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FOREWORD

This document updates the Shuttle digital flight control design
developed by the JSC Guidance and Control Systems Branch and the Draper
Laboratory Control and Flight Dynamics Division. The flight control
algorithms of the Space Shuttle from launch through touchdown, and for
powered horizontal flight are presented. It is anticipated that this docu-
ment will be utilized in establishing an initial baseline for the digital
flight control software design. This report supports the generation (by
Rockwell) of the Level I "Orbiter Avionics Functional Subsystem Software

Requirements' documentation series.

Revision A of the Digital Flight Control Software Design document
incorporates updates from the design activities performed over the past
six months. In addition, Honeywell has completed an extensive review of
the original version and many changes in Revision A resulted from the
constructive review comments to NASA. Additionally, treatment of control
modes in this revision reflect technical design exchanges with Rockwell

and the Flight Crew personnel.

There are several important design areas which have not been covered
in the revision. It is anticipated that they will bc addressed as base-
line additions in the future. These areas include the treatment of redun-
dant sensors and redundant actuators, interface with pilot type displays,
and roll-out control. Al design to date has assumed rigid body models;
however, the filter structure has been specified to facilitate the handling

of bending and slosh dynamics.

In this document, a number of design elements have been addressed in

detail. The following paragraphs summarize the scope of the document.

The unified structure which is presented for the DFCS (digital flight
control system) is a flexible framework for the evolving Space Shuttle con-

trol system,
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Two designs for jet selection are included. The first, which is
based upon linear programming, is considered flexible. The second, which
is based upon a table look-up scheme, is more restricted. The latter is
recommended for the baseline design until the Shuttle requirements are

found to go beyond its capabilities.

The design for the cruise phase addresses the requirement for a
variety of manual, semi-automatic and automatic control modes during the
developmental horizontal flight tests as well as during the final stages
of operational vertical flights and during ferry flights. The control
gains have been calculated for the Rockwell OO89B vehicle, but only for a
single flight condition; the scheduling of gains for a full range of con-

ditions is currently in progress.

A number of features have been added to the design for the entry
phase. The applicable flight regime has been extended to subsonic, thus
eliminating the separate transition phase, and a state estimator has been
introduced. Rudder augmentation has been added to the control during the
early part of entry. The gains have been calculated for the Rockwell
0089B vehicle. A capability for higher maneuver rates in responge to
large bank commands has been added. The elevator-trim algorithm during

early entry has been changed from open-loop to closed-loop.

The design for control using the reaction control jets during the
on-orbit mission phase has been developed and implemented, as has been the
design for the attitude maneuver routine during the phase. Attitude
control design presented herein does not reflect the availability of
vernier Jjets or the unavailability of a clock for on-off commands other
than once per minor cycle; these factors must be considered in designing
firing policies. The design for control during major maneuvers in orbit
(including insertion) is in development; only a functional outline is

presented in this document for that segment of the DFCS.
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There are areas where the various design efforts have not yet been
fully integrated. As an example, the phase plane developed for on-orbit
ACPS control may well be usable in the entry phase.

A version of the DFCS which incorporates the designs for the cruise,
entry, and boost phases has been implemented in FORTRAN for testing on the
58FS (Space Shuttle functional simulator). A second version has been pro-
grammed in HAL using structured programming techniques. It incorporates
the designs for the on-orbit phase, and runs on the functional simulator

at the Charles Stark Draper ILaboratory.






ABSTRACT

The objective of the integrated Digital Flight Control System is to provide
rotational and translational control of the Space Shuttle orbiter in all phases of
flight: from launch ascent through orbit to entry and touchdown, and during pow-
ered horizontal flights. The program provides a versatile control system structure
while maintaining uniform communications with other programs, sensors, and con-
trol effectors by using an executive routine/functional subroutine format. The
program reads all external variables at a single point, copies them into its
dedicated storage, and then calls the required subroutines in the proper sequence.
As a result, the flight control program is largely independent of other programs
in the GN&C computer complex and is equally insensitive to the characteristics

of the processor configuration,

Section 1 of Part I describes the integrated structure of the control system
and the DFCS executive routine which embodies that structure. Section 2
deals with the input and output. The succeeding sections show the specific

estimation and control algorithms used in the various mission phases.

Part II describes attitude maneuver routines that interface with the DFCS.
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SECTION 1

INTEGRATED STRUCTURE; EXECUTIVE ROUTINE

1.1 Integrated Structure

The DFCS program consists of an executive routine, several major (functional)
subroutines, and a number of utility subroutines. The executive routine performs
"housekeeping'' which is required regardless of the mission phase and calls the major
subroutines in the appropriate order. There is a major subroutine for each of the
following functions: Backup Control System (BCS) implementation, "pad load" manip-
ulation, input manipulation, filter and parameter initialization, filter update (or meas-
urement incorporation), control logic, command transmission, filter pushdown, {or
state extrapolation), and parameter estimation., Most of these routines are divided,

at least in part, into separate segments for the various mission phases.

This structure of executive routine and functional subroutines gives modularity
to the program; it allows complete flexibility in designing the state estimation and
control algorithms for each of the mission phases, designating new sensors or con-
trol effectors, and indeed, redefining the mission phases themselves. At the same
time, however, the unified structure which groups together the coding for similar
functions encourages economy both in computer storage, and in engineering design
and programming effort because it is so easy for different mission phases to use
common coding whenever it is appropriate to do so. Another advantage to this struc-
ture is that the calls to the functional subroutines indicate the completion of one set
of calculations and the beginning of another; hence, they are suitable break points
for external interrupts, and they facilitate the testing of new coding. For example,
if modification to the orbit thrust vector control law is contemplated while other seg-
ments of this phase's computations are unchanged, the new coding can be added as a
totally separate subroutine, leaving the old coding intact. During testing, it is then
possible to switch between old and new control laws following completion of the first
segment of state filtering, This feature also could be of utmost importance for
emergency or backup coding that is required to be functionally separated from the

primary coding.

The unified DFCS structure has additional, managerial advantages that are
valuable in an enterprise as complex as the Space Shuttle program. The use in dif-

ferent mission phases of the same assumptions about input/output, timing and other



interfaces is encouraged if not enforced. Furthermore, commonality in conventions,
nomenclature and formats is encouraged, which simplifies and clarifies both testing

and documentation.

Not all operations of a control system need to be performed with the same
frequency. The current version makes allowance for 3 sampling intervals, the long-
er intervals being multiples of the shortest interval. In the current cruising flight
phase, for example, the "fast’ rate (10 sps) is used for angular control, the 'medium"

1

rate (2 sps) is used for velocity control, and the "slow' rate (1/2 sps) is used for
altitude control and parameter updating. The medium and slow computations are
offset, in order to prevent them from occurring on the same control cycle. Allow-

ance is made for different sets of sampling intervals in different mission phases.

1.2 DFCS Executive Routine

An overview of the logic flow through the DFCS Executive Routine is shown in
Fig. 1-1; Fig. 1-2 illustrates the implementation of this logic. The major subrou-
tines of the DFCS are denoted in these figures by the hexagonal blocks. Although the
executive serves all the mission phases, many of the algorithms within the subrou-
tines are specifically designed for a single phase. Table 1-1 defines the mission
phases for which the DFCS makes provision, The inputs to the Executive Routine
are listed in Table 1-2; the outputs are listed in Table 1-3. The operations performed
by the Executive Routine are discussed in the following paragraphs.

The phase indication is changed from "entry' to 'cruise” when the Mach number
drops below 0.9. All other determination of phase is currently assumed to be done

outside the DFCS,

When the Backup Control System (BCS) is requested, almost all the control
system functions are performed using algorithms in a special subroutine that is sep-
arate from the rest of the DFCS, The executive transfers control to this subroutine
if the appropriate flags have been set. The BCS moade has been designed only for the
cruise phase at this time,

If there is an external restart request, or the phase or mode has changed since

the previous pass, the executive sets flags to

1) call for a DFCS initialization pass
2) call for initialization of parameters for any modes that are new
3) cause the computations that are done at the slower sample rates to be

performed this pass.

If the reason for initialization was an external restart request or a phase change

the Executive Routine establishes the counters and timers that reflect the desired

1-2
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Fig, 1-2 Detailed Logic Flow of DFCS Executive (Cont)
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Rollout

Cruise

Entry

On-orbit,
TVC

On-orbit,
ACPS

Insertion

Boost

Table 1-1 DFCS Mission Phases

Transition from aerodynamic control to steering and braking

with landing gear; after touchdown; not currently implemented.

Approach and landing following entry phase (currently below
Mach 0. 9) and horizontal powered flight (take- off through land-
ing).

From after the deorbit maneuver to cruise phase; from total
reliance on jets (ACPS), high angle of attack and hypersonic
to primary control with the aerodynamic surfaces (ACS), low

angle of attack and subsonic.

Thrust vector control during maneuvers with the Orbital

Maneuvering System.,

Control with the jets during coasting flight.

Insertion into orbit following the Boost phase; not currently
implemented, probably identical to On-orbit TVC,

Flight with Solid Rocket Motors and/or Main rropulsion

System.,
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Table 1-2

ISTRTR

m

MODA, MODE,
MODR, MODU

MODAG, MODEG,
MODRG, MODUG

MODAGR, MODEGR,
MODRGR, MODUGR

MODAR, MODER,
MODRR, MODUR

PHASER

Table 1-3

IM, IS

ISTART
ITM, ITS
MODB

MODACTH, MODECH,
MODRCH, MODUCH

PHASE

TF' TM’ TS

Inputs to DFCS Executive Routine

External request for DFCS initialization (1); none (0);

cleared in Executive Routine
Mach number

Current control mode - aileron, elevator, rudder,

speed loops

Current guidance mode - aileron, elevator, rudder,

speed loops

Requested guidance mode - aileron, elevator, rudder,

speed loops

Requested control mode - aileron, elevator, rudder,

speed loops

Flight phase flag (external)

Outputs of DFCS Executive Routine

Medium- and slow- sampling- rate indices: 0 = perform

calculations this pass

Initialization pass (1), not initialization (0)
Number of fast passes per medium (slow) pass
BCS mode (1), not BCS mode (0)

Indicate mode change - aileron, elevator, rudder,
speed loops: 1 = no change; 2 = guidance mode change:

3 = control mode change; 4 = phase initialization
Flight phase flag (internal copy of PHASER)

Fast-, medium- and slow- sampling-rate sample

periods for current phase
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sampling rates for the current phase, and calls the major subroutine which transfers
the set of pad-loaded constants required for the current phase from the pad-load lo-
cations into working storage. The "pad-load" denotes those parameter values that

are determined prior to a flight and are loaded into the flight computer on the launch

"pad'.

Regardless of whether or not it is an initialization pass, the Executive Routine
calls the Input Interface Routine, which reads all the dynamic input required by the
current phase and mode: sensor measurements, navigation estimates, guidance
commands, and manual commands. All the dynamic data is read at the same point
to ensure that all the values are registered with respect to the other values. The
parameters are differenced, rotated into other coordinate systems and otherwise
manipulated so as to be in the proper form for use in the other routines. During
the appropriate phases, an Air Data Routine is called which manipulates some aero-

dynamic parameters. These two routines are described in Section 2.,

At this point, the logic flow is detoured in an initialization pass to go through
the Filter and Parameter Initialization Routine and the Parameter Estimation Routine.
The former assigns values to those variables that need to be initialized when the
phase (or mode) is entered. The latter determines the current values of parameters

that will be regularly updated in the course of this phase (or mode).

The flow then returns to the normal path. The subroutines entitled Filter -
Part 1, Control Algorithms, Control Qutput and Filter - Part 2 are called in sequence.
These subroutines comprise the core of the control system, After they are executed,
the Parameter Estimation Routine is called; it is not called at this point in an initial-
ization pass because it was executed earlier in the pass. The state filters are divided
into two parts in order to minimize the amount of computation between data input and
control command. The first part is limited to updating the filter estimate according
to the most current measurement. The second part, which occurs after the control
is exercised, is used to pushdown data (in the case of classical digital filters) or to
propagate the state (in the case of discrete-time modern control estimation). The
Control Algorithm Routine scales and combines the error signals from the filter rou-
tine to form control commands for the aerodynamic surfaces, reaction control thrust-
ers, etc.  The Control Output Routine, which is described in Subsection 2. 2, pre-
pares the control commands for the DFCS interface with the control actuators. The
Parameter Estimation Routine updates the gains required for estimation and control,
The functions performed in this routine may include scheduled or adaptive gain adjust-
ment. Much of the Parameter Estimation Routine is executed only at the slow sam-

pling rate.

After these routines have been executed, the Executive Routine increments the

indices that indicate the "'medium-"" and "slow-sampling-rate” DFCS passes. If it is



the end of an initialization pass, the "slow-sampling-rate' index is given an extra
increment, This extra increment will smooth the load on the computer by offsetting

future '"'slow'' passes from '

‘medium' passes, provided that one sampling rate is an
integer multiple of the other, The Executive Routine then returns control to the ex-

ternal executive.

The algorithms incorporated in the routines pertaining to input and output are
presented in the following section of this document. The contents of the other rou-

tines are presented phase by phase in the succeeding sections.
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SECTION 2

DFCS INPUT AND OUTPUT

This section describes the interface between the DFCS and other components of
the Space Shuttle avionics. Subsection 2.1 discusses the DFCS inputs. Tt lists all the
inputs; i.e., state measurements, guidance commands, and pilot commands. It in-
cludes a description of a routine which processes some of these quantities prior to
their use in the filtering and control algorithms. It also describes a routine that fills

the function of an air data computer,

Subsection 2.2 lists all the outputs from the DFCS to the control actuators and
describes the limiting performed on these commands. Finally, Subsections 2.3 and
2.4 present two candidate jet selection schemes; the first is powerful and flexible, but

the second may suffice for the Space Shuttle requirements.

Much of what is presented in this section depends heavily on many features of
the Shuttle avionics that have not yet been specified, much less modelled in a simu-
lator. Therefore, in many cases convenient assumptions have been made for the

sake of proceeding with the DFCS design. These assumptions include the following:
1) The inputs indicated in Subsection 2.1 are, in fact, available to the DFCS.
2) The actuators indicated in Subsection 2.2 are, in fact, available to the DFCS.
3) The DFCS does not deal with redundancy management of sensors or actuators.
4) The DFCS does not create outputs for pilot displays or telemetry.

5) The DFCS can schedule software tasks to turn ACPS jets off and a

sufficiently fine clock granularity is available for such scheduling.

It is expected that each of these assumptions will, in time, be replaced by more

realistic specifications, at which time these designs will have to be revised.

2.1 Inputs Required by the DFCS

Table 2-1 lists all inputs currently required by the DFCS in the various mission
phases. They are presumed to be available from sensors {or sensor- interface modules),
the guidance and navigation module, and the pilot (or command- interface modules).

In this interface, and throughout the DFCS, English units (viz feet, pounds, and seconds)

and radians are used.



Table 2-1

Phase  Mnemonic Symbol in Text
2,0 ACTBCD gb
2,4 AR oG
8,6 ATV(1) 8
8,6 AIV(2) C]

2,6 AIV(3) ¥

g ATVS() P
8 ATVC (2) Yo
8 ATVC () e
2 Ay ay
2 AZm az

4 BANKG VG
2 35 Ba
2 cG ca
2,4 cnrs c?
2 DAG ba s
2 DDG OG
2 DEG GeG
8 DELORR S0orR
8 DELSF# GSRRH
2 DRG érG
2 DSG 6sG
2 DTA 6tG
2,4 DYNP %

2 HG HG
2 M fq

2 TAGAIN

2 IATRIM

Inputs to the DFCS

Definition

Linear accel measursmant (body coorAd)
Angle-of-attack quidance command
Platform outer gimbal angle

Platforr inner gimbal angle

Platform middle gimhal angle

Platfore outer gimbal angle command
Platform inner gimbil angle commani
Platform middle gimbal angle command
Measured lateral acceleration

Measured normal accoleration (+zhody)
Bank guidance command

Sideslip yuidance command

CAS guidance command (0G5 or CSTARG)
fleference-to-hody direction cosine matrix
Aileron guidance command

TAEM gnidance interface variable
Elevator guidance command

Prestored orbiter engine deflection command
Prestored S®M engine deflection command
Rudder guidance command

Speed brake guidance command

Throttle guidance command

Dynamic pressure estimate

Altitude guidance command

Measured altitude

AGAIN switch position (1 thru 4)

Roll stick *rim activity: 0,+1(rg¢),-1(left)



Table 2-1 Input to the DFCS (Cont)

Phase Mnemonic Symbol in Text Definition
2 ESAIN EGAIN switch position (1 thru %)
2 TRTRIW™ Pitch stick trim activity: 0,+1(fwd),-1(aft)
2 IGTALY Extend gear (1), retract qgear (0)
- INGIID INGUID Flag specifies gquidance command set
2 TDuM PUM valid (1), invalid (0)
2 IRCHAT Request change IAINT state (1), no requast (0)
2 IPCHI'I Request change IEINT state (1), no request (0)
2 IEGATN RGAIN switch position (1 thru 4)
2 IRTRIM Pedal trim activity: O,+¢1(1f%),-1(rgt)
- TSTRTR ISTRTR Request initialization (1), ro reguest (0)
2 MOTUACR Requested values for MODAG
2 MODAT Requested values for MODA
2 MODAFE Requested values for MCDR
2 MODEGK Requested values for “MODEG
2 “OnweE Requested values for MODE
A MOL PG R Requested values for MODRG
2 MOTCPRP Requested values for MODR
2 MODIGR Requested values for “M0ODUG
2 MODIE Requested values for MODU
2 PG PG Roll rate guidance command
- PHASFR PIHASER Flight phase flag (external):1=rollout phase
2=cruising phase
4=entry phase
S=zorbit TVC phase
é6=orhit RCS phase
7=insertion TVC phase
f=hooster TVC phase
2 PHSEL ¢SELA Pilot-selected values for PHREP
2,4 PM 5 Measured roll rate



Table 2-1

Phase Mnemonic Symbol in Text
2 A 7o)
2 PS™ ]
2 PSSEL YsEL,
2 06 ag
2,4 o™ g
2,4 PM ¥
2,4 ROLL Py
2 ROLLG 20G
4 RP Roe]
2,4 TEMPRK TKA
2 THR eG
2 THM ]
2 THSEL eSEL
6,F TNOW t,
2 ue Ug
2 USTL -
2,4 nxXv,nyv,uzvy U_VX,U_Vy,U_VZ
u VBODY
u VMACH
4 Vs —rel
8 WB (1, T) RRATE
8 WB(2,1I) PRATE
8 we(3,:I YRATE
2 XAM 4
2 XE™ Re
2 XFM xf
2 XRM £r

Input to the DFCS (Cont)

Definition
Head1ing gquilance commani
Measured heading
Pilot-selected values for PSREF
Pitch rate guidance command
Measured pitch rate
Measured yaw rate
Computed roll angle
Guidance commanied roll angle
Position vector in reference cnordinates
Input air temperature in deg. Xelvin
Theta gquidance command
Measured theta
Pilot-selected values for THREF
Present time
Velocity guidance command
Pilot-selected values for UREF
Urit vectors along the velocity coordinata
system, in reference coorilinates
Air-relative velocity in body coordinates

Lateral switch parameter
Air-relative velocity in referonce
coordinatos

Individual roll rate gyro signal
Individual pitch rate gyro signal
Individual yaw rate gyro signal
Measured roll stick deflection
Measured pitch stick deflection
Measured flap controller deflection

Measured pedal deflection



Table 2-1

Phase  Mnemonic Symbol in Text
2 XSM Xs
2 XT™ xt
] YACIN (I) .Y"i
8 ZACTIN (1) “i

Phase Mnemonic

Input to the DFCS (Cont)

Definiticn

Measured speed hrake controller deflection
Measured throttle controller d=flection
Individunal vy acceleromater signal

Individual z accelerometer signal

Table 2-2 Inputs to the Input Interface Routine

Symbol in Text

ACCRPD
AG
RANXDO (2)
RANKG
CAT

CBTB
DYNP

HM

P

oM
&KDOTC
RY
POLL
ROLLG
RR
SAT

VR

~b
a

R

e

—rel

S'lnaT

—rel

Definition

Linear accel measurement (body coord)
Angle-of~-attack guidance command

Rank rate filter extrapolated value

Rank guidance command

Cos (AMERAN)

Reference-to-body direction cosine matrix
Dynamic pressure estimate

Measured altitude

Measured roll rate

Pitch rate guidance command

Measured pitch rate

Bank rate command

Measured yaw rate

Computed roll angle

Guidance commanded roll angle

Position vector in reference coordinates
Sin (RMEAN)

Air-relative velocity in reference coordinates



2.1.1 Input Interface Routine

The purpose of the Input Interface Routine is to preprocess measurements and
compute state-estimator inputs. Inputs to the routine are listed in Table 2-2. Out-
puts are listed in Table 2-3, Interface-routine operations are governed by the dis-
cretes INGUID, ISTART, PHASE, and MODA in the manner summarized in Table 2-4.
The remainder of this subsection is a description of the logic flow of the Input Inter-

face Routine, which is illustrated in Fig. 2-1.

The routine is called by the DFCS executive, If the phase is not either entry
or cruise, it returns immediately. If it is a DFCS initialization pass, some variables

internal to this routine are set to nominal values,

The section of the routine for preprocessing of measurements is then entered.
The angle of attack, the sideslip angle, and the air speed are computed using the
air-relative velocity and the direction-cosine matrix. The Air Data Routine is called
if the phase is in the aerodynamic regime. Some aerodynamic ''measurements’' are
generated in the Air Data Routine, which is described in the next subsection. The
computation of bank angle (under the indicated conditions) concludes the measurement

preprocessing segment of the interface routine.

The next section of the routine computes some nominal state values. Nominal
values are computed for those state components of the entry phase state estimator
(Section 3) for which nominal values are not specified by guidance. Nominal body rates
are computed to provide turn coordination in the entry phase. A nominal {(commanded)
bank rate is also computed for use in the entry phase control logic in the specified

flight regime (1 0,q 249 3 ) when the bank error is sufficiently large.

LAT
The filter input computation section is now entered. When in cruise phase,
either the current roll angle or the bank angle measurement is put into the cell PHI
for processing by the cruise phase filters. When in entry phase, the state estima-
tor inputs {namely, errors in the angles of attack, sideslip and bank, and errors
in the body rates) are computed, Additionally, estimator extrapolated values are

adjusted for changes in the state-variable nominal values,

Finally, a check is made to ensure that INGUID is negative. This avoids re-
processing non-updated G&N inputs in subsequent DFCS passes. Control is then re-

turned to the DFCS executive routine,

2.1.2 Air Data Routine

The Air Data Routine is called by the Input Interface Routine during the atmos-
pheric flight phases. It computesseveral parameters required for aerodynamic

control, serving the purpose of an air data computer.



Table 2-3: Outputs from Input Interface Routine

Phase Mnemonic Symbol in Text Definition
4 AT (1) Lo Angle-of-attack filter input
2 AM ] Measured angle-of-attack
n A0 (2) ad’ Angle-of-attack filter extrapolated value
4 RANKT (1) AEV Rank filter input
4 BT (1) A% Sideslip anjyle filter input
2 nM g Measured sidesliop
2 H™ ’I\i Measured altitude
2 PHA G Rank angle guidance command
2 PHM™ ) Measured hank angle
4 PT(Y) AT Boll rate filter input
i I (M) Aq Pitch rate filter input
4 2T (1) -y Yaw rate filter input
2 T i Measured velocity



Table 2-4 Discretes Governing Logic Flow in Input Interface Routine

ISTART DFCS initialization pass flag.

= 1: initialize variables this pass.

= 0: do not initialize this pass.

PHASE Mission phase.

= 2: cruise phase.
= 4: entry phase.

(Routine not entered in other phases.)

INGUID Flag

from guidance.

= +2:guidance commands are pitch rate and
roll (about body x-axis); terminal part of cruise
phase.

= t1: guidance commands are angle-of-attack
and bank {(about velocity vector); entry and early
cruise.

< 0:as above, but no new guidance commands to

process this pass (set negative internally).

MODA Mode

flag for cruise phase aileron channels.
= 4: automatic mode; compute roll {or bank)
filter inputs.

# 4:not automatic mode.

ILAT Mode

flag for entry phase lateral control.
= 0: early entry, compute desired bank rate.

= 1:late entry

I
Note: The parameters dg »

r¢l, rd>2' r‘dJ g are used in the Input Interface

Routine as limits. They are introduced in the discussion of the entry phase

control logic in Section 5,
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The inputs to this routine are the following measurements which are obtained

from outside the DFCS or are computed by the Input Interface Routine:

TKA - temperature in degrees Kelvin
o - angle- of-attack (radians)

H - barometric altitude (ft)

u - air-relative velocity (ft/sec)

The outputs are:

o - mean (trim) angle- of-attack (radians)
SlnaT
sine (cosine) of o
cosan,
U‘VI - mean airspeed (ft/sec)
7 B Mach number

The means (which are the outputs of first-order filters with time constants
equal to the slow samypling period) and the sine and cosine are updated every pass,
The means are set equal to the values of their respective measured inputs in an

initialization pass.

The other outputs are only computed on slow-sample-rate passes. The com-
putations are shown in Fig, 2-2,

It is expected that, in the future, when more realistic models of the sensors
are available, this routine will compute the dynamic pressure and perform other

computations.

2.2 Outputs to Control Effectors

The DFCS computes commands for the control effectors listed in Table
2-5. The question of how the commands are transmitted to these effectors is con-
sidered to be outside the scope of this document; the following simple implementation

is currently assumed:

1) Commands are transmitted by the DFCS to the actuators (or a software
module that interacts with the actuators) at the end of each execution of
the control routine.

2) The DFCS limits the magnitude of each output, but not its rate of change.

3) Timing of jet firings is obtained by means of a computer clock that can

be set to call a DFCS routine which will turn jets off after the required time.

2-12



START

Y Yes Initialization
a.. ‘Qa pass
T N
C,.=U
N
{ No
Inputs: 3, ﬁ, G, TK!\
o= a.+ G (a-0.) !
T T A ~ T Saved from past: s UM
UM= UM+ GA(U-UM) 6 - T IT
A ¥ S
sina = sin (aT)
cosaT = cos (aT)
No slow
sampling
rate pass
D
END

= - ¢
TA (1. BTKA 459.69)/919.2

Um
1051[1 + T, (1 _%TA)]

END

Fig. 2-2 Computations in Air Data Routine



Table 2-5  Control Effectors Used by the DIYCS

Aerodynamic Control System (ACS)
Attitude Control Propulsion System (ACPS)
Air Breathing Engine System (ABES)

Solid Rocket Motors (SRM)

Main Propulsion System (MPS)

Orbital Maneuvering System (OMS)

IPhases in
Which Used
elevons, rudder, speed brake, 1,24, .8
flaps
40 jet thrusters 4,5,6,7

throttle
2 engines; gimballed at 45ofrom
body axes

3 engines; gimballed

2 engines; gimballed

1,2 (horizontal
flight only)

8

" Phase designations defined in Table 1-1.

Table 2-6: DFCS Limits for Commands to Control Effectors

Effector Limit (deg )
aileron (differential elevon) damax +15.0
elevator (tandem elevon) iéeméx = *15.0

se™' = - 40.0
rudder sri"®* - 4150
speed brake 36sm"_“x = +70.0
ésmln - _ 1,7 6
flap o = 41000
géfmm = 120
throttle ;(StmaX = 18,000 1b
st o 500
SRM and MPS gimbals égmax =+ 8.0




The assumed sign conventions for the aerodynamic control surfaces and the associated

pilot controller motions are illustrated in Fig. 2-3.

All the commands are lHmited within the DFCS prior to being issued. The
limits magnitudes nre shown in Table 2-6. The aileron and clevator commands are
treated separately ~ven though they apply to the same pair of actuators, the elevons,

and are, therefore, interrelated; this question will be dealt with in the future.

The limiting and blending (for the elevons and MPS gimbals) of the actuator
commands is performed in the Command Output Routine, which is called by the DI'CS
executive after the Control Routine,  The Command Output Routine serves as the

single point from which the actuators (or the software modules that interact with the

actuators) are addressed by the DFCS.

bELC = beg t bac
f)ERC = 68(: - ﬁac

+5ER be = (BEL + SER)/2

a = (FEL - SER}/2

POSITIVE PRIMARY VEHICLE | PRIMARY FORCES | PILOT CONTROLLER
DEFLECTION OF RESPONSE AND MOMENTS MOTION
be
-4, -« —Cm +xe
— - e
&r +3, -y +C\/' Ch +xr
ba o *C +xa
b— 4 4 - —
SER -
S C
SEL +0 +Cj'
bs (- U +Cp + xs
61 -0, -a 'CM + xf

Fig. 2-3 Bign Conventions for Aerodynamic Control Surfaces
and M:anual Controllers
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2.3 ACPS Jet Selection Subroutine

This section describes a scheme for converting angular-rate-change and
translation requests into timed jet firing policies for the ACPS (Attitude Control

Propulsion System). This routine has been tested with the DF (S program.

2.3.1 Thruster Geometry

The thruster configuration currently incorporated in the jet selection routine

is the North American Rockwell ATP design.

As shown in Fig. 2-4, the thrusters for the ATP configuration are grouped
in 16 locations. There are 40 thrusters in all, and these are distributed among
the 16 locations as shown in Tables 2-7 and 2-8. There are 16 thrusters in the

nose of the fuselage and 24 in the ''tail'".

2.3.2 Jet Selection Logic

The DFCS Control Routine determines a commanded velocity change and calls
the jet selection subroutine, which handles angular velocity components and trans-
lational velocity components simultaneously with a single algorithm. A flag can be
set instructing the jet selection subroutine to ignore translation, simplifying and
speeding up the jet selection procedure. Furthermore, the jet selection logic can

be instructed to deal with jet clusters or with the individual thrusters.

Figure 2-5 is a functional flow diagram of the jet selection logic. A dis-

cussion of this logic follows,

The ACPS jet control authority subroutine is only fully executed when the
jet selection routine is called for the first time in a mission phase. The control
authority subroutine calculates the ACPS control authorities on the basis of total
vehicle mass, the vehicle inertia matrix, and the center of mass location. The
control authorities are calculated for the jet clusters and for the individual thrust-
ers. The control authority is the angular and translational acceleration in vehicle
coordinates generated by firing a jet or cluster of jets. In addition, a cost per
unit firing time is assigned to each jet. Currently, all these costs are equal.
When a jet is disabled (or restored) and the jet-selection logic is operating on
clusters, the jet control authority subroutine is partially executed, appropriately

altering the corresponding acceleration vector and cost element.

The jet selection subroutine next checks its inputs to see whether or not
there is a new velocity change request. If not, the jet selection subroutine call
must be for the purpose of turning off jets which have completed their firing
intervals. If the velocity change request is a new one, the linear programming
subroutine is called, which expresses the velocity change vector as a linear

combination of jet acceleration vectors, the linear coefficients being the firing times.
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Table 2-7 Distribution of ACPS Thrusters

NR ATDP Baseline Orbiter

Thruster Location Number of Thrusters Thruster 1)

1 2 10, 12

2 2 14, 16

3 2 13, 15

4 2 9. 11

5 2 6, 8

6 2 5, 7

7 4 17, 149, 21, 23
8 4 18, 20, 22, 24
9 3 2, 34, 36

10 3 26, 28, 30

11 3 25, 27, 29
12 3 31, 33, 35

13 2 2, 4

14 2 1, 3

15 2 38, 40

16 2 37, 39

40 total
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Table 2-8

Jet lL.ocation — Body Station (inches)

318,
318,
318.
314.
318,
318.
318.
318.
318.
318.
330.
330.
318.
318,
330.
330.
1536.
1536.
1632,
1632,
1528,
1528,
1525,
1525,
1541.
1541.
1555,
1555.
15617,
1567,
1546,
1546,
1559,
1559,
1572,
1572,
1579.
1579,
1579.
1579,

1096.
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JSLECT entry

las
Mission

Yes
Phase changed since

previous
entry

jets used
in clusters and
has there been any

Yes

re

enable 'disable
since previou

Indicate no changes
in acceleration matrix

<

ACPS Control Authority Subroutine

Generate or update acceleration
matrix and cost array for clusters
or for individual jets. Indicate
changes in acceleration matrix.

Yes

Linear Programming
Subroutine, CCWLJS

Turn off jets for
which firing time
is completed.

Choose ACPS jets and
associated firing times
(See Fig. 2-5)

Store jet off times in
internal list,

Turn on selected ACPS jets which
have firing times at least as long
as a minimum impulse,

Turn off any jets not presently
selected for firing.

jl,

Set interrupt clock for next
jet-off time, if any jets are on.

