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FOREWORD

The Guidance System Operations Plan (GSOP) for Program COLOSSUS 1 (Rev 237)

was published in six sections as separate volumes:

Prelaunch

Data Links

Digital Autopilots
Operational Modes
Guidance Equations
Control Data

O U b W N
o O O o o o

With this issue, the COLOSSUS I (Rev 237} GSOP is revised to define, also,
COLOSSUS IA (Rev 249), Page additions to convert COLOSSUS I to COLOSSUS A
are published here, in one volume, for Sections 3.0, 4,0, and 5.0, By adding
these pages to the appropriate volumes (sections) of the COLOSSUS I GSOP, the
user will extend the original document to remorise both ropes--CQILOSSUS I

{Rev 237) and COLOSSUS TA (Rev 249),

Section 3.0 (Rev 3) was prepared under the supervision of Dr. William S. Widnall,
Group Leader Autopilot Development, Apollo Guidance and Navigation Program.
Contributing authors were Messrs. Donald W, Keene and Joseph F. Turnbull (RCS):
Alexander Penchuck, Robert W. Schluadt, and Gilbert $. Stubbs (TVC}; Robert R.
Bairnsfather (ENTRY); and Oistein Eliassen (SIVB). Technical writing and editing
was performed by Mr. Jack C, Reed, of the Associated Designers, Cambridge,

Massachusetts.

This volume is published as a control document governing digital autopilot programs
for COLOSSUS. Revisions constituting changes to the COLOSSUS Program require
NASA approval,

vii
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The coefficients N1 ‘e N7 and D1 e Dﬁ are stored in fixed memory,
and are not subject to modification either by keyboard entry or uplink.

3.3.3.4.2 CSM Filter Implementation. -- The CSM filter, like the

CSM/LM filter, is a lead-lag function, making full use of the generalized third-or-
der nature of the GEN3DAP implementation. The z-transform equation relating
pitch actuator commands (60) to body pitch-axis attitude error (E) is

3
0 1 2 3

E z -1 -2 -
1+Dlz +Dzz +D32

-6, N +N, 2z 4N,z 24+ N z°

3

The COLOSSUS third-order filter is implemented with the following choice of coef-

ficients:

Ny = 1.00

N, = -1, 480247 'D1 = -2,062524
N, = +0. 553559 D, = +1. 565661
Ng = -0, 057085 D, = -0, 401160

The GEN3DAP filter is mechanized somewhat differently than the
CSM/LM filter. For the GEN3DAP, a state-variable -type approach is used, as
shown in Fig, 3, 3, 7.

The state variables are defined by

n3z“3 = + NBEZ“3 - D:,)noz“3
nzz-2 = n?’z-3 +N2Ez—2 - Dznoz_2
nlz-1 = nzz_2 +N1Ez-1 - Dlnoz-l
ng = nlz— + NpE

3.3-19
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3.1 INTRODUCTION

Within separate sections of the command-module computer {CMC), COLOSSUS
Program, three digital autopilots (DAPs) perform the stabilization and control required
for C8M coasting flight, CSM powered flight, and CM entry:

a. The reaction-control-system digital autopilot is described in subsection 3. 2.
The RCS DAP is the means by which the primary guidance, navigation, and
control system (PGNCS) maneuvers the command and service module {CSM)
during the free-fall phases of the missicn -- with, and without, the lunar
module {1.LM) attached.

b. The thrust-vector-control digital autopilot is described in subsection 3. 3.
The TVC DAP is the means by which PGNCS stabilizes and controls the
attitude of the CSM (or CSM/LM) during service-propulsion-system (SPS)
thrusting.

¢c. The ENTRY DAP (subsection 3. 4) provides the means for controlling the
attitude of the command module {CM) after separation from the service
module (SM).

In addition to the primary autopilots, a SATURN takeover function (subsection
3.5) is provided by which PGNCS can issue rate-command signals to the SIVB auto-
pilot (designed for free-fall attitude control).

3.1.1 Astronaut Interface

The activation of any DAP or SATURN-control function, as well as its interfaces
with other programs, is governed by the major mission program in progress. (See
COLOSSUS GSOP, Section 4. 0,) Astronaut initiation of a DAP function, except for the
RCS DAP FREE mode, requires that the PGNCS inertial subsystem (ISS) be in the
inertial mode (evidenced by the absence of the NO ATTITUDE indication) and that the
SC CONT switch be in the CMC position, The RCS DAP can be used in the FREE mode,
independent of ISS status. In addition, crew control of DAP operation is effected as
follows:

CMC MODE Switch Position. --

AUTO ..... Commands RCS DAP automatic mode
HOLD ..... Commands RCS DAP attitude-hold mode
FREE ..... Commands RCS DAP free mode
Rotational Hand Controller (RHC). -~ Six discretes command angular rotation

during operation of RCS DAP and during SATURN control.

Translation Hand Controller (THC). -- Six discretes command translation accel-
erations during operation of RCS DAP.

Minimum Impulse Controller{MIC), -- Six discretes command rotational minimum
impulses during operation of RCS DAP in the free mode.

Note that the RCS DAP responds to all three hand controllers, as well as to mode-
switch selection; the SATURN-control function responds only to the RHC, All other

3.1-1



DAPs operate independent of CMC MODE selection and of manual inputs. Should the
SC CONT switch be moved from the CMC position, PGNCS control will terminate and
will attempt to resume when the switch is returned to CMC, Steering accuracy, how-
ever, may be downgraded,

The crew also has access to DAP constants and data stored in, or transferred to,
erasable memory. In some instances, the crew, after coordinating with the ground, may
be responsible for changing such coefficients as gains, iteration rate and filter poles,
and zeros for the TVC DAP; in other instances, the crew will be responsible for chang-
ing data on its own, as a part of the normal procedure, e.g., selecting maneuver rates
and deadbands or accounting for the effects of fuel depletion.

For normal activity, the DAP data input, display, and verification are mechanized
through a single extended verb (V48}. This verb sequences through three noun displays
(N46, N47, N48), comprising all data that the crew is normally responsible for. These
nouns are described in detail in the appropriate subsections for the individual DAPs,

3.1.2 Automatic Transitions in Operating Mode

RCS DAP turn on is a manual procedure via the DSKY and is described in sub-
section 3. 2.

TVC DAP operation is governed by program control (P40). At ignition time, the
SPS-thrusting program automatically suspends RCS DAP control and initiates the TVC
DAP. At burn termination, the program transfers control back to the RCS DAP,

ENTRY DAP operation is governed by the P80 programs. Once the RCS DAP has
positioned the spacecraft in the CM-SM separation attitude, separation has occurred,
and this has been acknowledged by the crew via the DSKY, the mission program auto-
matically suspends RCS DAP operation, and ENTRY DAP controls CM attitude during
the remainder of the mission. (¥For the definitive and up-to-date description of the
mission-control sequence, see COLOSSUS GSOP Section 4. 0, )

3.1.3 Major Differences between SUNDISK and COLOSSUS Autopilots

The major differences between SUNDISK and COLOSSUS RCS DAPs are (1) the
display modes available, (2) the operation of the manual mode, and (3) the RCS DAP
can now be used in the free mode when the IMU is off.

The major TVC DAP change is that the moments of inertia and the main-engine
moment arm are now computed onboard as a function of the vehicle mass.

Changes in the ENTRY DAP are minor; e, g., at several places in the calcula-
tions, the computed CM angle of attack is used rather than an assumed constant value
(the hypersonic trim-angle value). Also, the rate estimation is no longer acceleration
limited.

3.1-2



3.2 REACTION CONTROL SYSTEM DIGITAL AUTOPILOT

The Reaction Control System Digital Autopilot (RCS DAP) provides attitude
and translation control for all three axes of the CSM during nonthrusting phases of
flight. The DAP receives and processes data from various internal and external
sources. Included among these are the keybeoard routines that affect the autopilot,
the panel switches and hand controllers, the IMU-CDU angles, and the internal
steering commands for controlling automatic maneuvers. The DAP, in turn, issues
jet-on and jet-off commands to the reaction jets on the service module,through out-
put channels 5 and 6, and generates attitude-error signals for display on the flight-

director-attitude-indicator {FDAI) error meters.

3.2.1 Modes of Operations

The RCS DAP may operate in one of three modes selected by the crew via
the CMC MODE switch. These modes can be summarized as follows:

i, FREE Mode
a. Rotational hand controller (RHC) commands are treated as angular
acceleration commands. Appropriate jets are fired for as long as the
RHC is out of detent.

b. If there are no RHC commands, minimum-impulse controller {MIC)
commands are processed. Each time the MIC is moved out of detent, a
single 14-msg firing of the control jets results on each of the axes com-

manded.

¢. If neither RHC nor MIC commands are present, the S/C will drift
freely.

ii. HOLD Mode
a., If there are no RHC commands, the 8/C will be held about the attitude

reached upon switching to HOLD or upon termination of a manual rotation.

b. RHC commands override attitude hold and result in rotations at a
predetermined rate {as specified by N46) on each of the appropriate con-
trol axes* for as long as the RHC remains out of detent, When the RHC
returns to detent in all three axes, all angular rates are driven to within
a deadband; attitude hold is then established about the new S/C attitude.

c. MIC commands are ignored.

*
The control axes are rotated, with respect to the navigation base axes, by -7, 25 deg
about XNAV' This rotation aligns the control axes with the RCS jet axes. Specifically

the Y-control axis is parallel to a line joining RCS jet Quads B and D, and the
Z-control axis is parallel to a line joining RCS jet Quads A and C.
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iii. AUTO Mode
a. If there are no RHC commands, the DAP accepts rate and attitude
commands from the automatic steering routines to bring the S/C to the

desired attitude at the specified rate.

b. RHC commands override automatic maneuvers and are interpreted
as rate commands (as in ii.b, above). When RHC command ceases,

automatic maneuvers are not immediately resumed, but rather attitude
hold is established about the new orientation. The automatic maneuver

can be resumed only by astronaut action via the DSKY.

c. In the absence of automatic-maneuver commands, the DAP functions

exactly as in the aftitude-hold mode.
d. MIC commands are ignored.

Translation hand controller (THC) commands will be accepted in any mode and
will be combined with the rotation commands whenever possible. In the event of a
quad failure, however, rotation control will assume priority over translation; i.e,,
translations will be ignored if they would induce rotations that cannot be compensated
by RHC (or automatic) commands or if they would cancel a desired rotation. The crew
is responsible for performing ullage with the THC and by the selection and management
of + X -translation quads as described below.

3.2.2 Crew Control of RCS DAP Configuration

3.2.2.1 DSKY Operation

VERB 48: Load DAPi Data

Most of the DAP variables over which the crew has control are loaded by means
of Verb 48, which is normally executed before the DAP is turned on for the first time
and any time thereafter that the crew wishes to change or update the data. (Chang-
ing the rate data, however, has no effect on KALCMANU once the maneuver begins. )
Verb 48 will display, successively, three nouns for loading and verification:
NOUN 46, NOUN 47, and NOUN 48,

NOUN 46 -- Registers 1 and 2 each display five octal digits (Register 3 is blank):

Register 1 | Config, xTAC | XTBD | DB [ RATE |

Configuration: 0 -~ no DAP is requested
1 -- CSM alone
2 -- CSM and LM
3 -- SIVB, CSM and LM (SIVB control)
6 -- CSM and LM (ascent stage only)



XTAC: X-translations using Quads AC
0 -- Do not use AC
1 -- Use AC

XTBD: X-translations using Quads BD
0 -- Do not use BD
1 -~ Use BD

DB: Angular Deadband for Attitude Hold and Automatic Maneuvers
0 --+0.5deg
1--15,0deg

RATE: Rate Specification for RHC in HOLD or AUTO Mode and for
KALCMANU-supervised Automatic Maneuvers

0 -- 0.05 deg/sec
1 -- 0.2 deg/sec
2 -- 0.5 deg/sec
3 -- 4,0 deg/sec

Register 2 AC Roll Quad A Quad B Quad C Quad D

AC Roll: Roll-Jet Selection
1 -- Use AC Roll
0 -- Use BD Roll
A,B,C,D: Quad Fails
1 -- Quad operational
0 -- Quad has failed
NOUN 47 -- Two-decimal components
Register 1: CSM weight in pounds.

Register 2: LM weight in pounds.

The moments of inertia and other pertinent parameters are stored in
the CMC ag a function of the keyed-in weights,



NOUN 48 -- Two-decimal components, used for TVC DAP only.

Register 1: Pitch-trim gimbal offset, in 1/100 degree
Register 2: Yaw-trim gimbal offset, in 1/100 degree

To initialize or change the operation of the DAP, the Verhb 48 procedure is
normally used. The logic of Verb 48 decodes each of the nouns and, on the basis of
its value, initializes a number of DAP variables. Direct loading of one of the nouns
{(via Verb 24, for instance) would not cause the noun to be decoded and, therefore,

would not be an effective means of altering DAP operation.

Verb 48 should not be executed while the TVC DAP is on (during powered flight).
An attempt to execute Verb 48 while the TVC DAP is running will causge the operator-

error light to go on and will have no further effect.

VERB 46: Establish G&N Control

After Verb 48 has been completed, Verb 46 may be executed to establish autopilot
control of the S/C. If the configuration digit is '"1," "2," or "6, " and if the TVC DAP is
not running, the RCS DAP will begin initialization, Should the IMU be on and usable, the
RCS DAP will become fully operational in slightly over 1,7 second. If the configuration

"3," RHC commands are sent to the SIVB autopilot and steering jets for manual

digit is
rate control, If the configuration digit is "0, " execution of Verb 46 will terminate any

of the DAPs that may be running, except the TVC DAP,

Verb 46 should not be executed while the TVC DAP is on {during powered flight),
since the TVC DAP should not be terminated during a burn., An attempt to execute V46
while the TVC DAP is running will cause the operator-error light to go on and will have
no further effect,

VERB 58: Resume Tracking Attitude

During automatic tracking (R61), the RCS DAP may be in the automatic-maneuver
mode for extended periods of time. Tracking will be suspended upon the occurrence of
an RHC command. A flag (STIKFLAG) is set to indicate that tracking has been suspended,
and DAP operation reverts to the conditions of the attitude-hold mode., To resume auto-
matic tracking, Verb 58 can be executed to reset STIKFLAG.

3.2,2.2 Attitude-Error Displays

The RCS autopilot generates three types of attitude errors for display on the
FDAIJI error meters. The modes of operation are designated as Mode 1, Mode 2, and
Mode 3, and display the following quantities:

Mode 1) Autopilot phase-plane errors -- selected through the DSKY by V61E.
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Mode 2} Total attitude errors with respect to the angles in N22 -- gelected
by VE62E.

Mode 3) Total astronaut attitude errors with respect to the angles in N17 --
gelected by V&3E,

Mode 1 is provided as a monitor of the RCS DAP and its ability to track auto-
matic-steering commands. In this mode, the digplay will be zeroed when the CMC
MODE switch is placed in the FREE position,

Mode 2 is provided to assist the crew in manually maneuvering the spacecraft
to the attitude (gimbal angles) specified in N22, The attitude errors with respect
to these angles and the current CDU angles are resolved into RCS control axes,

Mode 3 is provided to assist the crew in manually maneuvering the spacecraft
to the attitude (gimbal angles) specified in N17, The attitude errors with respect
to these angles and the current CDU angles are resolved into RCS control axes.

In all three modes, the errors are updated every 200 milliseconds.

Verb 60 is provided to load N17 with a snapshot of the current CDU angles,
synchronizing the Mode 3 display with the current S/C attitude, This verb can be
used at any time. N17 can also be loaded with values chosen by the crew, using
V25N17E.

It should be noted that the erasable locations identified as N 17 are the same
as thoge identified as N96., N96 is used by R61 and R63 to store +X attitude angles.
Thus, although V60 can be used any time, it should not be used at a time when it
is undesireable to change N96 information. Conversely, R61 or R63 should not be

allowed at a time when it is undesirable to change N17 information,

These displays will be available in any' mode of operation (AUTO, HOLD, FREE)
and under either SCS or CMC control once the RCS DAP has been initiated via V46F.
Mode 1, however, will be meaningful only in CMC AUTO or HOLD, and all display
modes assume that the IMU is on and inertially stabilized. The crew can preset an
attitude reference (desired gimbal angles) into N17 at any time, A functional diagram

of the attitude-error display modes is presented in Fig. 3.2.1.
3.2.2.3 Autopilot Operational Procedures
3.2.2,3.1 Autopilot Turn-on Sequence. -- Before turning on the autopilot, the crew

should perform the DAP data load routine V48 (R03) and review or modify the data
displayed. For CSM-RCS DAP operation, the configuration code must be a ""1," a "2, "

or a "6," To activate the RCS DAP, the crew must then establish guidance and naviga-
tion {G&N) control with V46E, If the SC CONT switch is in CMC and the IMU is on and
usable, the DAP will become fully operational within 1,7 sec after V46E, If the SC CONT j
switch is placed in SCS or if the THC is rotated clockwise, the DAP will revert to an |
idie mode. In this mode, the DAP will not respond to any inputs, but will display attitude

3.2-5
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. errors, provided that the IMU is on and usable. When the SC CONT switch is returned
to CMC, or the THC is returned to detent, the DAP will perform its start-up sequence
and become fully operational within 1.1 sec, provided the IMU is on and usable,

. If IMU power is off or if the IMU is on but is in the coarse-align or CDU-zero
mode, computer-initiated jet firings will be inhibited when the CMC MODE switch is
in AUTO or HOLD. The AUTO and HOLD modes are disabled, therefore, under the

(1] 1)

conditions stated, and the DAP will not respond, even to RHC inputs. The autopilot
sets a flag bit indicating that re-initialization is required before the NAP can become
fully operational in the AUTO or HOLD mode. The FREE mode does not require an
attitude reference in order to operate, and therefore the autopilot can be used in the

FREFE mode whether the IMU is OFF or ON in any operational mode.

3.2.2.3.2 Autopilet Transitions. -- Switch-over to the TVC DAP when performing

an SPS burn is accomplished under program control. Note that ullage must be initiated
and controlled by the crew, using the THC. During the transition to TVC, the ullage
jets will continue to fire until P40 shuts them off, At the end of the burn, RCS con- :
trol is automatically re-established with wide angular deadband. The transition to the *
ENTRY autopilot is also performed under program control.

3.2.2.3.3 Deadband Selection. -- Various programs in the CMC will select the angular

deadband of the autopilot., When switching to minimum deadband, the programs will zero
the attitude error before collapsing the deadband, in order to save propellant, Note,
however, that the attitude hold reference may be changed, The programs also update the
deadband code in N46., When any program terminates, the RCS-DAP deadband will be
restored to the value specified during the most recent DAP data load (Verb 48),

If the crew wants to select the deadband, they may do so by displaying N46 via
V48 and by changing the deadband code with V21, Thig procedure, however, does not
change the attitude reference. Therefore, when switching to minimum deadband, the
MODE switch should be placed in FREE, in order to avoid the additional fuel expenditure,
and returned to HOLD or AUTO after setting the deadband.

3.2.2.3.4 Autopilot Turn-off. -- Normally, the DAP need not be deactivated once

it is turned on. For checkout, however, executing V46E with a ''0" in the N48 con-
figuration code turns off any jets that are on, turns off the T6 clock, and idles the
autopilot control interrupt (T5) in order that no DAP coding will be executed -- a
result also achieved by a computer fresh start (V38E). Executing V46E with a 3"
in the N46 configuration code turns off jets that are on, turns off the T6 clock, and
activates the SATURN takeover function.
3.2.3 RCS DAP Implementation

The RCS autopilot has four contreol functions:

a. Attitude Hold and Rate Limiting

b. Automatic Maneuvering

¢, Manual Rate Control

d. Manual Acceleration Control
3.2-7



The first of these control functions is shown by the block diagram of Fig., 3. 2. 2.

The input to the logic is a set of reference angles (Bd‘ , j =1,2,3) corresponding to

]
desgired outer-, inner-, and middle-gimbal angles. These angles are then differenced

with the current CDU angles, and the result is resolved into the three control axes, using
the small-angle difference approximation in order to yield a set of body attitude errors

(Ge_). The next step in the computation is to compare the attitude errors with a set of

estimated body rates (3.), also resolved into control axes. These rates are derived from
IMU gimbal-angle diffeg'ences, which are transformed into corresponding body-angle
differences and smoothed by a second-order filter. For greater accuracy, the commanded
angular acceleration of the RCS jets (aj) ig included in this computation. As a function

of attitude error and attitude rate, nonlinear switching functions in the phase-plane logic
are used to generate RCS jet-on time (Tj) for each control axis., The rate-limiting
function is incorporated in the phase plane, A jet-selection logic is then used to combine
the rotation commands with the translation commands from the THC and to select the
individual jets to be fired. The actual control and timing of the RCS jets is accomplished
with the aid of the Té-interrupt structure of the computer,

Attitude maneuvers are implemented with exactly the same logic as that used in
attitude hold, except for the additional inputs shown in Fig, 3.2, 3. One important differ-

ence is that the reference angles (8 d_) will, in general, be functions of tirme, Since the
J
steering programs, such as the attitude maneuver routine, generate these desired gim-

bal angles with an interval (ATC) that is much greater than the autopilot sample rate

(ATS = (.1 sec), a set of incremental angles (Aed_'s) are computed as follows:
J
AT

- 5
Aed(tn) = [ed(th) - ed(tn)] ZT; . (3.2-1)

The autopilot will then perform the following angle additions every 100 ms:

8, (N)=98

d d (N - 1) + Aed (tn)

x X X

Bd (N)=9d (N -1)+ Aed

Y b ¥y

t) (3.2-2)

9d (N)ng (N -~ 1)+ Aed (tn).
z z z

The steering programs also compute a set of commandS/C rates (wg.), which are sub-
tracted from the measured body rates by the autopilot, and the results are used in the
phase-plane computations, This procedure allows the autopilot to maneuver the space-
craft smoothly at the required rate. For proper attitude control, the desired gimbal-angle
rates should be consistent with wy . In addition, the steering program may generate a set
of attitude-error biases (’Bj)’ whigh are added to the attitude errors in order to provide
additional lead and prevent overshoot when starting and stopping an automatic maneuver
(especially KALCMANU-supervised maneuvers). Normally, the required lead is only

1 to 2 degrees, but during high-rate maneuvers it can be as much as 7 degrees. The
biases remain fixed until the maneuver is completed, when they are reset to zero.
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Note that when steering is completed, Wq. AQd , and B] are resetto zere, and, ineffect,
the autopilot reverts to attitude hold abou% the fmal desired gimbal angles.

The manual-rate mode (as shown in Fig. 3.2.4) is implemented such that it also
utilize the phase-plane logic. Command rates (wg.}, resolved into control axes, are
computed on the bases of the rate magnitude selected in N46 and of the position of the
RHC. Estimates of the actual body rates (Gj), also resolved into control axes, are
provided by the rate filter. Command rate is subtracted from estimated rate in order
to give rate error (me ):

J
Ea)
W w - ow

e j ¢y

The rate error is then used as one input to the phase plane.

The computation of attitude-error inputs for the phase plane is controlled by
three rate-damping flags, one for each control axis. Whenever there is any change in
RHC position, all three flags are set. The flag for any axis is reset to zero when the
phase-plane point for that axis falls within the phase-plane deadzone for the first time
since the flag was set, While any one of the three flags is set, the phase-plane atti-
tude-error inputs for all three control axes are set to zero. When all three rate~-
damping flags are finally reset, the difference between command rate and unfiltered
measurement of $/C rate is integrated for all three axes in order to give a set of

cumulative gttitude error (Be ), which will be used as the attitude-error input to the

6, = f(wc' - wj)dt szci dt - fw}. dt.

J ]

phase plane:

This inteération is done incrementally in the AGC. A set of commanded body-axis
angular increments (Aedj) over one DAP cycle is computed on the basis of the rate
magnitude selected in N4 and the position of the RHC:

AB . = at,
where ] Y
At = 0.1 sec, the DAP cycle time.

Measured gimbal-angle changes (A §, A8, and Ay) over one DAP cycle are
transformed, using the K-matrix, into control axes in order to obtain a set of measured
body-angle changes (AAJ.), which are used as the integral of unfiltered S/C rates over
a DAP cycle:

»
fwx dt AAX Ad
i
dt = AA - K A8 |, a-
@y v (3.2-3)
/ w, dt AA AY
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where

1 sin ¢ 0
K = 0 cos Y cos ¢' sin ¢’
0 -cos ¢ sin ¢! cos ¢!

p'= ¢ =7.25 deg (ef,, footnote p. 3.2-1)

¢, 8, v are the outer-, inner- and middle-gimbal angles.

The set of cumulative attitude errors (ee } is computed recursively:
]

Ge. (t + At) = Ge' )+ A Gd_ - AAJ..
J ] J
Al the 8¢, 's are initialized o zero before the integration is initiated by the resetting

of the darriping flags.

B8,. is used as the attitude-error input for the phase plane of each axis, As is
done in gttitude hold and automatic maneuvers, the phase-plane logic generates jet-on
times (7.) for each axis; these are used as inputs to the jet-selection logic as

described above.

Qualitatively, the action of the DAP after receiving a new RHC command is
(1) to rate damp, i.e., drive S/C rate about each control axis to within a deadband
of the command rate, and(2), once this is done, to incorporate in the forward loop an

extra integration that will eliminate residual rate errors,

One particular consequence of the rate-damping feature is that, upon release
of the RHC, the angular velocity of the S/C is driven to near zero before attitude-hold
reference angles are picked up. This eliminates the fuel-consuming overshoot-and-

return characteristic of high-rate manual maneuvers using the SUNDISK DAP.

Another feature of the manual-rate mode is that of forced firings. Ordinarily,
when the phase-plane point lies in the deadzone, no jet firings are commanded, If
either the 0, 2-deg/sec or 0. 05-deg/sec rate is selected, the phase-plane point initially
will fall within the two-dimensional deadzone. Unless some sgpecial provision is made,
there will be a lag between command and response, since no firing will be commanded
until the attitude error has been integrated to,a value large enough to move the phase-
plane point outside the deadzone. For narrow attitude deadband and 0. 2-deg/sec rate,
the lag will be about 0.2 sec. For the same attitude deadband and the 0.05-deg/sec
rate, the lag will be on the order of 10 sec. To eliminate this lag, the following pro-
vigsion has been made: Whenever there is a change in RHC position, bits indicating
which axes have had a change in command are set for one, and only one, DAP cycle;

whenever these bits are set for an axis, a firing will be forced in a direction such

3.2-13



as to reduce the rate error for that axis, even if the error fall within the deadzone.
The effect of this provision is to provide the astronaut with immediate response for
all RHC changes at all rates.

The manual-rate mede can be activated by RHC action when the CMC MODE
switch is in either AUTO or HOLD. Note that the manual-rate mode will take priority
over any automatic maneuver in progress, even should the CMC MODE switch be in
AUTQ. When the stick is released, the automatic maneuver is not immediately
resumed, but ratherthe S/C remains in attitude hold about the manually acquired
attitude. The automatic steering can be re-established by proper DSKY procedures.

The manual acceleration-control mode is the simplest of all the operational
modes. The logic is shown in Fig. 3.2.5. RHC deflections are treated as jet-on
commands (Tj) that remain on for the full control cycle (100 ms), When the controller
is returned to the neutral position, the corresponding Tj‘s are zeroed, If MIC com-
mands are present (and RHC in detent), the corresponding 7.'s are set equal to the
minimum impulse time (14 ms). Each deflection of the MIC will produce another

minimum impulse on the appropriate axes.

The mechanism for establishing the control reference of the autopilot is a
multiple-purpose switch called HOLDFLAG. It has the following three states:

i. (+) Sample the CDU angles and store in Gd‘ (autopilot reference angles)
J
before resuming attitude hold and resetting HOLDFLAG to "+0"

ii, (+0) Remain in attitude hold about previously established reference

angles {84 )
J
iii. (-} Enable automatic steering,

HOLDFLAG is set to the '"+" state by
a. occurrence of RHC commands,
b, turn-on {freshstart) of autopilot,
c. SCS MODE selection,
d. FREE mode selection,

e. switch-over to HOLD mode from AUTO mode when performing
automatic maneuvers®, or by

f. improper IMU mode condition.

"In this case, HOLDFLAG is never actually set to "+, " but the logic functions as

if it were.
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To enable automatic control of the autopilot, the steering programs set
HOLDFLAG to the-" state, but thiz is done only after the mode switch has been
set to AUTQO, the astronaut has indicated his desire to allow automatic control,
and the initial values of Wy, Od_, A(—)d., ,Bj have been loaded by the automatic-maneu-

ver routine (with interrupt inhibited). Thereafter, HOLDFLAG is monitored by the
steering program in order to determine whether the automatic sequence has been
interrupted and, if so, to take appropriate action. For automatic maneuvers

initiated by R60, the DSKY will flagh a request to trim the S/C attitude to the required
angles. For automatic tracking of the LM during P20, however, the preferred track-
ing-attitude routine, R61 will automatically re-establish tracking unless the steering
has been interrupted by the occurrence of RHC commands. Should steering have
been interrupted, a V58E will re-establish the automatic tracking, provided that the
CMC AUTO mode has been selected.

3.2.4 RCS DAP Program Design

3.2.4.1 Computation of Attitude Errors

For automatic maneuvers and attitude held, desired attitude is expressed in
gimbal angles 8 a’ W a’ and ¢ q: These angles are compared withthe actual gimb'al
angles, and the differences computed to yield gimbal-angle errors.

Since the RCS jets work in the control axes p, q, and r, it is necessary to
resolve the gimbal-angle errors into control axes. For small errors, the

K-matrix used for angular-velocity transformation is also valid for angular

differences:
P $- 94
*
a, = K 8 -8, (3, 2-4)
L re J | w v wd _J
This yields formulas:
P, * (¢ - ¢d) + (0 - Gd) sin ¢ (Roll Error)
q, = (9 - Gd) cos ¢ cos ¢' + (y - tj}d) sin ¢'  (Pitch Error) {3, 2-5)
r_ = (8 - gd) cos ¢ sin ¢' + (¥ - wd) cos ¢' (Yaw Error).
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The small-angle approximation invelved is sufficiently accurate for the
purposes of the DAP, even though the K-matrix is updated only once per
second., During automatic maneuvers, a set of biases (8 - 3, and BZ)
is added to the attitude errors in order to compensate for the time
required for the3/C to change angular rate. The biases eliminate the pro-
blem of rate overshoot, when a maneuver is started, and the problem

of attitude overshoot, when the maneuver is stopped. Thus, for auto-

matic maneuvers,

— - —

_pe i F ¢ - ¢d 'BX
Qg =K 8~8, | * By | - (3.2-6)
Lre ) _K!'J h t’Dc’t ] L 'Bz ]

During manual-rate maneuvers, measured gimbal-angle changes
over one DAP cycle are transformed, using the K-matrix, into control
axes In order to obtain a set of measured body-angle changes. A set

of desired changes (Aed } for these control-axis quantities is computed

]
on the bases of the rate magnitude selected in N46 and the position of
the RHC:

where

At = 0,1 gec, the DAP cycle time.
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Whenever rate damping, described above, is not in progress, a set of

cumulative attitude errors is computed recursively:

[ P (t+At) W rpe(t)- *Aedpw [ plt+at) - ¢(tﬂ
e
q, {t+At) = g0 - Aedq + K Blt+At) - 8(t)
| T (t+At) ] Lre(t)_ LAgdr | _w(tmt) - Y {t) ]

3.2.4.2 Display of Attitude Errors
The DAP provides inputs to the FDAI needles in order to permit monitor-
ing of its operation during automatic maneuvers and attitude hold. There are

three display modes available:

Display Mode 1. -- The negatives of the attitude errors computed above

are displayed on the needles. For automatic maneuvers, this display is
sometimes called "maneuver following error.' If the DAP is functioning
properly, these errors should remain within the deadband selected during

attitude hold, automatic maneuvers, and manual-rate maneuvers.

Display Mode 2. -- The attitude errors displayed are computed as the

difference between the measured gimbal angles and the contents of Noun 22

(¢ . 8., and wc). These differences are resolved into control coordinates:
C

by | 66 ]

e
aq | =K 8 -0 . (3.2-7)
T3 Vo - ¥

During automatic maneuvers, the contents of N22 are set to the terminal
attitude of the maneuver in order that the needles will indicate angles to be

gained to completion of the maneuver.

