of firings of the V axis
RCS jets for the entire powered ascent is shown in Fig. 10 (Ref.
16). After liftoff and the initial pitchover, it is evident that
attitude control about the V axis was maintained for about 200
sec by firing the + 7 jet only. Later the limit cycle amplitude
increased until firings from both the + V jet and the —V jet
were required to maintain attitude control. Although the
— V torque firings produce angular acceleration in the same
direction as the bias angular acceleration of the ascent engine,

nevertheless both the -f V torque and — V torque are gen-
erated by upward forcing (+X) jets and hence, represent no
loss in Ay. This period of +7 and —V torquing may be
related to propellant slosh oscillations.16 Near the end of the
powered ascent after the bias angular acceleration has re-
versed sign, no further firings are commanded of the +7 jet
and attitude control is maintained about the V axis by the
— V jet alone. With the nonorthogonal control axes, no
unnecessary small pulses were seen.

Conclusions

The autopilot synthesis problem was divided into three
subproblems: the design of an attitude state estimator, the
design of RCS control laws, and the design of the thrust-vec-
tor control laws. The control laws were further subdivided
into separate channels. The axes chosen for application of the
separate RCS control laws were nonorthogonal. This design
effectively eliminated performance problems that existed be-
cause the torque vectors of the RCS jets were not parallel to
the principal axes of inertia of the vehicle.

The attitude state estimator computes the angular velocity
and angular acceleration of the vehicle, based on measure-
ment of vehicle attitude and assumed control response. The
success of this state estimator demonstrates that rate gyros
are not required sensors for an autopilot. They may be
eliminated to achieve an increase in over-all system reliability.

The RCS control laws in the LM-alone case employ para-
bolic switch curves in their phase plane logic. The critical
parameters in the RCS control laws are adapted in response to
the varying mass of the spacecraft and the bias angular ac-
celeration due to the thrusting main engine. The control
law design permits rapid response to commands with a mini-
mum of jet firings. Satisfactory control is possible even in
the lightest ascent configuration because the RCS control
laws compute the exact firing time required to achieve a de-
sired rate change.

A third-order minimum time control law is used to control
the vehicle attitude by means of the thrusting descent engine.
This permits attitude control often without the assistance of
the RCS jets.
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