‘ EXIT )

Fig. 2-5 ACPS Jet Selection Functional Flow Diagram
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Generally, many different jet combinations could satisfy a given velocity change
request; if there is more than one such combination, the total cost is minimized
in the selection process. Any jet which is flagged because of failure or mission-

related constraints is omitted from consideration.

The selected jets are turned on (if they are not already firing), and all others
are turned off and removed from the internal jet-off list, The interrupt clock is
set to return control to the jet selection subroutine when the next jet-off is due,

and the "'new velocity request’ flag is zeroed.

The interface parameters for the jet selection package are:

INPUT:
a) Velocity change command vector.
b) Flag for new velocity vector.
c) ACPS jet exclusion list,
d) Translation inclusion flag.
e) Phase flag.
OUTPUT:

a) Jet-on/off commands.
b) Interrupt clock settings.

c) Zeroed flag for new request.

Figure 2-6a presents features of the linear programming subroutine, CCWI.JS,

and Fig. 2-6b describes its logic flow.



PURPOSE:

INPUTS: LROW -
LCOL -

W -

COST -

LALARM -

JFAIL -
% - -
BI, CF, 1Q -

PARAMETERS -

Linear Programming Subroutine

Represents input vector W as a linear combination of linearly
independent columns from matrix B, choosing columns from B
to minimize cost of solution,

Number of components in W. (Dimension of requests)
Number of columns in B matrix. (Number of jets or clusters)

Vector (size LROW) to be analyzed as a linear combination of
columns from B.

Array (size LCOL) of strictly positive cost coefficients, one
associated with each B column.

Matrix (LROW by LCOL). Each column represents the accelera-
tion associated with a one-second firing of the corresponding

jet in vehicle coordinates. Components may include rotational
or translational acceleration elements, or both.

Non-zero indicates that previous jet selection may not be taken
as a starting basis, for one of the following reasons:

1) Jet exclusion list has been changed

2) é, LROW, or LCOL have been altered since the preceding
pass

3) Preceding delta-V request was not successfully resolved into
jet firings. Initialized to 1 on first pass.

Array (size LCOL) of flags, Jth element non-zero to indicate Jth

jet failed.

Can be inputs as well as outputs. See definitions below under
OUTPUTS.

SAVING, MAXPAS, MAXITR, TOLRNC, URGNCY can be chosen
to match the precision of the computation and the accuracy of the
data.

Fig. 2-6a Features of Linear Programming Subroutine, CCWLJS
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OUTPUTS: BI

V

cr

Ve

1.Q

MCOUNT

LALARM

ASSUMPTIONS:

ENTRY:

EXIT:

l.inear Programming Subroutine (Cont)

Transformation matrix (LROW by LLROW) going from vehicle
coordinates to coordinates based on selected columns of B.

Solution vector (size LROW) of coefficients for selected columns
of B matrix, satisfying: Bl W=V

Vector (size LROW) of cost coefficients selected from COST
array, corresponding to chosen columns from B matrix.

Cost of solution, satisfying: /2 = CF - V.

Array (size ILROW) giving the indices and sequence of selected
B columns.

Number of basis element substitutions performed in current
execution.

Non-zero if W was not successfully resolved into jet firings before
MCOUNT exceeded MAXITR.

1) Cost array entries are all strictly positive, i.e., greater
than zero.

2) Negative LQLIST outputs and negative V components are to be
excluded from any implementation of the solution.

3) COST array entries are small compared to URGNCY.
4) BI matrix is never altered by any other program.

5) LALARM will be input as non-zero whenever changes occur
in ILROW, 1.COI., B, or the jet exclusion list,

Call CCWI.JS (B, W)

RETURN to caller.

Fig. 2-6a Features of Linear Programming Subroutine, CCWLJS (Cont)
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CCWI.JS
entr

0 - MCOUNT

0=~ LALARM
0 - NPASS
0-B1

For 1 =1 to LROW, then go to 840

!

1. =BHI, )

-1 - LQ(D)
!

loop to
820

For I =1 to I.COL, then go to 100

I - LRCORD(I)

loop to
840

MCOUNT counts iterations on this pass

If BT cumulative roundoff is not bad,

if previous solution was valid, and

if B, LROW, LCOL are unchanged,
then start with solution from previous
pass. Otherwise initialize completely.

If W is unchanged from previous pass,
use same solution.

NPASS counts iterations since last
complete initialization.

Negative 1.Q values identify vehicle
frame coordinates, which are non- jets,

Positive LRCORD values correspond
to non-selected jets.

Fig. 2-6b Flow Chart of Linear Programming Subroutine, CCWLJS



S

{101

For 1 =1 to LROW, then go to 110

Q>0

and

No .

v =0.

2

Yes

Yes

| loop to

101

URGNCY*V(I)
- CF(I)

|URGNCY ~ CF (D) =88
No

URGNCY*signum(V(I))

loop to
101

110

SAVING - H
1+ LROW - J

1+1.COL - K

GO TO
200

- CF(D

GO TO
445

V contains latest version of solution
in terms of current basis.

Cost target vector is_initially a
weighted version of V (or a signum
(V) vector).

URGNCY factor places premium

on jets which approximate W or
which fire in directions represented
so far by non-jets.

Y(I) is weighted cost of generating
the Ith original (vehicle) basis
vector as a linear combination

of current basis vectors.

Initialize the search for the next
jet to be included in basis.

Fig. 2-6b Flow Chart of Linear Programming Subroutine, CCWLJS (Cont)
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ForI=1to LCOL, then go to 300

LRCORID() <«

Yes |Bypass this

or jet
It jet railed
?
No lozp to

X =Y. B(,I) - COST{) l

GO TO
450

Y = BI B(*K)
N+ 1 + LROW

GO TO
310

Search for next jet to be
introduced to basis, bypassing
any which are failed or already
in basis.

X is the weighted price penalty
for simulating a one-sec firing
of Ith jet, using the basis rather
than the jet itself.

Greatest saving per second is
H; corresponding jet is K,

If no jet was selected for
inclusion, then exit.

Kth jet is to be included. ¥
is Kth jet acceleration vector
described in current basis.

Fig. 2-6b Flow Chart of Linear Programming Subroutine, CCWLJS (Cont)



For 1 =1 to I.LROW, then go to 330

loop to Choose 11 basis member for
310 replacement so that the new
V({J) is = 0., and no other V
component changes sign.

Yes

X = 0, ana
CFM/Y() <0

?

Yes

Yes

I-J, X—-H

loop to
310

Fig. 2-6b Flow Chart of Linear Programming Subroutine, CCWI.JS (Cont)



629
Yes GO TO If no basis element can be
445 legitimately replaced, set
alarm, and exit.
No
MCOUNT + 1 - MCOUNT

R
H « Y(J) Store pivot element.

i

YJ) -1 > Y({J)
I

Basis element J is to be
replaced by jet K. Step the
iteration counter.

v Update Bl matrix to reflect
BI <« BI - Y BI{J, =}/H new basis composition.

L/Q( > 0 ES__4 LQ(J) - LRCORD(LQ(J))
2

J)
' |
No i 3
¥ If excluded basis element was
1 jet, indicate its avail-

K - LQ(J) a rea. jet, LLS ¢

A ability, Update basis list,
COST(K) — CF(J) cost list.

1
-K - LRCORD(K) Indicate K" jet no longer

available. Repeat iteration.
GO TO
100

N

Bad result,

-®

1-LALARM

GO TO
450

Fig. 2-6b Flow Chart of Linear Programming Subroutine, CCWLJS (Cont)
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Fig. 2-6b Flow Chart of Linear Programming Subroutine, CCWLJS (Cont)



2.4 ACPS Jet Selection Logic for the ATP Configuration

A jet selection routine is presented in this section that is more restricted
than the design of the preceding section. It is essentially a table look-up;
the firing policy for each possible command, as well as the individual jets
and the control authority corresponding to each jet cluster are pre-determined
and stored for access by this on-line routine. The North American Rockwell
ATP design for the ACPS, which has been presented in Fig., 2-4 and Tables

2-T7 and 2-8 was assumed in the off-line computations.

The flow chart of Fig. 2-7a describes in detail the jet selection logic
for the ATP configuration. Figure 2-7b defines the flowchart symbols., A

discussion of some of the features of the logic follows.

General - To provide attitude control with no translational disturbances, jet
couples must be used. Ilowever, pure jet couples exist in only one axis, the
roll axis. Jet couples to be used for pitch control (e. g. 3 & 12) and yaw
control (e. g. 5 & 7), also effect roll. To achieve pure pitch or yaw two
thruster couples must be fired to null the roll disturbance: for examplj, 3 and 1
12 with 2 and 10 for pitch and 5 and 7 with 3 and 1 for yaw, Hence, couple
control can require as'many as four thrusters to fire whereas non-couple
control may require only one thruster firing (e. g. yaw control). Additionally,
the multiple thruster firings required for couple control produces large minimum
impulse rate changes and these cause fast limit cycles and inefficient propellent
.usage. This logic has the option of attitude control with either coupled or

non-coupled jets.

Nose versus Tail Thrusters - for Non-coupled Jet Operation - The logic allows

the crew to select either nose or tail thrusters for control of each axis.

This serves two purposes:

1) Comparing nose thrusters to tail thrusters, the nose thrusters have
shorter roll moment arms, but longer pitch and yaw moment arms. Ilence,

the crew can select the preferable moment arm length for each axis,

2) This is a simple means of accounting for thruster failures. Should
all the thrusters in any single location fail, control can still be maintained
(Note: Individual failures in any jet location are accounted for by placing another

'

jet of the same location in ""common' with the location, see page 16 of the

flowcharts).

Phase Plane Jet Selection Logic Interaction - (Non-coupled Operation) -

Thrusters in locations 1 through 4, and 9 through 12, produce both pitch and

roll torques. Hence, it takes two thrusters to provide either pure roll or pure



pitch, However, smaller minimum impulse rate changes are possible by firing
only one thruster, Therefore, even if there is a phase plane command from"
only one axis (roll or pitch), the logic will attempt to do the latter (fire only
one thruster) if the resulting disturbance in the ''non-command' axis reduces

the rate error {(called RR,, or RRY in the logic).

X

Use of the tail thrusters for yaw control causes a roll disturbance; should
the roll disturbance exceed a rate limit, the logic will consider the disturbance

part of the phase plane command and cause corrective roll thrusters to fire.

Translations - No combination of thrusters will produce Y or Z translations
with negligible rotational disturbances. Thrusters must be modulated to null
rotational disturbances, This modulation could be performed either open
loop in the jet selection logic, or closed loop through the phase plane logic
(the crossing of a switching line) and jet selection logic. The latter method
was chosen because it will not produce unnecessary modulation (thruster
firings) during small Y or Z translations (i.e., when rotational disturbance

is not long enough to cause switching line crossing).

During +X-translations, it is possible to control yaw by modulating the +X-

thrusters; this option is available in the logic.

Jet Coupling and Logic Flow - With respect to thruster control actions, there

are two basic types of thrusters:
1) Those that produce Y translation and vaw,
2) Those that produce Z translation and roll and pitch.

Sequentially, the logic first calculates commands for Y translation and yaw and

then issues commands for Z translation, roll, and pitch control.
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SECTION 3

STATE ESTIMATOR (ENTRY PHASE)

3.1 Introduction

The function of the state estimator is to obtain estimates of controller state
variables in an uncertain environment. This uncertainty arises from noise in the

measurement process and noise driving the states directly, e.g., due to wind gusts.

The state estimator design must meet certain prescribed requirements in the
face of externally-imposed constraints. These requirements, many of which are
not yet specified quantitatively, pertain to the degree of accuracy and smoothness
in the estimated state variables, the time delay between reading the sensors and
issuing computed control commands, and the effective phase lag associated with
filter dynamics. External constraints are imposed by fixed sensor hardware and

configuration characteristics and computer timing and sizing limitations.

Meeting all requirements while satisfying all constraints may necessitate
design compromises. The design should be comprehensive to ensure prescribed
accuracy by making best use of available information, but design sophistication
is limited by computer constraints. Noisy inputs may require heavy attenuation to
ensure prescribed smoothness, but the low gains associated with heavy attenuation
must not cause excessive phase lag or excessive sensitivity to modeling errors.

These compromises are central in the development of the design presented below.

The current state estimator is designed specifically for the entry flight phase
(and some of the parameters used by the estimator are defined in the entry control
description, Section 5). The structure used, however, is applicable to any flight

phase. Extension of the state estimator to other flight phases is under study.

3.2 General Description

The design presented for the state estimator is linear and therefore implies
approximation, namely linearization of the state dynamics about a set of operating
points and linear modeling of control effector and sensor operation. The linear
assumptions facilitate both design and analysis. Nonlinear effects will be noted as

development continues and possibly included.



The design is cast in the state-space formulation and uses more than one
measurement to produce each state-variable estimate (multi-input, multi-output).
It is comprehensive in the sense that it uses all pertinent information. However,
approximations are made to decrease computer requirements; namely, only a
reduced number of state-variables are estimated, and decoupling of longitudinal
and lateral dynamics is assumed. An important feature of the design is that control
effects are fed into the estimator's state-extrapolation step, keeping the estimator

response fast even while noisy inputs are being heavily attenuated.

Time delay between reading sensors and issuing control commands is mini-
mized in the sense that it provides for incorporating the current measurements and
extrapolating the state' in two separate steps with the latter performed after the
commands are generated. Furthermore, the slow-varying filter parameters are
updated separately at a slower repetition rate. Details of these computer timing

considerations are given in Implementation, Subsection 3.3.

The estimator gains are constant with respect to time at any particular flight
condition; however, their on-board computation is dependent on the current estimates
of dynamic pressure and Mach number. When the dynamic pressure is below a
prescribed level,“ the estimator gains are set equal to predetermined fixed values.
When dynamic pressure is above this level, the gains are interpolated from pre-

determined tabulated values with Mach number as the sole independent variable.

The fixed gain values used at very low dynamic pressure were determined
classically on the basis of desired filter bandwidth and damping ratio .”1 The
scheduled gain values used for high (above q—j or (j;) dynamic pressure were found
by analogy to the steady-state Kalman (Wiener) filter for the reduced, decoupled,
linearized state assuming locally stationary noise statistics at each operating point.
Measurement noise strengths were chosen to reflect relative sensor quality; driving
noise strengths were chosen to keep the gains at a selected level, sufficiently low
to achieve desired smoothness but sufficiently high to exclude extreme sensitivity

to modeling errors.

' Analogous to "filter update' and "filter pushdown' in classical filters.

S _%
" The prescribed dynamic pressure level isq; for the longitudinal channel and do
for the lateral channel. Current values for (j’lk and §5 are 20 and 30 1b/ft2,
respectively.

e Currently, the low-dynamjc-pressure estimator bandwidth is 5 rps and the
daniping ratio is 0.7 sec”1



3.3 Implementation

3.3.1 Input=-Output

Estimator state variables (outputs) are linearized varijations about nominal or
commanded states. These state variables are the error angle-of-attack Aa and its
time derivative Adf the error sideslip angle AB and its time derivative AB and the
error bank angle Ad> and its time derivative A<D {(The symbol[*]signifies an

estimated quantity.)

To obtain variational outputs, the measurements must be differenced with
their respective desired values to form variational inputs. These variational inputs
are the measured errors in angle-of-attack A @, body pitch rate Aq, sideslip angle
A B, bank angle A(i?v, body roll rate Ap, and body yaw rate AT. (The tilda (7]
symbolizes a measured quantity.) The measurements are either read directly from
sensors or computed (preprocessed) from the sensor data. The body rate measure-
ments are assumed to be directly accessible from body-mounted rate gyros, but
the angle measurements are derived from IMU {Inertial Measurement Unit) and
body-mounted accelerometer information. Commanded values corresponding to each
of the measurements are either received from the guidance subsystem or computed
internally. A detailed description of estimator input computation is presented in

Subsection 2. 1.

3.3.2 Measurement Incorporation

Current measurements are incorporated into the state estimate immediately
after they are obtained and preprocessed. This is immediately before the control
subroutine is called, in order that control commands computed using the most recent
information may be issued as soon as possible after the DFCS is called. Subsequently,
the state estimate is extrapolated in preparation for the next DFCS pass, as shown

in Subsection 3.3.3 below.

Measurements are incorporated according to the equations

A& N2 (AG - A&
a = » + Klon - av (3-1)
Aa K Aa K (Aq - Aa) K
. A w ( AI\ (. ~ A’ \
AB AB (AB - AB)
A kg ~ Y
AB AB (A¢V= Ad>v)
< A > - § A’ B + Klat < - ., A 5 (3-2)
A¢V A¢V (Ap - AB sin ap - A¢v cos aT)
n As - [ R4 ~ns
LAcbv A¢V (Ar + A cos ap - Ad)v sin aT)
k k L k
J . o J

3-3



where the prime (’) indicates a state variable propagated from the previous sample
instant, Klon is the 2x2 longitudinal gain matrix, and Klat is the 4x4 lateral gain
matrix. The gain matrices are updated at the slow repetition rate in the parameter
estimation routine, which is performed after the state extrapolation step in the

normal DFCS cycle.

The flow charts in Fig. 3-1 and 3-2 show the implementation in the DFCS
program of the measurement incorporation equations and the computation of the
estimator gain matrices. When dynamic pressure is below q1 for the longitudinal
channel and q2 for the lateral channel, the constant values KC1 and KC2 are loaded
into the estimator gain matrices as shown; the current values for these parameters
are 0.45 and 2.5 respectively. Fordynamic pressure greater than (flk and c‘;; for
longitudinal and lateral channels respectively, the estimator gain matrices are found

by linear interpolation on Mach number; the values are given in Tables 3-1 and 3-2.

3.3.3 State Extrapolation

After control commands are computed using the current state estimate (from
Eq (3-1) and (3-2)) and issued, the estimator state is extrapolated to the next sample

according to the equations:

AG A 0
_ CL -
2, h d>lon A * i (3-3)
AT i1 sy Aq fy
r A ~ 3N F T
AB’ AR 0 0
N I .
AB AB (sin &p) (-cos ar) Ap?
{ . «CL
. = cblat < . + , (3-4)
N Ad 0 0 ard
v v
k
[ A
Ag A¢ (cos a.) (sin o)
LV ket ¢ Ve LT A
where CDCL and Cbl ¢ are the longitudinal (2x2) and lateral (4x4) state transition

matrlces', ApJ, Agl, ATl are the average changes in body angular rates about the
X, y and z axes due to ACPS jet activity over the previous sample interval, and

A is the mean angle-of-attack.

"The transition matrices are designated d) (1 e., ¢ closed- 1oop) to indicate that
closure of the aerodynamic control loop is taken 1nto account in their derivation:
dDCL - cbO + p2ero caero
where QDOL is the open-loop state transition matrix, T is the aerodynamic-
control-to-state matrix, and C2€T0 are the linear-feedback aerodynamic control
gains.

aero

3-4
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Table 3-1 Longitudinal Estimator Gains Scheduled vs Mach Number

Mach = 0.9 Mach = 2 Mach = 5 Mach = 10 Mach = 20

lon (1, 1) 0.0731 0.0769 0.0680 0.0568 0.0401
(1, 2) 0.0408 0.0411 0.0554 0.0523 0.0586
(2, 1) 0.0538 0.0353 0.0329 0.0207 0.0116
(2, 2) 0.4320 0.4289 0.2351 0.2616 0.1909

Table 3-2 Lateral Estimator Gains Scheduled vs Mach Number
Mach = 0.9 Mach = 2 Mach = 5 Mach = 10 Mach = 20
Klat (1, 1) 0.2119 0.0578 0.0427 0.0314 0.0222
(1, 2) -0.0297 -0.0794 -0.1495 -0.1098 -0.0942
(1, 3) -0.0115 -0.0282 -0.0234 -0.0210 -0.0203
(1, 4) -0.0337 -0.0456 -0.0637 -0.0605 -0.0659
(2, 1) 0.2410 0.0238 0.0214 0.0115 0.0065
(2,2) 0.0257 0.0155 0.0016 0.0177 0.0075
(2, 3) 0.0298 0.0696 0.0701 0.1256 0.0900
(2, 4) -0.4127 -0.4213 -0.2223 -0.2261 -0.1650
(3, 1) -0.0027 -0.0008 -0.0015 -0.0011 -0.0009
(3, 2) 0.4924 0.4372 0.3569 0.3213 0.2440
(3,3 0.0148 0.0187 0.0198 0.0224 0.0256
(3, 4) 0.0010 0.0030 0.0072 0.0122 0.0142
(4, 1) -0.1164 -0.0212 -0.0181 -0.0133 -0.0070
(4, 2) 1.355 1.130 0.8698 0.6984 0.4032
(4, 3) 0.3703 0.3846 0.1853 0.2043 0.1473
(4, 4) 0.0387 0.0725 0.0783 0.1229 0.0903



The state transition matrices are computed to be the discrete versions of the
respective matrices which describe the desired continuous closed-loop aerodynamics:

el ar+rlar (3-5)

where I is the identity matrix, 4T is the sample interval, and FCL is the system

dynamics matrix; i.e.,
- - (3-6)

where 4x is the variational state. Equation(3-5)isthe first order power series expan-
sion to the solution of Eq (3-6). A more accurate representation of @LL would
probably be necessary only if AT were not small with respect to the natural time

constants of FCL.

The longitudinal state transition matrix is found by Eq (3-5) from Ffoi , which
takes on either of two forms:
N 0 1
Fl - (3-7)
0 0
or
0 1
rCL - (3-8)
lon .2 20w
“q d“d

where the parameters wy and Cd specify the desired longitudinal response. (See Sub-
section 5.3.1.1). Equation (3-7) is used for dynamic pressure below a';, when the
elevator is essentially used only for trim. Equation (3-8) is used for dynamic pres-

sure above q 1 .

The lateral state transition matrix is found by Eq (3-5) from Fl(;?’ which takes

on either of two forms:

o 1 0 0
For - o 0o 0 0 (3-9)
a 0 0 0 1
0O 0 0 0
or -
o 1 0 0
-b -a -b -a
FICL i 11 11 12 12 (3-10)
at
0 0 0 1
by Ty Thyy 'azzJ




where the parameters a through b22 specify the desired lateral response
{see Subsection 5.3.2.1.2),

4_12, when the aileron is essentially not used. Egquation (3-10)} is used for dynamic

Equation (3-9) is used for dynamic pressure below

pressure above d2 .

The flow charts in Figs. 3-3 and 3-4 show the implementation in the DIFCS
program of the state extrapolation equations and the computation of the state transi-

tion matrices. The numerical values of the parameters used in the state extrapola-

.

tion are indicated in Table 3-3. The control gains C, , C’ ,c, , c
Lba “sa L B 1

Currently, however, they

will

be obtained from the entry control module in the future.

are independently scheduled as functions of Mach number, as shown in Fig. 3-5.
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Fig. 3-3 State Extrapolation for

the Entry State Estimator
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Fig. 3=-4 Computation of Estimator State Transition Matrices
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Table 3-3: Parameter Values for State Extrapolation

Aerodynamic and Inertial Parameters

XX

ZZ

2690,
78.056

805000

6067000

Fixed Control Gains

Y]

7]

w

Y]

0.2401
6.0
2.94
2.9008

See Table 5-1

Scheduled Control Gains

See Figs. 5-16 through 5-21
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3.4 Preliminary Performance Summary

Simulated maneuvers have been performed on the Space Shuttle Functional Sim-
ulator using the state estimator in conjunction with the entry DIFCS and the NR0OOOG89B
(February version) vehicle. Both large and small step changes in angle of attack and
bank were commanded under a wide range of flight conditions (Mach = 2, q = 150 1bs/ft2
to Mach = 25, q = 0,25 1bs/ft2).

Comparisons were made between simulations in which the DFCS controller oper-
ated on state estimator outputs (FILTER = 1) and corresponding simulations in which
the DFCS controller operated directly on measured data (FILTER = 0). When random
noise sources were not simulated (perfect measurements), comparisons between
corresponding simulations were very good in every case. When random noise sources
were simulated, corresponding simulations exhibited similar mean behavior, but aero-
dynamic surface commands were smoother for those cases which used the estimator.
Figure 3-6, for example, shows actual angle of attack, roll angle, and aerodynamic
surface position time histories for corresponding cases at Mach 14 and a dynamic pres-
sure of 108 lbs/ftz.
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SECTION 4

DFCS - CRUISE PHASE

4.1 Introduction

The cruising flight phase of an orbital space shuttle flight begins at about
Mach 0,9, ends at touchdown, and follows the high-angle-of-attack/high-Mach-number
entry phase. During the cruise phase the control is accomplished by moving the aero-
dynamic control surfaces: elevons, rudder, rudder flare (speed brake), and body
flap. In addition, the cruise phase DFCS has been extended to deal with shuttle pow-
ered horizontal flight, which encompasses developmental testing and ferry missions.

During powered flignts, thrust is an additional control variable,

For the cruise phase the DFCS contains three primary modes of operation:
manual, semiautomatic and automatic. Manual mode consists of two types of control
systems: Stability Augmentation System (SAS) and Command Augmentation System
(CAS). By means of a side arm controller and rudder pedals, the pilot uses either of
these two systems to manually control the orbiter. The pilot can reduce his workload
while controlling the orbiter by selecting certain automatic functions provided by outer
loops. This is the semiautomatic mode of operation. In the automatic mode of opera-
tion guidance algorithms provide the commands to the digital flight control system,
and the pilot's control role is reduced to mouitoring the overall performance. One
further system available is the Backup Control System (BCS) which is nearly identical
to the SAS. This system is completely manual, and following its initial flight test,

is intended to remain unchanged throughout the Space Shuttle Program.

Speed control is accomplished by using either speed brake or throttle. The
settings can be controlled in an open loop fashion either by the pilot in the manual
mode or by the guidance algorithms in the automatic mode. Alternatively the settings
can be obtained from closed loop speed control loops. In this case, depending on the
mode of operation, the speed commands come either from the pilot (select /hold mode)
or from the guidance. For the purpose of pitch trimming, the body flap's setting is
scheduled as a function of Mach number, which can be supplemented by a manual flap

command.

Stahilization of the vehicle in the cruise phase is accomplished with compensa-
tion filters which appear in forward loop, feedback, and crossfeed paths. It was

found that for control of the rigid body many of these filters are not needed and good



control performance can be obtained with simpler compensations than allowed for.

However, these filters will become necessary and may, in fact, become insufficient
in size as control of the flexible vehicle is considered. A table of gains suitable for

control of the rigid body 89B vehicle at a particular flight condition (Mach No. 0.6,
dynamic pressure 300 psf, altitude 6000 ft) is provided (Table 4~1). The gains which
must be varied as a function of some flight parameter (such as dynamic pressure),

are marked by an asterisk.

The description of the cruise phase autopilot is presented in the order of
increasing detail, starting with a discussion of simplified block diagrams, proceed-
ing to detailed functional block diagrams, and then finally to detailed flow charts.
Subsection 4.2 describes manual, semiautomatic, and automatic control modes as
well as speed and body flap controls, The description of the BCS is followed by that
of mode selection and mode change trim initialization. Filter implementation is
discussed in Subsection 4.3 where a generalized nth—order digital filter implementa-
tion is detailed along with low-pass and washout filters, and integration functions,
Subsection 4.4 describes preflight initialization of gains and filter coefficients, as
well as limits, deadbands and other items. Subsection 4.5 presents summaries of
input/output quantities for various channels such as elevator, aileron, etc. The
detailed functional block diagrams in Subsection 4.6 are preceded by a list of conven-
tions in order to facilitate their presentation, Subsection 4.7 contains functional
flow charts for initialization subroutine of the cruise DFCS, and then detailed flow

charts are presented in the Appendix, Subsection 4A.,

4,2 Control Modes

4.2.1 Manual Modes of Operation

For manual operation the two types of control systems are a command augmenta-
tion system (CAS) for normal operation, and a stability augmentation system (SAS) for
lower performance downmode operation. The pitch rate and roll rate feedback loops,
with simple gain compensations in the feedback paths, are employed in SAS (Fig. 4-1).
The manual commands to the elevator and aileron are summed with these feedback
signals and sent out to the control surfaces. The manual rudder command is summed
with two feedbacks and one crossfeed signal from the aileron before it is sent to the
rudder. Washed-out yaw rate feedback augments the dutch-roll stability. The turn
coordination in SAS is achieved by either a combination of aileron to rudder crossfeed
and lateral acceleration, or sideslip feedback. For selecting the best control response,
pitch rate, roll rate, and yaw rate gains can be scaled by the pilot from his control

panel.

A simplified block diagram of CAS is shown in Fig. 4-2, The longitudinal and
lateral control systems are pitch rate (or C“’) loop and roll rate loop closures having sim-

ilar forward path compensation filters followed by a proportional path and an integral
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Fig. 4-1 Simplified Functional Block Diagram of The Stability Augmentation System
(also Backup Control System) Mode
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bypass. The integral bypass provides automatic trimming and assures unit-gain rate
tracking. This function can be switched in or out from the control panel, and the pitch
rate/Ct loop has an inner damping loop and an outer feedback loop enabling a selection of
either Cj or pitch rate. C: is a blend of pitch rate and normal acceleration. The

pitch rate feedback can be fed back directly, passed first through a washout filter, or
fed back with an added steady turn compensating component. This component is pro-
portional to the yaw rate and tangent of the roll angle which is measured or derived

from the measured roll rate. Depending on the type of feedback (C: or pitch rate),

the manual command is scaled according to either C or q for the control variable.

The roll rate loop does not have an inner damping loop and thus uses roll rate feed-

back. The rudder channel is the same as in the SAS.

4,2.2 Semiautomatic Modes of Operation

Certain selectable outer loop closures provide semiautomatic modes of opera-
tion, the construction of which is shown in Fig. 4-3. For longitudinal control the in-
puts are either pitch attitude or altitude references with the controlled variables being
pitch attitude and altitude. For lateral control the references and the controlled
guantities are the bank angle and heading. In both cases, engaging the control stick
opens these outer loops and enables the control stick steering tunction, Therefore,
returning the stick to null reengages the selected semiautomatic mode once the body

rates fall below a threshold value.

4.2.3 Automatic Modes of Operation

For one particular cruise phase guidance scheme the automatic mode is sub-

divided into two regions of operation according to the following table:

Name of Approximate Guidance
guidance phase altitude range commands

Approach 40000 to 7000 feet %, P,

Terminal 7000 feet to touchdown G

During the approach phase the longitudinal control is of the angle-of-attack. In the
terminal phase, longitudinal contro} is accomplished by the pitch rate loop which is
identical to the CAS loop described in Subsection4. 2. 1 {(including pitch rate compensa-
tion during steady turns). In both cases the lateral control is of the roll attitude.
However, the roll angle commands are different in the two guidance cases: roll

angle is taken about the velocity vector in the approach phase, and about the body
(vehicle x-axis) in the terminal phase. For both cases the form of the lateral control

system and the gains are the same.

As illustrated in Fig. 4-4, guidance commands other than those shown above

can also be accommodated. Thus the longitudinal control system can be configured
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as either an altitude loop or a pitch attitude loop, both of which are outer loops closed
around the inner CAS loops. Similar to the CAS, an additional longitudinal control
mode has C' feedback. As well as the roll angle loop already discussed, the lateral

control system is provided with a heading loop closed around the roll attitude loop.

The rudder loop is implemented similar to the SAS or CAS mode, except that
a provision is made to accept sideslip guidance commands and direct or washed-out
yaw rate feedback for automatic decrab maneuver. Rudder pedal commands enable

this maneuver to be made manually.

It should be mentioned that, although not shown on the simplified block diagram,
additional guidance commands can be applied in the automatic mode. These are
elevator, aileron, and rudder commands applied directly to the appropriate summing

junctions, and roll rate guidance command to the roll rate summing junction.

4.2.4 Speed Control

Control of indicated airspeed for the cruise phase is accomplished by two control
effectors, the speed brake (also commonly known as "rudder flare'), and the air
breathing engine system (ABES). Use of the ABES is anticipated only for purposes
of powered horizontal flight operations, but the appropriate control algorithms re-
sulting in throttle command are instituted in the current comprehensive cruise DFCS.
Simplified functional block diagrams of the speed control modes are presented in
Fig. 4-5.

In BCS and manual modes, which are functionally identical, the pilot's manual
commands are passed directly to the control actuators. Although not indicated in
Fig. 4-5, speed brake and throttle commands in BCS and manual modes, as in all
speed modes, are crossfed to the elevator for the purpose of trimming out resulting
pitching moment. Note that BCS and manual control may employ speed brake or
throttle or both.