Display Mode 3. -- The attitude errors displayed are computed as the

difference between measured gimbal angles and the contents of Noun 17
(éa, Qa, and wa). The differences are resolved into control coordinates:
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Verb 60, which can be executed at any time, loads Noun 17 with a snap-
shot of the current CDU angles. Noun 17 can also be loaded directly by the
execution of V25N17, The attitude specified in Noun 17 can be regained by
manually steeringthe S§/C such as to null the error needles.

It should be noted that the erasable locations identified as N17 are the
same as those identified as N96. NB86 is used by R61 and R63 to store +X
attitude angles. Thus, although V60 can be used anytime, it should not be
used at a time when it is undesireable to change N96 information. Conversely,
R61 or R63 should not be allowed at a time when it is undesirable to change
N17 information.

3.2.4.3 Angular-rate Filter

The RCS digital autopilot is, by the very nature of digital machines, a
sampled-data process. Thus it must infer or estimate angular velocity from
a series of samples of the environment at discrete intervals. The inputs to
the rate estimator include gimbal angles (attitude) and estimates of the con-
trol forces applied to the S/C by the RCS jets {control acceleration). Both of
these quantities must be considered 'noisy'': IMU angles are perturbed by
uncertainties in the CDU counters and by gquantization effects; S/C accelera-
tions are perturbed by uncertainties in RCS jet thrust and by random forces --
vehicle bending, vibration, fuel slosh, etc,

The design of the rate filter can be viewed in terms of Kalman filtering
techniques and can be derived as a set of recursive difference equations using
this approach. Given the derived attitude 8 and the derived velocity © at
time t,, the state at some later time (tl) is estimated by extrapolation:

t t
1
61 (tl) = 6 (to) + 3 (to) AT + / / u (1) d7, {3.2-8)
to 0
t1
o) =0 (tg) + u(r)ar, (3.2-9)
tO

3.2-19

OO SOOBPPPRRIES:



where ufr) = the control acceleration caused by jet firings, and

AT =t. -t. = 0.1 sec for the DAP,

H 0

The prime notation indicates the estimation just before the incorporation

of the measurement of current attitude.

After the state estimate is updated by this extrapolation, the estimated
attitude is compared to the measured angles (8), and the state estimate is

revised on the basis of the difference between the two values:

A ~ ~ A
q (tl) =9 (tl) +W, (tl) [6 (tl) -9 (tl)] . (3.2-10)

Sep =By rwy )8 -8 ), (3.2-11)

The parameters W1 and W2 are weighting factors applied fo the error in
adjusting the extrapolated values, These weighting factors represent a
measure of the relative confidence that one has in the extrapolated values as
opposed to the measured attitude figures. The selection of values for W1

and W2 to yield optimum performance depends on the statistical measures

of variance of 8 and 6, and is beyond the scope of this discussion. For the
DAP, the values can be selected in advance. After initialization (the first 1.1 sec
of operation), the gains remain constant such that Wl(t) = Kl‘ and Wz(t) = K2,
for t > 1.1. The exception is that during translations and high-rate automatic
or manual rotations the gaing are set equal to higher, but still constant, values.
Translation gains take precedence over rotation gains. The numerical values

of the filter gains are shown in Table 3. 2-1.

As implemented in the RCS DAP, Eq. 3.2-10 and Eq. 3.2-11 appear in
slightly different form. If we define

t
1
X (t)) =/ u(r) dr, (3.2-12)
t, _
t, t
Y(t1)=// u(7) d7T, (3.2-13)
tg 0
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then Eq. 3.2-8 and Eq. 3.2-9 become

8 t) =B )+ Sit) AT + Y t), (3. 2-14)
S =@ ) + X (), (3.2-15)

It we also define
pt) =8 ()-8 (t) =Tt -y -B ) AT - Y (1), (3.2-16)

then Eq. 3.2-10 and 'Eq. 3.2-11 become

Bty =0 ) +w, (1) p(t); (3.2-17)

St =S )+ W, (t) p (t). (3.2-18)
If we add -8 (t,) to both sides of Eq. 3.2-17,we obtain
By -B@)=8¢)-Fa)+w, ¢t)plt)
1 1 1 1 1 P
or refering to Eq. 3. 2-16,we have
Gt -G =11 - W e)e ), (3.2-19)

Substituting to for t, in Eq. 3.2-19 we obtain

1
~ ~
B{ty) -6 (ty) =[1-W, () p (to). (3.2-20)
A
If we solve Eq. 3.2-16 for @ (to) and substitute this result in Eq. 3. 2-20,we obtain

P ~ ~
plt) =[1 - W, (t)]p(tg) -w () AT - Y (1} +[8(t,) - 6t )] (3.2-21)

The computation of p(tl) can be greatly simplified if we neglect the contribution due
to Y (t)). I we do this, the filter equations become:

plt) = [1- W, (t)Ipity) - Sitg) aT + (8 (1)) - T il (3.2-22)
t
~ A W £} + ' 2-23)
w(t)) =wlty g {t)) pit)) f u{t) dr. (3.2-
to
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TABLE 3. 2-1

DAP FILTER GAINS

1} Kalman Filter Gains

Time W Wa “n 4
0.1 0.9342 8.683
0.2 0.8151 4,817
0.3 0.6933 2.955
0.4 0. 5970 1.985
0.5 0.5223 1,422
0.6 0.4634 1,069
0.7 0,4161 0.832
0.8 0. 3774 0.666
0.9 0. 3452 0.545
1.0 0,3180 0. 454
t?_>_ 1,1 0. 0640 0.016 0.40 0, 80
2} Normal Filter Gains
0, 0640 0.016 0. 40 0,80

3) High-rate-rotation Filter Gains

0.2112 0.1742 1,32 0. 80
4) CSM-alone Translation Filter Gains

0. 8400 3.6000 6. 00 0.70
5) CSM-docked LM Translation Filter Gains

0.2112 0. 1742 1. 32 0.80
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Measured gimbal-angle changes (Ag, 48, and A¢) over one DAP cycle
are transformed, using the K-matrix, into control axes in order to obtain
a set of measured body-angle changes,

Although Eq. 3.2-22 and Eq. 3.2-23 were derived for a planar problem,

they can be expanded to three axes if we make the small-angle approximation:

i 1 - T
s, ) 9(t,) - dlty)
AAy = K (ty) 8(t,) - @ (to) R (3.2-24)
| AAZ ] R w(tl) - w(to) i
where
1 sin ¥ (to) 0
%*
K (to) = 0 cos ¢ (to) cos ¢' (to) sin ¢' (to) ,
0 -cos (to) sin ¢' (to) cos ¢' (to) 1

' = ¢ -7,25 deg,

and
#, 8, ¥ arethe measured outer-, inner- and middle-gimbal angles,

Substituting AA for a'(tl) - év(to) in Eq. 3.2-22, we obtain the filter equations

as programed in the autopilot;

Pult)) = (1 - W, (1)) Py (t)) - & (t)) AT +AA_; (3. 2-25)
tl

5o ) =0 ey + Wy b)) o (t1)+f u_(r)dr, (3. 2-26)
to

with similar equations for the Y and Z axes.
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Since the thrust of an RCS jet is assumed to be constant, the control
acceleration integral reduces to‘bCAtf, where C is a constant and Atf is the
single-jet operation jet-on time calculated during the intervalty < t < t).
The K-matrix is updated every 10 cycles, or once per second.

The result of this estimation procedure can be represented as a second-
order linear sampled-data system with the block diagram of Fig. 3.2.6. The
input [_AA(Z)]is the measured '"body angle' difference over the previous sample
period. The output is &(Z), the estimated body rate; and X(Z) is defined by
the Z-transform of Eq. 3.2-12, In steady-state operation, one can define
an equivalent damping ratio (%) and a natural frequency (mn) for this filter.

To a good approximation, they may be defined:

The filter gains used by the DAP are shown in Table 3.2.-I. The Kalman
gains are used during the first second of operation in order to speed up the
initialization of the filter. The bandpass is initially set very high and gradually
reduced to the nominal value. For normal operation, w, = 0.4 radian/sec,
and £ = 0.8. The higher filter gains are used when performing maneuvers
at the 4-deg/sec rate and, also, during translation. During 4-deg/sec
maneuvers and CSM-I1.M Docked translations, w, = 1. 32 radians/sec and
¢ = 0.8.; during CSM alone translations, w = 6.0 radians/sec and £ = 0. 7.
Figure 3.2.7 shows the filter response obtained from an all-digital simulation
for a step input of 4 deg/sec. The [our curves represent the response for

each of the filter modes of operation.

The rate filter provides virtual isolation of the DAP from various noise
gources and undesirable perturbations, including S/C vibration, vehicle
bending, and CDU quantization, and enables the autopilot to establish extremety
low-rate minimum-impulse limit cycles. Although a penalty is paid in
terms of a rather slow response time, performance is, in fact, adequate

for the maneuver rates involved.

"At, is the duration that a single jet must be fired in order to attain a desired
rotational impulse about a given axis. If two jets are used for the rotation, both
will be fired for a duration Atg/2. When one jet is used, Aty can range between
14 and 100 ms. When two jets are used, however, the firing time (Atf/2) must
still be in the range 14 to 100 ms; the value of Aty would, therefore, range
between 28 and 200 ms.
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3.2.4,4 Phase-plane Switching Logic

For attitude hold, automatic maneuvers,and manual-rate maneuvers, rate
limiting and attitude control are performed by a nonlinear switching logic.
Attitude errors, which are assumed tobe small, are calculated and resolved

into control axes. Rates are derived in control axes by the rate filter,

The dynamics of the switching logic for a single axis can best be under-
stood by interpretation in the phase plane {(See Fig. 3.2,8). The horizontal
axis ig attitude error; the vertical axis is angular-rate error. Paths of zero
acceleration are horizonial lines, and paths of constant acceleration are

parabolas.

In attitude-hold mode, consider what happens when the vehicle begins
in the state represented by the point A, Since the velocity is positive, the
state moves to the right until it reaches the decision line at B. The DAP then
fires RCS jets to drive the rate to zero. To allow for vehicle torque-to-
inertia ratios that are greater than those assumed by the autopilot and to pre-
vent overshoot in this case, the desired impulse is intentionally reduced by
20 per cent. In the normal case, this means that the rate change fallg short
of the desired rate line, producing an over-damped response. The state drops
only to point C and moves more slowly toward the decision line. Due to delays
in the rate filter, line CD will not be perfectly straight, but will approach the
correct rate value gradually. When the decigion line is hit again, at point D,
the cycle repeats. Because the firing time can never be less than 14 ms,
the state will eventually cross the decision line close enough to zero to over-
shoot on the next jet firing. The state will then move left (since the velocity
is now negative) all the way across the deadband to peint F. Jets will fire
to drive the rate in the opposite direction, overshooting again to point G. The
end result is the minimum-impulse limit cycle EFGH. This limit cycle is
encouraged by the flat region in the decision lines where they cross the attitude-

error axis.

A summary of decision areas and responses is given in Table 3, 2-II of
Fig. 3.2.8 for the top half of the phase plane. The bottom half functions
symmetrically with respect to the origin, Note that from decision areas 2
and 5 the rate is driven to the hysteresis lines +HSLOPE or ~-HSLOPE in
order to ensure that the deadband is entered even should the impulse be short

by as much as 20 per cent,

The width of the rate-limit deadband is fixed at 0, 2 deg per second. The
astronaut can either select maximum (5.0 deg) or minimum (0. 5 deg) angular
deadband through the DSKY, by executing Verb 48 and changing the appropriate
component of Noun 46 when it is displayed,
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Automatic maneuvers are implemented by exactly the same logic as that
usged in attitude hold, except that the inputs are rate error and attitude error.
The rate coordinate represents the difference between the actual rate and the
rate specified by the maneuver routine, Of course, the desired attitude will
change for each cycle of the DAP during execution of a maneuver, In prac-
tice, the automatic-maneuver routines calculate new attitudes only periodically.
A set of angle increments is also calculated. The DAP uses these incremental
angles to interpolate desired attitude angles between computation cycles of the
maneuver routines, such that smooth transition from one attitude to the next

is achieved.

Manual rate maneuvers also use the phase-plane logic, with rate error
and attitude error as inputs. The computation of error quantities during

manual rate maneuvers ig described in paragraph 3. 2, 3.

3.2.4.5 RCS DAP Jet Selection Logic

The RCS DAP executes rotations and translations of the S/C by means of
the 16 RCS jets located on the forward end of the service module, These jets
are clustered in four quads, lettered A=D, four jets to a quad. Quads A and C
are aligned with the yaw-contro! (Z) axis. (See footnote on page 3.2-1.)Quads B
and D are aligned with the pitch-control (Y} axis. Jet configuration and

numbering is shown in Fig. 3.2, 9.

Rotations alone, about a given axis, or translations alone, along a given
axis,are normally executed with a pair of jets -- one each on opposing quads,
(AC or BD). A single jet firing will result in both a rotation and a translation.
Thus, fuel is conserved by combining rotations with translations whenever
possible. Figure 3. 2.9 shows that X-translations canbe combined with pitch-
axis rotations, using Quads AC; X-translations can be combined with yaw-axis
rotations, using Quads BD; Y-translations can be combined with roll-axis
rotations, using Quads AC; and Z-translations can be combined with roll-axis

rotations, using Quads BD,

Pitch and yaw rotations and Y- and Z-translations are peculiar to a single
pair of quads. Roll and X-translations can be performed using either quad
pair. The crew can select either or both quad pairs for X-translation and can

select one pair or the other, bhut not both, for roll.

Provision is made for informing the computer, via Verb 48, of quad
failures when one or more of the jets in a quad have failed. In the event of
a quad failure, the computer will not attempt to fire the jets in that quad,
but will compensate for the reduction of control torque when performing
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attitude maneuvers, This feature of the quad-fail logic can be used for

fuel management and the attainment of single-jet rotational control for
minimizing propellant consumption in attitude hold. Because of the reduc-
tion in overall conirol authority, however, some of the translational
capabilities of the system must be sacrificed to permit attitude stabilization.
Should one or more jets in a quad be disabled or failed and it be desired

not to inactivate the entire quad, guad-failure information need not be com-
municated to the computer. The autopilot will continue to function but at

reduced efficiency.

The logic that combines rotations with translations generates two con-
trol words during each autopilot cycle: Word 1 contains jet commands for
rotations andtranslations combined; Word 2 contains jet commands for
translation only. The logic incorporates the quad-failure information as

follows:

i. Command Word 1.--Rotations and Translations Combined
a. Piteh Word, -- X-translations are ignored if Quad A or C

has failed; astronaut should shift to BD quads for X-translations.

b. Yaw Word. -- X-translations are ignored if Quad B or D has
failed; astronaut should shift to AC guads for X-translations.

c. AC Roll

1. Y-translations are ignored if Quad A or C has failed. A
ghift to BD roll may make the translation pogsible. (See below.)

2. Z-translations are accepted in spite of Quad B or D failure
unless the resulting torque cancels desired roll torque. This can
happen only if a gingle jet is used for roll:

a} Case 1. -- Should one-jet roll be a result of failure
on Quad A or C, the Z-translation cannot be done until the

roll maneuver has been completed.

b) Case 2. -- Should one-jet roll be a result of combining
roll with a Y~iranslation, the Y-translation must be completed

before the Z-translation can be done,
d. BD Roll

1. Z-translations are ignored if Quad B or D has failed. A
shift to AC roll may make the translation possible. (See above.)

2. Y-translations are accepted in spite of Quad A or C fail unless
the resulting torque cancels desired roll torque. This can

happen only if a single jet is used for roll:
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a} Case 1. -- Should one-jet roll be a result of failure of
Quad B or D, the Y-translation cannot be done until the roll

maneuver has been completed.

b) Case 2. -- Should one-jet roll be a result of combining
roll with a Z-translation, the Z-translation must be com-
pleted before the Y~translation can be done,

The net result of the logic of command-word 1 is that rotations will be
attempted regardless of quad fails. Translations are accepted only if their
execution will not adversely affect the execution of rotations. In some cases,
translations can be enabled by judicious choice of roll quads and X-translation
quads. In other cases, quad fails can force the postponement or rejection of
translations. The logic of command-word 2 is somewhat simpler, since only

translations are involved:

ii. Command-Word 2.-- Translations Only

a. Y- and Z-translationsg

1. Should AC roll be selected, Z-translations would be accepted -
regardless of Quad B or D fails; Y-translations would be rejected
in the case of Quad A or C fails,

2. Should BD roll be selected, Y -translations would be accepted
regardless of Quad A or C fails; Z-translations would be rejected
in the case of Quad B and D {fails.

b. X-Translations

1. Were one quad of a pair failed by the astronaut, neither
quad would fire in response to X~-translation requests. The astro-
naut should select unfailed quads for X-translations.

Implementation of jet selection in the jet-selection phase of the DAP is by
means of a table look-up procedure. Two sets of four tables each are pro-
vided. The first set {Tables 3.2-III through 3, 2-VI) gives rotations and transla-
tions combined; the second set (Tables 3. 2-VII through 3. 2-X) gives translations
only. Entries are included for quad fails, where appropriate, and a torque
parameter is included to indicate the direction and magnitude of the resultant
torque. This parameter is used both in the calculation of jet-on time in terms
of the actual number of jets fired and in evaluating the effects of quad fails on

the resultant torque,
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TABLE 3.2-Ii1

JET SELECTION FOR PITCH ROTATIONS -~ QUADS AC

Item Pitch X-Translation Quad Fail Jets Torque
1 0 0 None 0
2 + 0 1,3 2
3 - 0 2,4 -2
4 0 + 1,2 0
5 + + 1 1
6 - + 2 -1
7 0 - 3,4 0
8 + - 3 1
9 - - 4 -1

10 0 A None 0
11 + A 1 1
12 - A 4 -1
13 0 C None o
14 C 3 1
15 - C 2 -1

TABLE 3.2-1IV

JET SELECTION FOR YAW ROTATIONS -- QUADS BD

Item Yaw X-Transglation Quad Fail Jets Torque
1 0 0 None 0
2 5,7 2
3 - 0 6,8 -2
4 0 + 5,6 0
5 + + 5 1
6 - + 6 -1
7 0 - 7,8 0
8 + - 7 1
9 - - g -1

10 0 B None 0
11 + B 5 1
12 - B 8 -1
13 0 D None 0
14 + D 7 1
15 - D 6 -1
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TABLE 3.2-V

JET SELECTION FOR ROLL ROTATIONS -- QUAD AC

Item Roll Y -Translation Quad Fail Jets Torque
1 0 0 None 0
2 + 0 13,15 2
3 - 0 14,16 -2
4 + 13, 14 0
5 + + 13 1
6 - + 14 -1
0 - 16, 15 0
8 - 15 1
9 - - 16 -1

10 A None 0
11 + A 15 ]
12 - A 14 -1
13 0 C Noune 0
14 C 13 1
15 - C 16 -1

TABLE 3.2-VI

JET SELECTION FOR ROLL ROTATIONS -- QUADS BD

Item Roll Z-Translation Quad Fail Jets Torque
1 0 0 None 0
2 + 0 9,11 2
3 - 0 10,12 -2
4 + 9,10 0
5 + 9 1
6 - + 10 -1
7 - 11,12 0
8 - 11 1
9 - - 12 -1

10 0 B None 0
11 B 11 1
12 - B 10 -1
13 0 D None ]
14 + D 9 1
15 - D 12 -1
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TABLE 3.2-VII

X-TRANSLATIONS -- QUADS AC

Hem X-Translation Jets
1 0 None
2 + 1,2
3 - 3,4

TABLE 3, 2-VIII
X-TRANSLATIONS -- QUADS BD

Item X-Translation Jets
1 0 None
2 + 5,6
3 - 7,8

Y-TRANSLATIONS -- QUADS AC

TABLE 3., 2-IX

Item Y Translation Quad Fail Jets Net Roll Torque
1 0 None 0
2 + 13,14 0
3 - 15, 16 0
4 A None 0
5 A 14 -1
6 - A 15 +1
7 0 C None 0
8 C 13 +1
9 - C 16 -1

TABLE 3.2-X
Z-TRANSLATIONS -- QUADS BD

Item 7 Translation Quad Fail Jets Net Roll Torque
1 0 None 0
2 + 9,10 0
3 - 11,12 0
4 B None 0
5 B 10 -1
6 - B 11 +1
7 0 D None 0
8 D 9 +1
9 - D 12 -1
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3.2.4.6 Program Logic

The RCS DAP operates at a basic sample rate of 10 cps. Within each
sample period, three distinct sets of operations are performed by the auto-
pilot., In principle, Phase 1 samples the state of the S/IC environment, Phase 2
calculates rotation commands, and Phase 3 adds translation commands and

generates jet timing and selection commands.

Phase 1. In Phase 1 during nominal operation, the CDUs are read and the
gimbal-angle differences cﬁgnverted to body-axis angle differences by use of
a transformation matrix (K). From these readings, new estimates of vehicle
angular rates are made by a filter system. The K-matrix, itself, is dependent
on vehicle attitude and, therefore, is updated periodically. In practice this
is done once every 10 sample periods, Finally, the FDAT needles are updated.

Phase 2. Phase 2 calculates rotational-control output in terms of impulses
to be applied to each of the control axes by the RCS jets. These outputs are
designated as T, {impulse about the X-axis, roll), Tl(impulse about the Y-axis,
pitch), and Ty {impulse about the Z-axis, yaw). These impulses are expressed
as jet-on times, and designate the amount of time a single RCS jet must be fired
to produce the desired impulse. For these calculations, the DAP takes into
account the average thrust of the RCS jets, the moment arm, and S/C moment
of inertia about each axis.

To handle adequately the requirements of the various modes of the autopilot,
Phase 2 calculateg jet impulse in one of three ways. In all cases, a negative 7
designates an impulse in the negative direction; the jet-on time is equal tolT |:

i. For manual control in the FREE mode, Phase 2 generates impulses
that will turn on the appropriate jets for a full DAP cycle (0.1 sec).

2. For MIC control in the FREE mode, Phase 2 generates impulses that
will turn on the appropriate jets for 14 ms, this being the minimum jet on

time.

3, For attitude hold, automatic maneuvers, and manual-rate maneuvers,
Phase 2, using the phase-plane logic, generates impulses to establish and
maintain S/C rate and attitude within deadbands of desired values,

Case 3 requires that S/C attitude and angular rate be known. For this
reason, aftitude hold, automatic maneuvers, and manual-rate maneuvers
require the IMU be operating and in fine align before any commands can be
accepted, or any impulses calculated.

Phase 3. Phase 3 of the RCS DAP processes the tau's from Phase 2 and, :
in addition, accepts and processes translation commands from the THC. The
ocutput of Phase 3 consists of the jet command words and timing words, The |
jet command words are AGC data words suitable to be loaded into output
Channels 5 and 6 in order to turn the required jets on or off. Two command
words are generated for each axis. Word 1 enables jets both for rotations

and for translations, Word 2 enables jets for translations only. The timing
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word is a jet firing time for rotations, which is the tau value from Phase 2
divided by the number of jets contributing to the requested rotation.

Should T divided by the number of jets used be less than 14 ms, however,
the firing time will be set to 14 ms; should 7 divided by the number of jets
be greater than 100 ms, the firing time will be set to 100 ms.

After processing 7 and generating the jet-command words, Phase 3
resets T to zero if the required firing can be completed before the next
Phase 3, i,e., within 0. 1 sec. If the required firing cannot be completed
within 0, 1 sec, however, Phase 3 resets 7 to a value that will produce the
firing required in excess of 0. I sec. For example, if the initial 7 were 270
ms and two jets were to be used, Phase 3 would command the appropriate
jet pair to fire for 100 ms (the duration of one cycle) and then reset 7 to
70 ms. This excess 70 ms would either be replaced during the next Phase 2
or be saved for the next Phase 3.

During normal operation, Phase 1 computes a phase-plane point every
evele; should the point lie outside the deadzone, Phase 2 computes a new 7
to replace any 7 heldover from the last Phase 3. Should the new phase-plane
point lie within the deadzone, however, Phase 2 leaves the existing value of

7 unchanged. The existing value of 7 will be zero or nonzero, depend-

ing upon whether, at the last execution of Phase 3, there was a firing require-
ment in excesg of 0. 1 sec. For the example given (original 7 of 270 ms),
the existing value of 7 would be 70 ms.

The logic of this phase is equipped to deal with failures of one or more of
the RCS jet quads and to honor astronaut requests for preferred quads for
roll and X-translations. Under certain conditions, the execution of a transla-
tion would cancel a desired rotation or would induce rotations tha;c;erliln:)t_l-ae__
compensated by RHC (or automatic) commands. In such cases, the translation
requests are ignored: rotations always take precedence over translations.

Actual jet turn-on and turn-off is performed by a separate program
(T8 Program) with its own timing clock. This program is described in
paragraph 3,2,4.11.

3.2.4.7 DAP Idling Sequence

If the DAP is running with the SC CONT switch in SCS {computer not
directing guidance, control, and navigation)} and with the CMC MODE switch
in AUTO or HOLD, the DAP ig not fully operational. Phase 2 and Phase 3
are not executed at all. Once every 0.1 sec, an abbreviated form of Phase 1
is executed to update the FDAI needles and, at 1. 0-sec intervals, to update
the K-matrix, which ig used in updating the needles, No other autopilot
functions are operational. If the CMC MODE switch is in FREE, however,
all these phases are executed. This is done because the channel hit that the
DAP checks and the SCS selection resets is also reset when IMU power is off.
Therefore, to ensure the providing of FREE mode control when the SC CONT
switch is in CMC but the IMU is off, all DAP phases are executed whenever
the CMC MODE switch is in FREE, -



3.2.4.8 DAP Turn-on Sequence

To establish DAP control of the SfC, an initialization sequence is executed.
This sequence is entered whenever the SC CONT switch is turned to CMC while
the DAP is on, or whenever the DAP is started (through V46) while the SC

CONT switch is in CMC.,

The rate estimate is initialized by means of a Kalman-filter procedure,.
The filter gaing are initially set very high and gradually reduced to nominal
values in the course of the first 1.1 second of operation. During this first

1.1 second, Phase 3 is omitted entirely since no jet commands can be
calculated while the filter is being initialized. Normal Phase-2 operation is

disabled, and Phase 2 functions only to count down the tables of filter gains for
the Kalman filter. Phase 1 updates the rate estimation, the error needles,

and the K-matrix when necessary.

3.2.4,89 Initialization Phase

The initialization sequence begins with an initialization phase, which
stops any jets that may be firing, initializes a number of variables, and cal-
culates the K-matrix for the first time. Phase 2 is executed next, in order to
select the first set of Kalman gains. Following these initial two steps, the
sequence is thus: Phase 1, to update rate estimate, displays, and K-matrix;
Phase 2, to select the gains for the next Phase-1 pass. This sequence is
executed once every 0.1 sec for 1.1 sec, At the end of 1,1 sec, the rates
are properly initialized, and normal DAP operation begins.

For the rate estimate to be valid, the above initialization sequence requires
that the IMU be usable, If the IMU is not usable, rate-estimate initialization is
not possgible. Operation without valid rates depends on the mode, In AUTO or
HOLD, no control can be provided; therefore, Phase 1 exits at once. Initializa-
tion is attempted every 0.2 sec thereafter until successful, In the FREE mode,
normal Phase-2 and Phase-3 operation is permitted, such that manual control
by the RHC, MIC, and THC is possible; Phase 1 bypasses all operations requiring
the IMU, and the error needles are not updated. As long as the DAP is kept in
the FREE mode, no further attempt will be made to initialize the rates, even
though the IMU become usable. As soon as the DAP is switched into AUTO or
HOLD, initialization will be attempted, and the attempt will be repeated every

0. 2 sec until successful.

Should the IMU become disabled for any reason,after rate initialization, the
rates immediately become invalid. Operation reverts to the without-valid-rates
condition described above, just as though the rates had never been initialized,
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3.2,4,10 Program Timing

Adequate performance of the RCS DAP depends on the maintenance of
accurate timing between the various phases. The mechanism for this timing
is the TIMES register. This register is incremented every 10 ms and, upon
overflow, initiates an interrupt. When the interrupt occurs, all normal
operation is suspended, and control is transferred to an address contained in
a variable-address register. The interrupt takes precedence over any job,
regardless of priority, and therefore can be delayed only by another interrupt,
which hopefully will be brief and occur but rarely, The scheduling process
consists of setting the TIME 5 register to overflow at the desired instant and
loading the variable-address register (T5LOC) with the starting address of the
phase to be executed,

In practice, the initialization phase, Phase 1, and Phase 2 all have the game
starting address, and are selected within the DAP by the setting of a flagword.,
The jet-selection phase (Phase 3) does have its own starting address. Since the
TIME 5 register cannot be shut off, an idling address ig also available, This
address is the start of a short program that merely resets the interrupt for the
maximum time interval possible {163, 84 sec) and then returns to the program
active at the time of the interrupt.

Turning on the DAP consists of setting the flagword to "+, " setting the
TIMES counter to overflow in a suitably short time (typically 10 ms), and load-
ing the starting address of the DAP into the address register, To turn the DAP
off requires only the loading of the idling address into the address register.

In the implementation of the DAP, it is the responsibility of each phase of
the DAP to schedule the phase to follow by setting the flagword, loading the
address register, and setting the TIMES register,

If we designate the start of Phase 1 ag time 0.0, beginning the 100-ms
cycle period, then the timing of the various phases within the cycle period
typically will be as follows:

1. During DAP idle (DAP on, SC CONT switch in SCS, and CMC MODE

switch in AUTO or HOLD), Phase 1 merely reschedules itself to begin again

in 100 ms.

2, For the initialization sequence, the initialization phase schedules

Phase 2 for time 60 ms in order to select the filter gaing; Phase 2 schedules

Phase 1 for time 100 ms in order that Phase 1 will fall at the beginning of

the next cycle period,

3. Thereafter, during filter initialization, Phase 1 begins at time 0;

Phase 2 begins at time 20 ms.

4, During normal operation, Phase 1 begins at time 0, Phase 2 at time

20 ms, and jet-selection phase at time 40 ms.
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Matrix updating is not done during Phase 1 itself,but is scheduled as a sepa-
rate job with relatively high priority. In the absence of waiting interrupts or jobs
with high priority, the update job will begin immediately following completion
of Phase 1, whenever it has been scheduled.

The timing of the DAP phases may be clarified by the graphs of Figs, 3,2.10
and 3.2,11. Figure 3.2, 10 shows the first 2 seconds of DAP initialization and
run following turn-on at time 6.0 seconds. Figure 3, 2.11 shows a typical
2 seconds of normal DAP run: one-et firing was initiated at time 39, 26 and
terminated at time 39, 3. The typical timing described above and shown in
Figs. 3.2.10 and 3.2.11 will, at times, be altered slightly, DAP computer inter-
rupts can be delayed by other interrupts already in progress. Delays, however,
should be short and infrequent and, consgequently, should not degrade DAP

performance.

3.2,4.11 Jet Timing

Jet timing is handled by a program initiated by underflow of the TIME®&
counter, This counter differs from the TIMES counter in that it is decre-
mented rather than incremented, its time increment is 0. 625 ms rather than

10 ms, and it may be shut off when not in use.

The jet-selection phase produces two command words and a time word
for each control axis. Command-word 1 contains jet commands for rotations
and translations; command-word 2 contains jet commands for translations
alone, The time word designates the desired duration of the rotational
impulse--ranging from a minimum of 14 ms to a maximum of 100 ms. For
certain rotation-translation combinations, rotational commands for 86- to
100-ms firings can result in one or more jets firing for less than the 14-ms
minimum. To prevent this, the logic is structured such that all firing com-
mands for the 86- to 100-ms range produce acfual firing times of 100 ms,
The original firing-command value, however, is fed back to the rate filter--

introducing, infrequently, a slight error. The jet timing program is

9909400000900 0RR000T

scheduled by the jet-selection phase for time 55 ms. When this first interrupt
occurs, the timing program places Word 1 into the appropriate output channels
and sets the TIMES counter to underflow again at the end of the time period
specified by the time word. This initiates all impulses--rotations and trans-
lations. When the second interrupt occurs, the timing program replaces

command-word 1 with command-word 2 in order that rotations cease while
translations continue.

In actual practice, there are three sets of command and time words,
On the first interrupt, firing begins for all three axes, There are then up
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to three more interrupts to turn off the rotational jets at the appropriate

time during the cycle period for each axis. After all rotations have ceased,
the TIMEG6 counter is shut off. The result is that rotational impulses may have
a duration of from 14 to 100 ms per cycle, but translational impulses continue
for the entire 100-ms cycle, and are ceased only by generation of new com-
mand words by Phase 3 of the DAP.