The IAS-hold mode is functionally similar to the automatic guidance mode which
provides IAS commands, and is a velocity loop closure with forward loop compensa-
tion. Currently, the speed brake loop is implemented with proportional plus-integral
compensation, and the throttle loop has lead~integral lag compensation. In this mode

either speed brake or throttleis utilized and the nominal elevator mode selection is CAS.

The automatic (direct guidance) mode issues commands to the speed brake
and throttle based directly on guidance issued speed brake and throttle commands.

This may occur for either speed brake or throttle or both.

Finally, the automatic Terminal Area Energy Management (TAEM) guidance
mode receives the TAEM guidance rate command and first passes through switching

logic to decide whether the command is to be issued to speed brake or throttle. If

4-8
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an indicated airspeed decrease is called for and the throttle is presently opened
above its minimum, the command is issued to decrease throttle, or otherwise, the
speed brake is opened. On the other hand, if an indicated airspeed increase is
called for and the speed brake is presently opened above minimum, the command is
issued to close the speed brake, or otherwise, the throttle is opened. These com-

mands are scaled appropriately, integrated, and issued to the controller,

4.2.5 Body Flap

Control of the body flap, an aft pitching moment generator, is achieved via
commands issued according to a piecewise linear body flap versus Mach number
profile, biased with a direct pilot manual command (see Fig. 4-6). In addition,
appropriate command biases are instituted to provide for full control surface deflec-

tion range.

4.2.6 Backup Control System (BCS)

The BCS mode is an autonomous, digitally implemented, multi-axis manual
control capability which serves as pilot requested backup in the event of primary
DFCS failure. Although the design presented here is only of a preliminary nature,
it is intended to demonstrate the capabilities currently envisioned for BCS mode

plus techniques for their implementation.

Whereas the primary DFCS is likely to be subject to modifications throughout
the flight testing and orbital flight operations, the intent for BCS is to obtain an
acceptable design prior to the first flight and to leave it unmodified thereafter. As
the only BCS coding which is integrated into the primary DFCS structure is the BCS
call flag from the executive routine, possibility of subsequent faulty modifications is

virtually eliminated, thus providing the pilot with a continuously reliable alternative.

BCS mode is functionally similar to primary manual mode and shares the same
simplified functional block diagrams (Figs. 4-1, 4-5, and 4-6). However, there are several
fundamental differences which are not indicated: The axis-by-axis, multi- routine
format of the primary DFCS is replaced by a single routine which processes all
axes in succession; and the filter update, control and filter pushdown (wrap-up)
functions are imbedded in the proper sequence. Whereas the primary system will
have some gains scheduled as a function of dynamic pressure, a single set of fixed
gains which provides suitable performance over as large a cruise flight spectrum
as possible will be utilized for BCS. Finally, pilot signal preprocessing is not in-
cluded for elevator, aileron, and rudder, and there is no Mach number profile for
body flap.
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4.2.7 Mode Selection

Mode select/indicate interfaces with the pilot are helpful in understanding
the capabilities of the cruise phase DFCS, especially where manual control and a
multiplicity of modes complicate the picture. Figure 4-7a is compatible with simul-
taneous multi-axis mode selection in contrast to axis-by-axis mode selection. Thus
it is compatible with earlier versions of the cruise phase DFCS wherein axis-by-axis
mode changes were not considered. Multi-axis mode selection is not unlikely for the
ultimate cruise phase DFCS version, considering such things as control loop design
failure modes, pilot training, and computer input/output simplifications. The gain-
select switches and integrator moding select/indicators are on a separate panel.
This panel might be associated with the ABES console since these capabilities are

intended primarily for the flight test phases of development.

Figure 4-7b, on the other hand, suggests an axis-by-axis mode selection
capability compatible with the present cruise phase DFCS design, including all
peripheral moding capability. All indicated functions are implemented, except for
the pilot selectable pitch turn-coordination-override capability. Gain-select switches
are active only in the SAS mode. Pilot-selectable integrator-moding-override capa-

bility is provided only in the CAS mode (pitch and/or roll).

4.3 Digital Filters and Their Implementation

th

4.3.1 Generalized n -Order Filters

Control filters for the cruising mode are classical, recursive, nth—order

digital filters, whose Z transform is D(Z):

-1 -n
+ + +

a; aZZ agnZ

1 -n
+ ... +a2n+lz

D(Z) =

1+ a32_

The general form of their implementation is presented in block diagram format
in Fig. 4-8. The symbol x represents the controlled variable and the a's are either
fixed or scheduled gains (currently fixed) which correspond to the gains of form
"Gx'" which appear in the flow charts and block diagrams presented later in this

section.
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The current filter implementation provides for no greater than an-order filter
capability, but extension to higher order filters (if needed) is straightforward. The

-1
Z

of instructions, which permits the DFCS cycle time lag to occur at the point so desig-

calculation blocks are achieved in the DFCS programming by the relative sequence

nated. In the coding, each 2nd-order state filter is divided into two parts in order to
minimize the computational transport lag between data input and control command.
The first part, which occurs in the Filter Update Routine is limited to updating the

filter estimate according to the most current measurement:

= +
*out a’1 Xin XNl

Where x represents the nth-node, or summing junction, of the filter. Note that

Nn
exactly n nodes are required to implement an nth—order filter.

The Filter Update Routine is sequentially followed by the Control Routine which

issues control commands based upon the most current filter output value Xout” Filter

data '"pushdown'’, which is actually the tabulation of the current value associated with
each node, is then accomplished in the Filter Pushdown Routine by the following two

equations for a 2nd-order filter:

S a,X. " a,X + x

XN1 2 7in 3 Tout N2

N2 T %4%in T q5%out

This sequence of instructions results in the following equivalent difference

equation for the filter output:

4Xin_2

X + a

- a.x
-1 5 Tout

-a,x
3 out_1

2
Where subscripts -1 and -2 denote past values, one and two samples previous.

Control loops which utilize 2nd—order filter capability are available for control

of the following quantities:

Manual Automatic and

BCS Modes Semi- Automatic Feedback Quantities Others
Modes
roll rate roll rate roll angle measured pitch rate | turn coordination
pitch rate pitch rate| pitch angle measured yaw rate rudder crossfeed
yaw rate yaw rate yaw angle measured lateral
acceleration;
angle-of-attack normal acceleration

sideslip angle (with gravity)

indicated air-
speed

altitude




4.3.2 Specialized 15'-Order Filters

Recursive, 15t order washout filters are utilized in the pitch rate and yaw
rate feedback paths of the primary system and in the yaw rate feedback path of BCS.
The Z transform of the filter is:

1-271
-1

1+ GXWZ

D(Z) =

A block diagram and the update and pushdown equations for the washout filter
are presented below

out

> Gw |je—

Fig. 4-9 Digital Washout Filter

Filter Update: Xout - %in + XN

Filter Pushdown: XN1 = X T waxout

st

Recursive, 17 -order low pass filters are utilized for the filtering of the fol-

lowing quantities:

1) pilot stick inputs
2) crossfeeds to elevator (from speed brake, throttle, and body flap)
3) elevator trim tracker

4) yaw rate for pitch turn coordination

The Z transform of the low pass filter is

1+GX
D(Z)=—-—_—1
1+GXZ



and the block diagram and update and pushdown equations are presented below

Xin Xout

+

N1
+ -

Fig. 4-10 Digital L.ow Pass Filter
: . = +
Filter Update: Xout X GX XN1

Filter Pushdown: = -X + X.

N1 out in

4.3.3 Integrators

Integration is achieved by both trapezoidal and rectangular integrators. Trape-
zoidal integrators are employed for the integral bypass functions in the elevator and
aileron loops, while rectangular integrators are utilized for functions in which trape-
zoidal integration proves to be of no additional advantage. Thus, rectangular inte-
grators are utilized for the integration of pilot trim discretes (elevator, aileron, and
rudder in primary system and BCS) and for the integration of TAEM guidance rate

commands (speed brake and throttle). The Z transforms of these integrators are

T T, -1

F .
Rectangular: D(Z) = ——— Trapezoidal: D(z) = —& 1+Z _
1-2 2 .z

and the block diagrams and update and pushdown equations are as follows:

limiter fimiter

Xgut Xin Te Xout
— . _ -

Rectangular Integrator Trapezoidal Integrator

Fig. 4-11 Digital Integrator Filters
Rectangular Integrator Trapezoidal Integrator

Rectangular Trapezoidal
TF
Filter Update: Xout Xout + TF X0 Xout = 3 X + XN1
TF
Filter Pushdown: none N1 © T2 *in t X out



Note from the block diagrams that the output of the integrators is limited; in
practice this occurs in the filter update routine. Also notice that rectangular inte-

gration requires no pushdown equation, thus substantiating its use whenever possible.

4.4 Preflight Parameter Specifications

Basic parameters for the cruise phase DFCS include filter coefficients, gains,
limits, deadbands, logic-control flags, etc. Each of these basic parameters must
be numerically specified prior to the cruise phase initialization pass. A representa-
tive preflight parameter specification is presented alphabetically: Table 4-1a for
non-subscripted parameters and Table 4-1b for subscripted parameters. All numeri-
cal data is based upon a single-point design at Mach 0.6 and 300 psf (about 6000 feet)
utilizing aerodynamic data for the February 1973 AERO16 version of the 89B orbiter.
The RCAH version of the CAS elevator mode is indicated (ICSTAR = 0); the rudder
sideslip feedback option is chosen (IBFDBK = 1); pitch turn coordination is bypassed
(IQTRN = 1).

Most of the basic parameters are utilized directly, but a number of "working"
quantities are employed, such as sample-interval-multiplied trim rates or a-guidance
values of CAS filter coefficients, limits and loop gains. These are computed on the
initialization first pass (Fig. 4-24) or upon mode initialization as required (Fig. 4-25
through 4-28).

Earlier orbiter cruise phase DFCS designs have utilized scheduled gains and
coefficients to provide desirable response characteristics over the cruise phase
flight envelope (including Powered Horizontal Flight}. The scheduling parameter
has been dynamic pressure. The scheduling operations (when enabled) are carried
out every slow pass by the Parameter Estimation Routine (Fig. 4-12), which operates
on preflight-specified tables of parameter value vs dynamic pressure. Typically
seven data points are used: 100, 150, 225, 300, 425, 525, and 650 psf. The thirteen
parameters corresponding to the scheduled quantities of earlier designs are identi-
fied by asterisks in Table 4-1. Tabular specifications for these gains and coefficients
will be added to the preflight parameter specification tables, as they become avail-
able.

4.5 Input/Output Summaries

Figures 4-13a through 4-13c detail those quantities which are input to and
output by the five basic control channels (speed, elevator and body flap, aileron,
rudder and BCS). Input includes information transferred across the various inter-
face boundaries — executive, guidance, and pilot, as well as miscellaneous moding
information, crossfeeds from other loops, and sensor measurements. Output con-
tains control effector commands, pertinent mode status for display, and crossfeeds

to other loops.
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Table 4-1b  Preflight Parameter Specifications for the Cruise Phase (Cont)

(Subscripted Parameters)
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ENTER

Parameter

Estimation Desired

Is this

a Slow Pass

No

Compute Scheduled Gains

from Stored Tables

END

Fig. 4-12 Parameter Estimation Routine for Cruise Phase
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4.6 Functional Block Diagrams for Cruise Phase DFCS

This section presents a detailed control-engineer's description of the cruise
phase DFCS, using functional block diagrams. These include all the feedbacks,
crossfeeds, limiters, switches, and compensation filters currently available with

preflight parameter specification options.

A number of simplifying conventions have heen employed, particularly in the
areas of filter and limiter descriptions. These conventions are summarized in
Fig. 4-14.

Tables 4-2 through 4-4 indicate the realizable cruise phase DFCS modes of
operation, and the corresponding settings of all flags. Note for example, that while
MODS = 3 (speed brake usiné’u—ﬁlter for IAS-hold) and MODT = 3 (throttle using
u-filter for IAS-hold) are both valid modes of operation, they must not occur simul-
taneously. The mode change Initialization Subroutine (Fig. 4-25 through 4-28)
handles all the setting of all derived flags, according to the logic indicated in these

tables.

Pilot input signal processing for speed brake throttle and flap controllers, for
pitch and roll sidearm stick, and for pedals, is shown in Fig. 4-15. Pitch, roll and
yaw manual trim circuits are shown in Fig. 4-16. Outer loop (semi-automatic or
automatic) error signal generation is shown in Fig. 4-17. Note that the pilot "Select"
option is implied (except for altitude) simply by "'writing" into the appropriate storage

location, e.g., HREF .

Speed control, including throttle and speed brake options, is shown in Fig.
4-18a, which indicates an input from TAEM-guidance interface signal processing as
shown in Fig. 4-18b. Elevator control loops are shown in Fig. 4-19. Also shown
in Fig. 4-19 are the generation of d)TF for turn coordination (pitch and yaw rate
command circuits), the generation of body flap commands (manual override of a
Mach profile), and an elevator trim-tracker network akin to conventional stabilizer
trim-tracking. (This trim indication is being studied for trim-initialization on

emergency downmodes.)

Figure 4-20 presents the aileron control loops, and Fig. 4-21 presents the
rudder control loops, including provision for both 3 feedback and ”é” feedback (a
combination of yaw rate command, yaw rate feedback without washout filtering,
lateral acceleration, and aileron). Note that pedal and trim are available even in

auto mode (through the gain GRXAUT) for manual decrab maneuvers.

Figure 4-22 indicates the override capability of the BCS mode, indicated by
MODB = 1. Details of BCS loops (essentially the corresponding MANUAL or SAS
loops with independently specified gains, coefficients, and nonlinearities) are given
in Fig. 4-23.
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CINTI

TRAP
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Fig. 4-14 Simplifying Conventions for Block Diagrams
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Table 4-2

Logic for Speed Control Flag Settings

Input Flags Derived Flags
MODU MODUG MODS MODT MODUFT MODUFP
BCS, UBCS 1 X 1 0 X X
1 X 1 1 X

UMAN ‘2 X 2 0 0 1

(IAS - MAN) 2 X 2 2 0 1

UASB 3 X 3 0 1 2

(IAS - SB) 3 X 3 2 1 2

4 1 5 0 0 1

1 5 5 0 1

2 4 0 1 3

2 4 2 1 3

3 4 5 1 3

4. 2 4 2 3

AUTO, UAUT 5 5 4 2 3

6 6 0 ¢ 4

6 6 2 0 4

7 6 5 0 4

8 2 6 0 4

9 5 6 0 4

10 6 6 0 4

UATH 5 X 2 3 2 2
(IAS - TH)




Table 4-3: Logic for Elevator Control Flag Settings

4-33

Input Flags Derived Flags
MODE MODEG ICC1 ICC2 ITHC IHC ICF
BCS, EBCS 1 X < X X X X
SAS, ESAS 2 X X X X
CAS, ECAS 3 X 1 X X X 1,2
4 1 4 X X X 1,2
4 2 3 1 2 X 1,2
AUTO, EAUT
4 3 5 X X X 3
4 4 3 2 X 2 1,2
EATT 5 X 2 1 1 X 1,2
EALT 6 X 2 2 X 1 1,2
Table 4-4: Logic for Aileron Control Flag Settings
Input Flags Derived Flags
MODA MODAG IPC IPHC IPSC
ABCS 1 X X X X
ASAS 2 X X X X
ACAS 3 X 1 X X
4 1 4 0
AUTO 4 2 3 4 X
4 3 3 3 2
AATT 5 X 2 1 X
AHDG 6 X 2 2 1
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Fig. 4-15 Block Diagram, Pilot Input Signal Processing
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TRIM BIASES

Pilot Manual Trim Circuits



u_> \T;' IAS-SB
SEL SELECT or
IAS-TH
— REF.
ENGAGE -
IAS-SB or IAS-TH MODUFP
T >
HG )
ALT
7& REF
ENGAGE
ALT or TERMINATE
- PITCHC.S.S.
H >
0g >
e >
SEL SELECT 0-ATT
jk REF
ENGAGE
0-ATT or TERMINATE
- PITCHC. S.S.
g >
Yo >
v T~
SEL SELECT HDG
REF
ENGAGE
HDG or TERMINATE
- ROLL C.S.S.
v or—
bg >
o > % 4
SEL SELECT -ATT ®Rer ¢c 3
——_o — e ——
d& REF 1. + ; see Fig. 4-20
o -— for
ENGAGE IPHC | actual implementation
¢-ATT or TERMINATE I' {an inner foop to Y~loop)
- ROLL C.S.S. '
¢ >——0—— ——————————————————— —
Fig. 4-17

Block Diagram, Outer l.oop Error Signal Generation

4-36



Fig. 4-18a Speed Control lL.oops

xsp ) GSX o
+
min
8sC
. MODS
2
FILTER EF G LIMIT 30 1,
* GUE SU + gmax |4 4 8SC
+
ds
cp | -1 5 6
+
+
1 ) Bsg >—
v 0% UFT
E>—0- 0 ‘MOD i >
29 (TAEM)
xtp )- GTX gy
+
min
Btc
N\ MoOT
L FILTER UEF GTU Lwl‘:r-\ax 3{) ? 001\
* ,
GUE + ﬁtc + 4 atC
+
5t 5
cp | 71 6
+
. +
b > .
bty >
(TAEM)}



bg
(TAEM®

B
089 .
6,7 LIMIT bsg RECT bsg
——0 _O—— GSDDG ia;Tlax INT L
to Fig. 4-18a
@10
- —$_ 1 SWITCHING
| | LOGIC:
’_Io/ | close throttle
L j’ | before opening
— =+ — speed brake and
vice versa
810 .
8t rect | Ot
4)\0 GTDDG L”Y'rqax G INT ———G-»
.9 3
89 s bt to Fig. 4-18a
g
MODUG

Fig. 4-18b TAEM Guidance Processing for Speed Control
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LOWPASS | 8scp
Bsc >—— FILTER GES
GDSC
Lowpass | Step
8t > FILTER GET
GDTC
LOW PASS of
CF
5fc FILTER GEF
GDFC
N BeC
5ec / S
«MaXx e
e et T
LIMITER LOW PASS | °TF . [ neer ] tnot used)
<SeC() ] emin, max FILTER T ’ INT
T GETF _J ‘L o8B
BODY=FLAP (8f o)
Vs, 6fCM 6fc
M >— MACH NO. z-1
PIECEWISE- LINEAR
PROFILE e
XfD : GFX commands to
control-output
subroutine
min
5T
P FILTER rr
GPHT
0 o}
~ TF
é > ‘10\>—< z - @
IPHM [ e o Fig. 421
Fig. 4-19 Elevator Control l.oops (Cont)
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Bsc Vs l
1
osc > 03\)———-———» &c
———
moD8
(B}
5IC > 1
1
Ste > ()e\) - Ot
MoDB8
(B}
1
dec > g - Sei
e —
MODB
(B}
5ac > l
1
Sac > g = Sac
MODB
B
Sr(c ) > l
1
&r ° 2 Or
c 7 C
0
——
MODB
B
5o > 1
1
5 > O: w5
MODB
Fig. 4-22

NOTE:

BCS mode selection
is "across-the-board”
(MODB = 1: MODX =1
where X = U, E, A, and R)
rather than axis-by-axis.
BCS is activated by
selecting the BCS mode
in any one axis (MODXR =1,
where X = U or E or A or R)
or by selecting 4-axis BCS
(MODUBR = 1).

combined to generate
elevon commands

5E Le and SER.

in the control output
subroutine

Control Output Signals



GSXB

LIMITER
Xt . .maxB BKmaxB GTXB
+ : * GTXB
GTX8
~min GXTXB
xt
8¢
_ {BCS)
o GFXB
] +
- +
’;fmm B'Cmm B
LIMITER
ETRIM>——  xetRe — RECTL 1 g maxe
0% ’ Xer o, xey
+ bec
N - (BCS)
xe GEXB S
S ———————— ——
ALL OUTPUTS
DIRECT TO
. CONTROL OUTPUT
~ SUBROUTINE
~ FILTER 9F
> GEQMB
q Game
5sc®——‘ GESB
+ B
5 + becy
xc GETB

5fc@———J GEFB

Fig. 4-23 Backup Control System



dac

GRDACB

B
RECT LIMITER ey
M | ] I
I»;TR; >—— XATRB INT ixa;.naXB
*)
- +
xa > - GAXB
~8
Pe
S S FILTER GAPMB
GPMB
xr B
TRIM ARG RECT LIMlTERB T
+
+
5> - GRXB
. B WASHOUT i
~ FILTER EF FILTER GRRWB
8 GREB GRWS
(=rg)

Fig. 4-23 Backup Control System (Cont)




4.7 Functional Flow Charts - Cruise Phase Initialization

Figures 4-24 through 4-28 represent preliminary attempts to specify the details

of the cruise phase DFCS at the engineering/functional level rather than at the coded
software level presented in Appendix 4A. Implementational freedom (especially with
respect to programming language syntax) should not be restricted by software over-
specification. Hence, the flow charts of this section will be augmented, until such
time as a total engineering/functional specification is achieved. Figures 4-25 through

4-28 interface with the skeletal structure shown in Fig. 4a-2.



' START ’

Prepare working registers for integrator
input gains (premultiplied by TF for
rectangular or TF2 for trapezoidal), and
for rate limits (premultiplied by TF):

max ‘. max

*E " ,max
TFfét . TF xt (where xt

TF*Gsma,X = 5t/ GTX),

SPEED

TF*GSDDG, T *GTDDG

F

TRIMS { TF*xeT, TF*xaT, TF*er

Controller Ko, max o MaX s g p 8K
Rate Limits { pixe T, Tpfxa o, Tgp¥xr
Bes | TBrot™ B, 1Buyel TBaial 1Pl

‘max

Misc  Tgp*eq ,(TF/Z)*GAIP

(load '1' for automatic integrator
IEINOK = IAINOK =1 activation at gear-retract;
load '0! for manual activation)

S

Fig. 4-24 Functional Flow Diagram, lLoad Manipulation Routine
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APPENDIX 4A

DETAILED FLOWCHARTS FOR CRUISE
PHASE DFCS

Detailed specifications for the cruise phase DFCS, in terms of FORTRAN
flow charts of an operating version of the DFCS, are presented in Figs. 4A-1 through
4A-20. Minute functional details are covered, but unfortunately they are often over-
whelmed by implementational aspects (e. g, higher-order-language syntax), and are

thus less-than-ideal for specification purposes.

Figure 4A-1 depicts the cruise phase preflight (or first-pass) load manipulation
operations. Figure 4A-2 presents the skeletal structure .into which the remaining
figures fit. In particular, there are five basic subroutines. These subroutines
interface directly with the DFCS executive as shown in Section 1.2. Their functions

for cruise phase are as follows:

Initialization Subroutine (Fig. 4A-3 through Fig. 4A-6)
handles all first-pass (preflight turn-on or inflight phase-change) and

mode change initialization activity,

Filter Part 1 Subroutine (Fig. 4A-7 through Fig. 4A-10)
handles all preparatory calculations for the Control Qutput Subroutine,
including pilot input signal processing, filter output node computations,

control stick steering override detection, etc.

Control Law Subroutine (Fig, 4A-11 through Fig. 4A-13)
handles all control output calculations in preparation for the Control Out-
put Subroutine (Subsection 2. 2).

Filter Part 2 Subroutine (Fig. 4A-14 through Fig. 4A-18)
handles all filter wrapup processing and miscellaneous activity, such as
body flap command calculations, bank-angle filter calculations, and re-

engaging semiautomatic operation following a control stick steering override.
BCS Subroutine (Fig. 4A-19 through Fig. 4A-20)

handles sequentially, the Filter Part 1, Control Law, Control Output, and
Filter Part 2 calculations for a 4-axis BCS mode of operation.



‘ START ’

TDSDMX = TF*DSDMX
TDTDMX = TF=DTDMX
TXTDMX = TDTDMX/GTX
TGSDDG = TF*GSDDG
TGTDDG = TF+*GTDDG

TXETR = TF*XETR
TXEDMX = TF*XEDMX
() IEINOK =1

TETDMX = TF * ETDMX

TXATR = TF*XATR
TXADMX = TF*XADMX
(%) IAINOK =1

T2GAIP = TF2*GAIP

TXRTR = TF*XRTR
TXRDMX = TF*XRDMX

TXTDMB = TFB * DTDMXB/GTXB
TXETRB = TFB * XETRB
TXATRB = TFB * XATRB
TXRTRB = TFB * XRTRB

)

(*) For automatic integrator-activation at gear-retract;
for manual reactivation load IEINOK = IAINOK = 0.

Fig. 4A-1 Load Manipulator Routine Cruise Section
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MODACH =2 ' CMODAC@' MODACH = 4 ’

(default values)

1PSC = 1PC = 0
IPHC = 0 (for rudder loop)

|

AILERON TRIM
INITIALIZA TION

Fig. 4A-5b
AMODAR
2HASAS) (ACAS) 4 (A/\U‘I‘)\/ BHATIDG) SHAATT)
190C =1
3
MODAGR
p-GUID ¢=GUID
2 =Gt
2le =GUID Trac 1
: : 17SC - 2 IPHC © 2 IPHC = ]
GAPNM = GAPMS (IAGAIN) e 4 1PHe = e = 3 re 2 e = 2
JAGAIN = IAGAIN e -3 1PC = 3 PSRRI = PSR PHREE = PHA

lpsr:r\'(l)r PHICN(Z)iO.]

XA NAM=NAR

Fig. 4A-5a

PIEN (1) = PHEN (2) l

PEN (1) = PEN (2) = 0.

PN (1) = PMN (2) = 0,

IAINT = 1

IE (T2GAIP. EQ.0) IAINT :(ﬂ

IF((MODA, Q. 3). ANDU{IGEARX, 15Q. 1), ORIAINOK. ¥Q. 0)) IAINT =0

MODAG - MODAGR
MODA = MODAHR

Initialization Subroutine, Cruise Phase Section, Aileron Subsection
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MODRCH =3 MODRCH = 4

MODRCH =2

RUDDER TRIM
INITIALIZATION
Fig. 4A-6b

REN (1) = REN (2) = 0,
RW1 = o,

AYMN (1) = AYMN (2) = 0.

BEN (1) = BEN (2) = ¢,

I

DACN (1) = - GDAC (1) * DAC
DACN (2) =  GDAC (4) * DAC
assumes a washout

l

XRF = XRM - XRB RW1 =-REF

YES

MODRR = 4

GRX = GRXSAS GRX = GRXAUT
YES
IRW = IRWP
NO
GRRW = GRRWS (IRGAIN) IRW = MODRGR -1 IRW = 0
JRGAIN = IRGAIN GRRW = GRRWA
MODRR = 2 MODRG = MODRGR

MODR = MODRR

Fig.4A-6a Initialization Subroutine, Cruise Phase Section, Rudder Subsection
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{0 THSIN SGANEPR A
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NMODS #02

ATANSR

NSNS - NSAVN
NSP NS {1, = GNSY 2 XS)

MODT 2 2

MANTH

XT - NTAM = NTVAN
XTP  NT * (1, « GXTX * X1}

{

TEMP = NTP - XTPP
IF (ABS(TEMPL GT. TXTDMX)

XTP = XTPP » SIGNCENTDNN, TEMP) I

Fig. 4A-7a Filter Part I Subroutine, Cruise Phase Section Speed Subsection
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START

1,2 (MODUG- 5)

(SB)

decrease
speed

is TH
still open?

DTC >
DTCMN

close TH

open SB

N\

5|(SB/TIH)

~

3,4
(TH)

increase
+ speed

is SB still
open?
YES

close SB

DSC >
DSCMN

NO

open TH

TEMP = - TGSDDG * DDG

TEMP = TGTDDG * DDG

IF (ABS(TEMP).GT. TDSDMX) TEMP
= SIGN (TDSDMX, TEMP)

IF (ABS(TEMP). GT. TDTDMX) TEMP
= SIGN (TDTDMX, TEMP)

DSC = DSC + TEMP

DTC = DTC + TEMP

END

Fig. 4A-7b Filter Part I Subroutine, Cruise Phase Section Speed Subsection,

(TAEM Guidance Routine)




[Q\IF QAN (1) + GQAT (1) nc,m]

YES

NMODE = 2

NO

OUTER 1.00PS
Fig. 4A-81

CC -1
CEN A1)+« GCE (1) # C1
GEC * O

FINTI  T2GEIC ® CHE

EINT EINTT + BINTI

HINT AMANT (EINT, FINTVIN)
ANINTD (BINT, EINTVN)

DEC] DEC - GDEC (DFC-DCE)
DECE GEEF * DERCE

I

DSCE - DSC+ GDSC *(DSC= DSCEY
DECU  DECU+ GES * DSCF

DECU - DECU + GET # DTCF

]

[l)’I'PI' DTC+GDTC *(11 (‘-1)1'(‘)-‘1

Ylis

ALY

IF (A BSCTE NP,

NE - NEAL - NERB

NED= NI - NTGN INE DX, N
T ABSINEL LTXEDBY N - 0,

NE = AMANT (NFL XEAMND
NECOANIINT (NEL NEAIN)

TEMP - NE - NE)
GTOTNEDMN)Y NE - NEFISIGNCTXEDAN, TEMP)Y
NEE SNE C GNE C INE - NED

SEP-XER {1 GXEN  ABSINEF)

|

NE NET VUNITTR S IETRIEW
NEE = ANMANT (NET, NETRIND
NET - AMING (NET, NETTAND

Fig. 4A-8a Filter Part I Subroutine, Cruise Phase Section, Elevator Subsection,

XD
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Ma=GUID ICG=-GUID

YES
cC -G

NO

[1}’ (ITHC. EQ. 2) THREK = THG I I IF (IHC. EQ. 2) HREF = IIG ]

[THE THRE - THY\LI I HE = HREF = H\l —]

[Tm:}f:'rm-‘,x (1} + GTHE (1) * ’rHE] | HEF = HEN (1) ~ GHE {1} * HEJ

| CC = GCTH * THEF l I CC = GCIl * HEF |

[

CC = CC+CG

XEM-XEB
< XEMDIS

|CC=G(‘X"XEP'

IECSS = 1CC1 = 1
XEF = 0.

THEF - CC/GeTH

HEF = CC/GCH
HE = 0. THE = 0,

HEN (2} = =GHE (5) * HEF THEN (2) ==GTHIE (3) * THEF
{ )|

Fig. 4A-8b Filter Part [ Subroutine, Cruise Phase,
Elevator Subsection, Outer lL.oops
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START

PMF = PMN (1) + GPM (1) *PM

YES

MODA = 2

NO

FILUP=AIILLERON:

OUTER=-LOOPS

l

PE=PC-PMF
PEF=PEN (1)+ GPE (1) * PE
DAC=GAP * PEI

YES

IAINT -0

AINTI=T2GAIP *PEF

AINT =AINT1 + AINTI

IF (ABS(AINT). GT. AINTMX) AINT=SIGN (AINTMX, AINT)
. |

YES

MODA -4

XA XAM=-XAHB

KA=XA=SIGN(XADRB, XA)

IF (ABS(XA). LT.XADB) XA=0.

IF (ABS(XA), GT.XAMX) XA=SIGN {(XAMX, XA)

TEMP-XA-XAF

IF (ABS(TEMP). GT. TXADMX) XA-=XAI" + SIGN(TXADMX, TEMP)
XAF=XA+GXA * (XA-XAF)

XAP=XAF * {1, + GXAX * ABS(XAF)

1

XAT=XAT+TXATR * IATRIM

IF (ABS(XAT), GT, XATMX) XAT=SIGN (XATMX, XAT)

Fig. 4A-9a

| -

Filtetr Part I Subroutine, Cruise Phase Section, Aileron Subsecction
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)\ 4

START

IPHC

2,3

l PHC = PHREWK | IH" (IPSC,

= PHG

EQ.2) PSRER - ]’S(:I L PHC

PSE = PSRELF - PSM
PSEF - PSEN (1) + GPSE {1) + PSE
PHO - GPHDPS * PSEF

Y

lll“ (TPHC, FQ.3) PHC = PHO + l’HG—I

IPHC] < PHOAMX

Ittt

4

"¢

] PHEE - PHEN (1) 8 GPRE (1) 7 PHIE

“Geey o opner

PSER = PHU/GIPHPS
PSE = 0,
PSEN(2ZY = - GPSIE(B) ¢ PSEEF
PHE = PHC - PHA

Y

Iﬂ' = GPX

(NAE ¢ NAT i]

[I’(‘ - P(}]

TACSS =1
IPC =t
XAF - 0.