3.2.5 Restart Behavior of the RCS DAP
Should a restart occur during RCS DAP operation, any jets that
happen to be on will be turned off, and re-initialization of the RCS DAP will

be scheduled. This re-initialization is the same as the initialization caused
by RCS DAP turn on using V46, with exception that the attitude reference
angles are not changed.

Automatic maneuvers governed by R60 that were in progress at the
time of a restart will not automatically be resumed, Rather, attitude hold
will be established following re-initialization. The automatic maneuver
can be resumed by appropriate DSKY action,
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3.3 THRUST VECTOR CONTROL AUTOPILOT

During thrusting portions of flight, S/C attitude control in pitch and yaw is
achieved by driving the gimbal servos of the SPS gimballedengine, The resulting
offset of the thrust vector with respect to the vehicle center of gravity results in the
generation of control torques about the S/C pitch and yaw axes. The computation of
gimbal servo commands in response to angular-rate commands from the steering
program (P40) is the function of the Thrust Vector Control Digital Autopilot (TVC
DAP). A separate autopilot (TVC ROLL DAP) provides attitude and rate conirol in
the roll axis by means of the RCS jets on the Service Module (SM).

The following is a summary outline of TVC pitch and yaw control:

a. The CMC steering loop computations generate attitude-rate commands

in inertial coordinates and transform them into body coordinates.

b. The CDU angles are read and back differenced to give attitude rates in
platform coordinates. These are transformed into body coordinates and

subtracted from the CMC rate commands.

c. The resulting attitude-rate errors are integrated' to form the attitude errors

in body coordinates,

d. The respective attitude errors are fed to the pitch and yvaw compensation
filters, whose outputs are the commands to the engine-gimbal servos for

pitch and yaw.

The TVC ROLL DAP is designed to provide attitude and rate control about
the roll axis by use of the RCS jets., Its function is strictly attitude hold: the orien-
tation of the S/C about the roll axis at the time of ignition is held within a specified
deadband throughout the burn. The outer-gimbal angle (OGA) is read and processed
to yield approximate roll-attitude and roll-rate measurements. A switching logic in

the phase plane is then used to generate jet commands to the RCS jets,

The operation of the DAPs during an SPS burn is completely automatic,
requiring no inputs from the astronaut. Before the burn, however, the astronaut
may enter the CSM and I.M weights or the estimated engine-irim angles in the pitch
and yaw planes. (This entry is optional, to be made only should the astronaut be dis-
_satisfied with the pad-loaded or computed values. The astronaut must also determine
ullage requirement and initiate timely ullage thrusting.) Astronaut entries are dis-

cussed in paragraphs 3.3.2, 3.3.4, and 3,3, 5.

3.3.1 TVC DAP Design Requirements

The TVC DAP programs must fulfill the primary requirement of pro-

viding, in conjuction with the external-guidance loop, satisfactorily srmall velocity-
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pointing errors at thrust cutoff. The DAP programs must also limit excursions in
vehicle attitude and in thrust-vector orientation in such a way as to minimize pro-
pellant usage and gimbal-servo clutch wear and to allow pilot monitoring. A simple
roll-control program that holds the roll attitude within +5 deg of the desired angle

is sufficient to prevent adverse pitch and yaw cross-coupling. Cross-coupling could
result in errors on the maitrix transformations used to generate body-axis pitch- and

yaw- attitude errors.

The DAP programs must operate with uncertainities in initial conditions and
with vehicle characteristics, only roughly defined, that vary with flight time, These
are discussed in paragraphs 3.3.1.1 and 3. 3. 1.2,

3.3.1.1 Initial Conditions

The TVC DAPs will experience several initial perturbations at SPS
ignition time:
a, Initial turning rates in roll, pitch, and yaw., -- Off-nominal RCS-jet per-
formance during ullage may lead to turning rates at SPS ignition time of

up to 1 deg/sec,

b. Initial slosh-mass displacement. -- No specific data are yet available on
the maximum possible displacements, but a value of 0.5 ft has been

used for testing.

¢. Thrust-vector misalignment. -- Before thrust initiation, the CMC supplies
trim signals to the engine-gimbal servos in order to orient the thrust
vector through the estimated c. g, position. It is very likely, however,
that there will be some error in the alignment. There are two sources
of thrust-vector misalignment, viz,, uncertainties in the thrust vector
positioning system and uncertainties in the estimation of the c.g. posi-
tion. These sources have been described guantitatively in Ref. 3.8,
which gives a 30 misalighment angle ranging from 1.4 deg (full) to 0. 98
deg {empty), for the CSM, and 1.25 deg (full) to 0. 710 deg {(empty) for
the CSM/LM.

In addition to the initial misalignment, there will be a time variation, because
of fuel consumption, in the c.g. position. Also, there is a possibility of fluctuations
in the thrust vector within the nozzle as a result of uneven erosion, The time varia-
tion of the c. g. position is given in Reference 3.5. The maximum predicted rates
for the CSM/LM are about 0. 003 deg/sec, in the pitch plane, and 0.003 deg/sec in the
yaw plane. For the CSM, the figures are 0, 010 deg/gec, in the pitch plane, and
0.0083 deg/sec in the yaw plane,



The thrust vector variation has been described in Ref, 3.6 and 3, 7. It
appears that the variation will be less than +0. 2 deg in any 20-second interval and

that the total variation over a long burn will be within +0. 3 deg.

3.3.1.2 Variation in Vehicle Characieristics

The dynamic characteristics of the CSM/LM are sufficiently different
from those of the CSM alone as to require the development of separate autopilot
programs tailored to the characteristics of each vehicle. The three principal differ-

ences in the two vehlcles are as follows:

a. The bending mode frequencies of the CSM/LM are as low as approximately
2 cps; the bending mode frequencies of the CSM alone start at approx-

imately 5. 3 cps.

b. The two vehicles differ substantially,both in the moment arm from the
gimballed engine to the center of gravity and in the vehicle moment of
inertia. As a result, a given deflection of the gimballed engine of the
CSM alone can produce as much as four times the angular acceleration
as the same deflection in the CSM/LM vehicle,.

¢, The fuel and oxidizer slosh behavior in the CSM/LM vehicle is different
than the CSM alone because of the additional slosh masses in the LM
tanks, the effects of the increased mass and moment of inertia of the

overall vehicle, and the differences in ¢, g, location.

The problem of minimizing the excitation of slosh modes and preventing any
destabilization of these modes i3 of equal importance for both vehicles, The problem
of avoiding the excitation of the bending modes and preventing their potentially desta-
bilizing influence is primarily a problem in CSM/LM autopilot design.

3.3.2 Operating Procedures

During an SPS burn, the functioning of the TVC DAPs is automatic, but
there are several important interfaces that must be properly established before the

burn.

3.3:2.1 RO3 (Verb 48): Configuration and Initial Gains

Routine R03 {called from DSKY by Extended Verb 48} is normally executed

before an SPS burn. The Noun 46 sequence of R03 -- in particular the CONFIG bits
of R1 (DAPDATR]) bits 15, 14, 13 -- provide information on vehicle configuration as
follows:



[T X X X

000 CM {(or no DAP)
Rits 15, 14’ 13 001 CSM alone
CONFIG Of DAPDATR 1) = 01iC CSMIILM

01t CSM/LM/SIVB

110  CSM/LM, ascent stage only
Bits 15, 14, and 13 are used in the TVC DAP as follows: (1) by TVCDAPON initial-
ization to select gains, switchover times, and sample rates; (2) by the PITCH DAP
and YAW DAP to select the proper CSM or CSM/LM filter; (3} by TVCEXECUTIVE
to perform the appropriate tasks for switchover; (4) by TVCMASSPROP (as below).

The Noun 47 sequence of R03 provides CSM weight and LM weight (in pounds),
and Noun 48 provides the values of PTRIM and YTRIM (inn degrees). The vehicle
weights are used by TVCMASSPROP, which is called by R03, to obtain the proper
values of Ixx’ IAVG’ and IAVG/TQX. These in turn are used to calculate the DAP
filter gains. (See paragraph 3. 3. 4.)

PTRIM and YTRIM are used by the gimbal-drive test/trim sequence to posi-
tion the engine for ignition. Also, TVCDAPON uses these same values to initialize
the offset-tracker filters DELPBAR and DELYBAR, the double-precision trim
trackers PDELOFF and YDELOFF, and the initial values of the DAP output com-
mands PCMD and YCMD, The thrusting program (P40) also uses these values in

computing vehicle alignment for ignition.

3.3.2.2 Gimbal-Drive Test and/or Trim (540.6)

The gimbal-drive test/irim sequence (S40.6) prepares the digital-to-
analog converter output interfaces for transmitting TVC DAP commands to the SPS
engine actuators. The routine is entered automatically as part of the pre-~ignition
sequence of P40, Before execution of 540,86, the 3/C CONT switch will have been
put in the CMC position, and the CMC MODE switch to AUTO. (See Section 4 of this

document, )

The routine provides for an optional test of the engine-gimbal actuators before
the engine trim angles are commanded, If the astronaut wants the test, he keys in
PROCEED at the appropriate time (see Section 4}, and the test is performed. The
test entails commanding a sequence of +2-deg deflections, both in the pitch and the
yaw gimbal actuators, which the astronaut should monitor on the SPS gimbal angle
display. Upon completion of the test, the trim values are commanded in preparation
for ignition. Should the astronaut wish to omit the test, he can key in ENTER instead
of PROCEED, and the trim angles will be commanded in 4 seconds. The output inter-
face between the autopilot and the engine actuators is established regardless of the
option selected. This is in order that, at the end of 540, 6, the SPS engine will have
been aligned for ignition, and the actuators will be running, Figure 3.3.1'is a

functional flow chart of 540. 6,
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3.3.2.3 TVC DAP Start-up Sequence

- Withthe completion of R0O3 and the gimbal trim sequence, the TVC DAPs
are started by a call to TVCDAPON, which is the TVC initialization sequence. This
call comes from the P40 routine {at DOTVCON), which is the controlling routine for
engine ignition. All functions then proceed automatically, including the start up and
switchover. {Special events such as stroke test and shutdown require special inter-

faces.)

Before calling TVCDAPON, P40 sets the T5 bits (bits 15 and 14 of FLAGWRDSG)
to indicate that TVC now uses the T5 clock. Then, after a 0.4-second delay, P40
gets the TVC restart phase indicators and makes the call to TVCDAPON.

TVCDAPON performs all remaining TVC preparation: (1) it zeros the eras-
ables for filter storage and other temporary locations; (2) it selects the DAP sample
rate and the switchover time (based on LM-on or LM-off configuration); (3) it pre-
pares the steering;gain variable KPRIMEDT; (4} it initializes the offset-tracker
filters, the double-precision trim trackers, and the DAP commands; and (5} it
prepares the FDAI needles with a special initialization call to NEEDLER. The final
operations of TVCDAPON are a 1/2-second WAITLIST call for TVCEXECUTIVE, and
a 20-ms TIMES call for DAPINIT.

DAPINIT reads CDUY and CDUZ for the past CDU values of the pitch and
yaw differentiators. DAPINIT then calls PITCHDAP, and DAP computations hegin.
From then on, PITCHDAP calls YAWDAP, which in turn calls PITCHDAP, etc.,
maintaining the sampling frequency. The time required for the IGNITION- TVCDAPON-
PITCHDAP sequence is approximately 0, 5 sec.

The routine TVCEXECUTIVE is self-perpetuating at 1/2-sec intervals, Amo_ng .
its functions are calling the Roll DAP, updating the variable gains, performing
switchover from the high-bandwidth {40 ms} to the low-bandwidth (80 ms) modes,

and making the one-shot and repetitive thrust-offset corrections.

Figure 3.3.2 is a time-line chart of the main DAP routines for the first few

seconds of an SPS burn. The nominal time of ignition (TIG-0) was 180 sec. This

time line is for illustration only, and should not be construed as DAP performance

specification.
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3.3.2.4 Engine Shutdown

The engine shutdown sequence originates in the SERVICER routine, after
the steering computations find that TGO {time to reach the desired velocity) is less
then 4 sec. SERVICER computes the time for stopping the engine and calls P40 (at
SPSOFF) to do the actual shutdown sequence. Following the SPS engine shutdown,
there is a 2. 5-sec delay while the TVC DAPs continue to function as the thrust level
decays. There is an additional 0. 6-sec delay before the RCS DAP is restarted
{RCSDAPON}. Jet firings start approximately 1 sec later,

At TVC DAP termination, an end-of-burn update of the trim estimates
PACTOFF and YACTOFF takes place. The update occurs when the engine-off
command is generated (SPSOFF), If switchover has occurred, PACTOFF and
YACTOFF are already the best estimates of trim, and they remain the same. If
switchover has not occurred, PACTOFF and YACTOFF are loaded with the pitch
and yaw DELFILTER values DELPBAR and DELYBAR.

3.3.3 TVC DAP Filters: Design and Implementation

3.3.3.1 General

Seven major points regarding frequency response and stabilization of
the system should be discussed before proceeding to a description of the individual

autopilots:

1. All significant poles and zeros of the CSM and CSM/LM engine-vehicle
system occur at frequencies that are well below half the lowest sampling
frequency. Therefore, it is possible to treat the digital autopilot plus
engine-vehicle system as if it were continuous and to apply the classical
frequency-response approach to the designing and describing of the

system.

2. Every significant bending and slosh mode of the CSM/LM vehic le results
in a complex pole pair that is immediately preceded by a complex zero
pair in the engine-vehicle transfer function (relating vehicle~attitude &
to engine deflections). This makes it possible to apply the same ﬁhase-
stabilization criterion to all bending and slosh resonances in the CSM/LM.
The same zero-before-pole configuration occurs in the CSM for propellant
loadings associated with the nominal lunar mission, For the off-nominal
loading of 60 to 100 per cent, however, the fuel slosh in the sump tank
produces a pole-before-zero configuration that has a frequency close to
that of a zero-before-pole configuration caused by storage-tank fuel slosh.

Fortunately, it turns out that the sump-tank slosh mass has a very small
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moment arm to the vehicle ¢. g, As a result, it is possible to phase-
stabilize the more predominant storage-tank slosh mode without dras-
tically destabilizing the sump-tank mode. In fact, the amplitude of the
sump-tank oscillation grows only by a factor of three in the time taken
to go from 100 per cent down to B0 per cent propellant loading, even
with the pesgimistic assumption of zero damping for the sump mode.
With a small amount of positive damping {e.g., 0.005), this growth rate

is much lower.

The effect of each of the zero-pole pairs on the stability of the system
can be analyzed in terms of the magnitude and phase contribution to the
overall open-loop gain versus phase plot of the system. Each zero-pole
pair produces in this plot a closed contour that must be prevented from
encircling the 0-dB, -180-deg point. This point corresponds to the -1
point on a Nyquist plot.

The values of the slosh and bending zero-pnle pairs are dependent on the
propellant loading; the remainder of the overall open-loop function is
essentially independent of this loading (assuming that the autopilot filter
is compensated automatically for engine-vehicle gain changes). There-
fore, it is convenient to analyze the effect of the changing zero-pole

pairs by superimposing their varying gain~-phase characteristics for
different propellant loadings on the remaining unchanging portion of the
open-loop function. This constant portion of the open-loop function will
henceforth be referred to as the '"rigid-body open-loop function, ' although
the portion also includes the static gain effects of vehicle bending. The
stability characteristics of the autopilot design are described in terms of
the rigid-body open-loop function presented in Figs. 3. 3.3 — 3. 3.5, where
the solid curve represgents the autopilot-vehicle without the thrust-mis-

alignment correction loop, and the dotted line shows the complete system.

All the zero-pole pairs of bending and slosh occur at frequencies above
the main crossover frequency. Therefore, any potential encirclement
of the 0-dB, -180-deg point would have to be the result of the resonance
peaks produced by the slosh and bending poles. These peaks may be
prevented from reaching 0 dB by attenuation in the autopilot filter, or
they can be phase shifted to prevent the peaks greater than 0 dB from
encircling the 0-dB, - 180-deg point. The former approach is called

"gain stabilization'; the latter, ''phase stabilization,"
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6. The frequency analysis required in order to design the autopilot filter
for phase stabilizing the slosh and bending modes is greatly simplified
by assuming that the-zero-pole pairs for these modes have infinitesimal
damping ratios. This assumption leads to autopilot designs that are
slightly (but not excessively) conservative. With this agsumption, each
zero-pole-produced contour in the overall magnitude versus phase plot
will cross 0 dB at ¢ and ¢ + 180 deg, where ¢ is the phase of the rigid-
body open-loop function at the pole frequency. These crossovers may
be prevented from straddling the 0-dB, -180-deg point by restricting ¢

to a range, at the pole-frequency, as follows:
{@ - 180 deg) < ¢ < - o.

Here, @. is a constant selected to achieve a desired minimum margin of
stability. Henceforth, @ will be referred to as the ''resonance stability

margin. "

7. If the required open-loop phase at a particular resonance frequency is
produced by a preceding positive-phase excursion, the resonance is
said to be lead stabilized; if the required phase is produced by a nega-

tive-phase excurgion, the resonance is said to be lag stabilized.

3.3.8.2 CSM/LM DAP Filter

A key feature of the present CSM/LM autopilot is the way that the sampling
frequency of the filter is changed to alter the filter bandwidth and to shift the filter
gain and phase characteristics relative to those of the bending and slosh resonances,
Following thrust initiation, the filter runs at a rate of 25 samples per second in a
high-bandwidth mode that corrects for adverse initial rate errors and initial mis-
alignments of the thrust vector relative to the vehicle center of gravity. Figure
3. 3.4 is a plot of the rigid-body open-loop magnitude versus phase for this mode,
with the pole-zero pairs produced by slosh and bending deleted.

In the high-bandwidth mode, the filter stabilizes the vehicle bending reso-
nances,by a combination of phase lag and attenuation, but it slightly destabilizes
the slosh resonances, As a result of the slosh-mode instability, the vehicle attitude
oscillates in a low-amplitude {but divergent) mode. The initial value of this ampli-
tude is determined by the slosh-mass displacements at the instant of thrust initia-
tion, The value is related to the ability of ullage translation to collect the fuel at

the bottom of the tank, a process not well understood.

Pursuing a conservative design policy, we decided to switch to a stable, but
more sluggish, operating mode after the first 6 seconds of thrust., This is done
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merely by (1) halving the sampling frequency to 12. 5 samples per second, (2) reduc-
ing the filter gain parameter by a factor of four, and (3) adding a correction signal
from the thrust-misalignment correction loop and thereby compensating for the 4:1
drop in filter output caused by the 4:1 gain reduction. Figure 3, 3. 3 is a plot of
open-loop magnitude versus phase for this low-bandwidth mode (with slosh and
bending effects deleted). The halving of the sampling frequency has the effect of
halving the break frequencies of the autopilot filter. As a result, the phase-lag
compensation used to siabilize the bending resonances (approximately 1 cps) in the
high-bandwidth mode is shifted downward in frequency to the slosh region {approx-
imately 0.5 cps). Thus, in the low-bandwidth mode, the slogh resonances are phase-
lag stabilized. This mode stabilizes the bending resonances by a combination of
-phase lag and attenuation. Following the switchover to the low-bandwidth mode, the
thrust-misalignment correction loop is used to adjust incrementally the correction
signal applied to the filter cutput. As shown in Space Guidance Analysis Memo
18-67, this correction loop is roughly equivalent to introducing a lag-lead transfer
function in series with the filter transfer function. This lag-lead transfer function
acts as a pure integrator at frequencies below the open-loop crossover frequency.
The resulting infinite steady-state gain compensates for any errors in the thrust

alignment.

3.3.3.3 Summary of CSM/LM Filter Characteristics
The CSM/LM DAP filter is a seventh-order filter of the form:

'2+Nz_3+Nz-4+N 20Nz 8 N —

-1
1+ Nz "+ N 3 4 5 6 7

1 2%

Dfz) = PCZ
-1 -2 -3 -4 -5 -6
1+ Dlz + Dzz + D3z + D4z + D5z + DSZ

The coefficient values are as follows:

N, = -2.9708385 D, = -4. 7798977
N, = 3.1047342 Dy = 9.4452763
N, = -0.40962906 Dy = -9.8593475
N, = -2.5780275 D, = 5.7231811
N = 2.9629319 Dy = - 1. 7484750
Ng = -1.5101470 Dg = 0.21933335
N, = 0.31243224

(Since the numerator coefficients are stored in single precision, the values actually

used in the CMC are accurate to only about four decimal places.)
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The following are the filter zeros and poles, found by factoring the numer-

ator and denominator polynomials:

Poles zeros
z=0 z= 0,61088
z = 0, 5385 z = 0,89200
z = 0, 5385 z = -0.99200
z=0.9257+j0,1129 z= 0,4279 £j 0, 6821
z=0,9257 £ 0,1129 z= 0.7521 +j 0, 4858
3.3.3.3.1 Low-Bandwidth (80-ms) Mode. -- The gain factor (KZ) associa-

ted with the filter polynomial is varied in inverse proportion to the vehicle gain
(Tﬂxl I) such that a constant bandwidth can be maintained during a burn. For this
filter configuration,the gain relationship (see paragraph 3. 3, 4) is

4 omo -3 2
K, (TEXIIAVG) = 1,59X10 Y 1/sec © ,

_ The phase margin at the 0-dB crossover point (w = 0. 35 rad/sec} is
48 degrees, and the gain margin at the point where the phase angle is -180 deg
(w = 0,94 radf/sec ) is 7.3 dB.

Both gain attenuation and phase-lag stabilization are used to stabilize
vehicle resonance modes (slosh and/or bending} down to below 2, 35 radfsec. It is
assumed that the zeros occur before the poles along the j w axis; the assumption is
always valid for the CSM/LM vehicle.

3.3,3.3.2 High-Bandwidth (40-ms) Mode. -- When the CSM/LM DAP is
operated at the 40-ms sample rate, the gain is merely multiplied by a factor of

four, since the sampling period is halved. The compensation characteristics of
the 80-ms versus the 40-ms sample rate differ as illustrated by the plots

in Figs. 3.3.3. and 3.3.4, As in the 80-ms mode, the gain factor for the 40-ms
mode (K', = 4 K,) varies inversely with TL,/L
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The phase margin at the §-dB crossover point {(w = 0.7 rad/sec) is
46 degrees; the gain margin at the -180-deg point {w = 1.8 rad/sec } is 7 dB. (See
Fig. 3. 3. 4.)

The plan is to operate the autopilot in the high-bandwidth mode for only
8 seconds, which is long enough to correct for the initial thrust misalignment, but
short enough for the regulting unstable slosh oscillations {divergence time = 50
seconds) to be unable to grow appreciably in amplitude above their initial values,

3.3.3. 4 CSM DAP Filter

The CSM-alone DAP filter is a lJead-lag function with the following

transfer function:

1-1.4802472"% +0.5535592"% - 0.0570852 >

3

D = - -
(2) b 1-2,062524z= 1 +1.565661z" % - 0. 401160z

The gain relationship is K (T2_/T, ..) = 8.4 sec °, The gain factor (K,) of the

filter is selected to produce a 0-dB crossover of the open-loop transfer function at
20 rad/sec. During the thrusting periods, where TﬂxII of the vehicle is changing
with time, the CMC automatically changes K, soas to maintain the crossover fre-
quency at approximately this value, Thus, KZ varies from 3, 75, for a full CSM, to

.1.25 for a nearly empty vehicle.

The phase margin at the crossover frequency is 50 deg ; the gain mar-
gin is 10 dB. (See Fig.3.3.5.) The slosh modes are phase-lead stabilized, The
rigid-body open-loop phase angle varies between -140 and -150 degrees over the
slosh frequency range 3. 2 to 4. 8 radf/sec. This provides adequate phase stabiliza-
tion for the predominant slosh modes.

For the nearly full CSM, the slosh masses in the sump tanks are ahead
of the vehicle center of gravity. This produces a pole-zero pair having the pole at
a lower frequency than the zero, This pole-zero configuration is destabilized by
the phase-lead filter characteristic, The time constant of the divergent slosh os -

cillations, however, is an order of magnitude greater than the time required for the
propellant to deplete behind the c.g., where the unstable condition will cease to exist
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According to the latest data available, the bending modes for the CSM
vehicle occur above 5. 3 cps, where the loop gain is well below 0 dB. Using the
minimum expected value of 0, 605 for the damping of bending resonances produces
peaks at least 20 dB below the 0-dB line; this ensures adequate gain stabilization of

the bending modes.

3.3.3.4.1 CSM/LM Filter Implementation. -- Digital filters represented

by z-transforms may be implemented by a mathematically equivalent difference
equation (or set of equations). For the CSM/LM filter, the z-transform relation-
ship is of the form:

e+ N, 22 E+... +N, 2 E)

2

-6 =K [E+ N, z_
[ z 1

-1 -2
+ + +
Dlz 45C Dzz 5c D.z & .

n
From the programing standpoint, the symbol z E means the quantity

E from n sample periods ago. E is the input to the filter, and b is the output, Thus,
the CSM/LM DAP filter output contains information on the filter inputs and outputs

from the last seven sample periods,

The difference equation is actually mechanzied as a ladder network.
This is shown schematically in Fig. 3. 3. 6, We have found that the filter poles are
quite sensitive to round-off errors in the denominator coefficients; therefore, to
avoid stability problems, all calculations involving the denominator coefficients are
done in double precision, The numerator operations are not as critical to the
filter zero configuration, and the multiplication can be done in single precision.
The summation, however, is done in double precision in both numerator and

denominator.

The two gains (Kn and KIKn) shown in Fig. 3. 3. 6 are chosen for proper
scaling, taking into account both the DAP-filter gain factor and the scale factor of
the output digital-to-analog converters. The value of K o Tepresents the (scaled)
nominal filter gain and is fixed, The value of KIKn {called VARK in the AGC) is the
ratio of the present gain to the nominal gain, @t is this gain ratio that is varied with
time to keep the system bandwidth approximately constant,
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The coefficients N1 ‘e N7 and D1 e Dﬁ are stored in fixed memory,
and are not subject to modification either by keyboard entry or uplink.

3.3.3.4.2 CSM Filter Implementation. -- The CSM filter, like the

CSM/LM filter, is a lead-lag function, making full use of the generalized third-or-
der nature of the GEN3DAP implementation. The z-transform equation relating
pitch actuator commands (60) to body pitch-axis attitude error (E) is

3
0 1 2 3

E z -1 -2 -
1+Dlz +Dzz +D32

-6, N +N, 2z 4N,z 24+ N z°

3

The COLOSSUS third-order filter is implemented with the following choice of coef-

ficients:

Ny = 1.00

N, = -1, 480247 'D1 = -2,062524
N, = +0. 553559 D, = +1. 565661
Ng = -0, 057085 D, = -0, 401160

The GEN3DAP filter is mechanized somewhat differently than the
CSM/LM filter. For the GEN3DAP, a state-variable -type approach is used, as
shown in Fig, 3, 3, 7.

The state variables are defined by

n3z“3 = + NBEZ“3 - D:,)noz“3
nzz-2 = n?’z-3 +N2Ez—2 - Dznoz_2
nlz-1 = nzz_2 +N1Ez-1 - Dlnoz-l
ng = nlz— + NpE
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These equations may be reduced to the following form for sequential evaluation:

=
I
=2
o
o
=]
o
+
=
o]
™~
]

"

N,E - D n

03 3 3%0

The engine-gimbal command (éc ) is then given by

Numerator as well as denominator coefficients are double -precision
quantities (except for the zero-order numerator coefficient, which is single preci-
gsion), They are pad-loaded and stored in erasable memory, rather than fixed
memory as with the CSM/LM filter., The denominator multiplications are double
precision; those of the numerator are single precision. All state variables are

stored in double precision.

The gain Kz is computed and stored in single precision. s AGC
scaled value is 148 ASCREV)of the actual filter gain factor. The scaling of the
coefficients is as follows:

Ng. D;. D,, Dy scaled at 1/4 actual value

N, N N3 scaled at 1/16 actual value

This scaling must be observed if new coefficients are to be incorporated via pad-
load or uplink,
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3.3.4 TVC DAP Variable Gains

The TVC DAP filter design -- in particular the selection of the filter
gains -- is based upon the vehicle dynamics and gains at some selected, 'design-
nominal" flight condition, The design is such that the changes in vehicle dynamics
associated with other flight conditions do not affect the stability of the control loop.
Changes in vehicle gain TEXII do, however, affect control-loop stability and,
therefore, must be compensated by inversely proportionate changes in the DAP-
filter gain. The goal is to maintain a constant, overall open-loop gain and, hence,

a constant bandwidth,

The open-loop gain is proportional to the product of the DAP filter gain
(Kz) and the vehicle gain (Tﬂ_xll ), as expressed by the following equations:

K, (TEXII) T K, (TL /1, o)
(3.3-1)

= Constant® (KTLX/I) (design nominal),
where

I

AVG T (Iy+ IZ)/2 .

Equation (3. 3-1) relates the optimum gain to the gignificant mass properties of the
vehicle, and may be used both to establish the initial gain and t9 vary the gain dur-
ing a burn as T{_and Iayg vary.

The actual gain relationships for the TVC DAP are as follows:

KPGEN3 l
=(EKTLX/I (I T? )

KYGEN3 AVG' " Tx

VARK =(EKTLX/I+1) (IAVG/TEX),
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where the pad-loaded registers EKTLX/I and EKTLX/I+ 1 contain the constants
that are the product of the respective DAP gains (Kz) and vehicle gains (T{ /1),

Variable gainsg for the ROLL DAP are implemented similarly, The
desired roll gain (1/CONACC) is a function of roll moment of inertia:

2r

(1/CONACC) = ot (Ixx), {3.3-2)

where M is the roil jet torque of 1400 ft-1b.

The gains for the roll autopilot and TVC DAP filters are established
initially and updated using a small AGC program called TVCMASSPROP. This
program, which is called every 10 seconds by TVCEXECUTIVE, computes piece-

and I ITﬂX versus CSM

wise-linear approximations to the curves of Ixx’ I AVG

AVG?

propellant weight (CW), These curves are given in parametric form, with LM mass

as the parameter, (See sketchin Fig.3.3.8.) The CSM and LM dry weights are
stored in fixed memory,

The functioning of TVCMASSPROP is as follows:

a. It checks to see whether LM is attached (by checking bit 13 of
the word DAPDATRI).

b. If LM is on, TVCMASSPROP uses the pad-loaded variable
LEMMASS to calculate the desired piecewise-linear curve from
the family of curves of parameter versus CW for each of the
three output variables, This means that, for each variable, a
breakp;iint parameter value is cbmputed, as well as the slopes
to the left and right of the breakpoint, Note that for the three
output variables eight quantities are computed using LEMMASS,
These are (1) a breakpoint value and two slope values for IAVG
versus CW, (2) a breakpoint value and two slope values for
IAVGlTﬂx versus CW, and (3) a breakpoint value and a single
slope value for I . versus CW. (See Fig.3.3.8.)

If LM is not on, the eight quantities are still calculated, but they
then define the curves for CSM alone.
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¢. Once a specific curve has been chosen for each output variable,
the pad-loaded variable CSMMASS is used to determine the actual
operating point on each of the curves., This defines the current

value of the three cutput variables.

d, Before returning control to TVCEXECUTIVE, TVCMASSPROP
also updates the total vehicle mass, called WEIGHT/G. This is
done by simply summing the variables LEMMASS and CSMMASS.
(The value of CSMMASS is then updated in TVCEXECUTIVE im-
mediately after TVCMASSPROP is finished. This is done by
subtracting a fixed constant equal to the assumed engine-on
mass flow over a 10-second period.) Because of the way
WEIGHT/G is updated, it is correct only at the end of the 10-
second interval, and will be somewhat lower than the actual
value during the interval, At the end of a burn (or in case of
engine fail) CSMMASS is corrected for the unused portion of
propellant in that particular 10-second interval,

Provision is made for the special case of the CSM docked with the
LM ascent-stage only (no descent stage). For TVCMASSPROP to function cor-
rectly in this mode, the astronaut must change the CONFIG bits of the erasable
word DAPDATRI (bits 15, 14, 13)to 1, 1, 0, and must load in a new value of
LEMMASS (ascent-stage weight). The three outputs of TVCMASSPROP are then
calculated as in the nominal case, except that corrections are made to the curves
of IAVG and IAVG/TEX. The curves for Ixx will be computed correctly using only
LEMMASS; no additional correction is needed.

The curves of the three outputs versus CW for this special case are

shown in Fig. 3. 3. 9.

TVCMASSPROP will give cutput values that match the NASA data pack-
age (see CSM/LM SPACECRAFT Data Bock, Vol 3, NASA Document SNA-§-D-027,
March 1968; also Amendment 1, April 24, 1968), with errors of less than 12 percent.
This includes any range of propellant loadings for the LM ascent stage, descent
stage, or the special case of no descent stage, discussed above.