Y

ﬁﬂimm(r’(‘). GT,PCMX) PC - SIGN(PCMX, PC)

Fig. 4A-9b Filter Part I Subroutine, Cruise Phase Section,
Aileron Subsection, Outer Loops

4-68



DACN {1} + GDAC (1) * [)A(J

| DACY =

2
IPHRC

Y

TEMP = PHC

Y
RC - D.l

Arlrnc = GROPI * SIN ('rm‘ﬂ
RE - RC = R’
REF = REN {1)+ GRE (1) * RV
DRE = «GRRE * REV

YES

RWF = RWt + REF
DREF - «GRRW * RWI®

le

YES

IBFDK

AYMIEI - AYNMN{1)}+ GAYM (1) * AVM

lIF (MODR, Q. 1) BIY - Bl + BG

DRIC - DRI"+ GRAY * AYMFE

Y

BRI = BEN (1) + GBE (1) * BE
DRF = DRF + GRB * BEF

[

XR = XRM - XRB
XR = XR = SIGN (XRDB, XR)
IF (ABS (XR). 1.,T. XRDB) XR = 0.

IF (ABS(XR) GTXRMX)XR - SIGN (XRMX, XR)
TEMP = XR =« XRF

IF (ABS (TEMP). GT. TXRDMX) XR = XNF + SIGN (TXRDMX, TEMP)

XRF = XR + GXR * (XR = XRF)
XRP = XRF * (1. + GXRX * ARS (XRF))

Y

I

XRT = XRT + TXRTR * IRTRIM
(ABS (XRT). GT. XRTMX) XRT = SIGN (XRTVX, XRT)

Fig. 4A-10 Filter Part I Subroutine, Cruise Phase Section, Rudder Subsection
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4|AUTOSB 5|DSGSB 6| TAEMSB
IASSB \ 1
I DSC = DSCMN + GSX * XSp l l DSC = DSC + D801 [ DSC = DSG—I
DSC = DSCMX
DSC = DSCMN
NO integral clamping
UEF = DSC ! GSU
UE = 0,
UEN (2) = - GUE (5) * UEF
B
MODT
NOTH 2IMANTH IASTH S[DTGTH 6|TAEMTH
4 lAUTOTH 1
LDTC = DTCMN + GTX * XTP | lDTC = DTC + D‘TG] LDTC = DTCTI

L

DTC =

(SB)

DTCMN

MODUFT=1

DTC = DTCMX

integral clamping

UEF = DTC / GTU
UE =
UEN (2)= = GUE (5) * UEF

0.

END

Fig. 4A-11 Control Law Subroutine, Cruise Phase Section, Speed Subsection
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START

DEC = GEX * (XEP + XET) DEC = DEC + DEG

DEC = DEC + EINT
Y r
'

C = DEC + GEQM * QMF + DECU

D

YES
DEC > DECMX

YES
DEC > DECMN

Y

DEC = DECMN DEC = DECMX

! '

IF (IEINT. EQ.1) EINT = EINT = EINTI

integral clamping: take
away last update

Fig. 4A-12 Control L.aw Subroutine, Cruise Phase Section, Elevator Subsection
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Aileron

START

DAC = GAX * (XAP + XAT)

3.5 6 DAC = DAC + DAG
- GAPM * PMF 3

[ DAC = DAC 4 AINT}'—

/DACT < DACMX

h)A(' = SIGN (DACMX, I)[\(']]

| T ATAINT.EQ. 1) AINT = AINT - AIN'I'II

Rudder
START

DRC - GRX © (XRP 4 XRTY 1+ DRIF— GRDAC * DACE
IF AMODR . FEQ.4) DRC - DRC +DRG

END

Fig.4A-13 Control Law Subroutine, Cruise Phase Section,
Aileron and Rudder Subsections
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START

MODUFT
=0

YES.

UEN (1)

UEN (2) + GUE (2) * UE - GUE (3) * UEF

UEN (2) GUE (4) * UE = GUE (5) * UEF

DSCP = DSC
DTCP = DTC
XTPP = XTP

S,
bank angle for
START turn coordination

PHTF = PHM

IPHM = 1 YES

NO
PHTF = PHTN (1) + GPHT (1) *PM

PHTN (1) = PHTN (2)+ GPHT (2) * PM - GPHT (3) * PHTF
PHTN (2)

GPHT (4) * I’M - GPHT (5) * PHTF

<

Part II Subroutine, Cruise Phase Section, Speed Subsection

Fig. 4A-14 Filter
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Fig.4A-16 Filter Part II Subroutine, Cruise Phase Section, Aileron Subsection
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‘ START >

!

DACN (1) = DACN (2) + GDAC (2) * DAC - GDAC (3) * DACF
DACN (2) = GDAC (4) * DAC = GDAC (5) * DACF

|

REN (1) = REN (2) + GRE (2) * RE = GRE (3) * REF
REN (2} = GRE (4) * RE = GRE (5) * RET

#

IF (IRW. EQ. 1) RW1 = =REF - GRW * RWF

YES

IBFDBK = 1

AYNMN (1) = AYNMN (2)+ GAYM (2) * AYM = GAYN (3) * AVAIF

AYMN (2) = GAYM (4) * AYM « GAYM (5) * AYMF
BEN (1)=BEN (2) + GIE (2) * BE - GBE (3) * BEF
BEN (2) = GBE (4) * BE - GBE (5) * BEF
1
YES

MODR = 4

GRRW = GRRWS (IRGAIN) ¥

!

JRGAIN = IRGAIN

-1

\

END

(*) additional elements as required (SAS)

Fig. 4A-17 Filter Part II Subroutine, Cruise Phase Section, Rudder Subsection
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YES

deactivate while
extended YES

f

IAINT = 0

reactivate only
if pad load has
cnabled, and

pilot has OK'd

YES

AINT1 = AINT + adjust trims
GAP = GPX % XAT K AS modes)

XAT = 0,

TAINT =1

IEMODE YES

¥ 3

YES

IGEARX
=1

[

IEINT = 0

YES

EINT! = EINT +
GEC = GCX * XET

XET = 0.
IEINT =1

JGEARX
= [GEARX

Fig. 4A-18 Filter Part II Subroutine, Cruise Phase Section,

Gear/Integrating Moding
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NTPPR = DIC/GTNEB
ATODU -1

TEATE = NSAT - NSAN
DSC DSCNMNB S GSNB TEMP D {1, - GNTXEB & TEMP)

TEAIE NTAM - XCTANMN
NTPRB O TEMPE " (1, - GNEXNB O TEAP)

TEAMD = XTPH- XTPPR

I AARS (1Eapy . G, TNTDYWHD NTB - NTPPH
SIGN CINTDARB, TEAP)Y

DTC DTCNNB+ GTXRB “XTR

l

YES

AODECH =1

UB = GESB* DSCHGETH * DTC + GEFR * DIC
NETR = ADLC - DECUB) / GENB = NE

QUNB (1) - QVMNB (2) - 0,

MO E 1

1

NETB = XETB + TXETRB * [ETRI
NETB = AMAX1 (XETH, XETANB)
NETB - AVMINIL AXETB, XETAMXB)

QMEB = QVINB (1) + GQAMB (1) * Q\I
DECUB - GESB * DSC+ GETB * DIC + GEFB * DEC

DEC = GEXB * (NEN « NETB)Y « GEQMB * QMEPB » DECUB

BODY FIL.AP

DIFC = DFCAMNB + GIFXB O (XFM - XFAMN)

Fig. 4A-19a Cruise Phase BCS Subroutine, Speed, Elevator, and Flap Subsection
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START

XATH = 0.

TMNB (1) = PMNB {2} = 0,

MODA =1

XATB = XATB + TXATRB * IATRIM

IF (ABS(XATB). GT. XATMXB) XATB = SIGN (XATMXB, NATR)

[PMFB = PMNB (1) + GPMB (1) * PM I

[I)A(' = GAXB ¢ (XAM + XATR) - GAPMB - I’.\H’Iq

MODRCH
=1

NO
XRTB = 0.
RMNB (1) = RMNB (2) =0,
RWHB! = 0.
MODR = 1

XRTB = XRTB + TXRTRRB * IRTRIM
1F (ABS (XRTHB). GT. XRTMXRB) XRTB
XRTB =SIGN (XRTMXB, XRTB)

REFB = RENB (1) + GREB (1) *RM
RWFRB = RWIB + REFB

DRC = GRXB * (XRM + XRTR)+ GRRWH * RWFB
-GRDACH * DAC

Fig.4A-19b Cruise Phase BCS Subroutine, Aileron and Rudder Subsection
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‘ START ’

XTPPB = XTPB

QMNB (1) = QMNB (2) + GQMB (2) = QM - GQMB (3) * QVFB
QMNB (2) = + GQMB (4) +* QM - GQMB (5) * QMF13
PMNB (1) = PMNB (2) + GPMB (2) * PM - GPMB (3) * PMFB
PMNB (2) = + GPMB (4) * PM - GPMB (5) ** PMFB

RENB (1) = RENB (2) + GREB (2) * RM -
RENB (2) = GREB (4) * RM -

RW1B = - REFB -GRWB * RWFB

GREB (3) * REFB

GREB (5) * REFB

Fig. 4A-20 Cruise Phase BCS Subroutine, Wrap up Subsection



SECTION 5

ENTRY PHASE

5.1 Introduction

The DFCS design presented in this section is intended to provide stability-axis
attitude control for the vehicle during entry, where this mission phase begins outside
the sensible atmosphere (e.g., at approximately 400, 000 ft altitude ) and ends in the
high subsonic flight regime. The control logic makes use of both the ACPS and the
acrodynamic control surface torques, blended together in such a manner as to mini-
mize ACPS jet activity, while providing capability for simultaneous parallel use

when necessary.

The basic design features include gain scheduling and control submode switch=
ing (both as functions of selected trajectory parameters) to account for variations in
the vehicle dynamics and to allow for reasonably constant closed-loop transient
response characteristics. In addition, except for very low dynamic pressure opera-
tion, maximum use is made of the aerodynamic control surfaces to minimize ACPS
fuel. Finally, the controller synthesis, and thus the design presented here, makes
advantageous use of the vehicle's aerodynamic torques resulting from trim attitude
deviations, allowing the vehicle's rigid body aerodynamics to aid in attitude maneu-

vers,

This sectionis organized into three subsections. Subsection 5.2 provides an
overview of the entry DFCS organization and operational characteristics, while Sub-
section 5.3 is a detailed description of the entry DFCS, both functionally and as
implemented in the present FORTRAN simulator. Finally, Subscction 5.4 is a brief

summary of simulation experience to date.

5.2 Qverview

Figure 5-1 provides an overview of the entry phase control logic structure.
The interface, state estimation, and air data routines are described in Section 2
(Subsection 2. 1), Section 3, and Section 2 (Subsection 2.2), respectively. The pur-
pose of the first two is to provide estimates of the stability axis angles and rates,

along with the guidance commands, while the purpose of the latter is to provide
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estimates of the trajectory parameters {(trim angle-of-attack, Mach number, and

dynamic pressure).

Longitudinal control of angle-of-attack and pitch rate is provided by elevator
(tandem elevon) deflections and pitch ACPS jet firings. The elevator logic uses con-
ventional rate and position feedback (with feedforward trim integration) through
scheduled gains to maintain relatively constant closed-loop pitch dynamics, while the

ACPS logic uses phase-plane control to maintain a desired limit-cycle operation.

Iateral control of sideslip and bank angle is provided by aileron (differential
elevon) and rudder deflections, and roll and yaw ACPS jet firings. The aileron/
rudder logic uses rate and position feedback of the lateral variables (with feed-
forward trim integration for center-of-gravity offset compensation) to provide atti-
tude and rate control of both sideslip and bank. The ACPS logic uses phase-plane
control to maintain a desired limit-cycle operation when there is low dynamic
pressure, and sideslip rate damping to maintain lateral stability when there is high

dynamic pressure.

In both the lateral and longitudinal channels, blending of control by the surfaces
and the ACPS is provided through a logic which determines ACPS inhibition on the
basis of the magnitude of the current surface command, and on the basis of the

vehicle's Mach number and angle-of-attack.

5.3 Description of Control Laws

This section presents the control system block diagrams, equations, system
parameters, and detailed flow charts defining the entry DFCS design. For conven-
ient reference, this section is divided into four subsections. Subsection 5.3.1 and
5.3.2 describe the longitudinal and lateral control laws, while Subsection 5.3.3

specifies the fixed and scheduled parameters used in the present design.

5.3.1 Longitudinal Control

Longitudinal control uses both elevator (tandem elevon) and pitch ACPS jets
to maintain the commanded angle-of-attack. As shown in Fig. 5-2, which illustrates
a typical sequence of control activity during entry, there are two control submodes for

the elevator and one for the pitch jets.

Early in the entry, when the dynamic pressure is low, the elevator is used
strictly for trim, so as to minimize pitch disturbance torques and thus fuel usage.
The trim control law operates in a closed-loop fashion by slowly driving the elevator
in the direction which nulls the pitch disturbance. The estimate of the disturbance

torque is obtained by observing the pitch ACPS firing history. During this flight
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regime, the pitch ACPS jets, controlled by an angle-of-attack /pitch-rate phase-
plane logic, provide attitude and rate control in response to guidance commands.

There is no jet inhibition in this regime.

When the dynamic pressure gets high enough, (51), the elevator is used for both
trim and transient control. Trim is initially maintained through the use of the trim
logic of the previous submode. At a slightly higher dynamic pressure,(é?), trim is
maintained through the use of an integrator acting upon the angle-of-attack error;
the initialization value of the integrator is obtained from the value generated by the
previous trim logic. Elevator control of transient errors is maintained through
feedback of angle-of-attack and pitch rate, with appropriate gains. During this
flight regime, pitch jet control identical to that of the previous regime may be uti-
lized together with the elevator, or control with the jets may be inhibited. This is
done by the blending logic which is essentially a two-sided deadbanded relay with
hysteresis. The commanded elevator deflection is compared with preset fractions
of its maximum and minimum values; should the command be "small", it is assumed
that the elevator has sufficient control authority, and thus the pitch jets are not
required. Conversely, should the elevator command be "large', the pitch jet control
is not inhibited, but is allowed to assist the elevator in controlling the vehicle. This
blended control continues throughout the rest of the entry, so that the pitch jets are

always available for control assistance.

The logic provides for a gradual turn-on of the elevator control so as to avoid

a switching transient when the second control submode is entered.

The remainder of this section describes the longitudinal control laws, and their
digital implementation, in detail. The block diagrams and equations defining the
control logic for the elevator and pitch jets are given in Subsections 5,3.1.1 and
5.3.1.2. Subsection 5.3.1.3 consists of the controller coding summarized in flow

chart form.

5.3.1.1 Elevator Control

Figure 5-3a is a block diagram of the elevator control loop, showing the two

control submodes, with switching determined by dlf,

When the dynamic pressure is less than <_:11, only an elevator trim setting is
sent to the elevator actuator. This trim setting is determined by integrating the pitch
ACPS commands (uy), or, equivalently, by slowly driving the elevator so as to null

the longitudinal disturbance torques.

When the dynamic pressure reaches (—11, closed-loop control of the angle-of-

N
See Subsection 5.3.3 for numerical values of the parameters
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attack is provided by conventional position (@) and rate (@) feedback through a net-
work which attempts to maintain a constant transient response throughout the flight
envelope. Specifically, the desired closed-loop transfer function is chosen to be a

well-damped second-order system, or

o kar
[Q_G.] ) 2+2 w +o? (5D
desired s 5 d*a® d

where (t_,d, wd) are specified for acceptable performance (ka is not explicitly speci-
fied). The gains shown in the diagram may be separated into one of three types:

(1) prespecified by the desired closed-loop characteristics; (2) dynamic pressure
dependent (1 /q); or (3) scheduled gains which are functions of the aerodynamic flight
regime (e.g., fl)t ‘"Trim control is accomPlished in this submode either by the
trim logic of the previous submode (if q _<_q{) or by a conventional clamped trim
integrator acting on the angle-of-attack error, thus providing a steady-state trim

elevator command in the absence of transient angle-of-attack errors.

As can be seen from Fig. 5-3a and 5-3b, in order to allow a gradual blending
in of active elevator control, the elevator command limits are functions of dynamic
pressure which gradually open up from the trim setting to the physical deflection

limits.

5.3.1.2 Pitch ACPS Control

Shown in Fig. 5-4 is the ACPS phase-plane switch logic representation used
for control of the pitch jets. For longitudinal control, the phase-plane coordinates

are angle-of-attack error and angle-of-attack rate, or
(€. €5) = (a-ag, @) (5-2a)
The phase-plane is separated into three regions (by the switch curves), in which the

commanded jet firing is either positive (u = +1), negative (u=-1), or zero (u = 0).
Thus, for the particular application of pitch jet control

(u, U) = (u_, U 5-2b
) v Uy ( )
where u_ and Uy symbolize the jet command and the available acceleration level,
respectively.

The equations for the switch curves themselves are based on the fuel-time

optimal solution to the double integrator control problem and are modified by

TSee Subsection 5.3.3 for numerical values of the parameters
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deadband incorporation to ensure practical limit-cycle convergence (see typical

trajectory of Fig. 5-4). The switch curves are defined by:

. = B S

v o€ ¥(61 57 €9 )
(5-3a)

_ g 2

I't: €1 —1(62+—2TJ€2)

where, in this case, the deadbands are pitch attitude deadbands, or:

(61, 5,) = (8 (5-3b)

2) al’ 602)

and 0 is a fuel-time weighting constant greater than unity given for pitch control by:

o = "Q (5-3¢)

The interface (or blending) logic between commanded pitch jet firings and the
commanded elevator deflections is shown in Fig. 5-5. The approach taken is to
inhibit firing when there is "'sufficient' pitch control acceleration from the elevator.
This measure of sufficiency is obtained by comparing commanded elevator (6eC
shown in Fig. 5-3a) with threshold values to determine whether or not "excessive"
elevator deflection is being called for. The hysteresis path included in the blending
interface avoids chatter in elevator and ACPS activity due to cross-coupling effects.
Note that this design includes an additional switch to preclude jet inhibition when the

dynamic pressure is low and the elevator is used solely for trim.

5.3.1.3 Digital Implementation

Coding implementation for longitudinal control during the entry phase is

summarized in flow-chart form in Fig. 5-6.

5.3.2 Lateral Control

Lateral control uses both aileron (differential elevons) and rudder, and roll
and yaw ACPS jets to maintain small sideslip angles and follow commanded bank
maneuvers. As shown in Fig. 5-7, which illustrates a typical sequence of control
activity during entry, there are three control submodes for the aerodynamic control

surfaces, one for the yaw jets, and three for the roll jets.

Early in the entry, when the dynamic pressure is low, the aileron and rudder
commands are zero. During this regime, the yaw jets, controlled by a bank angle/
yaw-rate phase-plane logic, provide attitude and rate control of the bank angle in
response to guidance commands. The roll jets are controlled by one of two logics,
depending on the yaw jet activity. When there are no yaw commands, the roll jets,

controlled by a sideslip/sideslip-rate phase-plane logic, maintain small sideslip
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attitudes and rates. When the yaw jets are commanded to maneuver the vehicle,
the roll jets are controlled by a sideslip/sideslip-rate phase-plane logic, which is
similar to the first submode except that compensation for yaw jet torques is in-
cluded. Again, the purpose of this logic is to maintain small sideslip attitudes and

rates. There is no jet inhibition in this flight regime.

Later in the entry, when the dynamic pressure reaches a certain prespeci-
fied value (63) , the aileron and rudder commands are still zero. The yaw jets are
controlled by the same logic as in the previous regime. The roll jets are controlled
by one of two logics, again depending on yaw jet activity. When there are no yaw jet
commands, the roll jets are commanded by a deadbanded relay logic which simply
provides rate damping in sideslip. When the yaw jets are commanded to maneuver
the vehicle, the roll jets are commanded by the same corresponding roll jet logic of

the previous regime. There is no jet inhibition in this flight regime.

Still later in the entry, when the dynamic pressure is higher (>Z;2) , the aileron
is used for both trim and transient control. Trim is initially maintained at zero.
At a slightly higher dynamic pressure (a;), trim is maintained through the use of an
integrator acting upon the bank angle attitude error; the initialization value of the
integrator is zero. Aileron control of transient errors (in a "'reverse' sense, as it
has come to be labeled ) is maintained through feedback of bank and sideslip attitudes
and rates with appropriate gains. During this regime, the rudder command is null
until the Mach number reaches a certain level (77?1), after which it is proportional
to the commanded aileron deflection from trim. The proportionality variable is
a constant. Also during this regime, roll and yaw jet control identical to that
of the previous regime may be utilized together with the aileron and rudder, or
control with the jets may be inhibited. This is done with the same type of blending
logic used longitudinally; here, the commanded aileron deflection determines jet
inhibition. Also as in the longitudinal case, there is a gradual turn-on of the allowed

aerodynamic control authority.

Still later in the entry, when the vehicle has crossed a prespecified curve in
the Mach-alpha plane, only the aileron and rudder are used for transient control,
the jets being inhibited for the remainder of the entry. Aileron and rudder control
(in a "proverse' sense to distinguish it from that of the previous submode) of
transient errors is maintained through feedback of bank and sideslip attitudes and
rates (to both surfaces), with appropriate gains. Lateraltrim for this regime has

not yet been implemented.

The remainder of this section describes the lateral control laws, and their
digital implementation, in detail, The block diagrams and equations defining the
control logic for the aileron and rudder are given in Subsection 5.3.2.1, while those
for the yaw and roll jets are given in Subsection 5.3.2.2. Subsection 5.3.2.3 con-

sists of the controller coding summarized in flow-chart form.



5.3.2.1 Aileron/Rudder Control

Figure 5-8 is an overview of the aileron/rudder control logic, illustrating the

two control submodes, with switching determined by the flag1 This flag is

LAT"
specified by vehicle controllability considerations (see Subsection 5.4) and is defined

by a curve in the Mach-alpha plane as shown in Fig. 5-9.

5.3.2.1.1 Early Aileron/Rudder Control

Figure 5-10a illustrates the "'reverse' control submode. When the dynamic
pressure is less than (_;2, aileron trim is set to zero, as are the aileron and rudder
commands. When the dynamic pressure reaches qq, aileron trim and rudder com-
mand are still set to zero, but closed-loop control of bank and sideslip (by the
aileron alone) is provided by position (3, ¢) and rate (B cb) feedback of the lateral
state variables, through a network which attempts to maintain a constant response
throughout the trajectory. Specifically, the desired closed-loop transfer function

for bank angle response is chosen to have four specified complex poles, or:

k -
d - o~ 74 (5-4)
%desired (s2+2§w s+w2)(s2+2gws+w2) '
171 1 272 2

where (;i, wi) are chosen for acceptable transient response (k¢’ is not explicitly
specified and “4 is a function of the airframe dynamics.). This response is ob-
tained, in the absence of rudder effectiveness, by making use of sideslip mistrims
to bank the vehicle.

As with the longitudinal controller, the gains of Fig. 5-10a may be separated
into one of three types: (1) prespecified by the desired closed-loop characteristics
(e.g., al); (2) dynamic pressure dependent; or (3) scheduled gains which are functions
of the aerodynamic flight regime (e.g., 53). For convenient reference, the gains
of the first category are defined in terms of desired response characteristics with

the following equation set:

2 9
ap 791 Y
a, = 2L, w0, t Low, )/ (w. w,)
2 199 T Low)lw e, (5-5)
ag = 2L 0 T Ly0,)

2 2
Ay T O T ey P AL L0

where, as noted above, the (gi, wi) are chosen for acceptable roll response.
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Aileron trim is commanded zero until the dynamic pressure reaches (_12, and it
is then determined through the use of a conventional clamped integrator in the bank
angle error channel. This allows the vehicle to trim to a non-zero sideslip angle
(by commanding a non-zero trim aileron deflection) in the presence of body-axis
roll disturbance torques due to lateral displacements in the vehicle's center-of-
gravity. To avoid interpreting large transients (such as occur during a bank rever-
sal) as lateral cg-offset induced mistrims, integration of large magnitude errors
is inhibited by the X switch. The gradual expansion of the aileron command limits
during this submode‘as dynamic pressure increases is shown in Figs., 5-10a and
5-10b.

PARAMETER

Ka

|
92 g

DYNAMIC PRESSURE, ' q

Fig. 5-10b Aileron/Deflection Limit Parameter

"reverse' submode, a

When the dynamic pressure reaches 63, later in this
rate command loop becomes effective when large attitude errors are detected (as
in a bank reversal). As shown in Fig., 5=10a, when the attitude error is greater
than el the logic is no longer concerned with maintaining a bank attitude, but in-
stead is configured to drive the vehicle to a desired bank rate. This allows the
vehicle to complete the maneuver at higher rates than normally obtained with the

attitude control loop providing the feedback.

Finally, when the Mach number drops below ml’ the rudder is switched in to
augment the aileron effectiveness. The aileron to rudder crossfeed gain is a

constant.



5.3.2.1.2 Late Aileron/Rudder Control

Figure 5-11 illustrates the "'proverse'’ control submode. Closed=-loop control
of bank and sideslip is provided by position (3, ¢) and rate (B-, (.b) feedback of the
lateral state variables, through a network which attempts to maintain a constant re-
sponse throughout the remainder of the trajectory. Specifically, the desired closed-
loop transfer matrix describing bank and sideslip attitude response to a guidance

commanded step is chosen to be:

2
(s +a“s+b“) (a125+b12) B 0

i

(5-6)
2
(agy s+ byy) (% +agystby)f @ -dg | |0
where the a;. and bij are chosen for acceptable transient response. It may be noted
that in this 'proverse'' submode, the availability of the rudder allows for con-
siderably more freedom in shaping the transient response, so that both sideslip and
bank characteristics may be specified, in contradistinction to the previous submode
(see Eq (5-4)).

As shown in the block diagram, there are eight gains (ri]. and pi.) which are
derived functions of both the desired closed-loop parameters (in Eq(5‘-6)) and of

four selected scheduled gains. They are given by:

Ty T a1 Y1t ag1 Gy Yy Pr1 T PygY1q1 7 Pe1 Gy My
= + = +
Tig © 2127917 352G, vy Pro = byo¥yp ¥ Py Gy 7y
(5-7a)
= + =
Top T 311791 Y291 Gy Y22 Poy = Py Y9y Py Gy Yy
Tog = 31979 Y 859G, Va9 Pgg = byg Yoy ¥ byy Gy Yoy

where G1 is a constant and the Y. are scheduled gains. Also shown in the block

diagram are a constant gain, Gl‘ two additional scheduled gains v, and Vos and one
additional derived gain, a function of the Vg5t

7= Y1 Y99 " Y1279 (5-17b)

5.3.2.2 Yaw and Roll ACPS Control

Yaw and roll jet activity is completely inhibited while in the ''proverse' aileron/
rudder control submode (ILAT = 1). This section describes the lateral ACPS

control logic while in the "reverse' surface control submode.

Yaw jet ACPS control synthesis is based on double integrator modeling of the

bank angle dynamics, so that the switch logic presented for pitch ACPS control may
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be used. Roll jet logic consists of three models, one based on double integrator
modeling of the sideslip dynamics, a second based on oscillator modeling, and a third

which accounts for control axis cross-coupling.

5.3.2.2.1 Yaw Jet Control

A double integrator model of the bank angle dynamics, combined with the
assumption of turn coordination provided by the roll jets, allows for the use of the
ACPS pitch jet control logic, with the appropriate redefinition of control parameters.
Specifically, yaw jet control is defined by the phase-plane switch logic of Fig. 5-4

and Eq (5-3a), where the coordinates are given by:

(61, €5) = [-djlim sin O{T’r] (5-8a)
and the switch curve parameters are given by:
(w, U) = (u,, U.) (5-8h)
(64, 85) = (641 842 (5-8c)
o= 0y (5-8d)

The blending interface logic is discussed below.

5.3.2.2.2 Roll Jet Control

Roll jet control of vehicle sideslip is accomplished by the use of three control
modes. Two of these use a double integrator model for sideslip; the remaining one

uses an oscillator model.

The purpose of the first mode is to provide turn coordination when the yaw jets
are firing (uZ # 0). This i§ accomplished by the phase-plane logic of Fig. 5-12,
which is a generalized (8, 8) plane. The figure illustrates a typical state trajectory
and the resultant limit cycle (with switch curve overshoots). The equations for the

switch curve u are:

. 2 2
. -1 m.~ . > s M
Mo 86'2—[_}-;[(8 ) B]lfSB>B

(5-9a)

"

] 2 -2 . ‘i
s [(B7) -8 |if S < 8
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where

1 = Uzcos ar
U, = U sina. - U_cos ¢«

2 X T z T (5-9b)
S = sgn(uz)
gm = \)2U261

and where 6, is defined below in Eq (5-10).

1
The purpose of the second mode is to provide direct control over sideslip when

the yaw jets are inactive (uZ = 0) and when the dynamic pressure is low. With double

integrator modeling, the phase-plane logic of Fig. 5-4 and Eq (5-3a) may be used,

where the coordinates are given by:

(e 62) = (B, (é) (5-10a)

1’

and the switch curve parameters are given by:

(u, U) = (u,, U sinag) (5-10b)
(61, 89) = (85, bgy) (5-10c)
o = og (5-10d)

Note: S4sgn (u,)

Fig. 5-12 Roll Jet Control when u, * 0

It is convenient to label this control mode (used at low c—; and when u, = 0) as attitude

hold, since both rate and attitude error are driven toward zero.



The third control mode takes advantage of the vehicle's dynamic stability in
sideslip, which becomes significant once the dynamic pressure becomes sufficiently
high. What is required is simply rate damping of the sideslip angular velocity as
shown below, where 8™ is given by Eq (5-9b).

Fig. 5«13 Roll Jet Control when u, =0 (@2 q,)

3

The control modes described above, defining lateral control with yaw and roll
jets, are summarized in block diagram form in Fig. 5-14., Several points should be
noted. First, the mode select block which defines the roll jet control mode to be

used is defined by:

If u, #0 then Mode = I
u, = 0,q < qag Il (5-11)
u, = 0 q 2> dg 111

where the modes are coordination, attitude hold, and rate damping, respectively.
The three roll control blocks correspond with the above modes. A second point to
note is the gating by the blending parameter )ta, which is defined by logic that is
identical to that of the pitch channel. Finally, it may be noted that the logic dis-

allows ACPS inhibition during aileron trim-only (null aileron command) operation.

5.3.2.3 Digital Implementation

Coding implementation for lateral control during the entry phase is summarized

in flow-chart form in Fig. 5-15.
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5.3.3 DFCS Parameter Specification

All parameters used in control computations for the entry phase are either
fixed or are scheduled on the basis of Mach Number, M. Table 5-1 tabulates all
entry-phase fixed control parameters. The scheduled control gains fl through EG
and vy and v, are plotted in Figs. 5-16 through 5-23. The scheduled control param-
eters 711 through Y59 aT€ plotted in Figs. 5-24 through 5-27. As noted in Subsection
5.3.2.1.1, the lateral gains rij’ pij’ and n are calculated as functions of the ’Yij‘

according to Eq (5-7).

In an initialization pass through the entry control logic, several parameters
which are functions of pad-loaded values are calculated and stored for future use.

The 1.oad Manipulation Routine for the entry phase is shown in Fig. 5-28.

5.4 Performance Summary

Shown in Fig. 5-29 are three curves in the Mach-alpha plane which define re=-
gions of lateral controllability using differing control modes. Also shown is a
typical late entry Mach-alpha profile. The curves were derived by conducting simu-
lated maneuvers with the entry DFCS and the NR 00089B (Feb. version) vehicle at
various Mach numbers and angles-of-attack. The curves separate desirable from

undesirable simulated vehicle response.

Curve A indicates the lower boundary (in the Mach-alpha plane) to which the
vehicle may be flown using ailerons alone for lateral control. By driving the rudder
proportionally to the aileron command (with a crossfeed gain of 2), the region of
"reverse' control may be considerably extended farther down the entry profile
(curve B). Finally, the region of controllability using the "proverse' control mode
is bounded (above) by curve C. The resultant overlapping region, defined by curves

B and C, provides the motivation for the switch curve choice shown in Fig. 5-9.

It should be noted that an on-going effort in determining design sensitivity to
aerodynamic coefficient uncertainties will reduce the area of the overlap region.
However, the control design used in deriving the curves of Fig. 5-29 was not "tuned"'
so as to maximize the resultant overlap area. It is anticipated that future efforts
in this direction will enlarge this region for the nominal aerodynamic coefficient

values, while counteracting the shrinking effect of off-nominal aerodynamics.



Table 5-1:

Fixed Parameters

Value

10

20

20

30

80

.55

.32

. 66

.75

.75
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Dimension
dog/sec2
2
deg/sec

deg/sec2
deg
deg
deg
deg
deg

deg

Ibf/ft?

Ibf /ft?
IbE/ft?