Once the three outputs of TVCMASSPROP are obtained, they are used
by TVCEXECUTIVE, as in Eqs (3. 3-1) and (3. 3-2).
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c. Once a gpecific curve has been chosen for each output variable,
the pad-loaded variable CSMMASS is used to determine the actual
operating point on each of the curves. This defines the current

value of the three output variables,

d. Before returning control to TVCEXECUTIVE, TVCMASSPROP
also updates the total vehicle mass, called WEIGHT/G. This is
done by simply summing the variables LEMMASS and CSMMASS,
{The value of CSMMASS is then updated in TVCEXECUTIVE im-
mediately after TVCMASSPROP is finished, This is done by
subtracting a pad-load constant equal to the assumed engine-on
mass flow over a 10-second period. ) Because of the way
WEIGHT/G is updated, it is correct only at the end of the 10-
second interval, and will be somewhat lower than the actual
value during the interval. At the end of a burn (or in case of
engine fail) CSMMASS is corrected for the unused portion of
propellant in that particular 10-second interval.

Provision is made for the special case of the CSM docked with the
LM ascent-stage only (no descent stage). For TVCMASSPROP to function cor-
rectly in this mode, the astronaut must change the CONFIG bits of the erasable
word DAPDATRI (bits 15, 14, 13)to 1, 1, 0, and must load in 2 new value of
LEMMASS (ascent-stage weight). The three outputs of TVCMASSPROP are then
calculated as in the nominal case, except that corrections are made to the curves
of IAVG and IAVG/TEX. The curves for I « Will be computed correctly using only
LEMMASS; no additional correction is needed.

The curves of the three outputs versus CW for this special case are
shown in Fig. 3. 3. 9.

TVCMASSPROP will give output values that match the NASA data pack-
age (see CSM/LM SPACECRAFT Data Book, Vol 3, NASA Document SNA-8-D-027,
March 1968; also Amendment 1, April 24, 1968}, with errors of less than 12 percent,
This includes any range of propellant loadings for the LM ascent stage, descent
stage, or the special case of no descent stage, discussed above,

Once the three outputs of TVCMASSPROP are obtained, they are used
by TVCEXECUTIVE, as in Egs (3. 3-1) and (3. 3-2).
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If a restart occurs during TVCMASSPROP computations, there is
nothing that needs protecting; the program will simply be called again as soon as
TVCEXECUTIVE is restarted.

The astronaut is pot required to enter any data in connection with the
autopilot variable gains., In RO03, however, he is asked to monitor the DSKY for a
display (V06 N47) of CSM and LM weight in pounds. If he is not satisfied with these
values, he can enter new values, thereby both altering TVCMASSPROP and the auto-

pilot gains.

The 10-second intervals for the call to TVCMASSPROP are determined
by a simple counter within TVCEXECUTIVE. The loop-gain change at CSM/LM
switchover corresponds to a reduction of the design-nominal gain KTQXII (Eq 3.3-1)
for the pitch and yaw gains. The gain reduction factor is the square ratio of the old
and new DAP sample periods -- nominally {40/ 80)2 = 1/4. Implementing the gain
change involves multiplying the gain by this gain factor, This operation is part of
the switchover logic in TVCEXECUTIVE.

3.3.5 Trim Estimation

Accurate engine -actuator trim (steady-state pitch- and yaw-actuator
offset) is necessary for good performance of the TVC DAP, Ideally, the trim
values are such that when the pitch and yaw commands from the autopilots are
both zero, the actuators position the englne bell such that the thrust vector is aligned
with the vehicle center of gravity as to result in zero control accelerations, The
ideal trim values depend on the location of the ¢, g., which tends to shift slowly
during the burn, Thus, the problem of trim estimation involves initial estimates
of the trim values and updating of the estimates as the c. g. is observed to move

with shifts in fuel loading.

Three sources of trim information are provided to the TVC DAPs:
(1) astronaut loads of PTRIM and YTRIM in Routine R0C3 (Verb 48); (2) a single-
shot correction at switchover, with repetitive updates following switchover; and
{3) an end-of -burn update at the engine-off command. Each of these sources pro-
vides (potential} updates of the trim variables PACTOFF and YACTOFF (equivalent
to the upper registers of the double-precision words P DELOFF and Y DELOFF),
which are the AGC registers containing the trim information,
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3.3.5.1 Astronaut ILnads via R0O3

The final sequence of R03 (Noun 48) displays the current trim estimates
in registers 1 and 2, referred to as PTRIM and YTRIM. These are merely con-
versions (to degrees) of the DAP registers PACTOFF and YACTOFF. These
registers are used by the thrusting program (P40} -- to adjust the vehicle burn
attitude for the R60 maneuvers {(accounting for c¢.g. position) and to do the gimbal-
drive test/trim routine, positioning the engine for ignition. The astronaut can
accept the displayed values, or he can load new values from vehicle-mass tables.
Thus, the astronaut has ultimate control over any internally generated values before

the burn.

The gimbal-trim values are the angular offsets of the engine-gimbal
servos {pitch and yaw) necessary to align the thrust vecior through the vehicle ¢. g.
This alignment may be achieved by supplying trim commands te each gimbal servo,

where the commands are expressed as follows:

SoFFSET - ®cg* % *mECH-

The values of the & terms differ in the pitch and yaw planes: the variable 8§ cg is
the angular offset of the c¢.g. relative to the vehicle center line, as measured in
the given pitch or yaw plane; the variable & MECTH is the mechanical offset of the
engine gimbals; and ¢ ;, is the error in the orientation of the actual thrust vector
relative to the commanded orientation of the engine bell. Several sources con-
tribute to 6E’

bell center line, and nonlinearities and biases in the engine-gimbal servo system.

including misalignment of the thrust vector relative to the engine-

Only the intentional mechanical bias (8 MECH) is known precisely. Tabulated
estimates of acg versus vehicle mass are available, but no initial estimates of
& . The autopilot tracks the actual GOFFSET with an offset-correction loop whose

E
measurement of 5OFFSET increases in accuracy as the burn progresses,

The recommended procedure is to assume 6E = 0 and to trim the
engine initially according to tabulated estimates of 6cg and the given 5MECH'
Then, after one or more engine burns, a more accurate engine trim can be obtained
by using the stored estimate of GOFFSE’I‘ provided by the offset correction loop
at the end of the previous burn: the longer the previous burn, the more accurate

the correction-loop estimate of & OFFSET"
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The procedure for aligning the vehicle assumes that the position of the
engine thrust vector relative to the vehicle center line is given by SOFFSET +
6MECH (as obtained for the pitch and yaw axes). This assumption neglects the

. ) 5 . _

fact that a commanded gimbal trim equal to OFFSET results in a thrust-vector
error { BE). The alternative to this approach would be to assume that the thrust
vector is aligned with the vehicle ¢, g. according to the tabulated GC estimates.
It turns out, however, that the values of5E are comparable to the errors in 6cg’
with the result that the two vehicle alignment approaches produce nearly the same
system errors. Therefore, for simplicity in programing, & OFFSET 8 used as
a basis for aligning both the vehicle and the engine. In this connection, we should
point cut that, with the present autopilot, the transients resulting from an error
in engine alignment can produce as much as five times the velocity pointing error

as the same angular error in vehicle alignment.

In checking the R03 display, the astronaut has the responsibility to
engure that the trim values are reasonable - - in particular, that they do not exceed
the limit * 9 deg imposed by the capacity of the optics error counters used to gen-
erate the signals for the engine actuators. No AGC coding checks against this
limit are made in either the prethrust program or the engine-gimbal test/trim
routine. Should this limit be exceeded, the DAPs lose track of the engine command

by the excess amount.

3.3.5.2 Single-Shot and Repetitive Corrections

To reduce the attitude and velocity errors, it is necessary to add an
estimation and correction scheme for compensating the thrust misalignment. A
functional block diagram of the corrector is shown in Fig. 3.3, 10. Basically,

the effect of the corrector is - -

a) 1o estimate the mistrim and make a one-shot correction a few

seconds after ignition; then

b) to become an effective proportional-plus-integral compensation
for canceling initial estimation errors and for tracking any c. g.

motion or thrust-vector variation.

The input to the correction loop is the filtered actuator command signal
coming from DELFILTER, as shown in Fig. 3.3. 10. The filter time constant is
either 4 or 8 seconds, depending on the DAP sample rate. This is enough lag
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to provide significant smoothing of the effects of slosh oscillations and initial

attitude rates,

The synchronized samplers in the correction loop do not clogse for their
first sample until a specified time (ETSWITCH) after DAP startup. For this first
sample, the gain ch of the correction loop has a unique value (ECORFRAC). After
the first sample, which produces the one-shot correction, the samplers continue
to work, with a sample period of 0.5 second, and the gain ch is dropped to a new
constant value (EREPFRAC), This lower steady-state value of ch is the result
of a compromise between stability and improved tracking. EREPFRAC is a pad-
loaded quantity, with separaie values for CSM and CSM/LM.

Table 3. 3-1 summarizes the operation of the estimation loop (in terms
of parameter values) both for the CSM and the CSM/LM configurations. The
dynamic effect of the correction loop can be seen by looking at the equivalent s-plane
dynamics as shown in Fig. 3.3, 11. Table 3. 3-1I gives the pole-zero values for the
CSM and CSM/LM configurations. The effects of thege additional dynamics on the
system gain-phase plots are shown as dotted lines on Figs. 3.3, 3 and 3. 3.5,

3.3.6 TVC ROLL DAP

Roll control during SPS thrusting periods is achieved by firing RCS
roll-jet pairs. Phase-plane switching logic is used to select the jets and to control
the duration of jet firings. The control policy calls for maintenance of outer gimbal
angle (OGA) within a f 5deg deadband tolerance of a desired OGA (OGAD), which
is simply the value of OGA at SPS ignition., ROLL DAP performance is monitored
via the FDAI roll-attitude error needle, which is driven by the FLLY- TO OGA error:

AK = OGAD - OGA, (3.3-3)

Needle updates are made at the ROLL DAP sample rate of 1/2 second.

OGA control closely approximates direct body-axis roll-attitude control,
provided that the middle gimbal angle (MGA) is small. The body-axis roll-rate
equation shows that cross-coupling of inner-gimbal-angle (IGA) rate is a second-
crder effect for small middle gimbal angles (MGA):
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PARAMETERS OF THRUST-MISALIGNMENT ESTIMATOR

TABLE 3. 3-1

LOOF FOR THE CSM AND CSM/LM CONFIGURATIONS

PAD-LOAD
AGC CODE
DESCRIPTION VARIABLES CSM CSM /LM
. s ips Cs 3 sec 6 sec
time of initial correction ETSWITCH (ETSWITCH/2) | (EPSWITCH)
. cers . 2 1
gain ch at initial correction ECORFRAC 2(ECORFRAC) | ECORFRAC
sample period of estimation loop| -=-------- (TVOéSE;S(%:CUTIVEO'i']?N?I?G)
. s sis . 0. 250 0.0375
gain ch after initial correction EREPFRAC EREPFRAC EREPFRAC+1
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TABLE 3. 3-1I

EQUIVALENT S-DOMAIN TRANSFER FUNCTION FOR

THRUST-MISALIGNMENT ESTIMATOR LOOP

VEHICLE CONFIGURATION 40 MSEC 80 MSEC
CSM/LM
(s +0.125)(s + 0. 075)
does not apply s(s T 0.20)
(ch 0.0375)
CsSM
{s + 0,.25)s + 0. 50)
does not apply
(K 0. 250) sls +0.0750)
cg
. Equivalent
Attitude E(_;Lrl)wale‘nt s-Domain Actuator
F LUCE_——mt S Dgr;am ™ Transfer Function [~ ™ Command
rror for Correction Loop &
Fig. 3.3.11 Equivalent s-Domain Transfer Function of

Thrust-migalignment Esgtimator Loop
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p=OCE + TCA sin (MGA) . (3.3-4)

The roll autopilot is shown in Fig. 3. 3,12, The phase-plane switching
logic is shown in Fig. 3.3.13. It is an adaptation of the LM phase-plane switching
logic discussed in Refl 3.1. Phase-plane OGA error and OGA rate are required inputs

to the switching logic, Phase-~plane OGA error is the negative of FLY-TO FDAI needle
error, and OGA rate is derived by a simple first-order back difference of OGA.:

OGAERROR = OGA - OGAD = -AK,

-1 (3.3-5)
OGA - z "0OGA

T

OGARATE =

where z~ 1 ;8 shori-hand notation for "the past value of,' and T is the ROLL DAP

sample period of 1/2 second.

The phase plane is divided by the switching logic into three regions:
jet firings for negative torque, jet firings for positive torque, and coast (no
jet firings). OGAERROR and OGARATE establish the operating point within one

of these regions, thus defining a particular control activity (+, -, or zero torgue),

The jet firing time to reach the ccasting region from the operating point is a
‘function of the control acceleration (CONACC) and the required change in velocity
(DOGARATE - OGARATE), where DOGARATE (desired OGARATE) is the OGA
rate at the coast-region penetration point of the contrel parabola through the
operating point. The switching logic determines DOGARATE, and a running
estimate of CONACC is available, as explained below, Firing time is given by
the following:

| DOGARATE -~ OGARATE |

AT = CONACC

{3.3-6)
Several operational constraints are applied to the 4 T firing time in
order to increase reliability, to conserve fuel, and to minimize control activity:

a. The duration of a particular jet firing shall not exceed 2, 5 seconds:
(Long maneuvers congist of repeated 2. 5 second bursts of control

activity. )
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SAMPLE PERIOD

Fig. 3.3.12 TVC ROLL Digital Autopilot
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-

E

§ OGARATE

JET FIRINGS FOR
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OPERATING PQINT
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Fig. 3.3.13 Phase-plane Switching Lines for the TVC ROLL DAP



b. A delay of at least 0, 5 second shall separate jet firings. (Periods
of zero torque enhance rate estimates and prevent excessive control

activity.)

c¢. Successive periods of the same sign of control torque shall fire
jet pairs (for each torgue sign there are two pairs) alternately.

(Effect of jet failures, even combined jet failures, is minimized.)

d. Subsequent re-evaluation of a jet-firing duration may decrease, but
not increase, the total firing time (conserves fuel, especially with

jet failures, and prevents excessive control activity).

e. Jet firings shall not be shorter than 14 ms {minimum impulse),

The parabolic portions of the switching lines (Fig. 3.3.13) are ideal:
they are constant-torque trajectories (control parabolas), at least within the
ability of the CMC to track Ixx' Limit-cycle operation can thereby be achieved
in truly optimal fashion, with but one or, at most, two jet firings if there are no
sampling delays., (See also the firing duration constraints above.) Generation

of the ideal switching parabola requires a knowledge of control acceleration:

(1/CONACC) ! radfsec?,  (3.3-7)

Q
O
2
.
Q
a

it

XX XX

where M is the RCS roll-jet-pair torque (® 1400 ft-1b). The ROLL DAP gain
(1/CONACC) tracks the roll inertia with 10- second up-dates {see paragraph 3. 3. 4)

and thus permits construction of the ideal parabolas.

The switching trajectories (Fig, 3.3,13) are composed of parabolic,
linear, constant- OGARATE, and constant-OGAFERROR segments, as shown in
Fig. 3.3.14. Analytic expressions for each segment are given. Also shown are
the 12 subset regions that make up the 3 control regions of Fig, 3.3.13, The
region of 'jet firings for negative torque, " for example, is composed of Subset-
regions I, III, and VI'. The region of '‘jet firings for positive torque' is composed
of Subsetregions I', III', and VI. The remaining subset regions (II, IT', IV, IV,
V, and V') constitute the coasting region.

Identifying the operating point with a particular control region is

accomplished by the process of elimination illustrated in Fig. 3.3.15. Tests
for subset regions are used as building blocks. Each subset region is bounded

3.3-37



gE-&"a

m T ﬂ E (OGARATE) (XTI TR Y YR Y YT RRYY TR NN A AL R L LA 204

Es = +MAXLIM ~~

REGION REQUIRED TORQUE

Eg = DB - észfza

™~ I, I, - TORQUE
I \\ o,IZ, Y% 0 TORQUE
~ I I i v v 0 TORQUE

m, I'¥I + TORQUE

{1/CONACC) 81/a

x

me
H
o

2
E (OGAERROR)

Eg =K (Eg-DB) -LCR

I o
. \ Es = - MINLIM
Eg=-DB+£g?/2a o ~
~
~ v’
~
~
[ ] \\
Es = - MAXLIM
\\ T’
S—
.,
. —

Fiz, 3.3.14 Analytic Switching Lines and Control Regions in the TVC ROLL DAP Phase Plane



Enter

OGAERROR -
Operating
COARATLE Point
1/CONACC
Yes
L
DOGARATE =
+ MAXLIM
Regions
v, 1TV?
No, Regions
Vi, vI' !
Determine desired OGARATE (DOGARATE) at the inter-
DOGARATE = . .
OGARATE section of the control parabola and the coast region boundary
(Continue switch line. (The solution of a quadratic equafion is desired;
Coasting) instead an approximation with linear extrapolation is used.
The approximation converges to the quadratic solution as
the coast region boundary switch line is appreached.) The
+ MINLIM limit is not congidered,just the straight line switch|
Y

AT = (1/CONACC) [{DOGARATE - OGARATE)I

JETSGN = SGN (DOGARATE - OGARATE)

Jet
Select
Logic

{See Fig. 3,3, 16)

Fig. 3.3.15 TVC ROLIL DAPF Phase Switching Logic
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by combinations of the switching-line segments and the abscissa axis and is thus
describable in terms of simple analytic inequalities, which are then used to make

the indicated tests,

This subset logic is used to determine desired OGA rate (DOGARATE).
For operating points in the coasting region, DOGARATE is simply the current
OGARATE (continue coasting). For operating points in Subset-regions Il and HI',
DOGARATE is the OGARATE at the point that the parabolic trajectory penetrates
the coast region. Thus, for Subset-regions IIl and III', DOGARATE is simply *

MAXI.IM, the appropriate rate-limit maximum.

For Subset-regions I and VI' (or I' and VI}, DOGARATE is determined
by the intersection of the conirol parabola with the straight-line switching line.
This requires solution of a quadratic equation, for which is introduced an approx-
imation having the desirable property of converging tc the quadratic solution as
the switching line is approached. When the operating point is far from the
switching line, an accurate solution is not required, but only a trend indication of
control-torque sign, which the approximation provides. Successive passes through
the ROLL DAP (at the 1/2-second cycle rate) re-evaluate the approximate solution,
which converges to the quadratic scolution as the point approaches the switching

line. (This approximation is further described in Reference 3.2.)

Once DOGARATE is obtained, the jet-firing duration is determined by

the relation:

AT = (1/CONACC) IDOGARATE - OGARATE/|, {3.3-8)

where 1/CONACC, the ROLL DAP gain, is the estimate of the control acceleration,
(See Eq. 3.3-7,)

Figure 3. 3. 16 shows the jet-select logic that applies the jet firing-
duration constraints, sets up the task to terminate the jet firings at the proper

time, and actually fires the jets.

Restart protection for the ROLL DAP consists simply of starting it

over; there are no copycycles, phase-points, etc. The original desired OGA is

N ANy



(__JET SELECT LOGIC )

Is AT
less than
remaining jet
firing time
o

. N
Exit Roll for at least 2
DAP 1/2 sec J)E it ROLL DA
X1 L DAP
(constraint 4 ) (constraint b )
No
MAX + Q,06)7
{T —
| AT = TMAX |
{constraint a )
No AT > TMIN
?
¥ Select a new jet pair (if this
AT = 0 is not a continuation of an
_ earlier firing)

{constraint e ). (constraint ¢ )

. |

>l

Set up task to terminate

jet firings in AT seconds

Fire the selected jets

O Exit ROLL DAP

Fig, 3.3.16 TVC ROLL DAP Jet Selection Logic
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maintained. (Note that this is different than the SUNDISK procedure, which was to
pick up a new OGA-desired at the time of the restart, )

Table 3. 3-III lists numerical values for the significant DAP parameters.

3.3.7 TVC DAP Interfaces

3.3,7.1 Input Interface

Cross-product steering (see paragraph 5. 3. 3. 4, Section 5 of this
docurnent) produces a vector-rate command {deg/sec) in reference coordinates

by the following relationship:

-1
K' (Lyg X

1 ),
REF ~MDT

‘[)8

where MDT = - DELVREF + cbAt,

K' is the steer-law gain, and VG is the velocity -to-be gained vector,
This vector is transformed to body (NAVBASE) coordinates via the transformations
REFSMMAT and SMNR:

-4 %
w = (SMNB) (REFSMMAT) w .
““BODY ~CREF

Figure 3. 3.17 is a functional block diagram of the TVC DAP input

interface,

The rate-feedback signals to the autopilot are formed by taking the
back difference of the CDU angles and transforming these into body coordinates:

*
wp = (N) CDUDOT ,

where CDUDOT = CDU -z ! ¢DU .

s ] ] Ay



1A

maintained. (Note that this is different than the SUNDISK procedure, which was to
pick up a new OGA-desired at the time of the restart.)

Table 3. 3-1II lists numerical values for the significant DAP parameters.

3.3.7 TVC DAP Interfaces

3.3.7.1 Input interface

Cross-product steering (see paragraph 5.3. 3.4, Section 5 of this
document) produces a vector-rate command {(deg/sec) in reference coordinates

by the following relationship:

w T = K'T(1 ¥ o1 ),
— CREF =VG ~MDT

where MDT = - DELVREF + chAt,

K' ig the steer-law gain, and lf_(_}_is the velocity-to-be-gained vector,
This vector is transformed to body (NAVBASE) coordinates via the transformations
REFSMMAT and SMNB: &_ T = (SMNB) (REFSUIMAT) o T.

BODY REF

Figure 3.3, 17 is a functional block diagram of the TVC DAP input
interface. The rate-feedback signals to the autopilot are formed by first taking
the back difference of the CDU angles. These differences are then passed through
a limiter whose output is linear (unity gain) up to 2. 33 degrees but is zero for
greater magnitudes. The purpose of this limiter is to protect the vehicle against
a spurious setting of the 11.25-degree bit in the CDU read counters, * which would
produce an effective 11.25-degree step input to the TVC DAP filter. The read
counters would countdown the 11, 25-degree error at their 70-deg/sec rate, which
would give a CDU difference of 2. 82 degrees per 40-msec DAP sample period.
Rather than the full 2. 82 deg/sample, we used the lower number of 2. 33 deg/sam-
ple as the limit, This number represents a compromise between the desire to re-
ject most of the possible 11.25-degree step error and the requirement that actnal
vehicle tumbling be monitored and controlled.

After passing through the limiter, the CDUDOTSs are transformed into
body coordinates: w p T = (ﬁ) CDUDOT , where CDUDOT = CDU -z ~ ! CDU .

* This bit is more sensitive than are the others to electrical noise in the CDU
environment; it is possible, therefore, though not likely, for the bit to be set
by a noise pulse,
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TABLE 3. 3-11I

ROLL DAP PARAMETERS

Sy mbol Identity Value

T TVC ROLL DAP Sample Rate 1/2 second

M = Fd Roll Jet Torque (per pair} 1400 ft-1b

DB Deadband 15 deg

LCR Limit-Cycle Rate 1 +0.1 deg/sec
MAXILIM Maximum Rate Limit 5 deg/sec i
MINLIM Minimum Rate Limit 1 deg/sec

K, (-slope) Slope of Straight-line Portion of Switch Logic 0.2 (deg/sec)/deg

-1
a, (1/CONACC)

TMAX

TMIN

Parameter of the Parabolic Portion of the Switch
Logic: a = CONACC = M/IXX, where 1/CONACC
is the ROLL DAP gain

Maximum Firing Duration

Minimum Firing Duration

i

variable

2.5 seconds

19 ms
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Scaling of the DAP-Steering interface is complicated by the implementa-
tional expediency of lumping the Ts of the integrator and the differentiator into the
steering gain K', such that the effective scaling is inversely proportional to the DAP
sample rate, This means that, for the CSM/LM, the scaling changes at switchover,

(FLAGWRDY indicates switchover on downlink - bit 15 —1.)

* *
* x The three standard matrix transformations are SMI:RIB, REE‘SMMAT,

and N. (N is given in Fig. 3. 3.18.) The sines and cosines for N and SMNB are
updated every second by the routine QUICTRIG, which is called by P40 (CLOCKJOB).

A limiter, set for limiting the output at 45 deg , or 1/8 revolution,
operates on each body-axis error integrator. The limiter is of the analog-feedback
type: the input to the integrator is nulled when the output is at the limit., The pur-
pose of the limiter is to assist scaling of the DAP filters,

Initial conditions are required by the pitch and yaw differentiators and
integrators. The subroutine DAPINIT, called one sample period before the first
pass through the DAP, reads the CDUs for the initial values of CDU-past for the
diiferentiators. Initial conditions for the integrators are arbitrarily set to zero.
This means that initial attitude errors do not affect the DAPs directly, but only
through the outer steering loop.

3.3.7.2 Qutput Interface

The D/ A sections both of the IMU and the OPTICS CDUs are involved in
TVCDAP output: the IMU CDUs digplay attitude -error signals on the FDAI needles,
and the OPTICS CDUs generate the analog signals that drive the SPS gimbal actua-
tors.

3.3.7.2,1 FDAI Needle Displays. -- Pitch and yaw body-attitude errors
are displayed on the pitch and yaw needles; outer-gimbal -angle (OGA)error is dis-

played on the roll needle. The signal pickoffs are shown in Fig, 3. 3. 19. Each of
the DAP variables (AK = - OGAERROR, AK1 = PERRB, and AK2 = YERRB) are
scaled at the normal CDU scaling (full register = 180 deg ). All three variables
are FLY-TO errors, positive in the sense;

Error = Commanded Attitude - Measured Attitude,
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Fig.3.3.18 CDU Rates to Body Rates Transformation
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Processing of the AK signals is handled by the subroutine NEEDLER
associated with the RCS DAP. Basic functions of this subroutine include preparing
the IMU error counters (initialization and enablement), scaling the AKs for full-
scale needle deflection of 16-7/8 deg , generating incremental commands, and

releasing the pulse trains to the counters. These operations are shown schematically
in Fig, 3. 3. 20,

Display is effected by a special initialization call to NEEDLER, fol-
lowed by calls from TVCEXECUTIVE every 1/2 second, The DAPs compute values
for PERRB and YERRB every 40 (or 80) ms and update AK1 and AK2 with the new
values, NEEDLER is called only once every 1/2 second, however, and the needle
updates are made with the then-current AKs.

3.3.7. 2.2 Actuator Commands via the Optics CDUs, -- The D/ A por-
tions of the OPTICS shaft-and-trunnion CDUs generate the dc-analog signals that

drive the pitch and yaw SPS gimbal actuators in response to the AGC -generated
actuator commands PCMD and YCMD, Figure 3.3. 21 is a schematic diagram of
the actuator-command generation, within the AGC, and of the generation, by the
CDU, of the analog signals to drive the actuators. Note that the AGC output con-

sists of incremental changes in command:

APCMD = PCMD - z * PCMD.

These increments are stored into the AGC output-counter registers TVCPITCH and
TVCYAW. When the 3200-pps pulse trains are released, the error counter accumu-
lates (sums)them and the associated D/A ladder and demodulator transforms them
into the proportional signal that drives the actuator amplifiers,

Scaling for the AGC command registers is set by the CDU interface,where,
nominally, one bit represents 85. 41 arc-seconds of engine deflection. Derived from this

ratio is the more common actuator scaling revolution (ASCREV):

85. 41 X 16384

1ASCREV = %

= 1. 0797511 rev/(full register).
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DAP output scaling is expressed in terms of 1ASCREYV, e. g.,

PCMD = i xermmy

This results in scaling such that one bit represents 0, 0237 degree,

To drive the gimbal servos, the CDU must be in the thrust-vector-
control mode. To initiate this mode, the SC CONT switch on the main control
panel must be set to the CMC position., This generates the GN&C autopilot-control
discrete and sets up the actuator amplifier to receive voltages from the OPTICS
CDU. In the CDU, the discrete arms, but does not energize, the thrust-vector-
control relays. The TVC ENABLE discrete from the computer to the CDU ener-
gizes these relays, thereby switching on the de-error signals to drive the actuator
amplifiers, The computer must also send the OPTICS, ERROR COUNTER ENABLE
discrete that enables the error counter to track the command increments received
by the CDU. These increments are released from TVCPITCH and TVCYAW by
setting the OPTICS ACTIVITY bits.

Preparation of the CDU (activating these discretes subject to certain
timing constraints) is normally handled by the Gimbal Drive Test andfor Trim
Program 5S40, 6, Restarts reset all channels, thus disabling TVC ENABLE,
Optics moding must be quickly re-established in order that the engine-gimbal
actuators will continue to function. The TVC restart package performs the tasks

needed to continue with DAP operaiions.

3.3.8 Restart Protection of the TVC DAP

In the event of a computer restart during an SPS burn, the most im-
portant requirement from the point of view of TVC DAP operation is to re-establish
the D/A interface hetween the DAPs and the engine-gimbal servos. This must be
done quickly because a restart deactivates the OPTICS ERROR counters and resets
TVC ENABLE, This action drives the engine servos to their electrical-null posi-
tions, since the driving voltage drops to zero. Depending on the flight condition,
the electrical-null positions could be several degrees off the desired engine-trim
positions. Therefore, nulling the engines could result in a large transient moment

of the vehicle. To minimize this transient, the output-error counters for pitch and
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yaw are reset to their previous values as soon as the D/A interface is reactivated,
Commands go to the servos even before the DAP computation resumes. These tasks
are performed by the TVC restart package {(REDOTVC).

In addition to re-establishing the Df A interface, restart protection must
be provided against the loss of information in the working registers (A, L, 7, Q): counters
integrators, and computations involving past values of quantities must all be pro-
tected. This is accomplished by storing the quantities in temporary locations as
they are computed. The temporary locations are then copied into the permanent
locations during copy cycles that follow the computation sections. Accordingly,
the DAP logic includes several copy cycles, each following a major computation
section. Should a restart occur during a copy cycle, the copy cycle iz repeated.
Should restart occur during a computation period, the restart logic determines
whether to recompute only the computation section or to repeat the entire DAP

cycle.

Restarts also affect guidance equations and AGC executive routines
that must be re-established. This means that there will be some delay before the
DAPs can resume their operations. Simulation tests have shown a delay of = 0, 1
second between restart initiation and the re-establishment of the D/ A interface
with the previous actuator-command values, Another DAP sample period (40 or
80 ms) elapses(for re-establishing CDU rates) before the DAPs generate further
incremental commands. The effeci, however, of this transient on the vehicle
attitude is negligible,

Restart of the guidance loop and TVCEXECUTIVE routines is mechanized
through the standard AGC restart mechanism, The complexity of the regtart pro-
tection of the TVC DAPs themselves is such that a special TVC restart package is
reguired, REDOTVC, called from the standard AGC restart routine, reactivates
the TVC DAP interfaces, determines where in the TVC DAP coding the TVC DAP
computations may be safely restarted, and finally restarts the TVC DAP computa-
tions at the appropriate time,

3.3.9 Stroke Test

A siroke test is implemented in the program in order to determine the
dynamic properties of the CSM/LM vehicle, The test consists of "wagging' the
SPS engine back and forth in a specified triangular waveform (Fig, 3. 3. 22) that

3.3-bH2



£6-£°¢

AMPLITUDE (RADIANS)

*0.02

0.01+

~0.01 -

* Peak value for ESTROKER = 5

| | ] |

2 3 4 5 6
TIME (SECONDS)

Fig. 3.3.22 Stroke-test Signal for CSM/LM MOD-80

(A A Al T A A I I I Y T Y Y Y Y Y YIY Y




involves four frequencies and lasts about 7 seconds. This engine motion, which is
in the pitch plane only , puts energy into the vehicle in a particular frequence range
in order that bending modes in that range will be excited. Then, by analyzing the
telemetry data on vehicle motion, the actial bending frequencies can be determined
very closely. From these data, bode plots of the airframe transfer function can

also be constructed in the frequency range where adequate excitation occurs,

The stroke test is called by the asironaut via Verb 68, The call starts a
procedure that initializes the required erasable locations, If the DAP were operat-
ing in the low-bandwidth (80 ms) mode, the test would begin immediately; if the
DAP were still in the high-bandwidth (40 ms) mode, the test would be enabled but

would not begin until 4 seconds after switchover to the low-bandwidth mode.

To obtain the desired engine motion, the stroking-command signal is
added to the PITCH DAP command signal every 20 ms, or four times every DAP
sample period, The waveform itself is fixed and is generated by sequentially sum-
ming pulses of the appropriate magnitude and sign. The pulses are determined by
nine words from fixed memory, One of these words specifies that there will be
four frequencies in the waveform, FEach frequency requires two words - - one to
determine the number of reference pulses per half-amplitude, the other to specify
the number of slope reversals for that particular frequency., The reference pulses
per half-amplitude are as follows:

10 for the first set,
6 for the second set,
5 for the third set,

4 for the fourth set.

The reference-pulse size is determined by the pad-loaded erasable
ESTROKER, which specifies the number of bits in the reference pulse. (For the
scaling in the COLOSSUS program, cne bit represents 0, 0237 degree, Thus, for
ESTROKER = 5, the reference pulse is 0. 1185 degree.)

In the event of a restart during a test, the test is stopped. If the test
is to be re-initiated, another Verb 68 entry is required.
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3.4 ENTRY AUTOPILOT AND MISSION CONTROL PROGRAMS

3.4.1 Atmospheric Reentry - An Overall View

The Entry programs cover the phases of spacecraft flight commencing with
the maneuver to SM-CM separation attitude and continuing until drogue chute de-
ployment. A typical trajectory for orbital reentry is illustrated in Fig. 3.4.1a. A
lunar trajectory appears in Fig. 3.4.1b. The trajectory is broken into segments,
each identified by a Mission Program number from P61 through P67*%. From the
standpoint of the Entry DAP, trajectory portions above the 0.05 g contour are ser-
viced by the extra-atmospheric mode of DAP operation, and those below by the
atmospheric mode of DAP operation, The contour is sensed by Entry Guidance
which clears the switch . 05GSW to zero if above the contour, and sets . 05GSW
to one if below, In the atmospheric mode, the DAP performs rolling maneuvers
such that the CM rolls about the vector direction of velocity relative to air mass
by causing yaw rate to be coordinated with roll rate. (See also Entry Guidance,

Section 5, this document.}

A brief summary of the P60's follows:

P61 The CM is maneuvered to the SM-CM separation attitude, DSKY dis-

play provides information to initialize the Entry Monitor System (EMS).

P62 Crew performs CM-SM separation. DAP establishes attitude hold
after separation until crew specifies initial Entry roll attitude. DAP
initiates and performs maneuver to bring CM into Entry trim attitude

with respect to relative velocity vector.

P63 Initialize Entry Guidance. DAP maintains Entry attitude. Await
onset of 0,05 g,

P64 Entry Guidance performs initial steering to reduce lateral range
and may perform constant drag conirol. DAP follows roll commands
issued by Entry Guidance and performs coordinated rolling with
rate damping. Await onset of 0.2 g, If velocity is less than
27,000 ft/sec when 0.2 g occurs, P67 is entered. Otherwise, estab-
lish  the up-control reference trajectory.

P65 When constant-drag control has reduced the predicted range to within
25 n.mi. of the desired range, the up-phase is entered, and Entry
Guidance steers along a self- generated reference trajectory to a

controlled skipout condition, DAP follows roll commands issued by

*The P60 mission-control programs and the Entry Guidance programs described in
paragraphs 3. 4.1 through 3. 4. 3 are included for information only. They provide the
reader with a convenient linkage between the DAP (GSOP Section 3 ), Entry Guidance
(GSOP Section 5 ), and the P60 mission-control programs (GSOP Section 4 ). The
control documents for the non-DAP functions are GSOP Sections 4 and 5.
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Entry Guidance and performs coordinated rolling with rate damping.
If, however, attitude rate is negative and if velocity is low enough,

P67 is entered.

P66 When drag acceleration has become less than Q7 ft,’secz, the ballistic
phase of steering is entered and Entry Guidance ceases to generate
new commands (RC). When drag level becomes less than 0. 05 g,
Entry DAP changes to three-axis attitude control in order to keep the
CM in the attitude of trimmed flight with respect to the relative
velocity vector. Also, RC is set to zero to command full 1ift up,
providing a horizon check. When 0. 05¢g is exceeded, Entry DAP
resumes rate damping in pitch and yaw. The end of the bhallistic
phase occurs when drag exceeds Q7 + 0.5 ft,"sec2 (approximately
0.2 g).

P67 Entry Guidance generates steering commands RC to fly the final
phase reference trajectory to target. DAP follows roll commands
as issued and performs coordinated rolling with rate damping.
Entry Guidance ceases steering when the relative velocity < 1000 ft/sec.
DAP maintains roll attitude hold and rate damping until P67 is

terminated by crew.

The portion of reentry of interest to the Entry DAP begins with SM-CM
separation (P62}, Adequate clearance between CM and SM is needed before initiating
the CM reorientation maneuver. In the interval while clearance is being established,.
the CMC Mode switch on the instrument panel should be moved to FREE to prevent
the RCS DAP, whose software is still active, from firing the CM thrusters or else
re-contact may result. After the interval, the Entry conditions are established as
commanded attitude angles: roll attitude as was specified by keyboard entry, zero
yaw, and trim angle of attack. The extra-atmospheric DAP maneuvers to satisfy
these conditions and holds the attitude obtained. Afier the 0.05 g contour is en-
countered (P63), the atmospheric DAP takes control; it follows roll commands issued
by Entry Guidance, discussed in the following paragraph, and performs coordinated

turns with rate damping.

Return to earth at a specified landing peint is achieved by Entry Guidance,
utilizing atmospheric aerodynamic lift. The transition from extra-atmospheric
control to atmospheric control is signified when Entry Guidance senses that the
acceleration has exceeded 0.05 g and sets the switch, .05GSW, The guidance
equations determine proper orientation of the lift vector relative to the trajectory

plane as the means of control in achieving the desired landing point. The component
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of lift in the plane of the relative velocity and the position vector controls the down=-
range flight. Cross range is controlled by the out-of-plane component of lift. By
rolling the CM about the velocity vector, orientation of the lift vector is achieved
such that the desired in-plane component obtains. The cut-of-plane component of
lift causes lateral drift of the vehicle, This sidewise motion is used for plane
changing, if any is needed, Otherwise lateral drift is an unwanted by-product of
the steering, and is constrained by causing the CM to roll so as to reverse the sign
of the out-of-plane component of lift. Since the in-plane component is the fundamental
controlled quantity, it is important that its sign be unchanged during lateral
reversals or switchings. In effect this demands that the CM roll predominantly
through the smaller of the two possible angles at lateral swiiching time. In certain
critical cases, Entry Guidance insists on rolling over the top without regard for
the éngle size, and the switch LATSW is set to inform the roll DAP, Thus Entry
Guidance provides a single output quantity, commanded roll angle RC, to be .
achieved by the CM. This oytput quantity is supplemenfed by two switch settings:
that of LATSW and of . 05GSW.

Within the atmosphere the CM is aerodynamically stable, a property that
simplifies the autopilot design. In pitch and yaw, since stability is no problem,
simple rate dampers are used. Furthermore, aerodynamic forces are utilized to
do most of the work during a coordinated roll. The vehicle roll attitude in response
to applied roll RCS torque can be represented adequately by considering only the
torque due to moment of inertia, Damping and cross-coupling torques are negligible.

Therefore, a simple predictive autopilot utilizing the phase plane is used.
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TABLE 3. 4-1 OUTLINE OF ENTRY EVENTS

EVENT

CONTROLLING ACTION

DAP FUNCTION

Separation

Load RC'BC' QC

with R, 3, &,
Load RH with R

3-axis ,Attitude Hold

Establish

Entry condition

Set R ¢ Specified By Key
Board
{used as roll command

except as noted)
3 =0
C

¥ = a, (expected
C t .
trim)

Ial > 135
Roll Damping using p,
Attitude Control in 3, o

using r, q,

45 <« Ial < 135

Attitude Control in R, B8, o

using r,p, q. (Use Pq for roll command

Ia[ < 45
Attitude Control in R,8 .0

using p,r,q.

D> .05g

RC given By
Entry Guidance

Attitude Control in R,
q, r Damping {conord, }.

V < 1000 ft/s

RC Remains Constant

Attitude Control in R.
g, r Damping (coord.) .

Drogue

DSKY Response

Disable DAP
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TABLE 3.4-1 OUTLINE OF ENTRY EVENTS

EVENT

CONTROLLING ACTION

1A

DAP FUNCTION

Separation

Load Rc'Bc' @,

with R, 3, «,
Load RH with R

3-axis ,Attitude Hold

Establish
Entry condition

Specified By Key
Board

(used as roll command
except as noted)

B =0

(o4

Set R :
c

|a| > 135

Roll Damping using p,

L.oad R into RH'

Attitude Control in 3, «
usging r, q,

v = a, (expected
c t .
trim}

{Unless specified,

45 < Ial < 135
Attitude Control in R, B, o

using r,p, q. (Use Ry for roll command)

use Rc for roll

command, } |a| < 45
Attitude Control in R,B ,a
using p,r, q.
If in roll deadzone: RH - RC I

D> _05g

Rc given By
Entry Guidance

Attitude Control in R.
g, r Damping (enord. ).

V < 1000 ft/s

Rc Remains Constant

Attitude Contrnl in R.
q, r Damping (coord.) .

Drogue

DSKY Response

Disable DAP

™ 1D orwrl e o
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3.4.2 Reentry - System Point of View
The present section is intended to provide an overall view of the system of

Entry programs. Portions having to do with initialization and sequencing will be

discussed in detail; autopilot operation is deferred until later.

The Entry autopilots are designed to perform automatically all maneuvers for
all phases of Entry flight starting with positioning the CM in the Entry attitude and
continuing until drogue chute deployment. Such capability requires several modes
of operation. These modes are illustrated schematically in the block diagram in
Fig. 3.4.2 where the two basic modes are atmospheric and extra~-atmospheric,

In the extra-atmospheric mode, the CM has three-axis attitude control based on

the Euler set R, 3, ¢ (defined in Fig. 3.4.13). The commanded values of the
attitude angles (RC, .BC, Crc) correspond either to those for attitude hold or to those
required te bring the CM into trim with respect to the velocity vector measured
relative to the atmosphere., FEach of the errors associated with the Euler angles

is assigned to the body axis that exerts the most effective control. The atmospheric
mode is selected whenever atmospheric drag exceeds 0. 05 g, Attitude control in
roll R is maintained using the p-jet axis while the g- and r-jet axes are used for

pitch and yaw dampers., The yaw damper also enforces a coordinated roll maneuver,

The basic steering cycle is done every two seconds and is described using

the atmospheric mode as the example.

The cycle begins with Navigation. Integrating accelerometers (PIPAS) pro-
vide the velocity increments which are used by AVERAGEG to update the state
vector. New body attitude angles are computed by CM/POSE and the cycle ends
with Entry Guidance providing a new roll command RC. The roll digital autopilot
also operates on a two-second basis. It uses this command, together with present
estimate of body rate and attitude angle which are provided each 0.1 sec., to con-
trol the CM over a two-second interval. Concurrently, the pitch and yaw dampers

“operate each 0.1 second. The effect of the jet thrusters on the CM is reflected by
the IMU, thus closing the control loop. The same general cyclic behavior applies

to the extra-atmospheric mode,

Timing is important in the description of measurement, steering and control.
A simplified timing diagram for the Entry DAP is given in ¥Fig. 3.4.3. The column
headed STEERING is executed every two seconds. Program READACCS (Fig, 3.4.16)
reads the PIPA's and, during Entry, saves quantities to allow program CM/POSE
(Fig. 3.4.17) to update the attitude angles. READACCS initiates a delayed task SETJTAG
{(Fig. 3.4.27) to call the roll DAP CM/RCS (Fig. 3. 4. 34), and also initiates the navi-
gation program AVERAGEG {GSOP, Sec. 5) to update the state vector. AVERAGEG
exits directly to CM/POSE which calculates a fresh set of CM body attitude angles,
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Fig. 3.4.3 Timing Diagram For Entry DAP.
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corrected for time lapse since READACCS. CM/POSE has a variable exit that
contains an appropriate address in the Entry Guidance program. The Entry calcu-
lations establish a new commanded roll angle Rc‘ and also two switch settings used
by the DAP. Entry Guidance ends each cycle with the current Entry DSKY display,
a display that changes with the internal Entry mode. The resulting roll command.
RC is valid back at PIPA read time; however, to maintain uniform timing of the
roll DAP {CM/RCS) and to allow time for computation, examination of Rc by the
DAP is delayed by about one second. The roll DAP operates every two seconds
but is initiated in sync with the faster DAPS,

The column headed CONTROL is executed each 0.1 second. The initial
calculations measure the control variables, Program READGYMB (Fig. 3. 4. 28)
reads the CDU's and continues to calculate CM body rates and body attitude rates,
The body attitude angles are integrated between the CM/POSE two second updates.
Depending on the setting of , 056GSW, g-and r-damping are done or else the appropriate
attitude control is done. This may be either two- or three-axis control; the choice
depends onthe magnitude of @ as is discussed in a later section. Following this,

a switch is interrogated to see if the two-second roll DAP CM/RCS is to be executed
on this pass. If not, it is omitted. The roll DAP uses RC to predict the jet firing
policy for the two seconds until a fresh R is available. The jet firing policy exists

in the form of time intervals asscociated with particular p-jet thrusters, The
CONTROL cycle ends by either updating the FDAI attitude error needles or by

saving the current CM body rates in a list for telemetering. The additional CONTROL
function of processing the roll-jet firing policy is done on an irregular bagis. The
Program JETCALL {Fig, 3. 4. 33) may be entered up to three times in a 2-second
interval to enforce the jet firing policy.

3.4,3 Reentry -Mission Oriented View

The present section will cover in detail the Mission Control program inter-
action with the Entry DAP from the point of view of program operation, but not of
program content. This includes topics such as start-up and shut-down sequences.
For complete Mission Control Program description of the P60's, see Section 4 of
this GSOP,

Program PB61's primary function is the display of data to the crew for initial-
izing the Entry Monitor System (EMS) and is therefore omitted here, (See GSOF
Section 4. )} The only DAP-related operation in P61 ig to get HEADSUP o -1 to
specify lift-up attitude at the beginning of entry. The crew has the option in display

noun N61 to change this specification,
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ATTACH CM/POSE TO END OF AVERAGEG

P62 ] MANEUVER FROM SEPARATION
*I ATTITUDE TO ENTRY ATTITUDE

START AVERAGEG NAVIGATION, II"f DORMANT.
TEST IMU ALIGNMENT. {(For N2

SET: posEXIT TO CALCULATE DESIRED ENTRY GIMBAL
ANGLES (WITHOUT DISPLAY)

CALL CM/DAPIC:

_ CALCULATION

SET: A VEGEXIT TO CM/PQSE’

- I ~

DISPLAY: REQUEST CREW TO PERFORM SEPARATION

.
-
+

2

display on call)

INITIALIZE ENTRY DAP FLAGS AND START UP BODY RATE (See

Fig. 3.4.6)

RESPONSE: CREW INDICATES THAT SEPARATION HAS OCCUR

RED

CALL CM/DAPON:
+ DISABLE RCS DAP & QUENCH THRUSTER S, IF ON
+ DELAY UNTIL INITIAL CM/POSE UPDATE HAS

OCCURRED
* INITIALIZE ENTRY DAP TO PERFORM ATTITUDE HOLD

« INITIALIZE FDAI NEEDLE DISPLAY
+ ACTIVATE ENTRY DAP, PREVENT FURTHER V3T's

{See
Fig.3.4.7)

DISPLAY N61: TARGET COORDINATES FOR CREW VERIFICATI
LAT(SFL} , LNG(SPL) , HEADSUP

§

RESPONSE: CREW CHANGES AND/OR ACCEPTS DISPLAY

y

« CEASE ATTITUDE HOLD

* START MANEUVER TO ENTRY ATTITUDE {TRIMMED
FLIGHT W/R RELATIVE VELOCITY VECTOR):

IF HEADSUP = +1, RC = 180 (LIFT DOWN)
IF HEADSUP = -1, Rp = 0 (LIFT UP)
« SET:
@, = ay Be = 0

{ CONTINUE )

Fig. 3.4.4 Events in Mission Control Program.
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P62

Continued

=

REMOVE INTERLOCK PERMITTING EXDAP TO TERMINATE
P62 AND START P83 AT APPROPRIATE TIME:

PB3IFLAG = +1

v

SET FLAG: ENTRYDSP PERMITTING TWO-SECOND UPDATING
OF DESIRED CDU ANGLES FOR DSKY DISPLAY (N22)

T

Yes

(IS CMDAPMOD = + 0

]

iNo

EXIT: AND AWAIT WAKE P62
TO TERMINATE P62

TERMINATION CRITERION
FOR P62 IS ALREADY
SATISFIED:

GO TO P&3

TERMINATE P62

v

START UP PARALLEL
JOB: P63

P63

BLANK DSKY, TO:

¢ DISABLE N22 DESIRED GIMBAL DISPLAY, IF ON,
* OMIT DISPLAY DURING ENTRY INITIALIZATION PASS.

ESTABLISH ENTRY INITIALIZATION. START UP DISPLAY:

SET: POSEXIT  TO STARTENT
¥
ESTABLISH N64 DISPLAY TO COMMENCE WITH | N64: D
THE PASS FOLLOWING INITIALIZ ATION. VMAG
RANGE

SET P63FLAG TO -1

PREVENT P63 FROM BEING CALLED OUT
OF SEQUENCE DURING A KEPLER SKIP BY 3-AXIS DAF:

EXIT

Fig. 3.4.5 Transition from Program P62 to P83,
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Program P62 is outlined in Fig. 3.4.4 and Fig. 3.4.5. P62 can be entered
directly from P61, or by way of the DSKY. In the eveni of the latter, AVERAGEG
will be inactive; a short delay occurs before it is activated, while the state vector is
brought up to date. The IMU alignment is checked and an alarm code is displayed
on the DSKY either if

a. the IMU is reversed, yielding a reversed rotation for the FDAI ball, or

b. the IMU is more than 30° away from normal (or reversed) alignment.
Program CM/POSE (Fig. 3.4. 17) will be activated shortly so its exit address
must be set, Initially CM/POSE is caused to calculate desired (trim attitude) CDU
angles for N22 display on call before exiting via the standard Entry Guidance logic
that maintains restart protection. Next, the Entry DAP is initialized by calling
CM/DAPIC, Fig. 3.4.6. The basic DAP program READGYMB, Fig. 3.4.28, is
started up in sync with READACCS, Fig. 3.4. 16, but delayed by half an autopilot
update period, or 0.05 sec. This distributes the load on the T3 clock in order to
avoid the stacking of interrupt tasks. Once started, READGYMB is self-perpetuating
until disabled on finding the switch CM/DSTBY is zero. CM/DAPIC also initializes
the following DAP switch bits to zero:

GAMDIFSW, GYMDIFSW first pass indicators
CMDAPARM indicates DAP not armed
. 05GSW above . 05 g contour

Two switches gre set to one:

LATSW no roll over top demanded
CM/DSTBY indicates DAP is active

Somte computational quantities are zeroed here and restart protection provided.

Several jobs and tasks operate in parallel with P62. Those affected by
CM/DAPIC are described here.

READGYMB - The basic Entry DAP cycle is initiated each 0.1 sec by
READGYMB, Fig, 3.4.28. If the CDU's are not in fine align, the program re-
initializes itself to an initial-pass status and exits. Otherwise, it reads the CDU's
and forms gimbal angle differences. If CM/DSTBY = 1, the program continues on
to test whether this is a first pass or not. If so, certain DAP variables are initialized
and the program exits, Otherwise, computation continues at BODYRATE, Fig. 3.4.29,
to calculate the CM body rates. I CMDAPARM = 0, the DAP cycle is terminated,
Thus, CM/DAPIC starts the Entry DAP going and allows it to maintain a measure of
CM body rates,

The entire Entry DAP operates in interrupt: the initial portion just described
operates from the T3 clock and all subsequent calculations will be done from the T5
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| CM/DAPIC | Called by P62

‘o

TEM = TIMEl - PIPTIME PIPTIME - PIPA READ TIME
(OVERFLOW CORRECTED) t - DAP SAMPLE TIME
TEM = TEM - /2 1= 0.1 Sec.
Y T

No | TEM = TEM - |
[
— S ——— A
SAVE - TEM FOR RESTART ... | ENTRY DAP OPERATES
IN SYNCH WITH PIPA
??%EHTSE%%—%%%—M N UPDATES BUT DELAYED
L l | BY*?t/2 Sec.
CLEAR DAP FLAGS: FIRST PASS INDICATORS;
ACTIVITY SWITCH,
GAMDIFSW GYMDIFSW .05G SWITCH
CMDAPARM (05GSW B
l SET STANDBY FLAG TO
SET DAP FLAGS: ACTIVATE DAP.
LATSW CM/DSTBY INITIALIZE LATSWFOR
‘ SHORTEST PATH
SW/NDX IS A COMBINED
INITIALIZE: ALTERNATION SWITCH AND
3=-0 INDEX USED IN FDAI
_ DISPLAY AND p,q,r
SW/NDX =1 TM LIST.

| RESTART PROTECT |

Fig. 3.4.6 Entry Digital Autopilot Initialization.
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clock, This division is chosen so that the T3 calculation utilizes about 7. 5 milli-
seconds. The 10-ms window between the ending of T3 portion and the start of the
TS portion allows any waiting interrupts to be processed. In particular, it assures

servicing of down-rupts.

READACCS - The secondary DAP cycle operates on the two-second basis
established by READACCS, Fig. 3.4.16, and consists of
a. generation of body attitude angles by CM/POSE, (Fig. 3.4.17)
b. generation of roll command Rc by Entry Guidance, (Section 5)
c. generation of p-axis jet commands by the predictive roll DAP, CM/RCS,
{Fig. 3.4, 34)

Items {a) and (b} operate in cascade with READACCS and AVERAGEG as already
pointed out. Item (c) is triggered by READACCS.

When READACCS [linds CM/DSTBY = 1, it performs several functions
pertinent to the Entry- DAP. Attitude and gimbal angles are saved so that CM/POSE
is able to update body attitude angles and correct for computation time loss. A DAP
restart protection function is performed. The sync of the predictive roll DAP,
CM/RCS,tothe READACCS cycleis effected by causing a flag to be set after about

a 1-second delay. (The exact value depends on CMC timing; for COLOSSUS 1, (Rev 237),

1.2 sec is used. }

Returning Lo P62 in Fig. 3. 4.4, the variable address AVEGEXIT of
AVERAGEG is set to continue at CM/POSE. The exit for CM/POSE has been
established already.

In digression, consider the operating situation before the AVEGEXIT above
is set. If READACCS falls due while P62 is being performed, then READACCS
will interrupt and be performed. If CM/DSTBY is non-zero, then certain quantities
relating to Entry DAP are established. READACCS then proceeds to establish the
execution of AVERAGEG at a higher priority than that of PB2. Thus AVERAGEG
will go to completion before P62 is resumed. Since we assumed AVEGEXIT was
not yet changed, CM/POSE is omitted. However, P62 on resuming will change
AVEGEXIT so that all subsequent updates of AVERAGEG will continue on to
CM/POSE,

Returning once again to P62, the crew is requested via DSKY to perform
SM-CM separation. The program flow will halt here until the crew responds with
PROCEED. The purpose of the hold is to allow the crew full control over separa-
tion: when it is to be performed and when it is judged to be completed. Regarding
DAP operation, it is noted here that even though the Entry DAP has been started up,
it is in a stand-by condition. Prior to separation the RCS DAP is active., At
separation the CMC Mode switch should be put at FREE to disable the RCS jet
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firings before activating the CM Entry fuel system. Otherwise the RCS DAP can
fire the CM jet thrusters because, even though separation has occurred, the RCS
DAP software remains active until after the crew has responded with PROCEED.,

Receipt of PROCEED by P62 causes CM/DAPON, Fig, 3.4.7, to be called,
There, the RCS DAP is disabled and the jet channels zerced. The program must
idle until the first-pass flag GAMDIFSW = 1, indicating that CM/POSE has done at
least one update and that valid body attitude angles exist. Normally GAMDIFSW
will be non-zero by this time. An interlock flag for terminating P62 is established,
The DAP is made to do aititude hold by loading the attitude commands with the
present attitude angles. CMDAPARM switch is set to 1. This allows the Entry
DAP to continue beyond updating CM body rates and to go to completion. Since T5
was being used by the RCS5 DAP, it was not possible before now to update the
attitude rates and angles. As a result the attitude angles will be slightly inaccurate
until the next CM/POSE update,

When CM/DAPON is over, the program returns to P62 to do the DSKY
display of target coordinates and initial roll angle for crew verification or change,
Upon receipt of PROCEED the DAP is caused to cease doing attitude hold and to
commence the maneuver to Entry attitude, defined by: initial roll angle as specified,
zero beta, and the trim value of o. The interlock flag is removed to permit termina-
tion of P82. This flag was required to prevent premature termination of P 62 as a
result of manual maneuvering. The entry display flag is set, allowing the computation
of desired CDU angles to be displayed on the DSKY each 2 seconds. The display

is done by the normal Entry Guidance exit display.

The termination criterion for P62 depends on estimating the end of the
maneuver to entry attitude. If at this point in P62 the DAP mode indicator
CMDAPMOD shows that the Entry DAP has already left the mode where the estimate
is made, then P62 will go directly to P63. If, on the other hand, the maneuver to
Entry attitude is in progress, then P62 effectively goes to sleep until the termination
criterion is satisfied, The criterion for terminating P62 is based on the state of
completion of the Entry attitude maneuver: when o becomes less in magnitude
than 45°, the time required by the CM to reach trim o is estimated using an average
pitch rate, When this time has elapsed the task WA‘KEP62, Fig, 3.4.5, is initiated
to terminate P62 and start up P63, Fig., 3.4.5. It is possible in rare circumstances
for P63 to be started up twice,..by a restart, for example. However, the second
pass through P63 is harmless.

The functions that P63 performs are to establish the variable verb-noun code
for the Entry Guidance DSKY display, and to cause CM/PGOSE to exit directly to
STARTENT in Entry Guidance and to prevent P83 from being called out of sequence.
As is seen in Fig. 3.4.8, STARTENT initializes the Entry steering equations. It
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CM/DAPON ] CALLED BY P§2

e DISABLE RCS DAP AND ITS RESTARTABILITY
¢ TURN OFF JET THRUSTERS, IF ON.
¢ SET FLAGS USED BY V 46, V 48 TO "NO DAP"
CONFIGURATION. (VERRBS 46 & 48 ARE NOT
APPLICABLE DURING ENTRY PROGRAMS
I'62 - P67 AND SHOULD NOT BE USED).

|

TEST WHETHER CM/POSE FIRST PASS
HAS OCCURRED:
IS GAMDIFSW NON-ZERO

YES Nol
| WAIT .5 sEc. |

INITIALIZE:

¢ PREVENT STARTING P 63 BEFORE DSKY
VERIFICATION OF HEADS UP IN P8&2:
P63 FLAG = -1

* SET FLAG TO INITIALIZE FDAI NEEDLE
DISPLAY AT NEXT UPDATE.

¢ CLEAR CM/RCS FLAG. (HAS BEEN BEING
SET BY CM/POSE INITIALIZATION IN READACCS):

JETAG =0
* INITIALIZE DAP FOR ATTITUDE HOLD:
Re = R Ry =R |
o, a B. =B

* SET DAF ARM FLAG: CMDAPARM =1
* SET FLAG TO PREVENT FURTHER VERB 37's

( RETURN )

Fig. 3.4.7 Entry DAP Starting Sequence.
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INTERACTION BETWEEN ENTRY GUIDANCE AND ENTRY :DAP
{Refer to Section 5 for Entry Guidance)

Event Action

e Initialize Fntry. Includes the Switches:
STARTENT LATSW 1

L05GSW 0
e At End of Pass, Set:

Made to INITROLL
POSEXIT to TARGETING

it

* Preamble to Entry Guidance, entered once each pass.
When Drag Acceleration exceeds 0.05 g's, set ,05GSW =1;

w otherwise, set = 0.
INITROLL ¢ Initial Phase of Entry.
KEPLER ¢ Ballistic Phase of Entry.

¢ When D > C20, Enforce Roll Over Top. Set:
NEGTEST LATSW = 0

® Roll DAP will Reset LATSWEach Update

¢ When V < 1000 ft/sec, Stop Steering,
PREDICT 3 e Start Up Parallel Job P67 .1

Set: Meodeto P 67 .2

® Calculate Present Latitude, Longitude for
P67, 2 Display in P67 .1
® Exit without Doing Entry Display

¢ Program to terminate computation eycle that
SERVEXIT began with READACCS.

Fig. 3.4.8 Milestones in Reentry Steering,
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also sets the internal Entry mode selector to INITROL and POSEXIT to TARGETING,
Thus CM/POSE will go directly to TARGETING, the common preamble for all
phases of Entry Guidance. As described in Section 5 of this GSOP, the various Entry
phases are chosen based on Mode, Note that the entry display is omitted during
STARTENT; this is because the range-to-go display is grass. (Two {o three Hera-

tions yield convergence, )

A summary of Entry Guidance actions that affect the DAP operation is
given in Fig. 3.4.8. As indicated, the switch ,05GSW is established in TARGETING,
Generally, it will change during INITROLL and KEPLER phases causing the DAP mode
to be atmospheric or extra-atmospheric., NEGTEST decides when the vehicle
should roll over the top and clears LATSW accordingly, PREDICT3 senses when the
relative velocity becomes less than 1000 fi/sec and terminates steering, When this
occurs, the DAP maintains attitude hold using the more recent value of Rc' The
steering calculations are replaced by a calculation of present latitude and longitude
(P67.2) which are to be displayed in a parallel job of lower priority, P67.1,
Fig. 3.4.9. The terminal phase of Entry consists of attitude hold in roll to Rc’ and
rate damping in pitch and yaw., During descent, as shown in P67.1, the crew can
monitor the flashing display: range to target, present latitude and longitude. This
phase is terminated at crew option, but can last until drogue chute deployment.
Crew response is PROCEED (TERMINATE is equivalent). On receipt of PROCEED,
Entry Guidance is disabled by removing CM/POSE from the "go to" address of
AVERAGEG. The Entry DAP is disabled by clearing the flag CM/DSTBY. The
clearing of GYMDIFSW is optional. The computer idle routine RO0O0 is entered
signifying termination of the Entry Guidance phase.

The actual de-activation of the Entry DAP Software is delayed until the switch
CM/DSTBY is examined at the next regularly scheduled update, The shutdown
procedure of the DAP is completely specified by the stand-by switch. At the next
READGYMB update, if CM/DSTBY = 0, all CM jet thrusters are quenched; the
restart mechanism is disabled to clear the restart Group and to prevent restarting
the DAP; and READGYMB is not re-established in the WAITLIST. These actions
will terminate the DAP cycle. If a restart should occur before the DAP restart
mechanism were disabled, the effect would still be the same since CM/DSTBY
would be unchanged, The second use of the stand-by switch is to nullify any roll
jet activity that is pending. WAITLIST calls to JETCALL, Fig. 3.4.38, are ignored
as they fall due, and the p-axis jets are left off. The third use of CM/DSTBY is in
READACCS. Those operations performed there relating to the Entry DAP are omitted
if CM/DSTBY = 0. Thus, after receipt of PROCEED, the cyclic DAP action ceases
within 0.1 second {or 0. 2 secondif a restartoccurred) and all DAP related operations
cegse within 2 seconds,
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P67 1 ESTABLISHED BY ENTRY GUIDANCE
( =i ) WHEN VELOCITY BECOMES LESS
THAN 1000 FT/SEC,

DISPLAY: RANGE TO TARGET, LAT, LONG
CALCULATED AFRESH IN ENTRY GUIDANCE FACH 2 SEC.

(TR

RESPONSE: WHEN CREW WISHES TO TERMINATE
ENTRY PHASE AND DISABLE DAP, DO PROCEED.

® DISABLE ENTRY DAP:
SET: CM/DSTBY = 0, GYMDIFSW = 0

¢ DISABLE ENTRY STEERING:

SET: AVEGEXIT TO SERYEXIT

Fig. 3.4.9 Termination of Entry Control {P60s)
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3.4.4 Entry Autopilot - Introduction
Interfaces
The CM interface topics will be discussed before taking up the analytic and

computational aspects of the autopilot.