Ibt /2
1bf /£t

1bt/ft



Table 5-1: Fixed Parameters

Symbol Value
m, 6
Kal -1.0
Ka2 0.2
K¢ 0,01
wy 0.7
wl 0.7
w2 0.7
g, 0.7
2, 1.4
g, 0.7
ry 5

_ g 25
Ca1 5
r¢2 25
43 8
Crup 2
agq 1.0
ayog 0.0

- 294 0.0
CPP 1.3
P11 1.0
b12 0.0
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(Cont)

Dimension

deg
deg
deg
deg

deg/sec



Table 5-1:

Symbol

min max
be , &e

max max
éa , or

Fixed Parameters (Cont)

Value

1.0

0.133

29.0

see

Subsection 2-2
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-0.002
-0.004

&

- 0.006

- 0.008

-0.012

0.0070
0.0060
0.0050
k2
0.0040
0.0030

0.0020

0.0010

13

MACH NO

——

Fig. 5-16 Gain Schedule for &1

Fig. 5-17 Gain Schedule for &9

13

MACH NO.



-0.5

-0.7

-0.8

-1

-120

-180

- 200

12 MACH NO.

Fig. 5-18 Gain Schedule for &3

12 MACH NO,

Fig. 5-19 Gain Schedule for 54
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£e

200

140

120

Fig. 5-20 Gain Schedule for 55

12 MACH NO.

2.75

2.50

2,00

1.75

1.50

N

1.25

Fig. 5-21 Gain Schedule for EG
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0.016
0.012
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0.008

0.004 \

Fig. 5-22 Gain Schedule for vy

1.0 15 20 25 3.0 3.5 MACH NO

-0.0015

-0.0025 /

+0.0035

vy /
-0.0045

-0.0055 /

+0.0065

-0.0075

Fig. 5-23 Gain Schedule for vo
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0.13 —_——t
0.1 \
0.07 \ . —

0.06 .

0.03
1.0 15 2.0 25 30 35 MACH NO
Fig. 5-24 Gain Schedule for }'11
1.0 15 20 2.5 3.0 3.5 MACH NO.
-0.06
-0.08
-0.10 /
-0.12
-0.14
-0.16
Fig. 5-25 Gain Schedule for }12
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0.06

0.04

0.02

-0.05

-0.07

-0.09

-0.13

-0.15

AN

N

20

3.0

MACH NO.

Fig. 5-26 Gain Schedule for }21

1.0 2.0 3.0 MACH NO.
Fig. 5-27 Gain Schedule for }22
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( START )

m, * 1 /(ﬁ] -

<l
-

ma = 1/(q2' Q2)

Slopes of deflection-limit curves
(Figs. 5-3b, 5-10b)

.2
a) "t w w
9 ™ 2(C1 wo + C2w1)/(wlw2)
2€ wy *+ Lyuy)

2 2
Fwg AL Ly wy wy

a-wl

Fixed lateral gains
(Eq. (5-5))

END

Fig. 5-28 Entry Load Manipulation
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SECTION 6

ON-ORBIT PHASE

6.1 Introduction

The DFCS (Digital Flight Control System) will control the attitude and the
translation of the Space Shuttle during the various orbital activities by using either
the ACPS (Attitude Control Propulsion System) or the OMS (Orbital Maneuvering
System). For the purpose of control, there are two orbital phases: the ACPS phase
when the jets are the control effectors, and the TVC (Thrust Vector Control) phase
when the gimbaled engines are used for control. The ACPS phase is presented first,
in Subsection 6.2, followed by a preliminary description of the on-orbit TVC phase in
Subsection 6.3. Digital implementation of the ACPS phase, presented in Subsection
6.4, and preliminary testing was accomplished using structured programming techniques
in the HAL language. All symbols relevant to the on-orbit phase may be found in a

separate glossary at the end of this section.

6.2 On-orbit ACPS Phase: Engineering Description

A block diagram of the DFCS during the on-orbit ACPS phase is
illustrated in Fig. 6-1. The on-orbit attitude maneuver routine or another inter-

face routine (see Part II) supplies to the DFCS:
1) a set of reference gimbal angles, [Bd]
2) a set of incremental reference gimbal angles,[A Bd]
3) the desired angular velocity vector, “y
4) a set of bias gimbal angles, [Bgag]

5) a bias acceleration vector, a

Every tg, , seconds the DFCS adds [A Gd] to [Gd] to give a new set of reference gimbal

angles. ’ls‘f;\e DFCS then compares these to the measured set of gimbal angles, [BGA],
and computes the angular errors in control axes. The bias angles are added to these
errors in control axes and fed to the phase plane switching logic. Also fed to the
phase plane switching logic are the angular velocity error, «ge, the net estimated

disturbance acceleration, X’ the magnitudes of control accelerations, [arc], and
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the last desired change in angular velocity. The angular velocity error, S is com-
puted by subtracting the desired angular velocity, @ g from the estimated angular
velocity, @ and transforming the result into control coordinates. The net estimated

disturbance acceleration, is computed by adding the hias acceleration, o to

(ST
the estimated disturbance aggjeleration, @d, and transforming the result into control
coordinates. From these inputs the phase plane switching logic determines the
desired angular rate changes,[Aw], in control coordinates. From these desired
rate changes the jet selection logic determines the appropriate jets to be fired, if
any, and the corresponding firing times, and then turns the jets on and schedules

their turn-off.

6.2.1 ACPS Control Axes

This subsection presents a technique for decoupling the ACPS control of the Shuttle
Orbiter into three essentially independent axes. This technique permits one to treat
the rigid body rotational dynamics of the vehicle, normally represented by a Sth order
system, as three independent 2nd order systems, thus justifying the use of phase
plane control logic. A similar technique was used in the design of the Lunar Module
autopilot. The jet selection logic which has been implemented to utilize the de-
coupled axes is limited to specified jet pairs and provides only attitude control, not transla-

tion, in its present form. A more general scheme will be used in the future.

The ACPS thruster group locations for the NR ATP baseline configuration are
given in Subsection 2.3. Define a +u thruster combination as one or more thrusters
from group 2 and/or group 12: e.g., jet #14 and jet #31. Also define a -u thruster
combination as one or more thrusters from groups 1 and 11: e.g., jets #10 and 25.
The only restriction in selecting the jets is that the torque produced by the tu com-
bination is opposite (or nearly opposite) in direction to that of the -u jets. Similarly,
select a +v combination from groups 4 and 10, e.g., #9 and #26: and a -v combina-
tion from groups 3 and 9, e.g., #13 and #32. Finally, select a +w combination from
groups 6 and 8, e.g., #5 and #18; and a -w combination from groups 5and 7, e.g.,
#6 and #17. The suggested thruster combinations give moderate rotational control

authority while minimizing the net translation.

The control axes are defined by the accelerations produced by the u, v and w

jets. More specifically, let

[—JBASIS = unit vector in the direction of the +u axis
_ . . . . " .

YBASIS unit vector in the direction of the t+v axis
; _ . . . . N .

\—N-B/\SIS unit vector in the direction of the +w axis



J = orbiter inertia matrix

MPZU’ MMZU’ 1\—/IPZV’ control torques produced by the +u, +v,

I\_/Isz, MP‘ZW' MM2W +w thruster combinations

then

-1

*
unit (I~ ( )/ 2)

Unasis Mpou ™ Moy

*

o 1 ]
Vpasis - ounit (07 (Mpoy - Myoy)/2)

T = e *—1
Wgagrg ~ unit (37 (Mpoyy - Myou)/2)

(The components are given in vehicle axes.)

The control axes orientations are shown in Fig. 6-2 for the thruster

combinations given above. Note that the +u accelerations are not exactly opposite.

Neither are the +v accelerations.

The transformation from control axes to vehicle (or pilot) axes is defined as:

3k
M Upasis' Ypasis' ¥easis

cp = !
The transformation from vehicle (or pilot) axes to control axes is simply:

sk B £ 3 _1
Mpe = (Mcp)
The attitude and rate errors for the autopilot are derived in vehicle axes. In

order to utilize the decoupling technique these must be transformed from vehicle

axes to control axes, i.e.,

0 0

eu ex
>

Oy - Mpe eey
e )
ew ez

w w
eu ex

w _ * w
ev = MPC ey

w w
ew, ez

6.2.2 State Estimator for the ACPS On-Orbit Phase

Control of the shuttle vehicle in orbit requires estimates of vehicle angular

rate, w, and vehicle angular disturbance acceleration, ozd. These quantities are



X veh

A
+u v
+u accel +v accel
>
> Yyeh
-v accel -u accel
-w accel
.
X on

+w accel

veh

Fig. 6-2. u, v, w Control Axes
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determined from measurements of the IMU gimbal angles. The procedure used

is based on Kalman filter theory in which angular measurements are mixed with
extrapolated state estimates to form a filtered estimate of the state. The process of
extrapolation and measurement incorporation is described first in terms of a single
axis. The complete three axis filter as implemented in the DFCS is discussed at

the end of this subsection.

6.2.2.1 Vehicle Model

In estimation theory it is necessary to define a model of the process being
observed. In the case of the shuttle vehicle, we will assume that it is a rigid body

with the following equations of motion for one axis:

8y 0 1 0 b 0 0 0
w =10 0 1 w+afc+a/m+nud (6-1)
@, 0o 0 0 a, 0 0 n,
where

GB = vehicle altitude

w = vehicle angular velocity

ay = angular disturbance acceleration

- = control acceleration (produced by ACPS jets)

a0 known bias acceleration

n,n, ° driving noise terms

6.2.2.2 Extrapolation

The discrete filtering process can be divided into two parts: extrapolation

and measurement incorporation. In the extrapolation process the estimate of the
vehicle state, 3%), given at some time, tys is integrated forward to the next meas-

urement incorporation time, t This integration includes the effect of any known

1
biases or control inputs during the interval to, tl. The result of the extrapolation
process is a predicted estimate 2'(‘(1). In our case 2'(t1) is determined by integrating

Eq.(6-1), i.e.,

t 0
A % n / %
Xty = @(ty, tx(ty) +t ®(ty, ) |an(m)| dr
0 0
(6-2)
0



where

~ -
9 (tn)
~ _ A _ i _
i(t()) = w(tn) = gstate estimate at t0 (6-3)
2ty
and
t, -
Loty -n
¢(t1, Ty = |0 1 (tl - 7) | = transition matrix (6-4)
0 0 1

('r) is the control acceleration applied by the ACPS jets. A typical plot of Q/(‘( T)
is shown in Fig. 6-3. It is assumed that the control acceleration can have one
of three values + |01C|, 0, - |a/C| . It is also assumed that if a jet goes on, it turns
at the beginning of the interval, tO' It is further assumed that when the jet goes off
it remains off until the end of the interval. With this jet model we can now integrate

the second term in Eq. (6-2)*

t
JET

t1* . lac| SIGN@) t) g 0T -——===)} (55
Few, n a(n|dr = lo.| SIGN@) t g

to 0 0

where
)
8T =ty ~ty " trage

am {r) is a known bias acceleration which is assumed to be constant over the

over the integration interval:

('r) o (ty)
The third term in Eq. (6-2) then reduces to
(AT
0 (tO)AT 5 =)
* o _
few, n ja (n]dr = o (ty) &T (6-6)
0 0
Before grouping terms, define
bwy = Laylty) +a (tg )] AT

bwelty) = |ac| SIGN (e (tg)) t oy

67



e [44]

| ac| sion (@)

Fig. 6-3.

t 1
0 ‘*tJET__.| !

F AT = Yast

ACPS Jet Control Acceleration Model



Combining results, we find

t
o . AT _UJET
eé(tl) = aB(tO) + wlty) aT + Awdm(to) 5 + ch(to) (aT 5 )

w’(tl) = w(to) + Awdm(to) + AwC(tO)
aé &1)= ad(to)

£.2.2.3 Measurement Incorporation

For the measurement incorporation process, the extrapolated state is

with the measurement at time tn in the following manner:

BB(tn) L (tn) + Ke (O(tn) - GB(tn))

wlt ) = wi(t) + K (8(t ) - Gé(tn)) /(t -t,)

aylt) = o (t )+ KB - it ) /(e -ty
tL <—tn
where
Ky = position gain (constant)
Kw = velocity gain (constant)
Ky ~ acceleration gain (constant)
8(t ) = angle measurement at time t_
tL = time of the last measurement incorporation

(6-7a)

(6-17b)

(6-7c¢)

combined

(6-8a)

(6-8b)

(6-8c)

This measurement incorporation process is similar to the linear Kalman filter

if the measurement interval, tn— tL' is fixed. However, for the Shuttle filter, meas-

urements will be incorporated only if

~ AI
|6(tn) os (ty) | >0n 1
where

_ n 1
eBT trap angle
If this condition is not true, then no measurement is processed and

GB(tn) = 9]'3(tn)

wit) = wit)

ad(tn) = aa(tn)

6-9

(6-9)

(6-10a)
(6-10b)

(6-10c)



This additional logic helps to reduce the effect of quantization of the gimbal angle

measurements by "trapping” small-amplitude noise before it reaches the estimate.

£.2.2.4 The 3-Axis Filter as Implemented in the DFCS

The 3-axis state estimator is basically a simple extension of the single axis

filter described above. Due to the kinematics of Euler rotations, however, the gim-

bal angle measurements are not simply related to the vehicle body rates. We can

circumvent this problem by defining a set of "body angle' measurements,
Yy g y ang

angles are defined as the integral of the body rates:

eBlzf"ﬁdt
aBZ:Idet
8, = [« dt
B, I3

The body

(6-11a)

(6-11Db)

(6-11c)

To a good approximation we can calculate the body angles in recursive fashion as:

(n) eBl(n—l) 1 SIN(SGAS)
@ | = |8, @m-1) |® |0 cose. )cose.. )
B2 GA1 GA3
(n) GB3(n-1) 0 _SIN(GGAl)COS(eGAS
4 L 1 L

where
eGAI = outer gimbal angle
9GA2 = inner gimbal angle
eGA3 = middle gimbal angle
and

@ indicates modular addition

(® indicates modular subtraction

)

SIN(SGAI)

COS(8

)
GAI
i

-

®ca

1

eGA3(n) O %A

(n) GGAl(n-l)

0., MO 6., (n-1)
GA2 GA2

(n-1°
3

(6-12)

(Modular addition and subtraction of two angles produces a result which lies in the

range: -180° < 8 < 180°,) Measurement incorporation is performed as before (Eq. (6-8))

except that the measurements are now the computed body angles (Eq.(6-12)). For the

X axis,
if
Iy _ ’
ey ) -ef t)] >opr
X X

(6-13)



~ A ~ ~ 7
- ’ -
then oy (k)= 84 ) @ KG[GB ) O 8y (tn)] (6-132)
X X X X
\ = " ’ Iy ) ’ - -
() wit) + Kw[eB (t ) O] o (tn):l/(tn ty ) (6-13b)
X X X
”~ B -~ N T~ ~ 2 _
o () = oy () + K [E (1) © ey t)] /e, -ty ) (6-13c)
X X X
tﬂ - tn {(6-13d)
X ~
i = ! -
otherwise, BB (tn) eB (tn) (5-14a)
x x
° - ’ o
w, (t) wl (t) {(6-14b)
_ -
adx(tn) adx(tn) (6-14c)
In the above equations
GB = estimated value of the x body angle
X
GB' = extrapolated value of the x body angle
X
~ = "measured' value of the x body angle
op y
X
w, - estimated x-axis body rate
w)z = extrapolated x-axis body rate
oy estimated x-axis component of disturbing acceleration
adlx = extrapolated x-axis component of disturbing acceleration
tn = current time
t{, = time of the last measurement incorporation for the x-axis
X

The y and z axis computations are similar. Note that a separate "trap' is required

for each axis.

After the appropriate jet control is exercised the extrapolation of the vehicle
state, which depends to a large extent on the ACPS jet selection and timing logic used
in the Shuttle autopilot, is performed. It is currently assumed that the jet firings
produce accelerations about the u, v and w axes defined in Subsection 6.2.1. That is,
the angular acceleration produced about the vehicle axes by the jets is the sum of the

three components:



%cu I (Mpoyy - Myop)/2
o ol (M - M y/2
Yoy T Mpoy = Myov

o = 071w - M) /2
Yow Mpow = Myow?/ @

(6-15a)

(6-15Db)

(f-15¢)

where J is the inertia matrix and the M's are the torque vectors defined in Subsection

6.2.1.

given for the single-axis filter apply. If we define

It is also assumed that the restrictions on the timing of jet firings which were

1

1

t = time of firing of the u jets during the interval t, <t <t
.IET1 0
t = time of firing of the v jets during the interval t, <t <t
.IET2 0
t = time of firing of the w jets during the interval t, <t <t
.IET3 0

and

1

SGNC1 = sign of the desired u control acceleration
SGNC2 = sign of the desired v control acceleration
SGNC? = sign of the desired w control acceleration

then by analogy with the results of the single axis filter:

and

dw (tg) = eyl SGNC, t']ETl (6-16a)
bw, (ty) = |aqy | SGNC, “ET, (A-16b)
bw,ftg) = JacylSGNC, ‘BT, (6-16c)
bw m(to) (gt_d(to) + gm(to))AT (6-16d)

Note that these are vector quantities. The bias acceleration, gz_m, is computed by

the attitude maneuver routine as

= -J° xJw

Nageiw,y) (6-17)

a
—m

where w4 is the desired maneuver rate., With these definitions, the complete three

axis extrapolation equations can be written as

~

?
85t

1

gty © [g(tO)AT +odwy, (o) AQT—

LIET t

1 JET2

——
tJET

+ Agw(to) (aT ——-2—1)] (6-18a)



w' (b)) = wity) + 8wy (tg) + dw (tg) + bw (tg) + dw(ty) (6-18b)

~ -
aliit) = a,lty) (6-18c)
Note that these quantities are vectors with components in the x, y, 2z vehicle (body)

axes.

The estimate of disturbance acceleration, :x , may be accurate enough for the
powered flight phases, but it may be too noisy for use during drifting flight. If an
estimate is needed during coasting flight to counteract such disturbances as gravity
gradient and aerodynamic torques, then rate gyro measurements may be required.
If not, the gd
Alternatively, the gain, Ka’ simply can be reduced during coasting flight. In any

estimation process may be disabled by using appropriate filter gains.

event, the bias acceleration estimate, [ should be used during coasting flight

maneuvers to reduce fuel consumption.

6.2.3 Control Laws for the On-Orbit ACPS Phase

The object of the phase plane switching logic is to compute changes in angular
velocity so that by turning on or off the appropriate jets to achieve this velocity change
the vehicle limit cycles about a desired attitude and attitude rate. The two dimensional
phase plane is applied to the decoupled control axes described in Subsection 6.2.1. Limit
cycling is desirable since it would be extremely costly to attempt to maintain the de-
sired attitude and rate exactly. By designing appropriate switching lines into the
phase plane, the vehicle can be driven into the desired limit cycle. Two separate
logics are used depending on the size of the position and rate errors. For large er-
rers, a switching logic has been designed to drive the state into the small-error con-
trol region. The small-error switching logic then drives the state into a limit cycle
about the desired attitude and attitude rate. The distinction between large and small

errors will be quantified later in this section.
The small-error switching logic has the following features:

1) The design is based upon the optimal switch curves for minimizing a
weighted combination of fuel and response time. The optimal curves

are separated by a deadband in order to allow for limit cycling.

2) The appropriate deadband can be chosen in order to
a) fix the limit cycle period
b) fix the limit cycle maximum rate

¢) fix the maximum attitude excursion while limit cycling

3) The average attitude error is minimized by biasing the placement of

the switch curves.



4) Parabolic switch curves approximate the trajectories which the state
follows. However, hysteresis logic prevents performance degradation

due to errors in these approximations,
The design incorporating these features is described in the following subsections.

In Subsection 6.2.3.1 two idealized limit cycles are presented. One limit cycle is
in the presence of positive disturbing accelerations while the other is in the presence
of zero disturbing accelerations. For each limit cycle the average attitude error will
be derived. In Subsection 6.2.3.2 the design of switching curves to drive the state into a
limit cycle with zero average attitude error is described. This design is referred to
as the small-error control logic. The large-error control logic is described in
Subsection 6.2.3.3.

6.2.3.1 Idealized Limit Cycles

An idealized limit cycle for a positive disturbing acceleration is illustrated in
Fig. 6-4. The coordinates Se and w, are chosen to be the state, where Ge represents
the angular position error and We represents the angular rate error. XDB is the
attitude variation in the course of limit cycling. In the presence of a positive disturb-
ance acceleration, UD , the state is driven along the trajectory from A to B. At point

B a negative control acceleration, -U_,, is applied to return the state to point A,

C

we
'y
B w 2
2 - = € + X
9 = folw) DB
w e 2 %e -
8 = f. (w) = —° - s 2(Upy - Ug)
e 1 7e 20
D
0 0’
° - > 8
X DB
A Note: Up >0

Fig. 6-4 TIdealized I.imit Cycle for a Positive
Disturbing Acceleration



The average attitude error, X, of the limit cycle in Fig. 6-4 is found by deter-
mining the average attitude error for each of the trajectories OB and BO’ (called }_(1

and X, ) and then ''weighting'' them according to time to calculate the net average, X.

2

Determination of 7(1 :

)_§1 is, by definition,

X =

1
1 [ -2-UDt dt (6-19)

tys the time to travel from point O to point B, can be calculated from the value of the

ee abscissa of point B, Be , since
e
_1 2
Be 3 UDt1 (6-20)
e
Bee is found by first rearranging 8 = fl(we) and 8 = fz(we) such that,
w, = g81(8), w, * g,(8,) (6-21)
Then, at point B, g1<ee) = gz(ee), and,
Uu.-U
By =XDB<_C—_D—> (6-22)
e Ue
and from Eq(6-20)
+ 2Xpp WUe - Up)
t1 = 7T (6-23)
C™D
Using tl in Eq(6-19)
U~.-0U
o1 c™ D )
X, 5%pp <—————UC > (6-24)

Determination of 3(2:

2
The time average attitude error for the trajectory segment BO’ can be found by
setting t = 0, at point B, Then,
t

2
- _ 1 : 1 _ 2
xz-t_2 [[X0+Xot+-2(UD UC)t]dt
0
or S
g X t
¥ - 02 1 _ 2 _
Xy =X, *—5 + 7 U, UC)t2 (6-25)

Xo is defined in Eq (6-22) and f(o can be determined from,



XO= UD 1 6] (6-26)
C
To find t2 one can use the following relation,
X U - Uc)t:2 =0
from which it follows,
2X. LU
ty —/Ui’(%[—)lj—y— (6-27)
c' C D
Substituting the results of Eq (6-22), (6-26) and (6-27) into Eq (6-25), yields:
U
< = -_ D -
X2 Xl)B<1 ?IT) (6-28)
C
Determination of X:
Finally, the total average attitude error, X, can be found from:
Xty + Xt
< - 11t th22 (6-29)
1 2

Substituting the results of Eqgs (6-23), (6-24), (6-27), (6-28) into Eq (6-29), yields:

X U
_ "DB D
=3 <1 + ¥ > (6-30)

C

4

This is the average attitude error for the limit cycle in Fig. 6-4. Thus, the average
attitude error would be zero if the intercept of the curve on the right, which is the
trajectory along which the control is applied, were shifted from point O to have an
abscissa of

DR = XUB - X (6-31)

A similar result can be obtained for the case of a negative disturbance acceleration.
Equations (6-30) and (6-31) are used in the DFCS in order to minimize the average
attitude error.

The attitude variation, X could be chosen as follows:

DB’
1) To achieve the cycle pTrioT, T: | |
u U
set X = [1-_D D 2 (6-32)
DB |U | 8
C
2) To achieve the limit cycle maximum rate, % :
max
: 2
U] X )
set X - €~ max (6-33)
2lu,l duel - Juph

3) By simply setting XDB to the allowable attitude variation.

6-16



Currently, the final option is employed in the DFCS.

An idealized limit cycle in the presence of no disturbing accelerations is illus-

trated in Fig. 6-5. From point A the state is allowed to drift
A We

A - B
» -DL f( j DR

D h C

Y
>

Fig. 6-5 Limit Cycle in Presence of No
Disturbing Accelerations

to point B where a negative control acceleration, —UC, (in the form of a minimum
impulse jet firing) is applied to drive the state to point C. From point C the state is
then allowed to drift to point D, At point D a positive control acceleration, +UC, is
applied to return the state to point A. By choosing DL = DR the state limit cycles
with zero average attitude error. The generalized limit cycle for positive disturbing
accelerations is made to reduce to the limit cycle for zero disturbing accelerations
by selecting

DL = X+~ XDB (6-34)

6.2.3.2 Small-Error Control Law

Control regions for relatively small errors are illustrated in Fig. 6-6, defirg~
tions of curves are summarized in Table 6-1, and corresponding control actions a{"e
given in Table 6-2. All logic in this subsection is formulated in terms of positive dis-
turbing accelerations, In the actual implementation, (see Subsection 6. 4), negative
disturbances are treated by inverting the signs of the state variables ee and we-
Biasing the right and left deadbands, DR and DL, to null the average attitude error
in accordance with the equations derived in the preceeding subsection, defines the
placement of the switching curves BOUNDARY_II_TO_COAST and BOUNDARY_III_TO_
COAST. These curves approximate the trajectory of the state during a firing. When
the state lies in Region II, control is applied to drive the state to the curve TARGET-
DISTURB. The vehicle is then allowed to coast.
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Table 6-1: Definitions of Boundaries of Small-Error Control Regions

Boundary/Parameter Definition
we2
BOUNDARY_I_TO_I1 ee = - + DR
2(|usl - 1u,b
2
we
BOUNDARY_II_TO_COAST o, = - + DR
2(luad - Tuyh
w2
BOUNDARY_I_TO_COAST 8, =+ € + DR
2cp(uL| + U,
w2
BOUNDARY_III _TO_COAST g =+ € - DL

¢ 2(lusl + (v,

w

BOUNDARY _IV_TO_III o, =+ 2 - DL’
2(lusl + D
2
we
BOUNDARY_IV_TO _COAST B, = - - DL’
2cn(jusl - uyh
2
we _
TARGET_DISTURB g, =+ ——— - X
2|u,l
WHERE
b, 02 Xpp
i} = I
DR = X o= X DL =X +3Xpo

- (-
DR DR + AL) DL, DL + ADB

B

(ju IUD|)+CD(|UC

- - U4
¢! Y, o

DR = (§+DR')(|UD|)<
€D U]+ lupD - luph Clugal - |Up |
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Table 5-2: Control Actions in Small-Error Control Regions

Region Control Action
I Drive state to BOUNDARY_I_TO_COAST
II Drive state to TARGET_DISTURB
11 Drive state to zero rate
I\Y Drive state to BOUNDARY_IV_TO-COAST
HS_I If coming from [LARGE ERROR CONTROIL.

LOGIC or REGION III then drive state to

zero rate, else coast

HS_II If coming from LARGE ERROR CONTROL
LOGIC or REGION II then drive state to
TARGET-_DISTURB, else coast

CS..1 coast

CS..II coast

The deadband increment AI)B is added to prevent fuel-consuming overshoot when

the disturbance acceleration is zero or very small. The points

DR’ = DR + 8, (6-35)

B
r _
DL’ = DL + bhp (5-36)

define the placement of the curves BOUNDARY_I._TO_COAST and BOUNDARY_IV_TO_
COAST.

The factor CD determines the weight given to response time as opposed to fuel
consumption, by adjusting the steepness of the switch curves that are normally crossed
when entering the coast region. To insure that BOUNDARY.IV_TO_COAST is always
less than BOUNDARY_II_TO_COAST and BOUNDARY_I_TO_COAST is always greater
than BOUNDARY_III_TO~COAST, CD must be between 0 and 1. Currently the value
of CD is 0.8,

Hysteresis has been incorporated to make the most efficient use of disturbance
accelerations, to prevent switching line chatter, and to prevent tight limit cycling about
the point DR. The dashed curves within the shaded area and parallel to BOUNDARY_
II_TO_COAST provide hysteresis in the regions HS_I and HS II. If the state lies
inside either Reglon HS_I or HS_II and the sign of the newly computed change in rate
is not the same as the sign of the last computed change in rate, then no control is ap-

plied and the vehicle is allowed to coast. However if the signs are the same, then in



Region HS_I the state is driven to zero and in Region HS-II the state is driven to
TARGET-DISTURB. Whenever the state lies inside either Region CS-I or CS_II the

vehicle is simply allowed to coast.

When the state lies to the right of BOUNDARY_I_TO-II position error is reduced
more quickly by driving the state to BOUNDARY_I_TO-COAST and then coasting instead
of driving the state to TARGET_DISTURB and then coasting. This is particularly im-
portant as the disturbance acceleration approaches zero. The curve BOUNDARY-I_TO_
Il is defined by the intersection of TARGET-DISTURB and BOUNDARY_I_TO_COAST,

When in Region III the rate error is driven to zero, and when in Region IV the
state is driven to BOUNDARY_IV_TO-COAST to more quickly reduce position and rate

errors.

6.2.3.3 Large-Error Control Law

Control regions for relatively large errors are illustrated in Fig. 6- 7, defini-
tions of the boundaries are summarized in Table 6-3, and corresponding control ac-
tions are given in Table 6-4. As in the preceeding subsection, all logic is formulated
in terms of positive disturbing accelerations. In the actual implementation (see Sub-
section 6. 4), negative disturbances are treated by inverting the signs of the state var-

iables, Be and W

The purpose of the large-error control logic essentially is to drive the state into
the small-error controi region. Bounds between the small-error and large-error
regions are set by the values of the parameters RIL. and RL’ (currently 4.0 and 3.0
deg/sec respectively). The rate error bounds are equal to + RL.. The left position
error limit, -PLL, is defined by the intersection of BOUNDARY_IV_.TO-COAST and
COAST_IV_BOUNDARY. Similarly, the right position error limit, +PLR, is defined
by the intersection of BOUNDARY—I_TO_COAST and COAST_I_BOUNDARY. The
boundaries COAST_IV_ BOUNDARY and COAST_I_BOUNDARY are rate errors equal
to + RL'.

TARGET_-ARL is the average of RL and RL’. TARGET_ARL and -(TARGET-
ARL) are taken to be the target rate when the state is in Regions 1I and I respectively.
i.e., when the firing is against the disturbance acceleration. When the state is in
Regions IITand IV the targets are the nearest boundary; i.e. COAST-IV-BOUNDARY
and -RL respectively.

Hysteresis is incorporated into the large-error coast regions to prevent chatter
about +RL and COAST.I. BOUNDARY. If the state is driven into Region HL.-1 from
Region II, then it is further driven to TARGET_ARL. I[f the state otherwise appears
in Region HL_I the vehicle is allowed to coast. Similarly, if the state is driven into
Region HL 1I from Region I then it is further driven to -(TARGET_ARL); otherwise
the vehicle is allowed to coast. Should the state appear in either Region CL_Ior

Region CL_II the vehicle is simply allowed to coast.
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Table 6-3: Definitions of Boundaries for the Large-Error Control Regions

Boundary/Parameter

COAST_IV_BOUNDARY
COAST-I_-BOUNDARY

TARGET-ARL

PL.R

PI.IL

Definition
— ’

“"’e RL

w = -RL'

o
w, = (RL + RL7)/2

"2
ee = 4 (R1. ") + DR’
2CD(|UL| + lu, 1)
"2
0, = - (RL") - DL
eco(lu] - JuyD

Table 6-4;: Control Actions in Large-Error Control Regions

REGION
I
1T
I1I
v

HL_I

HL_II

CL_I
CL_II

CONTROL ACTION

Drive state to ~(TARGET-ARL)
Drive state to TARGET_ARL

Drive state to COAST_IV_BOUNDARY
Drive state to -RL

If coming from region II then drive state
to TARGET_ARL, else coast

If coming from region I then drive state
to {TARGET_ARL), else coast

coast

coast



A final feature of the small-error control logic can be described, now that
TARGET_ARL has been introduced. If the disturbance acceleration is very large,
part of the curve TARGET DISTURB may lie below - ({TARGET _ARL). In this situa-
tion a check is made to see if a rate change to drive the state to TARGET_DISTURB
is greater than a rate change to drive the state to -(TARGET_ARL). If it is, the
state is driven to -(TARGET_ARL), which means less fuel consumption with the re-

sult of finishing in a limit cycle about the origin.

6.3 On-Orbit TVC Phase: Preliminary Functional Summary

The Orbiter Maneuvering Subsystem (OMS) is used for major on-orbit maneuvers
and to establish the deorbit entry trajectory. During powered flight the roll, pitch
and yaw of the space-shuttle orbiter is achieved through deflection of the two gimbaled
engines. Computation of gimbal servo commands in response to computed errors be-
tween commanded and measured attitudes is the function of the on-orbit TVC (Thrust
Vector Control) "phase' of the DFCS. The following functional summary is an adapta-

tion of the Apollo Command Module TVC control; it is illustrated in Fig. 6-8.