Entry Digplays - The DSKY displays associated with the P60's are defined

in Section 4 of the present GSOP. In addition, the autopilot is required to provide
a display presentation to the FDAI attitude error needles as follows:

Extra Atmospheric DAP - The three attitude errors RC - R {or RH - R}, BC - 8,
and 2, 7 2 are presented each 0.2 second. The
error used by the autopilot to fire the p-jets is
displayed on the roll needle, the error used to
fire the g-jets on the pitch needle, and the error
used for the r-jets on the yaw needle, If |» >
135 deg, the roll DAP does rale damping only,

and the roll needle is zeroed every 2 sec,

Atmospheric DAP - The only presentation is roll error, corrected for
shortest angular path, on a 0., 2-second basis. The
pitch and yaw error needles are not driven and are

at null,

The maximum deflection provided by the CMC to the error needles is 67.5° for roll
(p-axis) and 16.875° for pitch and yaw (the g- and r-axes), corresponding to the full-
scale calibration 50/15.

Manual Modes for DAP - The Entry DAP operates as though it were autonormous.
The CMC Mode switch (HOLD, AUTO, FREE) is not examined. Manual takeover by
the pilot will not affect DAP operation nor its display presentation, That is, the DAP

will continue to present errors to the FDAI attitude error needles and to put out jet
discretes based on the current CM attitude and rates and the current commands, The
disabling of the DAP jet discretes is effected by hardware outside the CMC, Manual
takeover is accomplished by turning the Translation Hand Controller clockwise to bypass
the CMC. Control of the vehicle is then exercised by means of the Rotational Hand Con-
troller via the SCS backup. Whenever manual control is relinguished by releasing the
THC, the CMC will commence to direct the CM in accordance with current commands

and current attitudes and rates.

Jet Thruster Configuration - The control forces exerted on the CM are generated

by jet thrusters whose locations are shown schematically in Fig. 3.4.10. The coordi-
nate system is a body-axis triad. The accompanying table identifies the relationship
between the principal body rate produced by a given jet, the jet number, the fuel system,

the channel number, and the channel bit agsignment,

The following sections are devoted to analytical and computational description
of the autopilot.
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ROTATION

*p

+q

+PITCH

ROTATIO/N/
A

< ——HOT SPOT
+ YAW
~ ROTATION
+Z
SYSTEM A SYSTEM B
BODY RATE JET CMC BIT JET CMC BIT JOINT OCTAL
GENERATED NO. | CHAN NO. | CHAN CODE
+p 9 6 1 1 6 3 00005
- p 12 6 2 10 6 4 00012
+q ) 5 1 3 5 3 00005
- q 2 5 4 4 5 2 00012
+r 5 5 5 7 5 7 00120
-y 8 5 6 6 5 8 00240

Fig. 3.4.10 CM Thruster Schematic,
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3.4.5 Aerodynamic Attitude and Body Rate Estimation

Trajectory Triad

The Inertial Measurement Unit is the source of input data for Entry Guidance
and the autopilots, Accelerations in the form of velocity increments are provided
by the PIPA's, and the gimbal angle values are cummunicated by the CDU's, The
coordinate system used during Entry is defined in Fig. 3.4.11, During entry the
axis of symmetry of the CM is pointed backward along the trajectory and the triad
used by the autopilots is - UVA, UYA, UNA, In the figure, the body axis set UBX,

UBY, UBZ is shown for R corresponding to lift-up and for o = o {correspond-
ing to trimmed flight). The Entry angle TR is defined as the angle between the
local horizontal and the relative velocity vector. The trajectory triad is calculated
in CM/POSE, Fig. 3.4.17.

Body Triad
The body axis triad of the CM ic defined relative to the platform axis set in

Fig. 3.4.12 in terms of the three gimbal angles. When all three gimbal angles are
zero, the body set UBX, UBY, UBZ and the platform set UPX, UPY, UPZ coincide,
At other times the body set is obtained from the platform set by using the Euler

gimbal sequence: inner, middle, outer, abbreviated I, M, O, These rotations are
pictured in Fig. 3.4.12 along with the transformation equations, (I). The CM unit

body triad UBX, UBY, UBZ, expressed in platform coordinates, is computed from
equations (II), The body triad is calculated in CM/POSE, Fig. 3.4.17.

CM Body Attitude
To control the CM in attitude, a measure of attitude is needed, Certainly

the gimbal angles form an adequate set. However, the R, 3, o Euler angles of

Fig. 3.4.13 are another equally valid and in some ways a more desirable set. The
CM is to be posed relative to a velocity vector (for Entry, it is the velocity relative
to the atmosphere) and the angles R, 8 , @ are a measure of the pose assumed.
Entry Guidance will generate commanded roll angles Rc which are defined in the
same way as R. The angleso and 3 are pitch and yaw angles, becoming during
atmospheric trim the angle of attack and angle of gide slip. These angles are tra-
jectory-related and independent of platform alignment. Conputationally it makes
little difference whether CM attitude control uses a set of desired gimbal angles or
the set RB». Both are Euler sets and must be treated in some artificial way in order
to be used in the phase-plane logic based on a control (or body) axis set. The RBx

set has the advantage of providing a continual indication of trajectory-related CM
attitude information which is of general use. In addition, some simplification ac-
crues from the overlapping control requirements of the atmospheric and extra-atmos-
pheric DAP's. Briefly, this may be indicated by the attitude rate equations in Fig.
3.4. 14. In the third equation, RSB tends to be negligible under DAP influence so that

the o error and 2 are assigned to the g-axis. For 3 error and 3, p- or r-axis control is
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Fig. 3.4.11 Entry Autopilot Coordinate Triads
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I, M, O.

i

Sequence
UPX
1 0 0 CM SM 0 CI 0
0 CO S50 -SM CM 0 0
0 -80 CO 0 0 1 S1 0

Body triad expressed in platform coordinates

(CM CI, SM, - SICM)
(-COCISM +808SI, COCM, CO SI SM + SO CI)
(SO CI SM + CO SI, -S0 CM, -S0 5ISM + CO C1)

Body angular velocities

O+ 1 sM Where SM =
i CM CO + M SO
=-1 CM SO+ M CO

[}

p
9
r
Fig. 3.4.12Platform to Body Transformation
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RBa SEQUENCE

Rn-YREL PLANE

UBX Ca 0 -Sa CB 58 0 0 -UVA
UBY j=(0 1 0 -58 CgB 0 0 CR SR UYA (1)
UBZ Sa 0 Co 0 0 1 -5R CR TUNA

Fig..3.4.13 CM Body Attitude Angles - Definition
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Combine matrices in Fig. 3. 4, 13 into single matrix. Calculate
attitude angles as for CALCGA, (See Chapter 5)
Obtain body angles from

UL = Unit (- UVA x UBY)

CR = UL UNA, SR =-UL ‘UYA
58 = UVA * UBY
Ca=UL"-UBZ, Sa =- UL-UBX

For updating angles R, B, a between matrix calculation, integrate
the rate equations

CBﬁ=pCa+rSa»

B=pSa +rCa
&:q + 1:‘\'. 38

Thus

R+R+ Rr
B3 +I§'r

L]
oo +‘oT

Fig. 3.4.14 Computation of CM Body Attitude Angles
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determined by the predominant term of [é, but generally this choice can he made
based on onlyy. The remaining attitude rate R is assigned to the alternate axis,
by symmetry of the equations. Another viewpoint is that DAP influence on 3 error
and B tends to keep (;’ small. This is equivalent to a coordinated roll maneuver,

and effectively decouples the R and 3 control axes.

The CM attitude angles are defined relative to the trajectory triad -UVA,
UYA, UNA and the body triad UBX, UBY, UBZ. DBoth are expressed in platform

coordinates. The defining Euler sequence R, 3, @ is pictured in Figure 3,4 .13

along with the transformation equations (I). When all angles are zero, UBX points
away from the heat shield along -UVA, the negative relative velocity vector; UBY
lies along UYA, the normal to the trajectory plane; and UBZ lies in the trajectory
plane and points along the 1ift vector. The rondition R = 0 corresponds to positive
1ift or lift up. Rotation of the body triad by rolling about UBX (or -UVA) through
the angle R, causes the lift to have a component out of the trajectory plane. The
direction of UBZ can be called UL since it points in the direction of the lift vector.
The direction of UBY can be called YBN since for any R it points in the desired
direction for UBY, That is, it is normal to the relative velocity, lying in the
UNA, UYA plane. The second rotation is yaw about UL through the angle 3. The
last rotation is pitch about UBY through the angle o, shown negative in the picture.
The result of the final rotation is to locate the actual CM unit body triad UBX, UBY,
UBZ relative to the trajectory triad -UVA, UYA, UNA in terms of the Euler attitude

angles R, B ,¢ . The equations for calculating the angles R, 3, ¢ and also their

derivatives are summarized in Figure 3.4 .14,

For the approximations involved in mechanizing the attitude rate equations,
see the block diagram, ATTRATES, Fig, 3.4, 30.

During almost all of the Entry trajectory, the angular velocity of the
trajectory triad is negligible so that control of the CM with respect to the trajectory
triad is possible even though the body rates are measured relative to the platform
and the body attitude angles are measured relative to the trajectory triad. How-
ever, near the end of Entry, the trajectory bends down quite sharply and its
curvature can no lenger be negiected, For the DAP to continue to conirol
the CM with respect to the trajectory triad, it becomes necessary to measure both
the body rates and attitude rates relative to the trajectory triad. This is accom-
plished by noting that the triad rotation is essentially due to 7.'}3:, The equations

of Figure 3.4.14 neglected the effect of Y. By using Y. as a measure of trajecto
g E Y E J ry

triad angular velocity, the relative body rates and attitude rates are approximated
by the equations in Figure 3.4.15. Use of the relative body rates prevents the

DAP from firing jets to oppose the atmospherically generated ‘FE. A proper
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-DELAIG inner gimbal angle difference, generated each 7 second and used

in body rate calculation.

~-DELAMG middle gimbal angle difference, generated each T second and

used in body rate calculation.
DELR roll attitude increment due to f{, calculated each 7 second,

GAMDIFSW switch is zero until gamma has been calculated once in
CM/POSE, in order to assure that a valid difference can be

computed, Switch may be reset to zero more than once.

GY MDIFSW switch is zero until CDUs have been read once by READGYMB,
in order to assure that valid CDU differences exist. Switch is

1 otherwise. Switch may be reset to zero more than once.

TR angle between local horizontal and YREL; measured positive
upward,

;(E rate of change of Y+

-}Emin minimum value of 'yE for which the body rates are corrected for ';'E

HEADSUP a quantity set by the crew via DSKY to specify the roll attitude
that the CM is to assume before entering the atmosphere.

I inner gimbal angle,

I rate of change of inner gimbal angle.

JETAG a switch used to control the time sequence of CM/RCS, If
JETAG = +l, the roll DAP is updated. If JETAG = 0, DAP is
omitted.

JETCALL jet list processor, program to service the roll jets as required
by CM/RCS. Initial pass uses JETCALLI; subsequent passes

JETCALLIL via WAITLIST use JETCALL,

JETEM temporary registers used by ENTRY DAP,

JNDX two-value quantity used in CM/RCS topecify sign of the rolt
acceleration to be used during the first thrust interval,

JNDX1 two-value quantity used in CM/RCS to specify the sign of the
roll acceleration to be used during the second thrust interval,

K slope of the Control Line used in CM/RCS,

KWE the product of earth rate and earth radius used in approximating

the coriolis term in the calculation of velocity of the CM relative
to the air mass. Instead of W X R, KWE UNITW x UR is
used. KWE = (0. 729211505 X 10-‘/II rad/sec) {21210604 ft), See
Bection 5, GSOP: Entry Guidance,
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Misalignment of IMU. -- The CMC state vector is carried in basic-refcrence
coordinates, When the TMU is not exactly aligned, the CMC matrix REFSMMAT,

relating the basic-reference coordinate system to the desired stable- member coor-

dinate system, is in error since the matrix does not define the actual platform
alignment. During AVERAGE navigation, the PIPA Av's are measured in stable-
member coordinates and must be transformed via REFSMMATT into basic-reference
coordinates for integration. A state-vector error accumulates with each integration
step as the CM decelerates during entry., The body- attitude angles are defined with
respect to the relative-velocity vector and deteriorate progressively but are usahle
for most of the flight. Near the end of the flight, however, when the actual velocity
has fallen to a couple of thousand feet per second or less, deterioriation is much

more rapid. In these latter stages of entry, even though the roll angle is in error

and the steering is based on a bad state vector, the roll axis remains stable. FError
in 3 has little direct effect, since it is used only in the & calculation, (See Fig 3.4.-14,)
It is the pitch angle « that tends to be the most in error; it also has the greatest

effect on DAP operation since both the roll-attitude DAP and the yaw damper are
affected. The roll-attitude rate equation in Fig. 3.2-14 shows that as o approaches

90 degrees, the p contribution due to body roll rate vanishes, The roll DAP, by

using cos « as a gain factor, recognizes this fact and ceases attitude maneuvers

while continuing rate damping. During the period of roll damping, the CM will

drift in attitude at deadzone velocities. When o leaves 90 degrees, the roll DAP

will resume attitude control--and with the proper sign. The yaw damper, as mecha-
nized in Fig. 3.4-30, will sense body rates in excess of the deadzone limit for «
around 80 deg, and will continuously fire the yaw jets. The jets are too weak,

however, to overcome the aerodynamic forces; the main effect is to deplete RCS fuel.

Angular Velocity Measurement in CM Body Axes

The body angular velocities roll p, pitch q, and yaw r are measured in the
positive sense about the respective axes UBX, UBY, UBZ and are obtained from

the gimbal-angle rates using the sequence I, M, O of Fig. 3.4,12, When the gimbal
angles are zero, body axes coincide with platform axes and the ratesp, g, r are equal
to the respective gimbal rates o, f, M. When the girhbal angles are not zero, the
body rates are obtained from equations (IIl) of Fig, 3. 4,12,

Measurement of the gimbal rates, and hence of the body rates, is not con-
tinuous but occurs at regular time intervals as indeed do all calculations done by the
CMC. The basic computation cycle for Navigation and Guidance is 2 seconds.
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'
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BY SETJTAG.
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| CONTINUE |

Fig. 3.4.16 Initialization of Body Attitude Calculation (CM/POSE).
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ENTER AT 2 SEC. INTERVALS

CM/ POSE IMMEDIATELY FOLLOWING
AVERAGE G. CM/POSE WILL
CONTINUE ON TO ENTRY
e __ __GUIDANCE,

VELOCITY RELATIVE TO AIR MASS:
VREL - VN- KWE UZ x UR
UVA = UNIT (VREL)

TEST TO PROVIDE STABLE DIRECTION
FOR UYA AT END OF TERMINAL

PHASE:
IF VREL - VQUIT NEG, USE PREVIOUS
UYA, OTHERWISE
UYA = UNIT { UVA X UR)
— -
__ X
UNA = UYA X JVA n_}

S

USE GIMBAL ANGLES SAVED AT PIPA
READ TIME (O = AOG/PIP, ETC.)

TO GET BODY TRIAD:

1

VQUIT = 1000 FT/SEC

L

UBX = ( CM CI s SM - SICM )
UBY =(-CO CI SM + SO SI, COCM , COSISM + SOCl)
UBZ = (80 CISM + COSI, -SOCM , -SOSISM + COCI)

I 1. -

CALCULATE ATTITUDE ANGLES WHICH ARE
VALID AT PIPA READ TIME:

UL = UNIT { UBY X UVA)

CR=UL- UNA , SR=-UL-‘ UYA

S8 = UVA - UBY

Ca=UL- UBZ , S =-UL. UBX
USE ARCTRIG (SEE SECTION 5) OR ARCSIN,
OBTAIN: NEWR, NEWR + NEWa

R:oN%;jxiﬁt—]

* REFSMMAT NOTE: For simplicity, the text is written using the IMU, or

il

stable-member, coordinate system. In the flight rope, however, the AVERAGEG

state vector is in the basic-reference coordinate system, necessitating use of

REFSMMATT at this point in order to transform the body triad from stable- member
to basic-reference coordinates.

Fig. 3.4.17 Calculation of Attitude Angles,
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FOR DISPLAY:
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POSEXIT VIA VARIABLE ADDRESS.

Fig. 3.4.18 Attitude Calculation, continued
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Body rates must be determined more frequently, and the computation cycle time
chosen is 7 (0.1 sec), Thus each interval 7, the gimbal angular rates required
by (III} are measured as CDU angular differences in the manner

Or%40-0 -0,
and is illustrated in detail in READGYMB (Fig. 3.4.28), Using the measured gim-
bal differences Or, Ir, Mr, (III) yield body rates as differences pr, qr, r7. These
differences represent body rates that are exact only if the angular accelerations are
zero, A better estimate is obtained from the measured p7, 9T, r7 by the simple
algorithm which corrects for constant accleration,

Af, - Af

1 0

97:A9=A81+ 5

where the subscript 0 refers to the previous value of a difference and 1 refers to the
present value. For each body rate in turn, substitute the present difference and the
previous difference in place of the thetas, as shown in BODYRATE (Fig. 3.4.29).

By previous difference, the previous result of (III} is meant, not the previous
average. This fact is not made explicit in the referenced figure. The rate estimation
program RATEAVG is shown in Fig. 3.4.33.

The CDU is a two-rate gimbal-angle readout device. If the gimbal angle
rate exceeds about 40/sec, the CDU will follow by alternating between high rate and
low rate. The CDU angle indicated to the CMC aé a result will contain a high-fre-
quency sawtooth component of peak-to-peak amplitude about 0. 1°. Therefore, the
angular velocity estimates derived by differencing the CDU angles over a 0. 1-sec
interval will contain noise of the order of 1°/sec {when the vehicle rate exceeds 4°/sec).
Testing indicates this estimation error has no significant effect on autopilot per-

formance.

The body angular velocities are calculated in BODYRATE, Fig, 3.4.29,
After the averaged body rates are obtained from equations (IIl) of Fig. 3.4.12 with
the aid of RATEAVG, the '?E correction is applied using the equations of Fig. 3.4.15.
When the DAP is not in standby, the program picks up at ATTRATES, Fig. 3.4.30,
and the body attitude rates are integrated to yield attitude angles as shown in
Fig. 3.4.14. Since the integration occurs in interrupt and the rectification takes

place under interrupt inhibit, there is no chance of an update being lost.

This is the end of the measurement portion of the DAP. The following

paragraphs are devoted to the contirol portion.
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Body rates must be determined more frequently, and the computation cycle time
chosen is 7 (0.1 sec}. Thus each interval 7, the gimbal angular rates required
by (III} are measured as CDU angular differences in the manner

OT1T=a AQ-= Ok -Ok_1
and is illustrated in detail in READGYMB (Fig. 3.4.28). Using ihe measured gim-
bal differences C.)’T, i'r, 1\717, (II1) yield body rates as differences pt, qr, r7. These
differences represent body rates that are exact only if the angular accelerations are
zero. A better estimate is obtained from the measured pr, q7, r7 by the simple

algorithm which corrects for constant accleration.

. Af, - A8,
9T‘-¥A9=A91+“2—

where the subscript 0 refers to the previous value of a difference and 1 refers to the
present value. For each body rate in turn, substitute the present difference and the
previous difference in place of the thetas, as shown in BODYRATE (Fig. 3.4.29).

By previous difference, the previous result of {Iff) is meant, not the previous
average. This fact is not made explicit in the referenced figure. The rate estimation
program RATEAVG is shown in Fig. 3.4, 33.

The CDU is a two-rate gimbal -angle readout device. I the gimbal angle
rate exceeds about 4O/sec, the CDU will follow by alternating between high rate and
low rate. The CDU angle indicated to the CMC as a result will contain a high-fre-
quency sawtooth component of peak-to-peak amplitude about 0, 1°, Therefore, the
angular velocity estimates derived by differencing the CDU angles over a 0. 1-sec
interval will contain noise of the order of 1°/sec (when the vehicle rate exceeds 4%/sec).
Testing indicates this estimation error has no significant effect on autopilot per-

formance.

The body angular velocities are calcutated in BODYRATE, Fig. 3.4.29,
After the averaged body rates are obtained from equations (III) of Fig. 3.4,12 with
the aid of RATEAVG, the ‘;’F‘ correction is applied using the equations of Fig. 3.4.15.
In this calculation, however, the estimated o is replaced by a nominal value (Q’tr'im)
in order to reduce the o body-rate error due to cumulative state-vector error,
When the DAP is not in standby, the program picks up at ATTRATES, Fig. 3.4.30
and the body attitude rates are integrated to yield attitude angles as shown in
Fig. 3.4.14. BSince the integration occurs in interrupt and the rectification takes

place under interrupt inhibit, there is ne chance of an update being lost.

This is the end of the measurement portion of the DAP. The following

paragraphs are devoted to the control portion.
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3.4.6 Extra-Atmospheric DAP

The CM autopilot function outside the atmosphere is fundamentally attitude

control in all axes. Inside the atmosphere, attitude control is used only for roll,
and rate damping is used for pitch and yaw. To minimize the size of the DAP soft-

ware, multiple use is made of program logic wherever permissible.

It is convenient to categorize DAP action outside the atmosphere in terms of
the size of @, as is suggested by the attitude rate equations of Fig, 3.4,14, By
quadranting ¢ relative to 45°, the attitude rates can be considered as being cun-
trolled by a single body rate. In 3 for example, if |af| >135° then r is the predominant
term and 3 error can be assigned to the yaw axis. The control effectiveness of r
diminishes if p is several times greater than r or if|a|is near 135°. These restric-
tions do not seriously affect the present design,however. In Fig, 3,4.19, the assign-
ment of Euler attitude errors in this manner to body axes is summarized. The
region| a | > 1359 is not expected to be entered, since nominal separation attitude
is well outside the region, However, the DAP must be able to recover from any
attitude, subject to restrictions of gimbal lock. (More will be said later of gimbal
lock.) In the region of CMDAPMOD = -0, rate damping in roll is enforced to keep
p small. Ideally, the roll maneuver from R to the initial entry value Rc should be
performed completely, either before starting the pitch maneuver or after its com-
pletion. However, a maneuver of this type requires a predetermined sequence of
maneuvers: do completely the roll maneuver about the body x-axis and then do the
pitch, or do the pitch maneuver completely and then do the roll about the body x-axis.
The present design elects to perform combined maneuvers where possible in a co-
ordinated manner to remove the requirement of knowing when any one maneuver is
fully completed. To this end, the roll maneuver is not initiated until the pitch
maneuver enters the region |a| < 45° (CMDAPMOD = +0), The a and B attitude DAP
is intended to execute maneuvers of 2°/second. Cross-coupling between thrusters,
however, makes an upper bound necessary, and 4°/second is used. The phase plane
logic {(Fig. 3.4.20) of the 0. l-second DAP, used by both @ and 3, is also used by
R if CMDAPMOD = +1. (Ctherwisge, the predictive pha;se plane (Fig, 3. 4. 24) of the
2-second DAP is used by R.

Overall Operation of EXDAP

The automatic maneuver from separation to entry attitude normally begins

within the interval 45°< |a|<1350. When separation is acknowledged by the pilot, the
DAP is started up and maintaing attitude hold as was described in P82, Fig. 3.4.4.
On receipt of the new commands, the DAP will start the @ and B maneuvers and
continue attitude hold in R. The reason for the latter is that the direction. of the
pitch maneuver in inertial space is determined by the roll angle R. Middle gimbal
excursion is reduced in this way. In this region of @ (CMDAPMOD = + 1), the
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Fig. 3.4.19 Eniry Autopilot Attitude Modes.

3.4-35



8/4 Is)
4

eeeeeeeeeee




control axes for R error and 8 error are Interchanged from the normal as shown
in Fig, 3. 4. 19, All three axes are attitude controlled and obey the same phase-plane

logic each 0.1 second, The rates when not in the dead zone will be between
2°/sec and 4%/sec.

In the interval |a| < 45 (CMDAPMOD = + 0); R error and 8 error return
to their proper axes as shown. o and 0§ continue to share the same phase-plane
logic, but roll control is changed from the 0. 1-second update to the 2-second pre-
dictive attitude DAP (CM/RCS). A test is made to recognize the transition of ||
across the 45° boundary and to assure that the p-jets are off. This is necessary since
the time interval until the first CM/RCS update can be as much as 2 seconds. The
WAITLIST call to WAKEP62 (Fig, 3.4, 5) is alsc made at this transition. In
general 3 will be zero by this time, so any remaining roll error will be nulled
in a coordinated manner,.. a desirable feature should the CM encounter the

atmosphere ahead of schedule.

The attitude commands for the extra-atmospheric phase of flight were discussed
earlier, and are outlined in Table 3.4-I. The mechanization of the control portion of
the extra-atmospheric DAP is EXDAP, Fig. 3.4. 31,

Gimbal Lock

The subject of gimbal lock has been lightly treated since its aveidance is not
a DAP function, but a crew procedure., The DAP will not generate abnormally large
middle gimbal angles after a nominal separation. Large MGA excursion results from
two things: a) roll angle accumulation during the uncontrolled interval following
separation and b) the coordinated roll maneuver enforced during a 180° roll after
|a| < 45° Ttem {a) is unwanted, but is not serious unless the roll angle is large.
For nominal IMU alignment, the desired condition at the start of the pitch maneuver
is that the outer gimbal angle be near zero or 180°, The crew can reduce unwanted
MGA excursion by manual maneuver prior to starting the automatic EXDAP pitch
maneuver. If the crew maneuver is performed before the PROCEED signifying separatior
is keyed into the DSKY, the DAP will hold at the new attitude since after separation,
the ENTRY DAP does attitude hold in roll until |a| becomes less than 45°, A large
separation transient in roll can be corrected by rolling the CM to the nearest zero or

180° of the outer gimbal. The 180° roll maneuver can be done in the same way.

Since the DAP does not examine the RHC discretes, the DAP is unaware of crew
takeover. In mode -0, the DAP will rate damp in roll at whatever CM attifude exists,
but in mode +1, the DAP will attempt to return to the original roll hold angle if a crew

maneuver wetre done after the PROCEED above.

Detailed Description EXDAP
It is convenient to discuss the 0. 1-second sampled DAP separately from the

2-second predictive roll DAP. The latter is included in the atmospheric section,

even through its services are used outside the atmosphere.
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control axes for R error and 8 error are interchanged from the normal as shown
in Fig. 3. 4. 19, All three axes are attitude controlled and obey the same phase-plane
logic each 0.1 second. The rates when not in the dead zone will be between
2%/sec and 4°/sec.

In the interval ]a| < 45° {(CMDAPMOD = + 0); R error and 8 error return
to their proper axes as shown. o and B continue to share the same phase-plane
logic, but roll control is changed from the 0. 1-second update to the 2-second pre-
dictive attitude DAP (CM/RCS). A test is made to recognize the transition of |a|
across the 45° boundary and to assure that the p-jets are off. This is necessary since
the time interval until the first CM/RCS update can be as much as 2 seconds, The
WAITLIST call to WAKEP62 (Fig. 3.4.5) is also made at this transition. In
general 8 will be zero by this time, so any remaining roll error will be nulled
in a coordinated manner... a desirable feature should the CM encounter the
atmosphere ahead of schedule,

The attitude commands for the extra-atmospheric phase of flight were discussed
earlier, and are outlined in Table 3.4-I. The mechanization of the control portion of
the extra-atmospheric DAP is EXDAP, Fig, 3.4, 3t,

Gimbal Lock

The subject of gimbal lock has been lightly treated since its avoidance is not
a DAP function, but a crew procedure. The DAP will not generate abnormally large
middle gimbal angles after a nominal separation. Large MGA excursion results from
two things: a) roll angle accumulation during the uncontrolled interval following
separation and b) the coordinated roll maneuver enforced during a 180° roll after
|a| < 45°, Item (a) is unwanted, but is not serious unless the roll angle is large.
For nominal IMU alignment, the desired condition at the start of the pitch maneuver
is that the outer gimbal angle be near zero or 180°, The crew can reduce unwanted
MGA excursion by manual maneuver prior to starting the automatic EXDAP pitch
maneuver. If the crew maneuver is performed before the PROCEED signifying separation
is keyed into the DSKY, the DAP will hold at the new attitude since,after separation,
the ENTRY DAP does attitude hold in roll until |a| becomes less than 45°. A large
separation transient in roll can be corrected by rolling the CM to the nearest zero or
180° .of the outer gimbal. The 180° roll maneuver can be done in the same way.

Manual Interaction

The manual over-ride properties of the DAP require some amplification.
When first turned on in P62, the DAP performs the three-axis attitude hold. For

pitch and vaw control, the commands @,, BC are set equal to present attitudes

3.4-37a
(] Revised  COLOSSUS 1A

£ A 1144 0N . a7 DY 4500 Paowr 9 T d o A v 3 4y ey



@, 8. The present roll attitude is set into both roll command registers Rc and

RH. The reason for this is that two roll DAPs exist:

a. the two-second DAP, using RC as roll command, operates when |al <
45 deg or | « | > 135 deg.

b. the 0, l-second DAP, using RH as its command, operates when 45 deg <
| @ | < 135 deg.

The contents of RH will be maintained at values intended to provide continuity
to the roll-axis control in the presence of manual override, This is accomplished
by using current roll-attitude R when |« |> 135 deg, and by using roll-command

Rc each time the deadzone is entered when | »| < 45 deg.

The CM will maintain attitude hold to the saved commands, with the
following exception: when |a |> 135 deg, the roll DAP does only rate damping.
(It considers that the attitude error is zero.) Thus, in the region |a! > 135 deg,
if the crew manually rolls the CM, the DAP will accept the resulting attitude as
defining the roll-command RH to be used during the pitch maneuver to ] a! = 45
deg. However, since the CM will pitch in the direction defined by RH, the result-
ing roll attitude, above, should be either 0- or 180-deg outer-gimbal angle (as-
suming preferred entry IMU alignment) in order to avoid excessive middle-gimbal
excursion. The attitude-hold mode is terminated when the crew responds to NOUN 61

in P62, and the entry trim values are established:

o =T a, B =0
C t C
0 deg for liftup

Rc as specified
180 deg for liftdown

When the CM approaches these conditions (either automatically or manually), the
two-second roll DAP, on entering the deadzone, will save Rc in RH. Thus, if
manual override subsequently takes the CM from |« | < 45 deg back into the region
lee] > 45 deg,RH then contains the desired entry roll angle Rc’ and roll- attitude
hold will not be interrupted. On the other hand, if the override takes the CM into
the region | | > 135 deg, the DAP will put the current roll attitude into RH in or-
der to prevent having a large roll error as |@| becomes less than 135 deg, The
updating of RH in the foregoing manner will provide some degree of roll-axis con-
tinuity and allow the DAP to be relatively insensitive to manual override. When
manual control is relinquished, the DAP will pickup and will maneuver the CM in-
to a condition of trim with respect to the present velocity vector. P63 will be
started the first time that the DAP recognizes that | @] < 45 deg. Subsequent

manual maneuvering will not initiate P63 again.

Detailed Description EXDAP
It i convenient to discuss the 0, 1-second sampled DAP geparately from the

2-second predictive roll DAP. The latter is included in the atmospheric section,
even through its services are used outside the atmosphere,
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Fig. 3.4.21 Phase-Plane Logic (without Biag}for CM Attitude DAP,
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The phase-plane logic for the sampled attitude DAP is common to all those
axes operating at the T = 0,1 second interval., The variables are attitude errcor, and

rate error in the control axes. The phase plane logic is given in Fig. 3.4.20. A
biased dead zone is employed to obtain a minimum limit cycle frequency. A closer
view is in the lower part of the figure, Since the dz is used on a sampled basis, it
is effectively enlarged by one sample time and proportionally to velocity. A point
having velocity Vz traces the boundary trajectory, shown dotted. For the dead zone
parameters chosen, a trajectory will always enter the negative half through the
offset if the acceleration is greater than 20/s/s. The degree of penetration depends
on the actual value of acceleration over the number of samples. Typical values of
acceleration for single-ring operation of the CM are between 3°/s/s and 6°/s/s.
Symmetrical {theoretical) limit cycles have periocds of the order of 60 seconds, But
in practice steady state is not reached, yielding assymetrical cycling of potentially

longer duration.

To render the description of the phase plane specific, let X = ,BC - 3 be the
error, V =(;’ be the velocity, and the jet axis be r. Further, let X' = X - SGN{V)
BIAS. The equation for X' converts the unbiased dz into a biased one. The following

description is based on the unbiased dz in Fig. 3, 4, 21,

Both X' and V are to be kept within specified limits: the range (~Vz, Vz) for
V and the range (-Xz!, Xz) for X'. Within the area bounded by these limits, jet
thrusters are turned off. If |X'| < Xz', but V> +Vz, negative jets are desired and
are indicated by the minus sign. Similarly, if V exceeds the lower bound, positive
jets are required. If | V[ < +Vz, and X' > + Xz', positive jetg are required to
establish a positive velocity to reduce the error X'. As indicated, the positive jets
remain on until at 2 sample interval V has exceeded Vz, when all jets are turned
off. The positive velocity causes the point (X', V) to drift leftward. At a subsequent
sample instant, X' is observed to be less than Xz'but V > +Vz and negative jets are
actuated. In this manner arbitrary initial conditions (X', V} of reasonable value
are caused to enter the central box., If these were the only jet thrusters or if there
were no cross coupling, this would be the whole story. However, coupling from
thrusters on other axes as well as coupling of o and body rates causes the velocity
to increase above Vz by an undesirable margin, The addition of the upper bound at
2Vz constrains V to have acceptable values,

In actual operation both X' and V are separately tested against limits. A tag
is set to zero if the limit is not exceeded, and to & 1 bit depending on the sign of the
limit exceeded, In Fig. 3. 4.21 the pairs of signs refer to the result of both tests,
where the two tags are shown in the order (X', V}. The tags are combined in a
"logical or" using ones complement arithmetic to generate a single tag. The

resulting tag is used to select the proper jet code from a list for the axis being
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controlled {r in the present example), When a jet code is executed, only the jets
designated by the code are fired or are left on if already firing. All other jets are
quenched. A tag of value zero quenches any jets that might be firing, Figure 3.4, 10
which showed jet geometry also lists the jet codes but not in indexable form.

The flow diagrams that apply to the extra-atmospheric DAP are READGYMB
Fig. 3.4.28, through RATEAVG, Fig. 3.4.33. Subsequent figures also apply when
CM/RCS is used, but are not discussed yet. The diagrams are sufficiently annotated

$0 as not to need further comment., Table 3,4-1I lists jet codes in indexable form.

3.4.7 Atmospheric DAP

Before encountering the atmoshpere, all CM body attitude errors will be at
null or nearly so, and the DAP mode will be characterized by la|< 45% (or CMDAPMOD
= +0) in Fig. 3.4.19, When the 0, 05-g level is sensed by Entry Guidance, a switch

is set. The DAP observes the switch and changes the DAP mode to -1, and the q and

r control to pitch and yaw dampers, The predictive roll system CM/RCS is already
activated and performing and is ready to accept commands when issued by Entry
Guidance. Later on, when the ballistic phase is entered, the switch . 05GSW is cleared.
The DAP is able to slip easily back into the mode +0 and as easily out again when

. 05GSW is once more set to 1 (see Fig. 3,4, 19).

In the atmosphere, the CM is controlled during flight by orienting the lift
vector. The amount of lift available for contrel purposes, i.e., the ratio of lift to
drag (L/D), is determined by the c. g. location, Preflight ballast procedures ensure
that the ch offset will give the desired L/D. The corresponding trim pitch angle
is . The yvaw trim results from the ycg offset, and is kept as small as possible.
In actual flight, the ycg residual causes small B trim, of the order of a degree or
so. For L/D of 0,3, the pitch trim @y

constant throughout hypersonic flight. As the transonic region is approached, o,

ig about -20 degrees, and remains relatively

increases about 8 degrees or so. When the CM goes subsonic, a, decreases to
about 8§ degrees below the hypersonic value and becomes a new trim value of

around -12 deg. The DAP will tolerate such changes in @y

Functional Behavior of Atmospheric Autopilots

In Entry Guidance, control is based on the components of 1ift in and normal
to the trajectory plane, components that are specified in terms of an angle defined
the same as R but having value RC. If the CM 1is to achieve the desired lift
direction, thentheY body axis UBY mustliealong YBN, Fig. 3.4, 13. This condition is
met when 3 = 0. Thus one property of the Entry autopilot is to keep 3 = 0 and
another is to have the actual vehicle roll angle R agree with the desired value RC.

Within the atmosphere, aerodynamic forces tend to keep 3 essentially zero,
and o assumes a trim value o, S0 that attitude control is required only in
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roll. As the CM rolls, UBY should remain normal to UVA. When 8 = 0 and 4 is
constant, such a maneuver causes UBX to describe a cone of angle 2 o about ~-UVA
while UBZ similarly describes another cone about +UVA. This condition of rolling
about the velocity vector, or making a coordinated roll, is equivalent to requiring
that the CM angular velocity vector lie along -UVA. In the atmosphere, then,
coordinated roll maneuvers are enforced by the angular rate autopilots already

required to damp pitch and yaw body rates caused by dynamic behavior of the CM.

Figure 3.4.13 shows that for the idezl case, 3 = 0, only roll and yaw rate
are present if the body angular velocity is to lie along -UVA, Further, this angular
velocity is equal to the rate of change of roll angle R. A third property of the
atmospheric autopilot is that it enforce the proper proportionality between yaw and

roll rate necessary to produce coordinated roll.

Table 3. 4-1I Table of Jet Codes

TABLE NAME JET AXIS OCTAL CODE
+r jets on 00120
Yaw Code jets off 00000
-r jets on 00240
+p, +q jets on 00005
Roll jets off 00000
Pitch Code
“p, -4 jets on 00012

(See also Fig. 3.4.10)

NOTE - —- Sign convention of Fig. 3.4, 21: Positive tag selects

positive jets.

-- Sign convention of DAP flow charts: Positive tag selects

negative jets.
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In the atrmospheric mode, rate damping is used to maintain pitch and yaw
angular velocities within prescribed limits. The digital autopilots perform this
function in a discontinuous manner by producing a control action each time new in-
put data are available. Thus, the pitch and yaw autopilots are exercised each

0.1second immediately following the measurement of angular velocity.

Pitch Damper DAP
The pitch-axis autopilot for the CM performs rate damping action using the

simple logic of Fig. 3.4.22a, which is the single axis representation of Fig., 3.4.21.
As long as asampled pitch rate is less than 2°/sec. » no action is taken and the jet
thrusters are off. Whenever sampled pitch rate exceeds 2°/sec. . the jet thrusters
are activated to produce oppdsing torque, The jets remain firing until the pitch rate
is observed to be less than 20/sec. Because of the digital nature of rate measurement,
jet switching is based on the value of the rate at the time of measurement, which

in general will not be exactly 22/sec. Hysteresis, a result of the 0.1-sec interval
between control actions, is present at the nominal 20/ sec switching discontinuity

and prevents the formation of high frequency limit cycles in the presence of pitch
acceleration. The hysteresis zone is of variable width and can be as large as twice

the total AV achievable by the jets in one sample time (Fig. 3.4.22b).

Yaw Damper DAP

The yaw axis requirements are somewhat different than pitch, The CM must

roll about the velocity vector in order to maintain nominal trim attitude and to keep
the stagnation point in a fixed region on the heat shield. Figure 3. 4, 23 illustrates

the situation in the UBX, UBZ plane. The UBY component of Vi is kept essentially
zero by the aerodynamic force so that the velocity shown can be considered to be the
total velocity EREL' In the coordinated turn illustrated, the angular velocity vector
lies along —KREL if the angular velocities in yaw and recll are related by

r= ptan a

and if pitch angular velocity q = 0, Even when the latter condition is not exactly
fulfilled, the equation is still useful,

During periods of angular acceleration in roll, a corresponding acceleration
in yaw is quickly established and supported by aerodynamic forces. We utilize these
forces to encourage the CM to make a coordinated turn, The bulk of the work is done
by the aerodynamics with the yaw jet thrusters operating only as needed according to
Fig. 3.4.23. The jets fire when necegsary to keep the vehicle within the central band,
This allows r to be proportional to p and at the same time keeps yaw oscillations
damped to within + 2°/second,
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In the atmospheric mode, rate damping is used to maintain pitch and yaw
angular velocities within prescribed limits. The digital autopilots perform this
function in a discontinuous manner by producing a control éction each time new in-
put data are available. Thus, the pi.tch and yaw éutopilots are exercised each

0.1 second immediately following the measurement of angular velocity.

Pitch Damper DAP
The pitch~axis autopilot for the CM performs rate damping action using the

simple logic of Fig. 3.4.22a, which is the single axis representation of Fig, 3,4,21,
As long as aampled pitch rate is less than Zol'sec.', no action is taken and the jet
thrustefs are-off. Whenever sampled pitch rate exceeds 2°/sec. , the jet thrusters
are activated to produce opp’()smg torque The jets remain firing until the pitch rate

is observed to be less than 2 /sec Because of the digital nature of rate measurement,
jet switching is based on the value of the rate at the time of measurement, which

in general will not be exactly 2, /sec. Hysteresis, a result of the 0 l1-sec interval
between control actions, is prekent at the nominal 20/ sec switching discontinuity

and prevents the formation of high fréquency limit eycles in the presence of pitch
acceleration. The hysteresis zone is of variable width and can be as large as twice

the total AV achievable by the jets in one sample time (Fig. 3.4.22b).

Yaw Damper DAP
The yaw axis requirements are somewhat different than pitch, The CM must

roll about the velocity vector in order to maintain nominal trim attitude and to keep
the stagnation point in a fixed region on the heat shield. Figure 3. 4. 23 illustrates

the situation in the UBX, UBZ plane. The UBY component of Vg is kept essentially
zero by the aerodynamic force so that the velocity shown can be considered to be the
total velocity !REL' In the coordinated turn illustrated, the angular velocity vector
lies along '-Y-REL if the angular velocities in yaw and roll are related by

r= ptan o

and if pitch angular velocity q = 0. Even when the latter condition is not exactly
fulfilled, the equation is still useful. Since cumulative state-vector error may
eventually cause the indicated a to be grossly wrong, however, the coordination

term | tan (@) |, is replaced by tan ( @ ) in the flight rope. This ensures

trim
yaw control throughout the expected range of aercdynamically enforced trim, and

is independent of the onboard measure of o,
During periods of angular acceleration in roll, a corresponding acceleration

in yaw is quickly established and supported by aerodynamic forces. We utilize these
forces to encourage the CM to make a coordinated turn. The bulk of the work is done
by the aerodynamice with the yaw jet thrusters operating onl'y as needed according to
Fig, 3.4.23. The jets fire when necessary to keep the vehicle within the central band.
This allows r to be proportional to p and at the same time keeps yaw oscillations
damped to within z 2°/gecond.
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JET STATE
b

+ JETS ON
JETS | Vi
-V OFF 4
-JETS ON
V; = 2deg/s
a. PITCH RATE DAMPER
Ve
nth i T VA q
|---AV------AV-'1i
| |

b. HYSTERESIS EFFECT

Fig. 3.4.22 CM Pitch Rate Autopilot
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Fig. 3.4.23 CM Yaw Rate Autopilot
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The yaw damper operates at the 0.1-second sample interval established by
the angular velocity measurements and exhibits the same switching boundary

hysteresis as the pitch damper.
The flow diagrams that apply to the atmospheric (damping) DAP for q and
r are READGYMB Fig. 3.4.28 through ATTRATES Fig. 3. 4. 30,

3.4.8 Roll Attitude Control - CM/RCS

Every 2 seconds during the entry phase, Entry Guidance provides a rell

command RC. To do this it examines vehicle current position and velocity and
also landing point position, decides on the proper orientation of the lift vector, and
generates the commanded roll attitude of the CM necessary to achieve that orienta-
tion. The roll autopilot uses the command Rc' the present roll attitude R and

roll rate p to generate firing times for the jet thrusters, In general, there are
three time intervals generated each 2 seconds. Two are thrust durations, and one
is quiescent duration. Having obtained the time intervals, there remains the book-

keeping task of implementing the result of the calculations.

Bookkeeping consists of maintaining a short list containing pairs of entries:
a jet thruster selection code and a time duration. The jet code specifies which jets
are to be turned on or off and the time duration specifies the interval until the next
change in jet activity occurs. Bookkeeping is carried out with the aid of the TIME3
preset timer (WAITLIST) in the CMC, The list contains only entries which can be
executed within a single two-second interval.

Logic In Phase Plane with Control Line

The roll model for the CM is a simple inertia which makes the phase plane
an attractive tool because motion is decribed by straight lines and parabolas, The
(X, V) phase plane of Fig. 3.4.24 is used where X =R_- R andV = R. When
the CM has the commanded attitude, both X and V are zero and the point (X, V)
representing the state of CM motion is at the origin. While not necessary to the
understanding of the roll DAP operation, bear in mind the fact that roll rate p is
related to R by cos ¢ in a coordinated roll, The DAP assumes that coordinated
roll obtains and the current value cos ¢ is used to scale one axis of the phase plane
so that velocity V and the change in error AX are compatible. Incompatibility
results in overshooting the origin and costs fuel. Bear in mind that rcll rate p is
related to R by cos @ in a coordinated roll. Although not necessary to the understand-
ing of the roll DAP phase-plane logic, this knowledge is helpful when reading the
flowchart mechanization, The DAP assumes that a coordinated roll obtains, and
uses the current value of cos z to scale one axis of the phase plane so that velocii&y
V and change in error AX are compatible. Incompatibility results in overshooting
the origin and costs fuel. The X-axis is selected for the cos « term in DAP mecha-

nization, which means that V = p, and X = (Rc - R) cos o in the following discussion,
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This choice was originally made for its simplicity because only the error X depends
on «: velocity limits and deadzone limits are constants expressed in units of body
rate. When platform misalignment is considered, however, and the state-vector
error begins to accumulate, errors are introduced into the indicated body- attitude
angles. The indicated 7 can go through 90 degrees, In this region, the cos » in the
DAP approaches zero and turns off the roll-axis attitude control. Since, in this
region, p-effect on indicated roll attitude R is insignificant (Fig 3. 4-14), the DAP
ghould not be used to generate roll rates. The CM will drift at deadzone values of

p. When o increéses further, cos ¥ becomes nonzero, and the DAP resumes conirol.

The sign reversal of cos o maintains stability.

The salient feature of the control technique is the use of a line of slope K
to determine the rate with which an error is reduced. This has several advantages,
The fundamental and motivating one is that fuel consumption (AV) becomes somewhat
proportional to error. The CM responds rapidly to large error and proportionately
more slowly for small error. The slope K is chosen as small as is consistent with the
rate of response needed during Entry. A by-product is that the equations involved
are simplified. Furthermore, this system will efficiently follow ramp inputs by
establishing the necessary rate.

A second facet is trajectory construction using parabolas of different accelera-
tion, a gambit that minimizes the sensitivity of the control system to actual jet
thruster acceleration. Choosing the lower acceleration (al) to have a value near that
of the single fuel-ring thrusters, and the larger acceleration {a) to have a value
slightly less than that of the dual fuel ring has the effect of providing good transient
response with little penalty in fuel usage.

The following discussion applies to right of the terminal trajectory. In
operation, the roll DAP has initial values (X, V) as marked in Fig. 3.4.24. The
DAP design is based on the trajectory indicated. Positive jet acceleration of exactly
a causes the parabolic path shown to be generated. The jets will remain on until
the specified drift velocity (Vd) is reached, at which time the jets are turned off,
The time duration of the first thrust interval (t,) is (Vd - V)/a. The trajectory
drifts at constant velocity (Vd) until the terminal trajectory is intercepted. The
drift velocity is defined geometrically by the control line shown in the picture and
is calculated as Vy=K (Xd - X)), where X, = X + \—2]2 . When the terminal trajectory is
reached, it is followed to the origin by using a second thrust interval having negative
jet acceleration of exactly a;. The time duration of the second thrust interval (t2) is

Vd/al' The time duration of the drift interval (1) is

2X -1, (V+ V) "ty V4l/2 Vg
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If the duration of the trajectory from the point (X, V) to the origin, which is the sum
of tl, td‘ and t2. exceeds the update interval (T), then only the first T seconds of
the trajectory is implemented. The roll DAP computes a completely new trajectory
each T seconds from whatever (X, V) it finds, Inthis way, changes in command,
noise in measurement, uncertainty and cross-coupling of jet acceleration and

other disturbances are always taken into account. Now, suppose that the initial point
were (X, V)'in the figure, The parabola would be extended backward to the x-axis
to define Xd’ and the same geometry applied as above.

The behavior described above will, of course, occur only if the first in-

terval has acceleration a and the second interval has acceleration a In actual fact,

both thrust intervals must use the same jet thrusters -- either the slingle-ring or the
dual-ring thrusters. Consider the normal, single-ring operation: let a, be the
actual jet acceleration; then the first interval is computed using the value 3 a, for
a. Inthis case, the DAP control logic will predict the value of Vd and specify the
first thrust duration, But the actual jet acceleration is only one-half of the
expected value a, so that at the end of the burn the actual velocity is half-way be-
tween V and Vg4 For suitable values of K, the duration of the predicted trajectory
to the origin will exceed T. During the time remaining in the T interval, the point
will drift to the right or to the left, depending on whether the velocity achieved was
negative or positive. When the nexi update occurs, the same process recurs, and,
eventually, the point (X, V) will be to the left of the control line. Possibly several
updates are required in order to achieve a suitable AV for the first burn using a,
since, for each update, only one-half of the expected is achieved. The slowed res-
ponse is the price paid for the independence of acceleration magnitude. Once
across the control line, the first burn is generally absent, so that the predicted
trajectory and the actual trajectory agree. The origin is approached directly and
without overshoot.

On the other hand, consider that both fuel rings are active and that the dual-
jet acceleration is a; then, to compute the second burn, the value a/2 is used for
a. In this case, the predicted trajectory and the actual trajectory will agree until
the second burn starts.
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The higher acceleration will cause twice the AV and result in undershoot of

the origin., On the next update, the first burn is exact, and goes to a much reduced
Vd. Thus the error due to the second burn is considerahly reduced. Convergence

is rapid, usually an extra cycle or two. The slowed response is again the price paid
for independence from knowledge of actunl acceeleration. However, what is bought is
stabie operation over a 2:1 acceleration variation, a property thatdoes not exist if both

thrust intervals are based on the same (single-ring) acceleration,

Returning to Fipg, 3.4.24, the shortest angular path test consists of asking
whether the point (X, V) lies inside the contours at 2 180 or outside of them. In the
nominal singte fuel case, any polnt {X, V) inside the contours considers the origin
as its terminal point. Points outside these contours should consider =+ 360 as their
origin. Such points X are shifted by -360 sgn{X) and thereby appear inside the con-
tours so far as the phase plane logic is concerned. Such a shift is necessary since
physically -360, 0, and 3680 are the same CM attitude, Furthermore it is necessary
that the contour dividing the regions of stable nodes be dynamic rather than geometric,
Otherwise there exists a region between the dynamic contour and the geometric one
where points will initially head for the origin as node; but the trajectory will carry
across the geometric contour and then head for 360 as the proper node, This results
not only in taking the longer path, but also in taking a longer time to do it. The
acceleration associated with the shortest path contour of Fig., 3. 4. 24 is that for the
single-ring jets.

The dead zone utilized for the roll attitude is the paralielogram of Fig. 3.4, 25,

The shape is chosen to provide a smaller limit cycle amplitude for a given zone width
XB. The effective dead zone on a T = 2-second basis is nearly rectangular since

XB =Vz T. The intercept Vy is intended to keep the limit ecycling velocity at a value
less than Vz and is used to specify the control line intercept X_.

Control policy is outlined in the three flow charts starting with CM/RCS,
Fig. 3.4.34. In the first, roll error is established, Recause of symmetry, the
control equations are instrumented only for the rhp, where the plane is bisected by
the terminal trajectory. To determine which half-plane contains (X, V), evaluate
the equation for the left-hand buffer curve, Fig. 3. 4. 26 at the initial point (X, V). If
the point is to the left, reverse the sign of the variables to reflect about the origin
into the rhp and continue at the dead zone test. If not to the left, similiarly evaluate
the right-hand buffer curve, If the point is to the left of this curve, it is in the
buffer zone. The zone is designed to pass trajectories that would nearly reach the
origin. These trajectories, if not passed, would be reflected about the origin and
caused to go through another two-burn cycle. Such near misses are principally due
to noise in velocity measurement, or timing effects, or deviation in the actual single-
ring acceleration from the DAP value a;, ora combination of these, If the point lies

in the buffer zone, it is treated as a second burn and caused to thrust to the X-axis,
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If it is not in the »one, then it is already in the rhp and the progzram continues at
the dead zone test. Repgarding the buffer zone, the branches that make it up are

terminal trajectories suitahly shifted.

Pick up at the dead zone test and continue past. If the point (X, V} is to the
right of the maximum velocity trajectory through X = Xs + VM/K, then thrust up
(or down) to V = VM. If the point is to the left, and below the control line, thrust
up to Vd. But if the point is to the left and over the control line, keep the present
velocity as the drift velocity if Vd <V. In all cases calculate the complete trajectory

to the origin. The equations are summarized in the flow chart,

The result of the trajectory calculations are three time intervals:

t the time to thrust from V to Vd (or VM)
ty the time required to drift at Vd {or VM)
ty the time to origin on terminal trajectory from Vd {or VM)

Intervals t1 and t, are firing intervals and td is a quiescent interval, The
attitude system can generate three, two, one or none of the time intervals. None
are generated if the point (X, V) lies within the deadzone at the origin. Jets are
quenched, if on, and the program exits,

TIMETEST and JET CALLI

The program portion named TIMETEST, Fig. 3.4. 37, examines each of

three possible time intervals and prepares to execute each in sequence if

1. no interval is less than three centiseconds,
2. the sum of the interval and the previous intervals plus the time used

in computation is not within 3 centiseconds of 2 seconds.

Each time interval that fails to meet the above requirements is ignored,but the jet

codes corresponding to such intervals are appropriately executed.

The program portion named JETCALLI1, Fig. 3.4, 38 performs the actual
bookkeeping with the jet list, executing the jet codes and establishing WAITLIST
calls as required. These calls return via JETCALL to be processed,

3.4.9 DAP Displays and Telemetry
The program CM/FDAI, Fig. 3.4.38, is a general exit routine for the

Entry DAP's. It is passed through at the end of each 0. 1-second DAP cycle and
services all FDAI attitude error needles on alternate passes. On the intervening
passes, the three CM body rates are listed in the UPBUFF area of erasable for
telemetering, The list format is: time of latest initialization of list, a combined switch
and index, and five sets of body rates spaced 0.2 second apart and in the order

P, q, r. The magnitude of the index designates the latest set of rates filed, because

the telemetering cannot interrupt the DAP. The telemetering portion of CM/FDAI

is self-cycling, but it is forced to recycle after each CM/RCS update.
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3.+.10 Restart Protection of Entry DAP

In the Intry DAP, restart protection is quantized in units of updates. That
is, the WAITLIST call for READGYMB is restart protected relative to READACCS
time and to the number of DAP cycles that have been performed since that time.
Should a restart cccur during DAP computation, the entire update is lost. Other-
wise no interruption to DAP operation occurs, But since a restart turns off all
jets, there is always a momentary interruption to DAP control. The CM/RCS DAP
has a flag, JETAG, to signify that a 2-second DAP update is due. The flag is
cleared in CM/RCS to indicate that the DAP was indeed called. Clearing of the flag
is placed as near the end of CM/RCS as possible. Should a restart occur before the
flag is cleared, then the next 0, 1-second update will once again call CM/RCS and the
update is not lost, However, if restart occurs after the flag was cleared, the 2-
second roll update is lost. Again, restart has turned off the jets, so no DAF control
problem exists, The loss of updates is not critical and has a negligible effect on an

entry trajectory, even when restarts occur at a moderate rate.

3.4.11 DAP Flow Chart Summary

The Entry DAP is described by the flow charts starting with READGYMB,
Fig. 3.4.28, and continuing through CM/FDAI, Fig. 3,4.39., This chain of events
starts with gimbal angle rendout and is followed by body rate calculation, attitude

rate calculation, and attitude angle integration. Immediately following this the
sampled DAP is entered, Covered in the next two figures are those autopilot
functions that are implemented on the 0, l-second basis: the rate dampers and
EXDAP, The next two figures are the subroutines BIASED DZ and RATEAVG used
in the foregoing figures, The 2-second predictive roll DAP CM/RCS starts with
Fig. 3.4.34 and continues through the processing of waitlist time calls, Fig. 3. 4. 38.
CM/FDAI, Fig. 3.4, 39, is the DAP display program. This set of diagrams is
presented as a block since it represents the complete sequence of events associated
with DAP updates. Initialization of the DAP is covered by CM/DAPIC, Fig. 3.4.8,
and CM/DAPON, Fig. 3.4.7, Timing of CM/RCS is established by SETJTAG,

Fig. 3.4.27, Of importance also are the calculations that are required to establish
the body attitude Fuler angles: CM/POSE, Fig. 3.4.17 and Fig. 3, 4.18, in conjunc-
tion with READACCS, Fig. 3.4.16. The program for these calculations runs some-
what independently of the DAP, All constants used by the ENTRY DAP appear in
Table 3, 4-III,
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Fig. 3.4.27 Roll DAP Synchronizer,
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Fig. 3.4.28 Gimbal Angle Rates & Body Rate Initialization.
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Fig. 3.4.29 CM Body Rates.
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Fig. 3.4.30 CM Attitude Angles; Pitch and Yaw Dampers.
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COMPUTE BODY ATTITUDE RATES AND UPDATE ANGLES: TIME 5

ATTRATES
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< o tqr

cos{a), Sa' = sinla)

Cg' =
CBE‘T = pT Co' + 7 S:l’.
DE{JR T CRRT ASSUMES
BT = -pT So' + r7 Co'’ cp =1
BB +8T .
a +a + 53 DELR Fig. 3.4,14
R+R + DELR

l

COMPUTE PITCH ATTITUDE ERROR; SAVE TM QUANTITY:

QA XIS ERR Ta, -a
AK1 = ERR , ROLL TM = R
9ax1s . .
CM/DAP 5 D> 0. 065 2 GO TO EXOATM DAP:
(. 05GSW = 1)? EXDAP
¥y ves

DAP IS IN ATMOSPHERIC MODE:
CMDAPMOD = -1, AKl =0, AK2=0

Y
YAW DAMPER: TEM2 = rs - pr Ttrim

CALL 2.D5 Dz
RESUME TAG 1

USE TAG 1 TO INDEX YAW JET-SELECT
CODE FROM A TABLE AND SAVE

PITCH DAMPER: TEM 2 = qT

CALL 2D/S DZ

RESUME TAG ]

ZERO FDAI PITCH & YAW
NEEDLES

Fig. 3.4.32

EXDAPIN
{EOME HERE FROM
E

XO ATM DAP,

Y

USE TAG 1

VIA CHANNEL 5.

TO INDEX PITCH JET-SELECT CODE FROM TABLE. COMBINE
PITCH AND YAW CODES & ACTIVATE q-AND r-JET THRUSTERS

USE OR'D TAGS

'

SEE IF PREDICTIVE ROLL DAP UPDATE VIA CM/RCS IS DUE:

IS JETAG > 0
l NO lYES
GO TO GO TO
l __QMLFDAI CM/RCS

Fig. 3.4.30 CM Attitude Angles; Pitch and Yaw Dampers.
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L IS P63FLAG=+ 0 Al‘ﬁ

No

Yes ;
R]:?CV(:)(V}NIZIC & WSTABLISH li]Nf)
OF P62:

« RESTART PROTECT WAKE P§2

*» PREVENT ENTRY KEPIL.ER

PHASE FROM CLEARING
P63FLAG:
P63FLAG = -1
« CALL WAKE P62 IN 21 SIEC
VIA WAITLIST TO TERMINATE
P62 & BEGIN P63

L.ald.riar Dy

v a1 ATTRAT
EJRXDAP j IF 1) <0.05¢

R A
‘L*»‘u{- 15 |calz  c@5)

N

3 AXES ARE UPDATED

SIGNIFY THAT ALL
EACH 7 SEC:
CMDAPMOD = +1,

JETAG = -1

o '

ONLY IF IN P62, PERMIT ACTIVATION
OF WAKEPEG2 .

IF P63FLAG = +1, PA3FLAG = +0

PAXIS: TEMI = SGN(-%') (8, - B)

¥

p-AXIS CHANGE OVER TEST.
SEE WHETHER p-AXIS IS IN
TRANSITION FROM 7 SEC.
SAMPLED DAP TO T SEC
PREDICTIVE SYSTEM:

IS JETAG <0 ?

PoxsERR = TEM1 (For FDAD

TEM2 = SGN (-%) A1

CALL BIASED DZ
RESUME TAGI1, TAG2

OR TAGI1 WITH TAG2 & USE RESULT
TO INDEX ROLL JET-SELECT CODE

| Yes No FROM A TABLE, AND ACTIVATE
THRUSTERS VIA CHANNEL 6.
QUENCH pJETS, IF ON,
Set JETAG = +0
; Ry LOADED WITH
CMDAPMOD = SGN (Ca) (+0) R IN P62 AND WITH RC IN P66:
TEM1 = SGN (Cd) B~ B) TEM! = SGN(%) (Ryg - R)
} .
T = 0.1 SEC. r-AXIS rpxigERR = TEM1, AK2 = TEMI (TM & ¥DAI)
= 2 BEC. IF CMDAPMOD = +0, TEM2 = 37, OTHERWISE TEM2 = rt

CALL BIASED DZ

RESUME TAGI, TAG2

q-AXIS:

ORI

TEMI1 =

CALL BIASED Dz
RESUME TAG1, TAG2
OR TAG1 WITH TAG2

'

OR TAG1 WITH TAGZ & USE RESULT TO INDEX YAW JET-
SELECT CODE FROM TABLE . SAVE.

'

CONTINUE AT
EXDAPIN

Fig. 3.4.31

EXO Atmospheric Attitude CM DAP.
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1A

CALLED BY

— ATTRATES
—E_X_Dl AP | IFD <0.05¢ |

IS P6IFLAG = +0 jNol Ca' <0 ? | Yes IS |Q;’3 C(45)
Yes No [ Yes No

RECOGNIZE & ESTABLISH END SIGNIFY THAT ALL 3 AXES ARE UPDATED
OF P62: EACH 7 SEC:
* RESTART PROTECT WAKE P62 CMDAPMOD = +1, JETAG = -1
+ PREVENT ENTRY KEPLER I
PHASE FROM CLEARING
P63FLAG: ONLY IF IN P62, PERMIT ACTIVATION
P63FLAG = -1 OF WAKEPS2 |
+ CALL WAKE P62 IN 21 SEC F PBIFLAG = + = +0
VIA WAITLIST TO TERMINATE ! SFLAG = +1, PESFLAG
P62 & BEGIN P§3

PAXIS: TEMI = SGN(-&') @B - p)
r pAXISERR = TEM1 (For FDAI)

p-AXIS CHANGE OVER TEST. TEM2 = SGN (-&) B
SEE WHETHER p-AXIS IS IN CALL BIASED DZ
TRANSITION FROM 7 SEC. RESUME TAGI, TAG2

SAMPLED DAP TO T SEC
PREDICTIVE SYSTEM:

ISJETAG <0 ?

OR TAG!1 WITH TAG? & USE RESULT

TO INDEX ROLL JET-SELECT CODE
Yes No FROM A TABLE, AND ACTIVATE

THRUSTERS VIA CHANNEL 6.
QUENCH pJETS, IF ON.
Set JETAG = +0

! ' RP_I also loaded RH LOADED WITH
CMDAPMOD = SGN () (+0) in roll DAP || R IN P62 AND WITH Re IN P66;
TEM1 = BGN (Cd) B- ) deadzone TEMI = SGN{%) (Ry - R)
l {Fig. 3.4.35) ;
T =10.1 SEC. r-AXIS raxisERR = TEM1, AK2 = TEMLl (TM & FDAI)
= 2 BEC. IF CMDAPMOD = +0, TEMZ2 = 37, OTHERWISE TEM2 = rr
CALL BIASED Dz
RESUME TAG1, TAG2
OR TAG1 WITH TAGZ2 & USE RESULT TO INDEX YAW JET-
SELECT CODE FROM TABLE. SAVE.
q-AXIS: TEMIL = q, 4 cERR, TEM2 = qr
CALL BIASED DZ
RESUME TAGI, TAG2
OR TAG] WITH TAG2
CONTINUE AT
DAPIN
Fig. 3.4.31 EXO Atmospheric Attitude CM DAP,
3.4-57a
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PHASE-PLANE LOGIC
L BIASED DZ | CALLED FOR ALL
T = 0.1 Sec DAPs.