1) The steering-loop computations generate incremental attitude commands in

inertial coordinates and transform them into body coordinates.

2) The DFCS back-differences the gimbal angles to obtain incremental variations

over each sampling interval.

3) The gimbal increments over each sampling interval are then transformed into
body coordinates and subtracted from the commanded increments which are

generated by the steering program.

4) The respective attitude errors are fed to the roll, pitch and yaw compensa-
tion filters, whose outputs contribute to the commands to the engine gimbal
servos. These signals bear the burden of controlling rapid transients, deter-
mining the system bandwidth and the stability of the vehicle slosh and bend-

ing modes,

5) As shown in Fig. 6-8b, the total command signal to each engine-gimbal
servo is made up of the component from the associated compensation filter
plus another component from a Thrust Misalignment Correction (TMC) loop.
The latter component serves to bias the total command so that a zero output
from the compensation filter will cause the thrust vector to pass exactly
through the center of gravity (cg) when there is no cg motion and no motion

of the thrust vector relative to the commanded angle,
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6) The two major elements of the TMC loop are its summing register, which
supplies the bias, and its low-pass filter, DELFILTER, which tracks the
total command signal at autopilot sampling frequencies. The difference
between the bias and the DELFILTER output is used to increment the sum-
ming register so as to slowly correct for the offset caused by thrust-to-cg
misalignment. This slow reset action is roughly equivalent to inserting a
proportional-plus-integral transfer function between the compensation fil-
ter and the total command signal. The TMC loop is designed so that its
dynamics have no effect on the vehicle bending and slosh modes and very

little effect on the rigid-body stability.

7) The operation of the TVC digital autopilot cannot be considered separately
from that of the steering loop which interacts with the autopilot. The
steering loop operations are shown in Fig. 6-8 for the case of "External AV"
guidance. This form of guidance is based on achieving a desired acceler-
ometer-measured velocity change, A'\_/_C, which is inserted into the steer-
ing program as an initial value of the computed velocity-to-be-gained vec-
tor, V_. The yg vector is periodically reduced during the course of the

burn by subtracting the accelerometer-measured increments, A_\[.

8) The purpose of the steering loop is to align the vehicle thrust with the
velocity-to-be-gained. This is achieved by commanding a vehicle turning-
rate which is proportional to the normalized cross-product between these

two vectors.

9) The pitch- and yaw-axis components of the vector cross-product are mul-
tiplied by the proportionality constant Ksteer‘ to obtain the commanded
rates about these axes - and multiplied by the autopilot sampling period,
T2,

autopilot every T2 seconds.

to obtain attitude-command increments, which are supplied to the

10) The roll control channel is designed to provide independent attitude and

rate control about the roll axis by differential control of the OMS engines.

6.4 Digital Implementation (ACPS phase)

The overall composition of the DFCS as it applies to the on-orbit phase is re-
iterated in Fig. 6-9 in structured flow-chart form. The procedure MAJOR-TRANSIENT
provides initial mode and flag information to be used by all mission phases. Currently,
no initial mode or flag information unique to the on-orbit ACPS phase has been im-
plemented in MAJOR_TRANSIENT. The procedure INPUT-INTERFACE contains, in
general, information that is explicitly read by the DFCS from external sources. More
specifically, when the on-orbit phase is selected, the gimbal angles are read and the
time of their reading, tn’ is recorded. On the first pass of the DFCS for a given
phase FILTER_AND_PARAM_INIT and PARAM are both called. FILTER_-AND_PARAM —~
INIT currently does nothing in this phase. PARAM calls MASS CALC (See Fig. 6-10)
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Fig. 6-10. MASS CALC
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which then takes as an input the torques supplied by each ACPS thrust group and com- —
putes three more or less independent control axes and a pilot-to-control transformation

matrix. The procedure PARTI_FILTER shown in Fig. 6-11 is then entered which

takes as an input the extrapolated estimates of angular position, rate, and disturbance
acceleration for each axis and incorporates the measurement of gimbal angles taken

at time tn' From these updated estimates the procedure CONTROL, (IFFig, 6-12) calls

upon:

1) ERRORS (Fig. 6-13) to compute the errors in attitude and angular rate
from the desired

2) PHASE—PLANE (Fig. 6-14) to compute the desired change in angular rate
to correct these errors

3) JETCONTROL (Fig. 6-15) to select the appropriate jets and control

their firings, according to provisional logic suggested in Subsection 6.2, 1,

The digital implementation of the phase plane switching logic is composed of

three principle routines:

PHASE_PLANE

The procedure PHASE_PLANE selects the appropriate sign to be attached to the
computed change in angular rate, computes position error intercepts, and also com-
putes the boundaries between the small error control logic and the large error control
logic, as illustrated in the logic flow diagram in Fig. 6-14a. PHASE_PLANE then
selects either the small-error control logic or the large-error control logic to com-

pute the desired change in rate.

LARGE-ERROR-CONTROL_LOGIC

The procedure LARGE_ERROR-CONTROL_LOGIC computes the change in rate
to drive the state into the small error control region. As illustrated in Fig. 6-14b,
the region in which the state lies is singled out and then the appropriate control action

is computed,

SMALL_-ERROR-CONTROL,-LOGIC

The procedure SMALL_.ERROR-CONTROL_ILOGIC computes the change in rate
to drive the state into a limit cycle with specified deadband about the desired position
and rate. Current testing has used deadbands of 0.5 and 5.0 degrees. As illustrated
in Figs., 6-14c and 6-14d, the region in which the state lies is singled out and then the

appropriate control action is computed.

The function BOUNDARY, illustrated in Fig. 6-14e, is implemented to compute the

various switching curves.
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|

CALL ERRORS

[ow] = PHASE_PLANE ([ee], [we], [aC], [UD], faw])

|

CALL JETCONTROL

RETURN

Fig. 6-12. On-orbit Segment of CONTROL Procedure



l

(e,] = [6] @ ([ase,]

eBel 1 sin (eGA ) 0 eGA
m €1
) = [0 cos (9 ) cos (8 ) sin (8 ) )
Be2 GAnl GAo GAO GAe2
eBe 0 -cos(BGA ) s'm(eGA ) cos(BGA ) eGA
3 m 0 (o} eq
y
TEMPL = Mpc 8p,
TEMP2 = Mp. (& - wy)
TEMP3 = Mp. By +a )
’ eei = TEMPI1, + 3BIAS_l
DO FORi=1, 2, 3 w, = TEMP2
i
UDiz TEMP3i

4
( RETURN >

Fig. 6-13. ERRORS



(

Y ‘
Pl Dvm a

al %

n ‘2

v Ty g ra L na

ey

N - (ANDISEY /

g
Pa— P

e

[SIC R ANCRICRIC NN

£ —
6) NOILONNA ‘INVId ASVHd “evi-9 "84

NHALIY

210071

TOULNOD HOMHA TIVING T1T1vD

=)
11d- 5 "8 10

osto F ﬂ
¢

IID01 || WId+ < 9 30 TH = | P | a1

TIIOY LNOD HOBYA ADHV TV

o taa ua S0 - RN
_ o
ﬁ Syt
; J, - N b
- TANDISSY |
Ay jk )
. o o
210 . . B 3 J ey
POy vanaon1-1svon N 7
, AIHINANAITY
. «(] . . - -«U ~4
st N i g O % A,
i

uayy ﬂ

Ay - 12ah %1 - (91 - [Pahan

v_a:_ (,Ha + ¥) = ,, 84a

LU - A

@d 1T 1Pa] , 1a- CAMVANAOE TAITISVOD ‘I-) ANVANNOS = T1d

(191 -~ 1?apas « (9] - 1Pap

wo 19 1Pa] 7, ua fRYVANAOSTITLSVOD ‘1+) ANVANNOYE - ¥1d
KAHVANIOHE~AI"LSVOD= = XHVANNOE I-LSVOD

8y 4 1a - ,1a

8 £.x-1a

Hdy | ya - ,ua

qd,

ﬁ
;. Uy 7e0 -
i

3 3 as(a

6-34



THEN
IF Se z +PLR AND w, 2 COAST_I_BOUNDARY\

A

IF 6_ = +PLR AND w, = +RL THEN

!

(COAST_I_.BOUNDARY - RL)

(COAST_IV_BOUNDARY + RL)
2

?

RETURN

A

IF 8_ < -PLL AND w_ = COAST-IV-BOUNDARY THEN

3

I e~ COAST-IV_BOUNDARY

1

IF 6_ 2 -PLL AND w_ < -RL THEN

RETURN

Xl) = Wy + RL

RETURN

IF we< 0.0

X = (COAST_1I_BOUNDARY - RI.)
D e
2
X = (COAST.IV_BOUNDARY + RL
D “e
ELSE 2

IF SIGN (K X))= SIGN (XDQ—

RETURN

THEN
IF Xpy g 70:0
X, = 0.0
RETURN
Fig. 6-14b

LLARGE_ERROR_CONTROI,_1.OGIC
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COAST_I_BOUNDARY - RL

TARGET_ARL = Wy -< 5

)

IF |Xp| > | TARGET_ARL|

( RETURN )

Fig. 6-14d. REGION_II_TARGETTING

B_SIGN w?

) + D

" 2 CD (UC + B_SIGN UD)

(RETURN 9)

v

X

D

= TARGET_ARL

Fig. 6-14¢ BOUNDARY: FUNCTION (B_SIGN, w, D, UC, UD, CD)




|

KILL1

=~ KILL!

T

|

DOFOR =1, 2,3

CALL UVWTIME (Je |, Up) ) ASSIGN By tippy s gy - SONC
i ) } i

T

¥

t B
JETQZ

W lETQ,

TN
RETURN )

)

’L IF SGNC| >0

CALL MINUSUON j

L4
ELSE

SCHEDULE OFFIUJETS IN IYETQ PRIORITY (101} INDEPENDENT

IF KILL1 = OFF

SCHEDULE OFF2UJETS IN t

ELSE JETQI PRIORITY {1011 INDEPENDENT

N

THEN 1

CALL VOFF
THEN|
CALL PLUSVON
IF SGNC2 »0

CALL MINUSVON

ELSE

THEN SCHEDULE OFF1VJETS IN t

IETQ, PRIORITY {102} INDEPENDENT

IF KILL1 OFF . ; e

SCHEDULE OFF2VIJETS IN lIFTLd PRIORITY {102} INDEPENDENT
JETQ,

. .
THEN CALL WOFF ]
|
THEN o ) 1
- CALL PLUSWON
.f

BN
IFSGNC, >0 >

ELSE

CALL MINIUSWON

El.SE

THEN SCHEDULE OFFIWIETS INt o PRIORITY (103) INDEFENDENT
JETQ,

IF KILL1 @ 3 - RN

l SCHEDULE OFF2WIJETS INt PRIORITY (103) INDEI'ENDENT

L EILSE ‘IE'I\Q3

Fig. 6-15a. JET CONTROL Procedure



l

SGNC = SIGN (aw)
@ = a. + SGNC U,
DTC = ABS (dw/a)
A
IF DTC

> tfast /

RETURN

Inputs: ac, Up

Outputs: Aw, tJETQ’ tJET’

SGNC

t .
JETQ * ROUND (t, _ REALSEC)
THEN| YpT © tjETQ/HEALSEC
8w = bw=-SGNC o typo
prq - tyerq * 001 REALSEC
THEN B ! . .
typrq © ROUND (DTC REALSEC)
IF DTC >t .
JETQ -
ROUND (t;, p REALSEC)
ELSE L
ELSE
- 0.0
tETQ )

LET T YUETQ

/REALSEC

Fig. 6-15b. UVWTIME Procedure



l

A THEN ij
IF KILL1 = ON N RETURN

y

CALL UOFF

RETURN

Fig. 6-15¢c. OFF1JETS Procedure

l

IF KILL1 = OFF THEN RETURN

CALL UOFF

RETURN

Fig. 6-15d. OFF2UJETS Procedure
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|

I¥F KILL1 = ON >T£N—

( RETURN )

CALL VOFF

RETURN

Fig. 6-15e.

l

Off1VJETS Procedure

IF KILL1 = OFF THEN |

L
( RETURN )

CALL

VOFF

RETURN

Fig. 6-15f.

OFF2VJETS Procedure




l

Y
. IEN
IF KILL1 = ON >IID" ( RETURN )

CALL WOFF

RETURN

Fig. 6-15g. OFF1WJETS Procedure

l Y
IF KILL1 = OFF /THEN ( RETURN )

4

CALL WOFF

RETURN

Fig. 6-15h. OFF2WJETS Procedure



After CONTROTI. has called JETCONTROL to implement the firing of various
jets, the estimate of the state is extrapolated for the next pass of the DFCS by the
procedure PART2_FILTER (see Fig. 6-16). Finally, PARAM is called on passes

other than initialization passes, and the DFCS pass is terminated.

hw, = SGNCy ey gy

bw, = SGNC, acy b

bw, = SGNCy 2w et

A‘—""-'dm - (gd * —-m) tfast
. . t tJET
EIB - b (@ trast “q fzSt they (tfaSt T2 : )

1>
I
€?
+
o
€
+
=
€
-+
=2
€
+
>
1€
Q

1
i
|

y

( RETURN )

Fig. 6-16. ORBIT_ACPS FILTERZ2; On-orbit Segment of PART2-FILTER Procedure



Table 6-5: Glossary for On-Orbit Phase

MNEMONIC ENGINEERING DEFINITION
TERM
ACC2U ooy Anjgular acceleration about u-axis produced by MP oyt OF D—/IM?T‘
ACC2v %oy Angular acceleration about v-axis produced by I\_/IPZV or I\—/IMZV
ACC2W Yow Angular acceleration about w-axis produced by I\_/IPZW or MM2W
ALPHADBAR é/d Extrapolated disturbance acceleration
ALPHADHAT ;fd . Estimated disturbance acceleration
ALPHAM a Bias acceleration
BASISU Upags
BASISV VBASIS Unit vectors along u, v, w control axes
BASISW WBASIS
{ BIAS_.BETA] [BBIAS] Bias body angles
CD CDh Scale factor used in phase plane switching logic
[CDbU] L BGA] Gimbal angles
{CDUERROR] [eGAe ] Error in gimbal angles from the reference desired
DELTA ADB Deadband factor
DELTA _.POSITION ee’ Angular position error (within PHASE_PLANE)
DELTA_RATE we' Angular rate error (within PHASE_PLANE)
[DELTA_THETA_
D] [ABD] Incremental desired reference gimbal angles
DELWDM Agdm Change 'm' angular velocity vector due to disturbance and bias
accelerations
DELWU A_@u Change in angular rate due to u-control jets
DELWV Agv Change in angular rate due to v-control jets
DELWW A(ﬁw Change in angular rate due to w-control jets

DL,DL-PRIME1l, DL,DL’

DR, DR-PRIME], DR,DR’ Switching line angular position error intercepts
DR-PRIME2 DR "’
[DRATE] [aw] Componeuts of changes of angular rates
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MNEMONIC

DTC
ISTRTR
PHASER
[FAST)
[MEDIUM ]
[SLOW]

GAIR

INERTIA
™M

IS
ISTART
ITM

ITS

[ JTORQUE]

K

KALPHA
KOMEGA
KTHETA
KILL1
[MAGACC]
MAG_U_D
MAG_U_C
MP2U
MM2U
MP2v

MM 2V

Table 6-5: Glossary for On-Orbit Phase (cont)

ENGINEERING

TERM

DTC
ISTRTR
PHASER
[FAST]
[MEDIUM]
[SLOW]

Garr

J

M

1S
ISTART
IT™M

ITS

[ JTORQUE]

Mpau
Myiou
Mpay

—M2V

DEFINITION

Total firing time of an ACPS control jet for a maneuver
Restart required flag (external)
Mission phase flag (external)

Fast, medium, and slow sampling periods for each
mission phase

Slow sampling period for each mission phase

Filter gain for air data

Inertia matrix

medium rate sampling index

Slow rate sampling index

Initial pass flag for mission phase

Ratio of medium to fast sampling periods

Ratio of slow to fast sampling periods

Array of ACPS jet torque vectors

Sign of rate change

Filter gains

ACPS jet continuity indicator

Array of magnitudes of control accelerations
Magnitude of disturbance acceleration
Magnitude of control acceleration

Torque in the +u direction by 2 u-jets
Torgue in the -u direction by 2 u-jets
Torque in the +v direction by 2 v-jets

Torque in the -v direction by 2 v-jets



Table 6-5:

Glossary for On-Orbit Phase (cont)

DEFINITION

Torque in the +w direction by 2 w-jets

Torque in the -w direction by 2 w-jets

Control to pilot transformation matrix
Pilot to control transformation matrix
Time of a minimum impulse ACPS jet firing
Net acceleration

Extrapolated angular velocity

Estimated angular velocity

Left angular position error limit

Right angular position error limit
Intermediate position error axis intercept
Phase of the mission

Upper and lower rate error limits
Angular position error

Angular rate error

Scale factor for scaling computer time <= 1 >

TICK_TO_SEC

Runtime of the computer in computer ticks

Signs of the angular rate components

TARGET-ARL Lower rate limit average

MNEMONIC ENGINEERING
TERM

MP2w Mpow
MM2w M yiow
MCP M p
MPC M e
MINIMP tvp
NETACC (o]
OMEGABAR é’
OMEGAHAT "
-PLL -PLL
+PLR +PLR
P_CEPT P ept
PHASE PHASE
+RL +RL
POS'TION_-ERROR [8_]
RATE_ERROR [w,]
REALSEC REALSEC
RUNTIME RUNTIME
[SGNC] [SGNC]
TARGET_ARL
TF tfast:
™ tmedium
TS tslow
TEMPI1 TEMP1
TEMP2 TEMP2
TEMP3 TEMP3
[(TJET] tigT

Fast sampling period

Medium sampling period

Slow sampling period

Temporary vector of body angle errors in control coordinates
Temporary vector of body rate errors in control coordinates
Temporary vector of acceleration in control coordinates

Time of an ACPS jet firing in seconds



Table 6-5: Glossary for On-Orbit Phase (cont)

MNEMONIC ENGINEERING
TERM
AT - I
THETABAR L3S
THETAHAT o5
TNOW t
n
[TJETQ] tETQ
RATE-INT S
[ TL.AST] ty
J
[ THETA_D) Le,]
TICK_TO_SEC TICK _TO_SEC
[U_D] (u,J
W_D wy
X_BAR X
X_DB Xp
X_D X
NO_CHANGE X1y old
XYZERROR 9
— Be

NOTATION CONVENTIONS

DEFINITION

Extrapolated body angles

Estimated body angles

Time of present gimbal angle measurement

Time of an ACPS jet firing scaled to the computer

"Measured' body angles
Time of the last gimbal angle measurement

Desired set of gimbal angles
Scale factor for scaling computer time
Array of disturbance accelerations

Desired angular velocity

Average angular position error

Deadband of limit cycle

One component of aw the desired change in angular velocity
One component of the last desired change in angular velocity

Errors in x, y, z axis rotation angles

@ Modular addition
@ Modular subtraction
~ Measured quantity

Vector
Matrix

L) Array

Estimated quauntity

Extrapolated quantity
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SECTION 7

BOOST PHASE

7.1 Introduction

The baseline launch configuration control system software described in this
section satisfies the requirement to control the booster from lift-off through main
engine cutoff at external tank separation. The system is adaptable to various control
laws, including attitude control, drift minimum control (with and without accelerome-
ter feedback) and /or load relief control through proper choice of gain schedules. [t
also contains the option of using rudder and thrust vector control combined in the roll

channel.

The following paragraphs contain: A description of the control system with
functional block diagrams of the pitch, yaw, and roll channels; an annotated flow dia-

gram; and a discussion of the control gains.

7.2 Functional Description

The baseline launch control system is a digital autopilot receiving body attitude
from an inertial reference system, body rates from three sets of body mounted rate
gyros, and translational accelerations from two sets of body mounted accelerometers.
The current baseline includes rate gyros at the aft end of each solid rocket booster
and the orbiter. Normal and lateral accelerometers are located in the forward avionics
bay and the aft end of the orbiter. The autopilot also utilizes prestored engine deflec-
tion commands and acceleration commands. The former are the nominal trim values
for the expected center-of-gravity and aerodynamic histories, and the latter are the
normal linear accelerations in the nominal trajectory. -1 The final inputs to the
control loop are the attitude commands, which may either be prestored or come from

a guidance system.

From the inputs, the control system determines and sends out deflection com-
mands for the engines and the rudder. A general optimal mixing logic has been de-
signed and may be installed at a later date. It has been designed to distribute the de-
sired torques efficiently among the control actuators while accounting for failures and

saturation, 7-2

Table 7-1 summarizes the control system inputs and outputs.



Table 7-1 INPUT/OUTPUT SUMMARY

INPUTS

e Inertial attitude angles

e Body rotational rates

e Y & Z translational accelerations

e Prestored engine deflection commands
e Prestored accelerations commands

e Attitude commands from guidance system

OUTPUTS

¢ Deflection commands to orbiter engines
® Deflection commands to SRM engines

® Deflection commands to aerosurfaces (rudder)

Variable control gains have been calculated to satisfy the rigid body response
requirements., They are stored as a function of time from lift-off; the numerical
values are presented in Subsection 7.4. In the future, the design will be extended to
include consideration of slosh and bending, and these prestored gains will be replaced
by filters. All filters will be implemented as second order over second order. Fil-
ter inclusion in two places in each sensor loop recognizes common filtering require-

ments and reduces the order of the filter,

Some aspects of the design presented in this section are specific to the first
stage of boost (prior to SRB separation). However, control of the orbiter during the
second stage will utilize basically the same control law. The major differences are
that the rudder will not be used and there will be no acceleration feedback in the sec-
ond phase. Furthermore, there will only be one set of body mounted rate gyros
available. These gyros will be located in the aft section of the orbiter. All filter
coefficients and gains will be changed at separation and vary as the mass properties,

flexible body and fuel slosh characteristics vary.

7.2.1 Roll Channel Description

Referring to Fig. 7-1, the block in the lower right hand corner labeled ''Vehicle
and Subsystem Dynamics'' represents actuator and sensor dynamics, possible analog
prefiltering of sensor outputs, input output voting, redundancy management, A/ and
D/A converters. Inputs to the control system from 'Vehicle and Subsystem Dynamics"
are the inertial platform attitude angle and rate measurements from three sets of
body mounted rate gyros. Outputs from the control system to the vehicle are engine

deflection commands,
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Following the attitude loop in Fig. 7-1, the platform gimbal angle, g, is differ-
enced with the inertial attitude command, ¢C , to produce the inertial attitude error,
Prr- This inertial attitude error is transformed to a body roll error, %R by adding
the inner gimbal error times the sine of the middle gimbal angle (¢EB = ¢EI + ¢EI sin ¢).

It should be noted that a limiter has been included in the attitude error loop.
This limiter reserves some TVC authority for rate damping (even though the attitude
error signal may be saturated) thus preventing oscillation and complete loss of con-
trol because of large signal instability. The limiter is set to a value less than

8-degrees.

Returning to the "Vehicle and Subsystem Dynamics' block in Fig. 7-1, three
sets of roll rate gyro signals are filtered then blended and again scaled and filtered
prior to being summed with the limited attitude error signals. The resulting signal
is sent to the rudder and engine mixing logic for distribution to the individual engine
and rudder actuators. Then each actuator command is limited to eight degrees to
prevent the roll channel from usurping all pitch and yaw controllability. The rudder

command is limited to 15 degrees.

7.2.2 Yaw Channel Description

The yaw channel block diagram in Fig. 7=2 is laid out in the same manner as
the roll channel with the "Vehicle and Subsystem Dynamics'' block in the lower right
hand corner, the ''Inertial Attitude Command" in the upper left hand corner and the
"Actuator Mixing Logic' on the right. The rudder is not used for yaw control, be-

cause there is adequate engine control authority to handle yaw-plane torque.

Three features which were not included in the roll channel appear in the yaw
channel. Two accelerometer inputs have been added to the attitude loop, a forward
loop integrator follows the limiter, and a rate command signal is differenced with

the input from the rate gyros.

The platform gimbal angle, ¢, is differenced with the inertial attitude com-

. / = _ . ‘[
mand, (LC , transformed to body attitude error(bEB (LEI Cos g - 9. sin ¢ cos ¢)

and scaled. The attitude error signal is then modified by summing WEL:h an accelera-
tion errcr signal and limiting. The acceleration error is obtained by blending appro-
priately filtered signals from two body mounted accelerometers and then applying gain
and filtering compensation according to the control law or bending requirements,

The accelerometer gain is varied with time to meet the drift minimum or load relief
requirements. The forward loop integrator trims out steady state errors resulting

from biases and thrust misalignments.

The rate command signal is introduced because the normal attitude command
changes at a predictable rate. The rate command signal minimizes the tendency for

vehicle attitude to lag behind the attitude command due to rate feedback. If the
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vehicle rolls appreciably the rate command must be applied to the yaw channel. In
operation, the attitude command is differentiated, multiplied by the sine of ¢, and
differenced with the rate feedback signal. The rate arror signal is then added to the
attitude error signal and sent to the actuator mixing logic routine. Actuator command

limiting is performed for the same reason stated for roll control.

7.2.3 Pitch Channel Description

Comparison of Fig, 7-3, which is the pitch channel block diagram, with Fig. 7-2
(vaw channel) reveals that the only difference is the addition of prestored engine de-
flection and acceleration commands. Both of these command schedules are the nom-

inal values from a reference trajectory.

The addition of the prestored acceleration command permits use of accelerom-
eter feedback with any feasible trajectory to modify the attitude error signal to con- -

form to the desired control law.

The prestored engine deflection command schedule provides coarse control of
the engine gimbal trim in the pitch plane. Center of gravity travel alone could be
handled by the integral compensation, but aerodynamic pitching moment increases
sharply in the vicinity of Mach one and decreases again thereafter. A high integrator
gain would be required to follow these rapidly changing deflection requirements.

This is undesirable because it degrades the rigid body stability margin; therefore,

the prestored commands are used to control the nominal part of this variation.

The rest of the pitch channel is the same as the yaw channel. All engine com- -

mands are sent to the actuator mixing logic routine.

7.3 Logic Flow Description

A flow chart showing the logic flow of the control system is presented in Fig. 7-4,

7.4 Values of Control Gains

The basic control system is independent of configuration, assuming that thrust
vector control is primary for pitch and yaw, and that the principal guidance commands

will be in the pitch plane. [t includes no provision for use of elevons during boost.

The control gain and command schedules are, of course, configuration depend-~
ent. They will be affected by modifications to either the vehicle configuration or
the reference trajectory. This will not impact the design, however, because all con-
trol gains and commands are continuously variable input functions of time. Some of
them may subsequently be modified to dunctions of other trajectory variables, such

as altitude and velocity, but this will involve only minor software modifications.

Table 7-2 presents the current numerical values of the control gains,
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INERTIAL
ATTITUDE
ERRORS
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Determine as functions of time:
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. ~ d
3] = _=
=g S
o~ d
c T g e

bpr*v-vc
ZEI * 2 - &8C

Fig. 7=-4 l.ogic Flow




TRANSFORM
TO

BODY
ERRORS

SCALE AND
FILTER
ERROR
SIGNALS

FILTER

AND

BLEND
ACCELEROMETER
SIGNALS

CALCULATE
SCALE

AND

FILTER
ACCELERATION
ERRORS

SUM
FILTER
AND
LIMIT
ERRORS

BEB = GEICOS g COS w+ wEI SIN g
YEB * ¥ g1 COS 8 - 6y SIN g COS §

g™ 8 g1t O SIN Y

Op = OppKelt)
pr " fEpKgl)

!

e m s

Zm=T  Kgzhlhz
i=]

e n .

Y M a2 E KYi(t) Yi

i= 1

'

Zp = Kpaz () (Zyg - Zp)

Y.F = Kay(t) i}M

Prpr = Kpalt) (§F +
LIMITED TO
+

Yrr ® Kyalt) Qg
LIMITED TO

F
PLIM

Yi)
+ YLIM

RprR ™ # p LIMITED TO  RLIM

Fig. 7-4 Logic Flow (Cont)




INTEGRATE
ERROR
SIGNALS

TRANSFORM
RATE
COMMAND
TO BODY

FILTER
AND
BLEND
RATE
GYRO
SIGNALS

SCALE
AND
FILTER
RATE
SIGNALS

PerinT * PrRINT

YeriNT * YeERINT ¥ 7 T YRR

+ 7 TF PER

PRATE + 8¢ COS g

YRATE = -6 ¢ SIN ¢

4

j
RRATEp = T Kp,(t) RRATE,

i=]

k
PRATE) = I Kgq,(t) PRATE,
=1 '

1
YRATE -i = KRi(t) YRATEi

=1 e

A

RRATEg + Kp(t) [RRATE; - ¢..]

PRATEp + KQ(t) (PRATEq - PRATEC)
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Fig. 7-4 Logic Flow (Cont)



SUM
ERROR
AND
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SIGNALS

6 + Pprt

PITCH PRATE

*
PLRINT
Syaw * Yer * Yppy ¥ YRATER
Srorr, * Rpr * RRATER

!

Sip = APP, bpipep + ARP  bpqy + O00Rp
Syp = APP, bprrepp t ARPy 811, * SRR

3p ® APPg 8prrep + ARP3 8pop 1, * S0RnB

COMPUTE
INDIVIDUAL
ORBITER
ACTUATOR
COMMANDS
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INDIVIDUAL
SRM
ACTUATOR
COMMANDS

b1y = AYY, 8yaw + ARY, bpor,

B, * AYY, 6yaw* ARY, 6

2y ROLL
Byy * AYY3 Syaw ¥ ARY, by
GI‘C = ARR GROLL

Limit to +15°; 6re

SRM Yes

separated

+
4 Sprrent ARPL Spor

+
85p * APPg 8oy * ARPg 6

555 = APP, &

ROI.IL.