TEM = TEM1 - SGN (TEM2) BIAS

IS |TEM|3 X,

Yes No
9

TAG2 = -5GN (TEM) TAGZ = 0

|

s |ITEmM2| > 2v,

Yes No

| TAG2:=0

2D/S DZ

IS |[TEM2j> V,

Yes # No

l TAGI1 = S(;N(TE M2) TAGl =0

RETURN TAGI1, TAG2

TEMI = SIGNED ATTITUDE ERROR BIAS = g, ¢°
TEM2 = SIGNED (ATTITUDE) RATE x = 3.g°
"AG1 AND TAG2 TAKE ON THE VALUES : o
+1, 0, -1. Vg = 27/s

+1 WILL SELECT THE JET CODE
CORRESPONDING TO NEGATIVE
ACCELERATION.

Fig. 3.4.32 Biased DZ and Rate DZ for CM Attitude DAP,
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RATEAVG CALLED BY BODYRATE

TEM = TEM 1 - TEM J

TEM = TEM 1 + TEM/2

( RETURN )

ESTIMATE BODY RATES IN PRESENCE OF CONSTANT ACCELERATION.

TEM 1 = PRESENT VALUE OF ANGULAR INCREMENT.
{pr., qr, or r7)

TEM = LAST VALUE OF ANGULAR INCREMENT.

T =0,1SEC.

Fig. 3.4.33 CM Body Rate Estimation.
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DUAL GAIN
ROLL DAP

LATER AS REQUIRED:

e e e e

CALCULATE ROLL ERROR:
EXPRESSR , Rg IN
RANGE (0, 360)

X = RC - R
RANGE = 360

TAKE SHORTEST ANGULAR PATH:
2

- V) ——Y
TEM = SGN{(-V Za; Ca’ + X

!

IS |TEM| 2

Yes

180

SET INDEX TO SELECT POSITIVE ACCELERATING ROLL
JETS FOR FIRST THRUST INTERVAL AND CHANGE

- Yes
__ IS LATSW ZERO? | ¥

CONTINUE HERE FROM

ATTRATES IF JETAG = 1
~ (EACH T = 2 SEC)

[ LATSW =1 |

CALCULATE ROLL, ERROR TO
ENFORCE ROLL OVER TOP:

R AND RC IN RANGE + 180

X=Rpr -R
RANGE £+ 360

No

| X~ X - 360 SGN(X)

B

CORRECT X FOR ASSUMED
COORDINATED ROLL:

X+«X Cqao'

* Yes

[1s cMDAPMOD = +1 | >

No
] Y
[1s CMDAPMOD = -0 }—es

No

SIGNIFY CM/RCS DONE:
JETAG = +0

RATE DAMPING

CMDAPMOD = (0,{-1) ONLY:

Y v

pAXISERR = X (For FDAI)

!

!

GO TO
CM/F¥DAIR

CONTINUE AT
WHICHALF

Fig. 3.4.34 Dual Gain Roll DAP - Error Calculation,
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Lmu;fgu_l

Continued from CM/RCS

DETERMINE WHICH HALF PLANE CONTAINS
THE POINT (X,V). TEST FOR LHP: Yes
2 X X
v BUF | « _ ~BUF
SGN(V) [%—1 - l X-—5—= >0 ? LHP
TEST FOR RHP: REVERSE SIGN OF
2 X X Vv, X, JNDX
SGN(V) | 5= - BUF | ., _BUF ., »
ay 2 2 |
l No Yes RHP
IN BUFFER ZONE. TEu ! N y y EA
. es FAD
FOR VELOCITY DZ: 15 |v]|<v, ZONE
v <v, 2
y No No
IS X-X B -VT <0
-No Yes |
Yes
l CALCULATE INTERCEPT

THRUST TO ZERO POINT IS IN DZ:

VELOCITY: *QUENCH p-JETS, IF ON.
JNDX1 = -JNDX *SIGNIFY IN DZ, V[, =0
Vp= V * SIGNIFY CM/RCS DONE:
t, = 0
1 JETAG = +0
"GO TO |
GET t,
GO TO
CM/FDAIR

ORDINATE:

Xp=X+

V2

2a

INTERVAL TORQUE OPPOSITE TO FIRST:
JNDX1 = - JNDX

SET INDEX (JNDX1) TO SELECT SECOND THRUST-

IS REQUIRED:

TEST WHETHER THRUST TO MAXIMUM VELOCITY

o |

l Yes

Fig. 3.4.35 Dual Gain Roll DAP - Initial Logic.
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L)LHL%EALE

DETERMINE WHICH HALF PLANE CONTAINS

1A

Continued from CM/RCS

2 X X .
\'s BUF | + _ “BUF
SGN(V) |i'2—;1 al ] X —5 >0 ? LHP
TEST FOR RHP: REVERSE SIGN OF
- X X V, X, JNDX
SGN(V) | o= TBUF| |y, ZBUF 4, i
a, 2 2
l No Yes RHP
IN BUFFER ZONE. TEST N ¥ y DEAD
€8s
FOR VELOCITY DZ: 13 |v|<v, ZoNE
vl v, *
No No
ISX-X g -VT <0 |
No Yes ' |

e

l Yes

THRUST TO ZERO POINT IS IN DZ:
VELOCITY: * QUENCH p-JETS, IF ON.
JNDX1 = -JNDX » SIGNIFY IN DZ, V= 0
Vp= V + SIGNIFY CM/RCS DONE:
t, = 0 '
1 JETAG = +0
GO TO It CMDAPMOtD = -0, R., « R.
GET t, ) *TH ;
otherwise RH -~ Rc
¥
GO TO
CM/FDAIR

CALCULATE INTERCEPT
ORDINATE: 2
v

Xp=X* 7

-

|SET INDEX (JNDX1) TO SELECT SECOND THRUST-
INTERVAL TORQUE OPPOSITE TO FIRST:

JNDX1 = - JNDX

.2

I

IS REQUIRED:

TEST WHETHER THRUST TO MAXIMUM VELOCITY

Nol

l Yes

Fig. 3.4.35 Dual Gain Roll DAP - Initial Logic,

3.4-61a



K
Xg

.25
2(')

COMPUTE DRIFT VELOCITY.
V= KX - Xg)

SET QTAG > 0

FIRST THRUST INTERVAL

THRUST TO VM:

Vb Vi

SET QTAG = +0

GET t,

SECOND THRUST
INTERVAL

1

r v
. - VD -V THRUST UP TO VD .
1 a
)
IS t, <0 No
’Yes
IS QTAG > 0 | Yes
No
THRUST DOWN TO VM: OVER LINE. DRIFT
JNDX = JNDX1 AT V:
t] = 0
VD THRUST DOWN TO QORIGIN.
ty = a;
IS t, <0 Yes
— VD IS NEG.
No -2 2 THRUST UP
JNDX1 = JNDX |TO ORIGIN,

2X -ty (V+Vp) - ty V

D

2VD

IF t

d

OVFL, ty = 2T

!

* SIGNIFY THAT CM/RCS COMPLETED:
JETAG = +0

* WILL LOSE ONE UPDATE IF RESTART OCCURS BEYOND
THIS POINT. RE- INITIALIZE TM LIST FOR BODY RATES:
SW/NDX = 1

GO TO TIMETEST

Fig. 3.4.36 Dual Gain Roll DAP - Time Calculations.
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CONT'D
( T‘Q

TIMETEST SAVE PRESENT TIME:
TEM = TIME1

Inltlally, 1use(_]
holds TIME1 left
by SETJTAG.

'

CALCULATE AT SINCE NOMINAL

used = TEM - tyged - 71/2

Nominal CM/RCS

UPDATE(Overflow Corrected): update time is

above t qnq +7T/2

y 7 =0.1 8EC
' T= 2 SEC
=t -
[ t us+ed T+2 (In Centiseconds)
Mo (TsY, -zro ) Yes
tp = -1 USE INDX. GET ROLL JET _ypy
TIBITS = ROLL CODE GETS +JETS
] t o<t ]
No St 0 Yes
N Yes
Y15ty -2>0 )22 t] = 0
¥ td = ‘1
td = -1 i - t +td t .= -1
¥
N Y
_0_( IS t'> 0 )_'ﬁ
)Yes ty =+0
-2>0
tz = -1
GO TO

USE JNDX1, GET ROLL JET
CODE

T2BITS = ROLLCODE
( GO TO ) v
II.E-ICALL.I tl -— t.l + t2

[
No (185t >0 O)-tes

Fig. 3.4.37 Roll DAP - Time Interval P
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[sETCALLL |

BN

Continued from TIMETST

‘ JEICALL I INITIALIZE JET LIST:
OUTTAG =0 , NUJET =0
TBITS =0

WAITLIST CALLS
FOR DELAYED JET

ACTIVITY COME

HERE: TEML = t] ,  TEM2 = T1BITS
OUTTAG = 2 t =0
Yes
h Y
—_ 9 2
IGNORE ANY JET ! (s 1EM1 >0 2 )
CALLS IF IN +01
STANDBY MODE: ﬁUJET - TEMZ
IS CM/DSTBY ZERO 1 i
Yes lNo TEM1 = t TEM?Z = TBITS
[ TEMZ2 = +0_ | I
] Yes
' IS TEM1 >0 ? )}
NUJET = +0 | -1 +0 I
[NUJET = TEM2 |
TEM! = t, TEM2 = T2BITS
tz = '1
r Yes
—( IS TEM1 >0 7 }
-1 +0 v
INUJET - TEM2| [NUJET ~ NUJET + TEM?]
CALL WAITLIST:
AT = TEMI
l TASK: JETCALL

ACTIVATE ROLL p-JET THRUSTERS
WRITE NUJET IN CHANNEL 6

Yes

Y
No e
r—‘{ IS OUTTAG 0 }——‘7

SUBSEQUENT PASSES VIA
WAITLIST DUE TO JETCALLS
EXIT HERE:

GO TO TASKOVER

INITIAL PASS EXITS
HERE. DO NEEDLE
DISPLAY:

GO TO CM/ EDAIR

Fig. 3.4.38 Roll DAP - Time Interval Execution Logic.
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e COME HERE AT END OF DAP
EM{FPAI CYCLE(EACH 7 = 0.1 SEC)

SEE IF ROLL DAP IS USING 7 = .1 SEC. UPDATE: |
IS CMDAPMOD >0 2 '

T

NOl YES

INTEGRATE ROLL ERROR BETWEEN CM/RCS
UPDATE S FOR FDAI NEEDLE DISPLAY:

ERR = pAXISERR - DELR Cgao'

P aAx1s

'

ALF ROLL ERROR
CM/FDAIR sC o)

(COME HERE FROM FOR FDAI DISPLAY:
ROLL DAP EACH )
T = 2 SEC. ) AK = 0.5 p,yig ERR

COME HERE EACH r SEC. TO ALTERNATELY SERVICE
FDA]I NEEDLES OR TM BODY RATE LIST:

IS SW/NDX >0 °?

lNO lYEs
SERVICE NEEDLES: SERVICE TM LIST: YES
SW/NDX = -SW/NDX IS SW/NDX > 3

v { NO

CALL FDAI NEEDLE INITIALIZE TM LIST:
CM TM TIME = TIME 1
DISPLAY ... SW /NDX = -13

(AL X R

DECREMENT INDEX:
SW /NDX+ 3-SW /NDX

. l

STORE p7, g7, rr IN UPBUFF AREA IN CYCLES OF
THREE. LIST IS DOWNLINKED TWICE EACH 2 SEC.

SET T5LOC
TO

IDL.E
Fig. 3.4.39 Entry DAP Display and Telemetering Interface.

EXIT-
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Table 3.4-II1 ENTRY DAP Constants

CONSTANT VALUE
a 9.1 deg/sec2
a 4, 55 deg/sec2
@ @y pad-loaded quantity, function of L/ D,
BIAS 0.6 deg
ygpmin 0.5 deg/sec
K 0.25 sec T
KWE 1546, 70168 ft/sec
= {.729211505X 10" *rad/secH21210604 ft)
T 2 sec
T 0.1 sec
VQUIT 1000 ft/sec
Vi 1 deg/sec
Vi 20 deg/sec
Vo VN 2 deg/sec
Xpr Xpur XmIN 4 deg
XS 2 deg
X, 3.6 deg
X, 3 deg

3. 4-66




1A

Table 3.4-II1 ENTRY DAP Constants

[T Revised COLOSSUS 1A

CONSTANT VALUE
a 9.1 deg/sec2
a; 4,55 t;!tag/tsen::2
@, pad-loaded quantity, function of L./ D,
“trim - 20 deg
~ BIAS 0.6 deg
&Emin 0.5 deg/ s“ec
K 0.25 sec !
KWE 1546, 70168 ft/sec
= (. 729211505 % 10" *rad/sec)(21210604 £t}
T 2 gec
T 0.1 sec
VQUIT 1000 ft/sec
Vi 1 deg/sec
VM 20 deg/sec
Var Van 2 deg/sec
Xp XBUF' XMIN 4 deg
XS 2 deg
X, 3.6 deg
XZ' 3 deg
3.4-66a



3.4.12

Symbol Table

a

a4
AIG

AIG/PIP

AK

AK1

AK2

AMG
AMG/PIP

AOG
AOG/PIP

AVEGEXIT

AVERAGEG

a/PIP

roll acceleration estimate for dual-rings; used by predictive
roll DAP, CM/RCS.

single-ring roll acceleration estimate; used by CM/RCS,
inner gimbal angle, as read each T second.

value of AIG that exists at PIPA read time and is saved for
use in attitude calculation, CM/POSE,

CM attitude error in body axes to drive roll FDAI needle.
CM attitude error in body axes to drive pitch FDAT needle,
CM attitude error in body axes to drive yaw FDAI needle,
middle gimbal angle, as read each 7 second

value of AMG that exists at PIPA read time and is saved for
use in attitude calculation, CM/POSE.

outer gimbal angle, as read each 7 second,

value of AOG that exists at PIPA read time and is saved for
use in attitude calculation, CM/POSE.

variable exit address in AVERAGEG used to establish program

flow.

program to perform navigation; generates BN' V. See
Section 5, GSOP.

pitch attitude angle, used by ENTRY DAP. It is the third
rotation of the CM body triad in the Fuler sequence R, 8, a,
and is about UBY,

value of o that exists at PIPA read time and is saved for use
in attitude calculation, CM/POSE,

rate of change of pitch attitude a.
a attitude command, used by ENTRY DAP,

the hypersonic value of o for the CM in trimmed flight, a pad-
loaded quantity.

same as Q‘t.

bias value used to offset the biased dead zone of EXDAP,

yaw attitude angle, used by ENTRY DAP. It is the second
rotation of the CM body triad in the Euler sequence Rfa,
and is about UBZ.
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1A

3.4,12 Symbol Table

a

2
AIG

AIG/PIP

AK

AK1

AK2

AMG
AMG/PIP

AOG
AOG/PIP

AVEGEXIT

AVERAGEG

a/PIP

Qe

D Revised
[~ Added

roll acceleration estimate for dual-rings; used by predictive
roll DAP, CM/RCS.

single-ring roll acceleration estiimate; used by CM/RCS.
inner gimbal angle, as read each 7 second.

value of AIG that exists at PIPA read time and is saved for
use in attitude calculation, CM/POSE,

CM attitude error in body axes to drive roll FDAI needle.
CM attitude error in body axes to drive pitch FDAI needle,
CM attitude error in body axes to drive yaw FDAI needle,
middle gimbal angle, as read each T second

value of AMG that exists at PIPA read time and is saved for
use in attitude calculation, CM/POSE.

outer gimbal angle, as read each 7 second.

value of AOG that exists at PIPA read time and is saved for
use in attitude calculation, CM/POSE,

variable exit address in AVERAGEG used to establish program
flow.

program to perform navigation; generates BN' Y-N’ See
Section 5, GSOP.

pitch attitude angle, used by ENTRY DAP. It is the third
rotation of the CM body triad in the Euler sequence R, 8, a,
and ig about UBY.

value of a that exists at PIPA read time and is saved for use
in attitude calculation, CM/POSE.

rate of change of pitch attitude a.
a attitude command, used by ENTRY DAP.

the hypersonic value of o for the CM in trimmed flight, a pad-
loaded quantity.

~ 20 deg, approximately the hypersonic o
for L/D = 0.3,

bias value used to offset the biased dead zone of EXDAP,

yaw attitude angle, used by ENTRY DAP. It is the second
rotation of the CM body triad in the Euler sequence Rfa,
and is about UBZ,

3.4-67a
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B/PIpP

CHANNEL 5
CHANNEL &6

CMDAPARM

CMDAPMOD

CMTMTIME
CM/DSTBY
CM/GYMDT

CM/POSE
CM/RCS

CM
co, C1 }
Co'
C20

-DELAOG

{

value of 3 that exists at PIPA read time and is saved for use
in attitude calculation, CM/POSE,

rate of change of yaw attitude 3.

3 attitude increment due to ,é, calculated each T second.
B attitude command, used by ENTRY DAP,

CMC channel for CM g- and r-jets.

CMC channel for CM p-jets.

if switch bit is zero, DAP is in standby mode and only calcu-
lates body rates. If bit is 1, DAP exerts control on CM.

a 4-position switch used by ENTRY DAP,

-0 |a! > 135° D < 0.05g
+1 45° < |o|<135° D <0.05g
0 |o| < 45° D <0.05¢
-1 D >0.05g

a register containing the time (TIME1) of initializing the list
used for telemetering the body rates (see SW/NDX).

switch bit is 1 if DAP is active. DAP will be turned off when
bit becomes zero.

register ugsed by ENTRY DAP restart mechanism. Contains
time of next DAP update relative to time when PIPAs were
read.

program to calculate CM body attitude angles.

name of the predictive roll ENTRY DAP., Computations
performed each T seconds.

short-hand notation for cos (M), cos (O), cos (I), where M,
O, I are the gimbal angles.

DAP variable, cosine of the first approximation tog .
maximum drag level for down-lift, used by Entry Guidance

to determine LATSW setting. See Section 5, GSOP,

atmosgpheric drag acceleration, used in Entry Guidance.
See Section 5, GSOP.

outer gimbal angle difference, generated each T second and
used in body rate calculation.
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B/PIP value of 3 that exists at PIPA read time and is saved for use
in attitude calculation, CM/POSE.

B ‘rate of change of yaw attitude 3,
Bt B attitude increment due to 3, calculated each T second.
'Bc B attitude command, used by ENTRY DAP.

CHANNEL 5 CMC channel for CM gq- and r-jets.
CHANNEL 6 CMC channel for CM p-jets.

CMDAPARM if switch bit is zero, DAP is in standby mode and only calcu-
lates body rates. If bit is 1, DAP exerts contrel on CM.

CMDAPMOD a 4-position switch used by ENTRY DAP,

-0 |a| > 135° D < 0,05¢g
+ 45° < |e]|<135° D <0.05¢
10 |a| < 45° D <0.05¢g
-1 D >0.05g

CMTMTIME a register containing the time (TIME1)} of initializing the list
used for telemetering the body rates (see SW/NDX).

CM/DSTBY switch bit is 1 if DAP is active. DAP will be turned off when
bit becomes zero.

CM/GYMDT register used by ENTRY DAP restart mechanism. Contains
time of next DAP update relative to time when PIPAs were

read.
CM/POSE program to calculate CM body attitude angles.
CM/RCS name of the predictive roll ENTRY DAP, Computations

performed each T seconds.

CM } { short-hand notation for cos (M}, cos (O), cos (I), where M,

CO, CI 0O, I are the gimbal angles.

Ctr‘im cos (—200), nominal hypersonic trim @ for L/D = 0.3

Co' DAP variable, cosine of the first approximation toa .

Cc20 maximum drag level for down-lift, used by Entry Guidance
to determine LATSW setting. See Section 5, GSOP.

D atmospheric drag acceleration, used in Entry Guidance,
See Section 5, GSOP.

-DELAOG outer gimbal angle difference, generated each T second and
used in body rate calculation.

3.4-68a
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-DELAIG inner gimbal angle difference, generated each 7 second and used

in body rate calculation.

~-DELAMG middle gimbal angle difference, generated each T second and

used in body rate calculation.
DELR roll attitude increment due to f{, calculated each 7 second,

GAMDIFSW switch is zero until gamma has been calculated once in
CM/POSE, in order to assure that a valid difference can be

computed, Switch may be reset to zero more than once.

GY MDIFSW switch is zero until CDUs have been read once by READGYMB,
in order to assure that valid CDU differences exist. Switch is

1 otherwise. Switch may be reset to zero more than once.

TR angle between local horizontal and YREL; measured positive
upward,

;(E rate of change of Y+

-}Emin minimum value of 'yE for which the body rates are corrected for ';'E

HEADSUP a quantity set by the crew via DSKY to specify the roll attitude
that the CM is to assume before entering the atmosphere.

I inner gimbal angle,

I rate of change of inner gimbal angle.

JETAG a switch used to control the time sequence of CM/RCS, If
JETAG = +l, the roll DAP is updated. If JETAG = 0, DAP is
omitted.

JETCALL jet list processor, program to service the roll jets as required
by CM/RCS. Initial pass uses JETCALLI; subsequent passes

JETCALLIL via WAITLIST use JETCALL,

JETEM temporary registers used by ENTRY DAP,

JNDX two-value quantity used in CM/RCS topecify sign of the rolt
acceleration to be used during the first thrust interval,

JNDX1 two-value quantity used in CM/RCS to specify the sign of the
roll acceleration to be used during the second thrust interval,

K slope of the Control Line used in CM/RCS,

KWE the product of earth rate and earth radius used in approximating

the coriolis term in the calculation of velocity of the CM relative
to the air mass. Instead of W X R, KWE UNITW x UR is
used. KWE = (0. 729211505 X 10-‘/II rad/sec) {21210604 ft), See
Bection 5, GSOP: Entry Guidance,
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LATSW

LAT(SPL)
LNG(SPL)
M

M

NEWR
NEWS
NEWa

NUJET

O

O
OUTTAG

PT

PK-1
PTg-1

Paxig ERR

Prel
PIPTIME

PITCH CODE
POSEXIT

P63FLAG

g

qT

switch bit is zero if Entry Steering wants ENTRY DAP to
roll over the top. DAP rolls through shortest angular path
if bit is 1.

latitude of desired landing site.

longitude of desired landing site.

middle gimbal angle.

rate of change of middle gimbal angle.

values of Euler set RBa as extracted by CM/POSE
from the calculated sines and cosines of the attitude

angles.

register containing roll jet code that is to be executed next
by the jet list processor of CM/RCS.

outer gimbal angle.
rate of change of outer gimbal angle.

switch word uged to mark the type of entry into the jet-list
processor of CM/RCS,

roll rate, component of CM angular velocity vector along
body X-axis, UBX.

attitude increment due to p body rate, calculated each T second.

previously calculated body rate (increment), saved for use

in calculation of current body rate.

CM roll attitude error in body axes generated by DAP and
displayed on FDAI needle, Equivalent to AK.

CM roll body rate, corrected for ’;'E
time at which PIPAs were last read.
table of pitch jet codes.

variable exit address in CM/POSE used to establish program
flow.

a flag used in sequencing the change to program P63 from P62,

pitch rate, component of CM angular velocity vector along
body Y-axis, UBY.

attitude increment due to q body rate, calculated each 7 second.
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k-1
k-1
dyx1s TRR

9rel

rT

k-1
rTK-l

ERR
AXIS

rel

R/PIP

READACCS

READGYMB

ROLL
ROLLC

{previously calculated body rate (increment) saved for use

in calculation of current body rate

CM pitch attitude error in CM body axes generated by DAP

and displayed on F'DAI needle, Equivalent to AKI,

CM pitch body rate, corrected for yy.

minimum drag for up-control phase of ENTRY Guidance (see

Section 5.)
yaw rate, component of CM angular velocity vector along

body Z-axis, UBZ.

attitude increment due to r body rate, calculated each

T second.

previously calculated body rate {increment} saved for

use in calculation of body rate.

CM yaw attitude error in CM body axes generated by DAP

and displayed on FDAI needle. Equivalent to AKZ.

CM yaw body rate, corrected for F}E

roll attitude angle, used by ENTRY DAP. It is the first
FEuler rotation of the CM body triad about the negative relative
velocity vector -UVA, along which UBX points,

value of R that exists at PIPA read time and is saved for use
in attitude calculation, CM/POSE.

rate of change of roll attitude, R.

roll attitude command issued by Entry Guidance and used by
ENTRY DAP.

relative veleocity vgctor, -KREL'

It is defined as a rotation about the negative

program to read integrating accelerometers (PIPAs), and
to establish timing for ENTRY DAP and attitude calculations
in CM/POSE,

program to read gimbal angles via CDUs and start ENTRY
DAP sequence each 7 second.

register used by EXDAP in roll attitude hold; contains desired
roll attitude.

CM inertial position vector, generated by AVERAGEG

navigation.
same as R.

‘same as Rc.
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ROLL CODE table of roll jet codes.

SETJTAG program to initiate CM/RCS by setting flag JETAG.
SM shorthand for sin (M), sin (O}, sin (I}, where M, O, I are
50, I gimbal angles.,

SW/NDX combined switch and index associated with FDAI display and
with telemetering. The contents of SW/NDX is negated immediately
before use., Then, if the contents of SW/NDX is positive, the
attitude errors are sent to FDAI error needles, If SW/NDX
is negative, the value is used as an index to file the three body

rates in a list for telemetering.

S o' DAP variable, sine of first approximation to a.

tonl same as tl'

ton2 Same as t2.

toff same as td.

t first roll acceleration interval generated by CM/RCS.

ty second roll acceleration interval generated by CM/RCS.

td roll drift interval generated by CM/RCS,

TBITS register that contains roll jet code for no jets on.

TIBITS register that contains the roll jet code for first acceleration
interval.

T2BITS register that contains the roll jet code for second acceleration
interval.

t! quantity used in TIMETEST in determining the useability of
the time intervals tl, tz, and td that are generated by CM/RCS.

tused elapsed time since nominal update of predictive roll DAP,
CM/RCS. Used to maintain sync of DAP by accounting for
computation time and other delays.

T sample period of predictive roll DAP, CM/RCS. The same
peried is used by the navigation cycle beginning with READACCS,

TAG1 three-value quantities generated by ENTRY DAP phase plane

TAG2 logic for use in selecting jet-axis codes from a table,

TEM temporary quantities used in flow charts for convenience,

TEMI1 May be one or several actual computer registers.

TEM2
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ROLL CODE table of roll jet codes.

SETJTAG program to initiate CM/RCS by setting flag JETAG.

SM } shorthand for sin (M), sin (O), sin {I}), where M, O, I are

50, SI gimbal angles.

. o : . ; _

St rim gin (-207}, nominal hypersonic trim o« for L/D = 0.3

SW /NDX combined switch and index associated with FDAI display and
with telemetering. The contents of SW/NDX is negated immediately
before use. Then, if the contents of SW/NDX is positive, the
attitude errors are sent to FDAI error needles, If SW/NDX
is negative, the value is used as an index to file the three body
rates in a list for telemetering.

Sa! DAP variable, sine of first approximation to a.

tonl same as tl.

tonz same as tz.

toff same as td.

tl first roll acceleration interval generated by CM/RCS.

ty second roll acceleration interval generated by CM/RCS,

ty roll drift interval generated by CM/RCS,

TBITS register that contains roll jet code for no jets on.

T1BITS register that contains the roll jet code for first acceleration
interval.

T2BITS register that contains the roll jet code for second acceleration
interval.

t' quantity used in TIMETEST in determining the useability of
the time intervals tl' tz, and td that are generated by CM/RCS,

tu sed elapsed time since nominal update of predictive roll DAP,
CM/RCS. Used to maintain sync of DAP by accounting for
computation time and other delays.

T sample period of predictive roll DAP, CM/RCS, The same
period is used by the navigation cycle beginning with READACCS,

Ttrim tan{-20), approximated by Str‘im

TAG1 } three-value quantities generated by ENTRY DAP phase plane

TAG2 logic for use in selecting jet-axis codes from a table.

TEM temporary quantities used in flow charts for convenience,

TEMI1 May be one or several actual computer registers.

TEM2
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TIME], TIME2 CMC time; double-precision registers in the order TIMEZ2
TIMEL. In general, to read time, both TIMEZ2 and TIME]
must be read. However, in computing time differences,
TIME] alone may be used provided account is taken of possible
incrementing of TIMEZ by overflow of TIMEL and the corres-
ponding re-setting of TIME] to zero.

Tl same as TIMEL
T2 same as TIMEZ2,
TIME3 a preset timer that is maintained by WATITLIST for the pur-

pose of scheduling.

T3 same as TIME3,

TIMES a preset timer, maintained by the user for the purpose of
scheduling. .

TS5 gsame as TIMES,

T ‘ sample period used for body rate calculations. All portions

of ENTRY DAP, except CM/RCS, operate at this rate,

UBX

UBY CM body triad.

UBZ

UL unit vector in direction of lift vector. It is normal to -UVA
and rotated away from UNA by the angle R.

UNA unit vector in trajectory plane, normal to both -UVA and
UYA, Also called UZA,

UNITW unit vector along earth's spin axis. Same as UZ.

UPBUFF CMC erasable array assigned to the uplink program and used
during Entry to telemeter CM body rates.

urx triad attached to stable platform; identical to body triad

UFPY when all gimbal angles are zero.

uPZ

UR unit vector along BN

UVA unit vector along -YREL'

UXA same as -UVA,

UYA unit vector normal to trajectory plane. It lies along

VeeL * By
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same as UNITW,.

|

UZA same as UNA,

\' phase-plane velocity used by CM/RCS. It is equivalent to p.
It may also appear as the product VT,

v generally used as ordinate when X is the abscissa in phase
plane figures for the ENTRY DAP. In present application
the error X is defined as (Command minus Actual) and the
Command is considered to be constant. It is therefore
convenient to define V as the rate of change of the Actual
rather than as X, as is usual, The resulting phase planes
are inverted from the usual,

\' magnitude of V.. . Also called VREL,

D roll drift velocity computed using the Control Line and a
parabola having acceleration (a) by CM/RCS.

VI velocity intercept of Control Line of slope K and parallelogram

' dead-zone in CM/RCS.

VM maximum roll rate allowed by CM/RCS.

VMAGI magnitude of \_{N computed for a display.

!N CM inertial velocity vector, generated by AVERAGEG navigation.

VQUIT value of VREL at which Entry Guidance ceases generating RC
and at which CM/POSE ceases computing UYA.,

Y-REL velocity of CM relative to air mass,

VREL magnitude of KREL.'

vT angular increment in CM/RCS, product of roll rate V and
sample time T, See V,

Vz velocity limit used in all dead-zone figures.

X attitude error used in all DAP phase plane illustrations,

(see also V.,) It is the difference between Command and
Actual attitude. For the predictive roll DAP CM/RCS, the
error is corrected for assumed coordinated maneuver,

X = (Rc - R) Ceo!'.

XB x-axis intercept used in CM/RCS by both buffer-zone and the
parallelogram dead-zone.

XBUF x-axis intercept of buffer-zone in CM/RCS, and is equivalent

to XB'
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YAW CODE

YBN

. 05GSW

x-axis intercept of parabola having acceleration {a)} and
commencing at the point (X, V), Used in CM/RCS.

x-axis intercept for parallelogram dead-zone in CM/RCS,
x-axis intercept of Control Line in CM/RCS,

x-axis intercept {in absence of bias) used in the biased dead-
zone of EXDAP,

X'-axis intercept used in the unbiased dead-zone figure used
in description of EXDAP.

table of yaw jet codes.

unit vector along desired direction for UBY. It is normal
to -UVA and rotated away from UYA by the angle R.

switch bit is zero if atmospheric drag acceleration is less
than 0. 05 g.

angular-velocity vector of CM.
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3.5 SATURN TAKEOVER FUNCTION

The SATURN takeover function provides the interface between the astronaut/
RHC and the SATURN autopilot, for SATURN RCS control only. The routine provides
the following constant maneuver rates when the RHC is out of detent:

Roll 0.5 deg/sec
Pitch, Yaw 0.3 deg/sec

The routine is entered once each 100 ms by means of the TIMES clock and
interrupt mechanism. During each cycle, the RHC bits are sampled, and rate
commands are generated that remain in force until updated by the next cycle, The
commands are comrnunicated to the SATURN autopilot by means of the TMU error-

counter digital-to-analog converters.

Since the IMU error counters also drive the FDAI attitude error needles,
these needles will be driven by stick commands. Because the stick commands are
implied rate commands, and the needles are designed to indicate attitude errors,
the magnitude of the needle deflection is not meaningful; the sign of the needle
deflection will be the opposite sense of the stick deflection.

To initiate the SATURN takeover function, the crew must first set to "'3"
the CONFIG octal window of Noun 46 Ri1. This is done by means of Verb 48 {R03).
The crew then executes Verb 46. The routine is disabled by setting the CONFIG
window to "0," "1," "2," or "6'" and repeating Verb 46,
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