0,707 (541:) - 64y)
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| §

6sg' ™ 0.707 (85p - B5y)
647, = 0.707 (bgy + b4p)
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+
ROI.L

+ 6

6

SRM

SRM

END

Fig. 7-4 Logic Flow (Cont)




Table 7-2

Control Gains vs Time (sec)

0. 25 30 75 95 120 150
KG 1.1 1.1 . 88 . 88 .66 . 66 .66
K¢ 1.4 1.4 . 56 .56 1.4 1.4
K4 . 707 . 707 . 424 . 424
0 0 -.109 -.109 0 0
KAZ 1
K 0 0 . 137 . 137 0 0
AY
Kp .707 . 707 , 424 . 424
KQ 1.1 1.1 66 66
KR 1.4 1.4 .84 .84
KPI' KQi' KRI
KYi' KZi Currently unity for all values of time.
Kpa Kya

Mixing Logic Gains

Orbiter Engines APP AYY ARP ARY
1 1.4 0 0 -3.5
2 1.4 1.4 -3.5 1.8
3 1.4 1.4 3.5 1.8

SRM Engines
4 1.4 1.4 -1.4 0

5 1.4 1.4 1.4 0

ARR = -7.0

Miscellaneous Fixed Gains

PLIM 7.00 degrees

YLIM 7.00 degrees
RILIM 5.00 degrees
T 0.1
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Phase Mnemonic
4 A 1,2,3,4
4 A 11,12,21,22
3 ABC (1)

8 ARC(2)

8 ARC(3)

) ABF (1)

8 ARE(2)

8 ABF (3)

8 ABEF (1)

8 ABFF(2)

8 ABFEF (3)
2,U ACCBCD

4 ACCG

4 ACCINT (1)
4 ACCINT (2)
4 ACCINT (3)
4 ACCL

4 ACCLMN

4 ADCT

4 ADG (1)

4 ADO(2)
2,4 AG

4 AGCLD

4 AT (1)

2 AINT

SECTION 8

DFCS

Symbol in Text

al! 32133: 8.4

ay10819: 8910222

SROLI

SprTCH
byAw
PEB
B

¢EB

GLOSSARY

Definition

Gains for aileron control
Lateral fixed gains

Total roll channel command
Total pitch channel command
Total yaw channel command
Body roll attitude ~rror
Body pitch attitude error
Body yaw attitude error
Scaled roll error
Scaled pitch error
Scaled

yaw Arror

Linear accel measurcment (body coord)
Acceleration of gravity

Roll integrated angular acceleration
Pitch integrated angular acceleration
Yaw integrated angular acceleration
Measured lift acceleration

Mean 1ift acceleration

Derivative of angle-of-attack wrt time
Angle-of-at+ack rate filter output
Angle-of-attack rate filter extrapolateil
Angle-of-attack guidance command
Previous-pass value of AG
Angle-of-attack filter input

aileron integrator osutput

value



DFCS GLOSSARY (Cont)

Phase Mnemonic Symbol in Text
2 AINTT
2 AINT?
2 ATNTMY a N
8 AIV () #
8 ATV (2) 8
8 ATV (2) ¥
8 ATVC (1) ?c
8 AIVC(2) 0
8 ATVC () be
8 AIVE(1) P
8 ATVE(2) eEI
8 ATVE(3) -
4 ALIM ahn1
2 AM o
4 AMEAN aT
2 AN an
2 ANF ang
2 ANGRV anspy
2 ANN(I)
4 AN(TY A;
4 A0 (2) A;'
8 APP () APP,
8 ARP(I) .ARI%
8 ARR ARR
o} ARY (I) AF{Yi

Definition
Aileron integrator input
Aileron integrator node
Aileron integrator outpu+ limits(+-max)
Platform outer gimbal angle
Platform inner gimbal angle
Platform middle gimhal angle
Platform outer gimbal angle commani
Platform inner gimbal angle commani
Platform middle gimbal angle command
Platfora outer gimbal angle error
Platform inner gimbal angle error
Platform middle gimbal angle error
Limited value of angle-of-attack filter outout
Neasured angle-of-attick
Mean (trim) angle of attack
Normal acceleration (-zbody, with gravity)
Normal acceleration filter output
Gravity corrections for AN
Normal acceleration filter nodes
Angle-of-attack filtar output
Angle-of-attack filter axtrapolated value
Gains for scaling pitch input to the pitch
actuators
Gains for scaling roll input to the pitch
actuators
Gain for scaling the roll input to the ruilder
Gains for scaling roll input to the yaw

actuators



DFCS GLOSSARY (Cont)

Phase  Mnemonic Symbol in Text Definition
4 AX,AY,AZ Ux’Uy’Uz Jet acceleration in roll, pitch, yaw
2 AYM ay Measured lateral acceleration
2 AYMF é&F Lateral acceleration filter output
2 AYMN(I) Lateral acceleration filter nodes
8 AYY (D) AYY, Gains for scaling yaw input to the yaw
actuators
2 AZM az Measured normal acceleration (+zbody)
4 B b Fixed estimator parameter
n B 11,12,21,22 bll’b12’b21‘b22 Lateral fixed gains
4 RANK ¢V Roll (bank) about air-relative velocity vactor
4 BANKDO (1) A;V Bank rate filter output
Y 3ANKDO (2) Agé Bank rate filter extrapolated value
4 RANKG G Rank guidance command
u BANKT (1) 8%y Bank filter input
4 BANKM Py M Mean bank angle
4 BANKO (1) A%V Bank filter output
4 RANKC (2) A%é Bank filter extrapolatedi valuc
4 BDOT é Derivative of sideslip wrt time
4 RDO (1) AE Sideslip rate filter output
4 800 (2) AB sileslip rate filter extrapolated value
4 BDTM %w Rate limit in roll jet logic
2 BE BE Sideslip error filter input
2 REF Bep Sideslip error filter output
2 BEN(T) Sideslip error filter noles
2 86 B Sideslip guidance command
4 BI(M) Y] Sideslip anqle filter input



DFCS GILOSSARY (Cont)

Phase  Mnemonic Symbol in Text Definition
4 BKGOLD ¢V?C1}d Previous-pass value of BANKG
2 AM E Measured sileslip
4 RO (1) AB Sideslip angle filter output
u B0 (2) AB’ Sideslip anqgle tilter extrapolated value
4 BRGOLD é$éﬂ Previous-pass value of bark rate command
4 CAT cosaT Cos (AMEAN)
2 ccC Ce CAS command (QC, AC, or CSTAFC)
2 CCAMXN Angle-of-attack values for CCHMN
2 ccamy Angle-of-attack values for CCHY
2 CCCHMN CAS values (C* or q) for CCMN
2 CCCHyY CAS values (C* or q) for CCMX
2 CCMN ann CAS command limit, min (workinqg)
2 ccmy (%?ax CrS command limit, max (working)
2 CE CE CAS error filter input
2 CFF Cpp CAS error filter output
2 CEN(I) CAS error filter noides
2 CF Ch CAS feedback (OF, AF, or CUSTAFF)
2 cG e CAS guidance command (QG or CSTARG)
4 CLRP CI Scheduled estimator parameter
4 CLDAP (%'p Scheduled estimator parameter
u CNRP (%fa Scheduled estimator parameter
4 CNDAP Chﬁ Scheduled estimator parameter
2,4 CRTB Cgh Reference-to-body direction cosine matrix
4 CRUD C;LH) Rudder crossfeed gain
2 CSTARG cG CSTAR guidance command
4 DA1,DRA2 6&P 6&2 Deadbands for pitch det logic
- DAC GaC Aileron command



DFCS GILOSSARY (Cont)

Phase  Mnemonic Symbol in Text
2 DACF b2
2,6 DACMY balélax
2 DACN(I)
2 DAG sag
8 DATVC éc
- DAMAX amEX
4 DAT sa,
2 DATRIM
4 D81,DR2 Saze B
2 DDG 5
- DEC bec
2, DFCUMN 5ercni“
2,4 DECMX sel
2 pECH
2 DECUR
2 DER beg
- DELC SEL.
8 DFLL 4,5 Sup0 8sp
8 NELOEPR 0ORB
8 DELP (I) 5. p
8 DELP (1) 5. p
8 DELR 4,5 54r sn
8 DZLSEM SSRM
8 DELY (I) 6.y
8 DELY (I) v
- DEMIN,DEMAX 56”“”, nax
- DRRC sER

Definition

Aileron comnmand filter output
Aileron command limit(+-max)
Aileron command filter nodes
Aileron guilance command

Platform inner gimbal rate command
Physical aileron limit (+-rax)
Aileron trim estimate
Effective aileron trim, for moie chinge
peadbands for roll jet logic

TAEM gnidance interface variable

Elevator commani

Elevator command limit, min

Flevator command limit, max

Flavator command from speed loop crossfeels

BCS version of DECU
Elevator guidance command
Left elevon command

Commands to SRM left gimbals

Prestored orbiter engine deflection commani

Commands to orbiter pitch gimbals (i=1,2,3}

commands to SRM pseudo pitch gimbals
Commands to SRM right gimbals

Prestored SRM engine deflection command

commands to orbiter yaw gimbals (i=1,2,3)

Commands to SR pseudo yaw gimbals (i=4,F)

Physical elavator lower (upper) limit

Right elevon command

(1=4,9



DFCS GLOSSARY (Cont)

Phase Mnemonic Symbol in Text
4 DET se,
2 DETRIM
2 DFC 8t
2 DFCF op
2 DFCM 8
2 DFCMCH (I,J)
2 DFCMN éfrgm
2 DFCHMNB
2 DFCMX 6f’é‘ax
- DFKIN,NEMay ofMin gemax
4 NP1STF ai:
4 DP2STR a;
u4 DPISTR aé
4 PR1,DR2 510 B4
- DRC br s
2 DRCMY srnax
2 DRF srp
2 DRG br g
- DRMAX prnax
8 DRCLI P
2 DRTRIM
- DSC 85
2 DSCF 85
2 DSCMK asrrcli“
2 DSCMNB
2 DS CMX 5512"?"‘
2 DSCP

Elevator trim estimate

Effective elevator trim, for mode changa
Rody-flap command

Flap command filter output

Flap command from Mach profile

2xN matrix of (DFCM,MACH) pairs
Flap command limit, min

BCS version of JFCMN

Flap commani 1limit, max

Physical flap lower (upper) liait
Blending parameter for elevator use
Blending parameter for aileron use
Blending parameter for rudder use
Deadbands for yaw jet logic

Rudder command

Rudder command limit (+-max)

Rudder loop feedback

Rudder quidance command

Rudder physical limit (+-max)
Platform outer gimbal rate command
Rudder effective trim, for mod-~ change
Speed brake command

Speed brake command filter output
Speed brake command limit, min

BCS version of DSCMN

Speed brake command limit, max

Past value of DSC



DFCS GLOSSARY (Cont)

Phase Mnemonic Symbol in Text
2 DSDMX gma¥
2 DSG 85
- DSMIN,DSMAX &5 1, ggMaxX
™ st
2 nTC C
2 DTCP Stop
- . min
2 DTCMN 8t
2 DTCMNB
max
‘M
2 DTCMX st
2 DTCP
2 DTDMX ptax
2 DTDMXB
G
2 D bt
- DTMIN,DTMAX
2,4 DYNP q
4 DYKP 1,2,3 av 52,53
2 EINT
CINT
2 EINTI
min
™™
2 EINTMN eINT
m max
2 EINTMY eINT
2 EINT1
4 FL 1,2,3,4 f1,12_13,§4
2 ET ey
4 ETA n
2 ETDR erDB
2 ETDMX omax
T
2 ETF ery

Speed brake (command) rate limit
Speed brake guidance command
Speedbrake physical upper (lower) limit
Throttle command
Throttle command filter output
Throttle command limit, min
BC5 version of DTCMN
Throttle conmmand limit, max
Past value of DTC
Throttle (command) rate limit
BCS version of DTDMX
Throttle quidance command
Physical throttle lower (upper) limit
Dynamic pressure estimate
Dynamic pressure switch levels for eleviator,
aileron, roll jet mode III

Elevator integrator output

Elevator integrator input

Elevator integrator output limit, min

Elevator integrator output limit, max

Elevator integrator node

Temporary blending parameters
Elevator trim tracker output

Lateral scheduled gain (late entry)
Elevator trim tracker input deadbhani

Elevator trim tracker rate limit

Elevator trim tracker filter ontpuat



DFCS GILOSSARY (Cont)

Phase Mnemonic Symbol in Text
2 ETMN ep
2 ETMX ep o
4 F1,72 f. £
4 F3,Fu fg, £y
) FTLTEFP FILTER
4 FKLAT Klat
[ FKLON lon
4 G1,G2 G, Gy
2 GAINT
2 GAIP
4 GATR GA
4 GAM11,12,21,2  ¥Y{q» Y19s Y312 Yoo
4 GAMMA Y
2 GAN(T)
2 GAP
2 GAPM
2 GAPMR
2 GAPMS (I)
2 GAX
2 GAXB
2 GAYM(T)
2 GBE(I)
2 GCF (1)
2 GCEA(T)
2 GCEC (1)

Definition

Elevator trim tracker input limit, nin
Elevator trim tracker input limit, max
Longitudinal blendinqg parameters
lateral hlending parameters
State estimation flaqg:
values of state)
1=filter
Scheduled estimator gains:
Scheduled estimator gains:
Lateral fixed gains
CAS aileron integral qain
CAS aileron integrator gain (GAP®GATNT)
Filter gain for air data (=TF/TS)
Lateral scheduled gains (late entry)
Flight path angle
Normal acceleration filter coefficients
Roll rate to aileron CAS loop jJain
Roll rate to aileron SAS gain (working)

BCS version of GADM

Gain-switch-sensitive SAS valuas

S!S roll stick gearing gain
BCS version of GAX

Lateral acceleration filter coefficients
Sideslip error filter coefficients

CAS error filter coefficients (working)
Angle-of-attack values for GCF(I)

CAS values (C* or q) for GCE(I)

N=no filter(use merasure3d

lateral charnel

longituiinal chanrel

for GApP™



DFCS GLOSSARY (Cont)

Phase Mnemonic Symbol in Text Definition
2 GCFQM CSTAR q feedhack gain
2 GCH Altitude loop gain (H to C)
2 GCTH Theta loop gain (TH to C)
2 GCX CAs pitch stick gearing qain
2 GDAC(I) Aileron cmnd filter coef. (A to R crossfa21)
2 GDF¥C Flap command filter coefficient
2 GDEC Speed brake to elevator crossfeed filter ~aef.
2 GLTC Throttle to elevator crossfeed coefficiert
2 GEC CAS loop gain
2 GECA Angle-of-attack value for GEC
2 GECC CAS value (* or 1) for S5EC
2 GEF Flap to elevator crossfeed gain
2 GF®F3 BCS version of GEF
2 GRIC CAS elevator integration gain (GEC*GEINT)
2 GETCA Angle—of—attack value for GFIC
2 GRTCC CAS value (C* or q) for GFIC
2 GEINT CAS elevator integral gain (working)
2 GEINTA Angle-of-attack value for GEINT
2 GEINTC CAS value (C* or ) for GEINT
2 GEQM Elevator damper loop gain (working)
2 GEOMA Angle-of-attack value for GEQM
2 GEQMER BCS version of GEQF
2 GEQMC CAS value (¢ or gq) for REQOM
2 GEQOME (1) Gain-svwitch-sensitive SAS values for GEDNM
2 GES Speed brake to elevator crossfeed gain
2 GESB BCS version of GFS
2 GET Throttle to elevator crossfeed gain



DFCS GLOSSARY (Cont)

Phase Mnemonic Symbol in Text
2 GETB
2 GETF
2 GEX
2 GFXB
2 GFX
2 GFXA
2 GHE(I)
4 GNM11,GNU2
2 GPE(I)
2 GPES(TI)
2 GPHPS
2 GPHT (1)
2 GPM(T)
2 GPMB(I)
2 GPPH
2 GPSE(I)
2 GPX
2 GOM(T)
2 GOMB(T)
2 GOW
2 GPAY
2 GRR
2 GFCPH
2 GRDAC
2 GEDACB
2 GRF (I)
2 GREB(I)

Definition

BCS version of GET

Elevator trim tracker filter coefficient
SAS pitch stick gearing gqain

BRCS version of GFEYX

Flap controller gearing gain

BCS version of GFX

Altitude error filter coefficients
Lateral schoduled gains (late entry)
Roll rate error filter coefficients
Bank anqle A~rror filter coefficients
Psi-loop gain (psi to phi)

Phi-turn filter coefficients

Roll rate feedback filter coefficients
BCS version of GPM(T)

Phi-loop gain (ohi to p)

Psi error filter coefficients

CAS roll stick gearing gain

Pitch rate feedback filter coefficients
BC® version of GOM(I)

Pitch rate washout filter coefficient
Lateral acceleration feedback gain
Sideslip feadback gain

Phi to RC gain, turn coordination
Aileron to rudder crossfeed gain

BCS version of GRDAC

Yaw rate error filter coefficients

BCS version of GRE(I)



DFCS GILLOSSARY (Cont)

Phase Mnemonic Symbol in Text Definition
2 GPM Yaw rate filter coef. (elevator loops)
2 GPFE Yaw rate fe=dback gain
2 GPPW Yaw rate washout fecdhack gain (working)
2 GRPWA AUTO version of GRRW
2 GREWB BCS version of GFRW
2 GEPWS(I) Gain-switch-sensitive S1S valu~s for GRRW
2 GRW Yaw rate washout filter coefficient
2 GRWB BCS version of GRW
2 GRX Pedal gearing gain (Wworking)
2 GRXANT RAUT mode value for GRX
2 GPXB BCS version of GRX
2 GRYXSES RSAS mode value for GRX
2 GSDDG TREM guidance DDG to speed brake gain
2 GSH Speed brake velocity loop gain
2 GSHE(I) Speed brake values for GUE(I)
2 GSX Speed brake manual controller gearing
2 GSXB BCS version of GSX
2 GTNDG TAEM guidance DDG to throttle loop gain
2 GTHE (I) Theta error filter coefficients
2 GTN Throttle velocity loop gain
2 GTUE(I) Throttle values for GUE(I)
2 GTX Throttle manual controller gearing
2 GTXB BCS version of GTX
2 GUE(I) Velocity error filter coefficents (working)
2 GXA Roll stick filter coefficient
2 GXAX Roll stick parabolic shaping gain
2 GXF Pitch stick filter coefficient



DFCS GILOSSARY (Cont)

Phase Mnemonic Symbol in Text Definition
2 GXEX Pitch stick parabolic shaping gain
2 GXF Pedal filter coefficient
2 GXRX Pedal parabolic shaping gain
2 GXSX Speedbrake controller paraholic shaping gain
2 GXSXR BCS version of (XSX
2 GXTX Throttle controller parabolic shaping gain
2 GXTXR BCS version of GX7TX
2 H= HE Altitude error
2 HEF HEF Altitude error filter output
2 HIZN (T) Altitude eorror filter nodes
2 HG HG Altitude guidance commanAq
2 HM H Measured altitude
2 HPEF }H?EF EALT mode reference altitude command
2 TIABES ABES present (1); ABES absent (0)
2 TAGAIN AGAIN switch position (1 thru i)
2 TAINT Aileron integrator active (1) : inactive (")
2 IANGDV Gravity corrections: UNITY (1), COSTH(2) ,
COSTH * COSPH(3)
2 IATINCK Pilot requested values for IAINT
2 IATRIM™ Roll stick trim activity: 0,41 (cgt),-1{1left)
2 IBFDEK Beta feedback (1); lat. accel. feedhack {M
2 ICC1 CAS command switch #1 options (0=off):
1 = ECAS mode or control stick steering

2 = EATT or EALT mode
3 = TH5 or HG mole
4 = CG mode (0G or CSTARG)

S = AG mode



DFCS GLOSSARY (Cont)

Phase Mnemonic Symbol in Text Definition

2 ICC2 CAS command switch #2 options {0=0ff):

1 = thata loop (THREF or THG)

2 = altitude loop (HREF or HG)
2 ICF CAS feedback: O0(1), CSTAR(2), ALPHA (3)
2 ICSTLP CAS mode options: CSTAR(N), ECAH (0)
2 IFGATN EGAIN switch position (1 thru 4)
2 IRTNCK Pilot-requested values for IEINT
2 IEINT Flevator inteqrator active (1); inactive ()
2 IETRIM pitch stick trim activity: ©C,+V(fwd), -1 (aftr)
2 IGFARX Extend gear (1), retract gear (0)
2 THC Altitude command: HREF (1), HG (2)
4 ILAT ILAT‘ Mode flag for entry phase lateral control
0 = early entry, "reverse" aileron
— 1 = late entry, "proverse" aileron
- ™ IM Medium-sampling-rate index:
0 = perform calculations this pass
- INGUID INGUID Flag specifies gnidance command set

neg=conmands not updated this pass
+/- 1=BANKG,ALPHG specified
¢/~ 2=301LG,0G6 specified

- INSENS INSENS Flag specifies source of measurements
0=provided by simulator (hybrid sim.)
1=sensors or environment (SSFS)

2=G&6N and sensors or environment

(SSPS)
2 IPC Roll rate command options (0=off):
1 = ACAS mode or control stick steering



DFCS GLOSSARY (Cont)

Phase  Mnemonic Symbol in Text Definition

2 AA7TT or AHDG mode

3 = PH5 or PSG mode

4 = PG mode
2 IPHC Bank angle commanA options (0=off):
1 = AATT mode
2 = AHDG mode
3 = PS5 mode
L = PHG mode
2 IPHM PFM valid ('), invalid (0
2 IPHRC Phi source for vaw rate commanl options:
1 = zero (heta/r-wash. fdbk)
2 = PHY (measured)
3 = PHC (commanded, if available)
2 IPSC Psi command: PSEEF (1), PSG(2)
2 TOTRN Pitch rate turn coordination option:

1 = off, use 0 feedback
2 = use Q washout feedback

3 = use O=%TANPYI feedbark

2 TRCHATI Request change IAINT state (1), no request (M)
2 IRCHFI Request change IFINT state {1V, no reques+ (M
2 TRGAIN RGAIN switch position (1 thru 4)
2 IRTRTM Pedal trim activity: 0,+1({1ft),-1(rgt)
2 IRW Yaw rate washout active(1) ,inactive (0)
2 IRWP Pal load indicator for TRW
- Is IS Slow-sampling-rate index:
0 = perform calculations this pass
- ISTAET ISTART Initialization pass (1), not initialization (0)



DFCS GLOSSARY (Cont)

Phase Mnemonic Symbol in Text
- TSTRTP ISTRTR
2 ITHC
- IT™™, ITS ITM, ITS
4 TXX Ly
4 172 I

27
2 JACAIN
2 JFRGAIN
2 JGEAFX
2 JRCHAI
2 JRCHTI
2 JRGAIY
4 XA, KE K Ko
Yy KALF? K
ol
4 KALFZ Kao
u KC1,KC?2 KC1, KC2
4 KRCL1 K¢
8 KY (T) Ko
8 KZ (1) KZi
4 LA¥DAA,LAMDAE Ape Xe
4 MA,MF m_, m
a <]
2,4 MACH Y4
2 MODA
2 MODACH

Definition

Request initialization(1), no request (9)

Theta

command: THEEF(Y),

Number of fast passes bper

Pixed
Fixed
Local
Local
Local
Local
Local

Local

Aileron (elevator)
Flevat

Elevator trim gain

estimator parameter
estimator parameter
past-value copy of I
past-value copy of I
copy of IGEARY
copy of IRCHATY

copy of IRCHET

past-value copy of I
or trim gain

(early

(late e

THG (2)

medium (slow)

AGATN

FGAIN

RGAIN

entry)

ntry)

pass

deflection limit parameter

Low-dynamic-pressure constant filter gairs

Aileron trim gain

Individual y accelerometer gain

Individual z accelerometer gain

Switch set to 1 if pitch (lateral)

are neaded

Slope

of KA(KET) curve

Mach number

Current aileron loop mode:

1 = ABCS 2 = ASAS 3
4 = AAUT S5 = AATT 6

Indicate aileron loop mode
1 = no change 2 =

ACAS

AHDG

change

ACPS jets

MODAGR change



DFCS GLOSSARY (Cont)

Phase Mnemonic Symbol in Text Definition
3 = MODAR change 4 = first pass
2 MODAG Current aileron gquidance mode (MODR=4}) ¢
1 = PG 2 = PHG 3 = PsG
2 MODAGR Requested values for MODAG
2 MOTAF Requested values for MCODA
2 MOTB BCS mode (1), not BCS mode (0)
2 MODBR Requested values for “ODR
2 MCLE Current elevator loop mode:
1 = EBCS 2 = YSAS 3 = ECAS
b = EAUT 5 = 2ATT 6 = EALT
2 MODECH Indicate elavator loop mode change
1 = no change 2 = MODEGE chanje
3 = MODFR change 4 = first pass
2 MODEG Current elevator guidance mode (MOD*=4) ¢
1 =06 2= THG 3 = AG n =
2 MODEGP Requested values for MODEG
2 MODEF Requested values for MODE
2 MOIDR Current rudder loop mode:
1 = RBCS 2 = RSAS
3 = RCAS (=2=RSAS) 4 = RAUT
2 MODRCH Indicate rudder loop mode chanje:
1 = no change 2 = MODRGE change
3 = MODRR change 4 = first pass
2 MNDRG Current rudder guidance mode (Y0ODR=4):
1 = yaw rate feedback
2 = yaw rate washout feedback
2 MODRGR Requested values for MODRG



DECS GLOSSARY (Cont)

Phase Mnemonic Symbol in Text Definition
2 MOTRF Requested values for MODP
2 ¥ODS Current speed hrake mode:

1

RCSSR 2 = MANSR 3 = IASSH

q ATITCSB R = DSRS5B 6 = TALEMS
2 MODT Current throttle mode:

1 = BCSTH 2 = MANTH 3 = IASTH

4 = AUTOTH S = DTSTH 6 = TAEMTH
2 MODU Current speed control mode:
1 = ABCS 2 = UMAN (IAS-man)

3 = UASB (IAS-sb) 4 = UAIT
5 = TATH (IAS-th)
2 MODUCH Indicate speed control loop mode change:
1 = no change 2 = MODUGF change
3 = MODUR change 4 = first pass
2 MODUFD Flaq for FILUP subroutine speed control

1 = MANUAL or AnNTo-dir ¢ = IAS-hold

3 = AUTO (M5-quid) 4 = AOTO(TAZM-guil)
2 MODHFT Flag for velocity filter moding:

0 = UFILT inactive 1 = SB-ufilt

2 = TH-ufilt
2 MODUG Current guidance speed control mode:

(1-10, see speed control flag tablz)

2 MODUGR Requested values for MODAG

2 MODUR Requested values for MODU

4 My Roll jet switch parameter

4 P 11,12,21,22 Py1s P1os Pgys Pag Lateral derived gains (late entry)
2 PC Pc Roll rate command

8-17



Phase Mnemonic Symbol in Text

8 PCFRK KPA

2 pCMY pCm‘“X

2 PE PE

2 PFF pEF

8 PFGK KG

2 PEN({T)

8 PEP PER

8 PERINT P LR INT

2 jus pG

- PHASF PHASE

- PHASFPR PHASER

2 PHC ¢C

cMy max

2 PH %

2 PHE )

2 PHEF g

2 DPHFN(I)

2 PHG e

4 PHILAT CL
%at

4 PHILI™ ¢li.m

4 PHILCN &L
lon

DFCS GLOSSARY (Cont)

Definition

Pitch channel error gain
Roll rate command limit, +-maximum
Roll rate error / error filter input
Roll rate error filter output
Pitch error gain
RBoll rate error filter nodes
Limited pitch channel error
Weighted integral of PER
Roll rate guidance command
Flight phase flag (internal copy of PHASF®)
Plight phase flaq {external):i=rollout phase
2=cruising phase
U=entry phase
S=orhit TVC phase
€=orbit RCS phase
7=insertion TVC phase
R=zhooster TVC phas~
Bank angle command
Bank angle command limit,+-maximum

Bank angle error / error filter input

Bank angle error filter output

Bank angle ~rror filter nodes

Bank angle guidance command

Estimator state transition matrix: lateral
channel

Lierited value of hank filter output

Estimator state transition matrix: longitudinal

channel



DFCS GLOSSARY (Cont)

Phase Mnemonic Symbol in Text
2 pHY P
2 PHPEF PREF
2 PHSE]T ¢SEL
2 PHTF 2 Ty
2 PHTN(T)
4 PT (1) Ap
8 PT.T™ PLIM
2,4 px 5
2 pMITS EDIS
2 PMF SF
2 PMTR
2 PMNB(T)
2 PHN(T)
u PN PN
8 PEATEC PRATEC
8 PRATLF PRATERL
8 PPATEM PRATEM
8 PPGG () KQi
8 PRGK KQ
2 PSE ¥
2 PSFF QEF
2 PSTN(I)
2 PSG qb
2 psw ¥
2 PSFEF Yo EF

8-19

Definition

Measured bank angle
AATT mode raference bhank angle command
Pilot-selected values for PHEREF

Phi-turn filter output and/or

(A ]

bank angle for turn-coordination (=2 r)

Phi-turn filter nodes

Roll rate filter input

Pitch error softvare limit

Measured roll rate

Poll rate for RATT or A"DG reengage after
ACSS

Roll rate filter output

BCS version of PMF

BCS version of PMN(I)

Roll rate filter nodes

Nominal roll rate

Pitch rate commard

Scaled pitch rate error

Blended pitch rate

Individual pitch rate gyro gain

Pitch rate gain

Heading error

Heading error filter output
Heading error filter nodes
Heading gqguidance command
Measured heading

AHDG mode raference healing command



DIFCS GLLOSSARY (Cont)

Phase Mnemonic Symbol in Text
2 pPSerY qéEL
2 0CT Ao
2 DCT MY qéﬁfx
2 03 Ag
4 QI (N Aq
2 o™ a
2 oMrIS Ipis
2 DMF aF
2 Q¥FR
2 IMN(T)

2 OMER(T)

4 N aN

2 QWY (HNF

2 w1

4 ¥ ry

4 RR ry

* TV N22T022 ryy, rig. Ty Ty
8 RACTVEK K¢

2 pC re

u

4 RDOTC éc(éc)
2 P PE

2 RETF PEF

2 REN(I)

2 RENB(I)

8 RER RER

Definition

Pilot-selected values for PSFLF

Pitch turn coordiration q-command

OCT maximum (O,

= min)

Pitch rate guidance command

Pitch rate filter input

Measured pitch rate

Pitch rate

ECS3S

for i

AT™ or

IALT re-ngagqge

Pitch rate fil*+sr outout

BCS version of Q%F

Pitch rate

RCS version of Q¥E(T)

Nominal pit~h ra

o

filter nodes

Pitch rate washout filter output

Pitch rate washout filter node

Angle-of-attack error limits

Roll angle ~rror limits

Lateral derived
Roll error jain

Yaw rate command

gains

(late entry)

Derivative of bank angle

Bank rate comman
Yaw rate aerror
Yaw

Yaw

BCS version of &

a

EN(2)

rate error filter output

rate errvor filter nodes

Limited roll error for TVC

after



DECS GLLOSSARY (Cont)

PPhase Mnemonic Symbol in Text
2 RG el

2,4 PHO

4 2T (1) Ar

8 ELIM RLIM

2,u RY T

2 RME ;F

q 2N FN

2,4 DPOLL #

2 OLLG G

u ®PHT 1,2, 2 r 1 T2
4 s Brel

8 RRATEF RHATEF
8 RFTATEM RRATEM
! RY( G (T) Kpi

8 TRGTVYX KP

2 RWIB

2 ?W18

2 RUF ]\NF

2 RW1

4 3 S

) SAT Si.rlOLT

4 SIGMA A,B, R Oy Opp Ty
8 TRIINT T

2 TLSDMX

2 TDTDM™X

2 TE™P

2,4 TEMPFR Ty

2,4 TEMPEK TKA

l‘¢3

Definition
Yaw rate guidance command
Reference air d2nsity
Yaw rate filter input
Roll error software limit
Measured yaw rate
Yaw rate filter output (elevator lonps)
Nominal yaw rate
Computed roll angle
Guidance conmmanded roll angle
parameters for maheuver rate calculation
Position vector in reference coordinates
Scaled roll rate for TVC
Blended roll rate signals
Iniividual roll rate gyro gain
TVC roll rate gain
RCS version of 2WF
BCS version of RW1
vYaw rate washont filter output
Yavw rate washout filter node
FPixed estimator parameter
Sin (RAMEAN)
Gains for ijot logic - pitch, roll, yaw
Integrator jain
TF * speed hrake rate limit
TF * throttle rate limit
Temporary local variable(s)

Air temperature, deg F and dimensionless

Input air temperature in deg. Kelvin



DFCS GLOSSARY (Cont)

Phase Mnemonic Symbol in Text Definition
2 TFTDMX TF * elevator trim tracker rate limit
- TF TF Fast sampling interval
2 TF2 TF 7/ 2.
2 TFR BCS version of TF2
? TGSDPrG TF x TARM/S3 loop gain
2 TGTDDG TF * TAEM/TH loop gain
2 THE OE Theta error
2 THEF eEF‘ Theta error filter output
2 THEN(IL) Theta error filter nodes
2 THG 9G Theta guidance command
2 TH™ 7 Measured theta
2 THREF eREE‘ EATT mode raference pitch attitude cowmani
2 THSEL GSELA Pilot-selected values for THRER
- ™ TM Medium sampling interval
- TNEXT TNEXT Next DFCS entry time
- TS TS Slow sampling interval
2 TXADKYX TF * roll stick rate limit
2 TXATP TF * roll stick trim rate
2 TXATFB BCS version of TXaAT®
2 TXEDMX TF * pitch stick rate limit
2 TYZTF TF * pitch stick trim rate
2 TXFTRR BCS version of TYFTR
2 TXRDMX TF * pedal rate limit
2 TXPTP TF * pedal trim rate
2 TXPTRB BCS version of TXETR
2 TXTDMX TF * throttle controller rate limit
2 T2GAIP TF2 * roll integrator gain



DFCS GILOSSARY (Cont)

Phase Mnemonic Symbol in Text
2 T2GETC
4 1,0z U, Uy
2 153 Up
2 HEF uEF
2 HEM(T)
2 ua ug
4 g (M), 2),(03) u, uy, u,
4 uL (1) up,
2 M u
2 JEFF uREF
2 TSEL uSEL
2,4 Uxv,uyv,uzvy uv_, uv_, UV
—_—x' —y —z
u VBRODY Ybody
4 VMACHY Ml
4 VR Yrel
1} '41 ,HZ wl, w2
8 Wi (1, 1) RRATE;
a wB(2,1) PRATE,
8 WR (3, T) YRATEL
4 WD
- “q
2 XA xa
2 XAB xap
2 XADB Xapp
2 XADX xa 2%
2 XAF Xap
2 XAM za

Definition

TF2 * pitch integrator qain
Roll jet logiec gains

Velocity error

Velocity error filter output

Velocity error filter nodes

Velocity guidance command

ACPS torque commands

Vector in longitudinal plane normal to velocityv
Measured velocity

I25-hold mode reference velocity commani
Pilot-selected values for UREF

Unit vectors along the velocity coordinate

in reference coordinatcs

systen,
Air-relative velocity in body coordinates
Lateral switch parameter
Air-relative velocity in reference coordinates
Gains for aileron control logic
Individual roll rate gyro signal
Individual pitch rate gyro signal
Individual yaw rate qgyro signal
Gain for elevator control
Local variable for YA™ processing
Roll stick 1letent bias
Roll stick deadband
Roll stick rate limit

XA filter output

Measured roll stick deflection



DEFCS GILOSSARY (Cont)

Phase Mnemonic Symbol in Text
2 X3¥DIS §éDIS
2 XAMX xa T2
2 XAD Xap
2 XAT xaT
2 XATB
2 ¥ATMX Xa%nax
2 XATMXP
2 XATR gaT
2 XATRR
2 XE xe
2 X7 B xeB
2 XEPB xepn
2 XEDMX xemax
2 XEF xep
2 XEM e
2 XFMDTS iéDIS
2 XEMN xe 20
2 XEMX xeax
2 XEP xep,

2 XET xe.p

2 XETB

2 XETMK xe%ni“
2 XETMNR

2 XETMX Xeé?ax
2 XFTHMYR

2 XETR xe.n

2 XFTRR

Definition
Roll stick disengage level for ACSS
Roll stick limits (+-max)
Processed roll stick
Roll stick trim
BCS version of XAT

Roll stick trim limit (+-max)

RCS version of XATHMY

Roll stick ¢rim rata

BCS version of XATR

Local variable for XE™ processing
Pitch stick detent hias

Pitch stick deadbanAd

Pitch stick rate limit

XE filter output

Measured pitch stick deflection
Pitch stick disengage level for ECSS
Pitch stick minimum (aft)

Pitch stick maximum (fwd)
Processed pitch stick

Pitch stick trim

BCS version of XE-™

Pitch stick trim minimum (aft)
BCS version of XETMN

Pitch stick trim maximnm (fwd)
BCS version of XE™MX

Pitch stick trim rate

BCS version of YE™R

8-24



DFCS GLLOSSARY (Cont)

EZ- £31 £4n ESI €6

Phase Mnemonic Symbol in Text
2 XFR
2 XFM <t
2 XEMMN gpmin
u I
XI 1 £,
4 XT 2,%,4,5,6
2 XR Xr
2 XP R
xr‘b
2 YRDB
XI"DB
2 XPDMY xpax
2 X°F Xrp
2 XRM Xr
2 XPMX xpax
2 XEP XCp
2 XRT
XI‘T
2 XRTR
2 YPTMY max
XI‘T
2 XRTMXR
2 XRTR ng
2 YFTRE
2 1S s
2 XS ~
Xs
2 XSMDIS %<
T XSpIs
2 XSFMN Lgmin
2 XSMREF .
*SREF
2 XSP
XSP
2 XT xt
2 LT~ xt

Definition
Flap controller bias
Measured flap controller deflection
Flap controller minimum
scheduled control qain: 1longitudinal
Scheduled control gains:lateral, early entry
Local pedal variatble
Pedal detent bias
Pedal deadband

Pedal rate limit

XR filter output

Measured pedal deflection

Pedal limits (¢-max)

Processed pedal

Pedal trim

BCS version of XPT

Pedal trim limité (¢-max)

BCS version of XRTMX

Pedal trim rate

BCS version of YRTR

Local variable for XS% processing
veasured speed brakec controller deflection
¥SM disengage level for IAS-sb

XS* minimum (retract)

XsM reference for TiS-sb disengage
Processed XSM

Local variable for ¥TM processing

Measured throttle controller deflection



DFCS GLOSSARY (Cont)

Phase Mnemonic Symbol in Text
2 XTMDIS xtp g
2 XTHMN gtmin
2 XTHMRFF ﬂREF
2 XTP Xtp
2 XTPR
2 XTFP
2 XTPPR
3 YACCFR Ve
8 YACIN (T) Y,
a YACSIG 'S?M
8 YAGK Kay
8 YCEGK Kya
8 YEGK Ky
R YEP Yer
8 YERINT Y BRINT
8 YLINM YLIM
8 YRATEC YRATE,
8 YRATEF YRATE
8 YRATFM YRATE),
8 YRCG (I) Kpi
8 YRGK Kr
8 ZACCEP 'ZF
8 ZACD Zp
8 ZACTIN (I) "-l
8 ZACSIG 'Z'M
8 ZAGK Kaz
4 ZETAT €4
4 ZETA 1,2 §p 82

8-26

Definition

XTM disengage level for IAS-th
XT¥ minimum (idle)

XTM reference for IAS-th diserngjage
Processed XTM

BCS version of XTP

Past value of XTP

BCS version of xTpp

Scaled y acceleration error
Individual y accelerometer signal
Blended y accelerometer signals

Y acceleration gain

Yaw channel error gain

Yaw error gain

Limited yaw channel error
Weighted integral of YER

Yaw error software limit

Yaw rate command

Scaled yaw rate error

Blended rate qgyro signals
Individual vaw rate gyro gain
Yaw rate gain

Scaled z acceleration error

Z acceleration command
Individual z accelerometer signal
Blended z accelerometer siqgnals
Z acceleration gain

Gain for elevator control

Gains for aileron control logic



PERIPHERAL ROUTINES

The routines presented in this section were part of the Apollo /
Skylab flight programs. They are a baseline for the Space Shuttle

pointing and maneuvering routines.

I1-1






SECTION 1

AUTOMATIC TRACKING

The automatic tracking function applies to any mission situation
requiring the orbiter to track a designated body (or target vehicle) by
pointing a specified body fixed vector at the target or to any mission situation
requiring the orbiter to rotate at a constant rate around a specified axis.
Typically, automatic tracking can be utilized for rendezvous navigation, local
vertical tracking, landmark tracking, and passive thermal control. In this mode
of operation, the autopilot (DAP) is utilized as a rate command system.
Attitude control, if required, is maintained by the Tracking Attitude Routine (R61)
with attitude feedback from the navigation functions. R61 operates at a variable
computation period, At,, which is generally much longer than the autopilot
sampling period of 0.1 seconds. Initial alignment of the vehicle to the tracking
attitude is generally performed by R61 using the automatic maneuver routine (R60).

In the following TV denotes the target vehicle and ORB denotes the orbiter vehicle.

1.1 Tracking Options

There are five automatic tracking options as defined below:

Option Purpose
0 Point a specified spacecraft vector at the

TV. Do not constrain rotational attitude
about this pointing vector. (Use VECPOINT)

1 Point a specified spacecraft vector at a
celestial body. Do not constrain attitude
about this vector (Use VECPOINT)

2 Rotate at a specified rate about a specified

spacecraft vector.

4 Same as Option 0, but constraining attitude
about the pointing vector to a specified
value (OMICRON).

5 Same as Option 1, but constraining attitude about

pointing vector to a specified value (OMICRON),



Option 0: Orient the Spacecraft Such that a Specified Body-Fixed Point-
ing Vector Aligns with the Estimated Line of Sight to the TV.

The pointing vector (SCAXIS) is defined by two angles:

1) A specified positive angle (v) from the spacecraft

X axis about the spacecraft Z axis (0=v< 360 deg)

2) A specified positive angle (p ) about the Y'-axis
produced in the XY plane as a result of Y(-90=p =

90 deg).
LOS 10
TARGET BODY
Y’ X
>
v

~N y—



The 1.OS is determined by advancing the estimated ORB and TV state
vectors to the current time. Once the coincidence of SCAXIS and LOS has been
established, R61 establishes a spacecraft angular rate to maintain the coin-

cidence. For Option 0, R61 provides the RCS DAP with the following gquantities:

1) Weponon.. desired LOS rate plus LOS correction

rate in contirol-axis coordinates

2) IGAD, MGAD, OGAD ..... DAP reference angles,
i.e., center of the dead-
band.

3) AGA..... a vector defining the desired incremental

changes in the IMU gimbal angles every

0.1 second.
The desired LOS rate (QCA) is computed as follows:

Yros™tw " £c

Yorrection - (INBSM] SCAXIS X (REFSMMAT] UNIT (l_lLOS))/AtC

where NBSM uses the DAP reference angles THETADX, Y, and Z for the trans-

formation from navigation-base to stable-member coordinates.

If exceeds MAXRATE, distribute as follows:

w .
= correcticn

= MAXRATE [UNIT (w . 1]
= correction

w .
=correction
UN - .
@ og - [REFSMMAT] { IT (ay05) ¥ (Y = Vel U1 @egrrection
|2r0s |
Yop © [NBCA] [ SMNB] Y1 og

where 21 08 is the LOS rate in stable member coordinates. [SMNB]| is the trans-
formation from stable member axes to navigation base coordinates. [NBSM] is

the transformation from navigation base coordinates to stable member coordinates.

[ REFSMMAT] is the transformation from reference inertial coordinates to

stable member axes. [NBCA] is the matrix for transforming a vector from

are the position and

navigation base to control-axis coordinates. oo and v

Twe Ywe C
velocity vectors of the TV and ORB in basic-reference coordinates. SCAXIS is
the specified axis (y,p). MAXRATE is the maximum correction rate and AtC is
a conservative estimate of the R61 computation interval (thus preventing overshoot

in vehicle attitude by the time of the next pass).



The vector AGA is computed as follows:

cos IGA sec MGA 0 -sin IGA sec MGA
AGA = -cos IGA tan MGA 1 sin IGA tan MGA | (0.1 905
sin IGA 0 cos IGA

where

IGA = inner gimbal angle
MGA = middle gimbal angle
OGA = outer gimbal angle

where 4 os is the LOS rate in stable-member coordinates computed previously.

1.3 Option 1: Orient the Spacecraft Such that SCAXIS Aligns with the LOS to a
Specified Celestial Body.

For Option 1, the LOS is determined by advancing the estimated ORB state
vector to the current time. Once the coincidence to SCAXIS and LOS has been
established, R61 establishes a spacecraft angular rate to maintain the coincidence.
R61 quantities provided to the RCS DAP under tracking-option 1 are as described
for Option 0 with the following exceptions:

Y105 ° line of sight direction, including aberration correction

and,

if the target is a star or planet,

) = .
=LOS =correction

if the target is the center of the earth,

UNIT (r ~)x{(v )
¢ ¢ * gcorrection
|Zc|

1.4 Option 2: Rotate the Spacecraft About SCAXIS

Y10s ° [REFSMMAT]

Option 2 is effected by a special routine known as the Automatic Rotation
Routine (R67). SCAXIS is as defined in Option 0. RE7 initializes COF, BRATE,
[DEL], [MIS], and ADB in KALCMANU and then executes the KALCMANU coding
to issue the following quantities to the RCS DAP:

1-4



1) w desired rotation rate

CA """

2) IGAD, MGAD, OGAD, .... DAP reference angles,
i.e., center of deadband.

3) AGA .... a vector defining the desired incremental

changes in the IMU gimbal every 0.1 seconds.

These calculations are repeated once per second.

1.5 Option 4: Orient the Spacecraft as in Option 0, but Further Specify an
Angle (OMICRON) of Rotation About SCAXIS

SCAXIS is as defined in Option 0; OMICRON is the positive-sense angle
between planes A and B - where plane A is defined by the ncgative orbital angular
momentum vector (-H) and the LOS, and plane B is defined by the spacecraft
+Y-axis and the LOS.

Alignment of the LOS with either the spacecraft Y axis or the momentum
vector is proscribed since the necessary two-plane condition for specifying
OMICRON would not exist.

OMICRON PLANE A

PLANE B




For Option 4, R61 provides the following quantities to the RCS DAP:

1) (‘—’CA .... desired LOS rate in control-axis coordinates

2) IGAD, MGAD, OGAD, .... DAP reference angles, i.e., center of the
deadband.

3) AGA ...

. a vector defining the desired incremental changes in the IMU
gimbal angles every 0.1 second.

The desired LOS rate (QCA) in control-axis coordinates is obtained as

follows:
Y108 Iw "I¢
UNIT (u ) x (v - v )
w_ = [REFSMMAT] LOS W_-¢
“LOS N
l—LOSl

QCA =[NBCA) [SMNB] wLOS’

Wherew

Y 0s is the LOS rate in stable member cooridnates; Lo Y EC and Yo
are the position and velocity vectors of the TV and ORB in basic reference coordi-
nates.

The vector (AGA) is computed as follows:

cos IGA sec MGA 0 -s5in IGA sec MGA

AGA = |-cos IGA tan MGA 1 sin IGA tan MGA (0.1) YLOS
sin IGA 0 cos IGA
gcorrection,
where
gDX -OGAD
8 -IGA
0.1
gl’correc‘cion = DY D X
GDZ -MGAD C

QDX’ gDY‘ gDZ desired gimbal angles :s

AtC = conservative estimate of R61 computation interval

The desired gimbal angles ODX’ HDY‘ QDZ are computed as follows:

First, four unit vectors are computed:
$p = cos (OMICRON) unit (u; oo X [vo X e )

+ gsin (OMICRON) unit [BLOS X (ELOS X o x IC))]

8'p = unit (SCAXIS X Ygc)

1-6



S =u

=B -LOS

s' =
= B SCAXIS

Given these unit vectors, the unit vectors x, y, and z are calculated defining
the desired directions of the x, y, and z axes of the navigation base with respect

to the Basic Reference Coordinate System. The unit vectors x, y, and z and the vectors

XsM’ YSM’ 28M from the matrix REFSMMAT are then used to compute the desired
gimbal angles ODX’ eDY’ QDZ'

1.6 Option 5: Orient the Spacecraft as in Option 1, but Further Specify an Angle
(OMICRON) of Rotation About SCAXIS.

SCAXIS is as defined in Option 0;
OMICRON is as defined in Option 4.

For Option 5, R6 quantities provided to the RCS DAY are asin Option 4,

except as follows:

Y1.0S = line of sight direction including aberration correction
and,
if the target is a star or planet
2ros T
if the target is the center of the earth,
X
UNIT (£0) X (y)

Irel

21,05 T [REFSMMAT]







SECTION 2

ON-ORBIT ATTITUDE MANEUVER ROUTINE

2.1 Introduction

The purpose of the attitude maneuver routine (ATTITUDE _MANEUVER) is to
automatically reorient the spacecraft during coasting flight. ATTITUDE_ MANEUVER

(5) flight programs to the Space

is an adaptation of the R60 routine from the Apollo
Shuttle with the assumption that a 3-gimbal IMU is used. This implementation is
coded in HAI, and described in accordance with preliminary structured program-
ming techniques. The general scope of variables and structure of ATTITUDE _
MANEUVER is illustrated in Fig. 2-1. Each of the modules and variables used in

the routine are defined in Tables 2-1 and 2-2 respectively (Subsection 2.7).

The desired attitude to which the spacecraft is to be aligned can be specified

in one of two ways:
1) By a set of terminal desired gimbal angles, [QC].

2) By two unit vectors, Upgng and UANR®

where [BC} is the set of desired (or commanded) gimbal angles defined by

. B desired outer gimbal angle
0
[chl = GC = | desired inner gimbal angle
i
GC desired middle gimbal angle
m] _4

UANB is a body-fixed axis vector, Ups with components in navigation-base-

coordinates, u is a desired direction vector, Ups with components in stable-

DSM
member coordinates and Ungm specifies the direction in inertial space to which
UANB is to be aligned. A flag switch, FLAG 3AXIS is provided to specify which
of the two types of inputs is to be used.

If the vector type of input is chosen, the routine known as VECPOINT is used
to compute a set of desired terminal gimbal angles, [GC], based on the values of

Upsm’ and UANB’ rand the current gimbal angles, [6] Regardless of the type of
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input, KALCMANU is called if the automatic option is selected. Otherwise control
returns to the executive system. KALCMANU computes a set of parameters (gr, A)
that determine how the reorientation is to be performed. The maneuver is per-
formed by rotating the spacecraft about the axis of single equivalent rotation, U,

M are completely determined by
the initial orientation, [8], and the desired terminal orientation, [GC] . Once u and

./\M are computed, KALCMANU calls the procedure STEERING.

by the angle AM. The vector u,. and the angle A

The procedure, STEERING, cycles every Atc seconds and computes, on each
pass, five sets of quantities to be used by the digital autopilot in following the angu-
lar path defined by U A. The first of these quantities is a set of autopilot refer-
ence angles, [Gd](or‘ intermediate desired CDU angles), which is updated regularly
during the maneuver. To achieve a smoother sequence of commands between suc-
cessive updates, the program generates a set of incremental CDU angles,

[A Gd],to be added to [Hd] by the digital autopilot. The steering routine also com-

putes the component maneuver rates, “q

(in spacecraft coordinates), a set of bias
accelerations, gm, and a set of bias angles,[BBIAS]. The bias angles,[BBIAS

to be used by the autopilot to prevent fuel-consuming overshoot when starting and

], are

stopping an automatic maneuver,

The preceding method allows the autopilot to establish and maintain a space-
craft rotation about the vector u,. at a fixed rotation rate @y The maneuvers are
timed in open-loop fashion so that after a predetermined interval [A Bd], 4 X and
[BBIAS]ar‘e set to zero and the autopilot reference angles, [Gd] , are set equal to the
terminal angles, [QC]. Thus, upon completion of the maneuver, the spacecraft

will finish up in a limit cycle about [GC] .

2.2 ATTITUDE_MANEUVER

A logic flow diagram of ATTITUDE MANEUVER is illustrated in Fig. 2-2.
If the vector option is selected by the calling program, the routine VECPOINT is
used to compute the terminal desired gimbal angles [BC]from UANB and Unsm -
If the automatic maneuver is to proceed the automatic mode switch, AUTO_MODE,
must be set "ON'". If it is "ON", KALCMANU is called to calculate the rotation
and to initiate the cycling of STEERING.

vector, u, and the angle of rotation, A

’

M:

2.3 VECPOINT

The desired gimbal angles, [BC], computed by VECPOINT are determined on
the basis of minimizing the rotation angle required to align UANB with UpgM* In
general, this procedure will reduce the fuel required for the maneuver by not

constraining the orientation of the spacecraft about the pointing axis, defined by



IF Nmr\:

FLAG 3AXIS - 0

¥
AUTO_MODE =

ON

CALL VECPOINT

[-(‘A LL

KALCMANU

RETURN

;REFEREN(‘ED

UL Ypsmeang

. o

-0l

REFERENCEDp— --—

L

o] |

< ASSIGNED % == NUILL

Fig. 2~2 ATTITUDE MANEUVER : Program



Upnsm® Additionally, the attitude about Unsm

the crew may specify the attitude about the pointing axis to satisfy additional com-

will be left unchanged. Consequently,

munication, visibility, or thermal constraints, if desired. This is done by manually
reorienting the spacecraft about the pointing axis either prior to or after the maneu-
ver, If this procedure is done after the automatic maneuver, a final trim will usually

be required to assure that UaNR 18 aligned with Ypsm®

To compute the desired gimbal angles, [BC], from upcy Uanpge 2and the cur-
rent gimbal angles, [9] , several service routines are required. These routines are

described below,

2.3.1 ANGLES_TO_DCM

This procedure converts three gimbal angles, [9],to a direction-cosine matrix,

C, that relates the corresponding spacecraft navigation-base orientation to the

stable-member frame. The formulas for this conversion are:

C1,1 C1,2 Cl,?
* —_
¢ - Ca1 Co,2 Ca3
Cs,1 Cs,2 C3,3
Cl,l = cos Gi cos Gm
Cl, 5 = -cos 91 sin Gm cos 90 + sin 9i sin 90
Cl, 3 = cos Bi sin 9m sin 90 + sin 91 cos 90
C2,1 = sin Bm
c2,2 = cos 8_ cos 6
m o)
C2,3 = -cos 9m sin 90
C3,1 = -sin Gi cos 9m
C3, 9 7 sin Gi sin 9m cos 90 + cos 9i sin 90
C = -sin 8. sin 8_ sin 6_+ cos 6, cos @
3,3 i m o i o



where

00 = outer gimbal angle
Bi = inner gimbal angle
6 = middle gimbal angle

Also see Fig. 2-3 for the logic flow diagram of ANGLES_TO DCM.

The interpretation of this matrix is as follows: If a, ay, a, represent the
components of a vector in navigation-base axes, then the components of the same

vector in stable-member axes (bx’ by, bZ) are
b a
X X
sk 6)
b = C( a
y Yy

b a
y z

2.3.2 DCM_TO_CDU ANGLES

This procedure extracts the CDU angles from a direction-cosine matrix, C,
that relates the navigation-base coordinates to the stable- member coordinates.

The formulas for this conversion are
6 = arcsin
m S C2, 1

6, = arcsin (—Cg’ 1/cos 6..)

[If C, ; is negative, Gi is replaced by 7 SGN(Gi) - 91]
6, = arcsin (—C2‘3/COS 6 )

[If C2, o 1s negative, 60 is replaced by 7 SGN (90) - 90]

The logic flow diagram is illustrated in Fig. 2-4,

2.3.3 ROTATION_MATRIX

s
This procedure computes the direction-cosine matrix, R, that relates one co-
ordinate frame to another that is rotated with respect to the first by an angle A

about a unit vector u. The formula for this matrix is

%k * T % .
I cos A+ U up (1-cos A) + UXr sin A



chl = cos (92) cos (93)
!
Cy 5 = ~cos(8,)sin(8;)cos (8)) + sin(8,)sin (8
'
C1,3 = cos(92)sin(93)sin(91)+ sin(92)cos(91)
'
C, 4 = sin(fy)
!
C2,2 = cos(93)cos(91)
v
Cy 5 = ~cos(8y) sin (6))
!
Cg,1 = -sin(92)cos(93)
C3,2 = sin(92) sin(93)cts(91)+ 005(92) sin (91)
C3,3 = -sin(92)sin(93)jin(91) + cos (92)005(91)

( RETURN )

Fig. 2-3 ANGLES TO_DCM : Procedure ([6]) Assign (C)
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82 = sin_1 (-Cg’l/cos(GB))

=]
—
1
[47]
—
o]
]
—
|

C2,3/cos (63))

( RETURN )

Fig. 2-4 DCM_TO_ANGLES

IF Cl,l <0.0 >THi 92 = 7 sign (92)_92

THEN .
6, = 7 sign (6,)- 6,

: Procedure (C) Assign (6]



where

0 0
t = 1 0
0 1
— .
2
u u__u u_u
rx rx ry rx rz
T _ 2
u u_ =Ju__u u u__u
“r-r ry rx ry ry rz
2
u__u u__u u
rz rx rz ry rz
- -
[ -
0 -u u
rx ry
%
UX = [u 0 -u
r rz rx
-u u 0
ry rx
u,. = unit rotation vector resolved into spacecraft

axes
A = rotation angle
The logic flow diagram is illustrated in Fig. 2-5.

sk
The interpretation of R is as follows: If ax, ay, a, represent the components
of a vector in the rotated frame, then the components of the same vector in the

original frame (b_, b_, b ) are
x* Ty Tz

b a

X X
e

b = R(u_, A){a

y r Yy

bz a,

The process used by VEéPOINT in determiuing the terminal desired angles,
[GC], is illustrated schematically in Fig. 2-6 and in logic flow form in Fig. 2-7.
VECPOINT uses two frames of reference: the L frame and the M frame - as well
as the stable-member (SM) frame. The L frame is simply a base frame used as
the starting point for subsequent rotations. In VECPOINT computations, the L
frame is the initial navigation-base frame computed from the initial gimbal angles,
[B]. The vector up
sing the transformation %ESM. The L frame is then rotated so that UaL

is resolved from the stable-member frame into this frame as

u u
DL
and UpL are coincident. The rotation vector, Y. is defined by the cross product



3 "2
*
ux u o u
o= vy T
u u o

Fig. 2-5 ROTATION_MATRIX:
Procedure (u.,A) Assign (ﬁ)

* # J— *,
R = Iidf'nt\ty cos (A) + (urur)(l-cos (A)) + U)\rsm (A)
RETI‘Jlr?N
= DL
N
N
{a) The L frame L (b} The M frame
C (g}
MSM "Z¢
% Cism e @ S
Yom
Ypsm ~
N Xsm
ZSM
Fig. 2-6 The Coordinate Frames and
Transformations used in VECPOINT (c) The SM frame
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CALL
GIMBA1_ANGLE_READ
assiow ([6, |y

!

CALL -
ANGLES TO_DCM ([9l i

*
ASSIGN {CISM)

Ui, Crsm’ Mpsm

A T

Yar Yanp

I'HEN

A

I+ i -
Wﬁ'rﬂm . f-i\l.ﬁ'f 2

THEN

fugy

1

ELSE

)

bt T
Yysmr, <(ISM> (o, 1.0
THEN
Yy 7 By,
I3 - -
lunit Uy gmr. * Uxp ) ®
1< 2 - -
“}\14 <
l a = unit{luggay sty
A= or

Yhu

*v\lv)

ELSE

I
ROTATION_MATRIX (ﬂr" A)

Al

*
ASSIGN (R )

L4
DCM_TO_ANGLES (C 501

ASSIGN ([8.])

ML
L] * *
Cusm ~ Crsm RmL

CALL

RETL‘HD

unit (\JDL Xy, )

AL

i

1
ceos Cluggeupy)

Fig. 2-7 VECPOINT : Procedure




between Ual and Upr. Rotation about the cross-product vector will assure that
spacecraft maneuvering will be minimized and that the rotation vector wiil have no
component in the u

or u direction.

-AL “-DL

If the two vectors, Uatl, and Uy are either parallel or antiparallel, a special
computation of u. is performed. When UaL and unp are almost parallel then [9 ]
is set equal to [BL]. If the two vectors are almost antiparallel, then a 180° rotat1on
is required for alignment. In this case, the rotation vector is chosen so that U

Yysm(ry 2nd Uxy - If,
however, Uap, happens to be perpendicular to the plane, then any vector in the plane

is perpendicular to UsL and lies in the plane that contains u

may be used for u.. In this event the x-axis is chosen. From u and A the rotation

by
MI.
- f .
CLSM determines the direction - cosine matrix C‘\/ISM rom which the terminal desired

matmx RML’ between the M- and .- frames 1s computed. Multlplymg R

gimbal angles, [9 ], are extracted.

2.4 KALCMANU Maneuver-Parameters Calculation

The procedure KALCMANU is designed to generate commands for the auto-
pilot to reorient the spacecraft from an initial attitude to some desired attitude
specified by [GC]. Although a number of authors have discussed optimal solutions
to this problem, the task is a formidable one because of the nonlinear nature of
rigid-body dynamics and the kinematics of rotational motion. Optimal solutions
for a particular class of spacecraft configurations are treated in Reference 1. In
this reference, the criterion for optimality is based upon the product of maneuver
duration and fuel expenditure. Using the same criterion, previous design studies
based upon a number of suboptimal approaches(Z) have shown that a reasonable
design compromise is to rotate the spacecraft about a single inertially fixed axis.
This technique is employed in KALCMANU.

, and the
rotation angle, AM’ is illustrated in Fig. 2-8. From the current gimbal angles

The process used by KALCMANU in computing the rotation axis, u.

KALCMANU computes the transformatlon matrix between the initial spacecraft

axes and the stable-member axes, CBSM' This procedure also computes the matrix

relating the desired terminal spacecraft attitude and the stable-member axes,
%

&
CCSM' The transformation between the desired and the initial attitude is R , where

CB
where

% T %
cB - Bsm Ccsm
*

RCB can be partitioned into its symmetric and antisymmetric components as follows,

For the symmetric part,

1 * T
R ‘-‘Q'(R +RCB)

2-12



By comparing this with the equations described in ROTATION MATRIX it can be

seen that ¢

*
Rg = Tcos Ay, 1—11"‘—1’1; (1-cos AM)

For the antisymmetric part,

ooy Kk %7
RA (5)(RCB RCB)
or
0 “u ury
X _ i A
RA = vy, 0 u sin Ay,
-u u 0
ry rx

*
The maneuver angle can easily be obtained from RCB as

*
_1<Trace(RCB)— 1)
AM = cos 2

The rotation vectdr, u_, is normally extracted from the antisymmetric part

* .
of RCB; that is,

u_ = unit (-R , R , "R )
r Ag 37 A3 Ay,

As sin AM approaches zero, however, the unit operation becomes indeterminate

and an alternative calculation must be performed. If the maneuver angle is less than
0.25 deg, then no complicated automatic maneuvering is necessary and therefore
one can simply set the autopilot reference angle, [Gd], equal to the terminal desired
angles [BC] and exit. This is done by callin*g HOLD_ATTITUDE. If Ay > 170 deg,

a method employing the symmetric part of RCB is used to determine u., as illus-
trated in Fig. 2-8. The magnitudes of the components of u . are easily determined

as

To obtain the signs of each component, it is first necessary to determine the
sign of the largest component by referring to the values of ,ﬁA' This is done to
avoid the problerh caused by truncation as sin AM approaches zero. If AM is equal
to 180 deg, then the sign of the largest component may be arbitrarily chosen. The
signs of the remaining components may be determined by examining the off-diagonal
terms in ES‘
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CALL
GIMBAL_ANGLE READ
ASSIGN ([ele

i

FIRST PASS  ON
A'\M -y A

CALL
ROTATION_ MATRIX (H,— ALY

RUNTIME

.
W evene

TG St

- C | ‘
‘ BsM J
CALL

DCM TO ANG

L
5 s
ASSIGN (4 ]»

—

.

_PASS  opr

S BN

UPDATE f_

]

— =

t * t
cycle * Seyere

WAIT UNTIL
MINIMUM (t t.)

eyele 's

R A

CALL
H()I,D_ATTITUDE E REFERENCED : [90:[
( RETURN 3T
91, a8 .l }
m - d‘ [ dJ L HIAS “ﬁd' gm

Fig. 2-8 KALCMANU : Procedure

—
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2.5 Steering Through a Maneuver

The KALCMANU parameter calculations described in the preceding subsection
solve the problem of what angular path to take in order to reorient the spacecraft
without excessive fuel expenditure. However, the problem of how to steer the space-
craft along this path must now be considered. One solution is to iteratively solve for
u. and AM explicitly as a function of the current spacecraft attitude and to control
the spacecraft angular velocity, @, by firing the RCS jets so that » is parallel to u..
This approach, however, leads to several problems. First of all, because of the
deadband requirements of the autopilot, and control inaccuracies, explicit guidance
can lead to excessive changes in control commands as the spacecraft approaches the
terminal attitude. This problem of terminal guidance is characteristic of explicit
guidance schemes unless special consideration is given to the terminal-control
problem. Secondly, there is a timing problem since the computation of u. and AM
is somewhat lengthy and would require an excessive amount of computer time.
Instead, it is better to formulate the problem in terms of perturbations from a smooth
reference trajectory that satisfies the end-point constraints. The method employed
is to solve the global problem once via KALCMANU in order to establish a reference
trajectory (defined by u., AM) and then have the autopilot solve the micro-problem
of controlling the spacecraft deviations from this reference trajectory, using small-
angle approximations. This approach not only avoids the terminal-guidance problem
and the timing problem but also provides "tighter' path control for satisfying other

boundary conditions that may be placed upon the selection of the reference trajectory.

In order to determine the required steering interface between KALCMANU
and the autopilot, it is first necessary to define the nature of the autopilot control
variables. To simplify the discussion, the problem of rotation about a single axis
is considered first. There are two state variables of interest; namely, the attitude

error, Oe’ defined by

e d
where
f = actual vehicle attitude
9d = desired vehicle attitude (constant)

and the angular velocity of the vehicle, w. The "'state'' equations are
f,t) =« (t)
and

oft) = f (8. @)
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where f (Ge, w) is the control acceleration (applied by the jets) as determined by non-
linear phase-plane switching logic. The control law is defined so that Ge and w will
be nulled to within the control-law deadbands so as to maintain attitude hold about
the reference attitude, 9d.
New state variables can be defined as follows:

¢e(t) = 6(t) - éd(t) + BBIAS

and
w ) = wlt) -w,
where
4 T 04lty) e M-t )
@4 = a constant
BBIAS = a constant

(bd(to) = G(to) constant

The state equations for the new variables are
¢ =w
e e

f(d)e’we)

w
(34

With these control variables, the autopilot will attempt to null the rate error, we,
thus forcing the spacecraft to rotate at a constant rate. Note that at the beginning
of the maneuver the desired angle (f)d(to) is set equal to the initial angle 9(t0) . The
constant, 8

] BIAS’ )
stopping the maneuver, BBIAS 1s computed as

is added to the attitude error to prevent overshoot when starting and

where

arC = the control acceleration

To interpret the effect of BBIAS’ refer to Fig. 2-9a. This figure shows a
simplified phase-plane logic and a typical phase-point trajectory. The maneuver
starts at point A with Ge = 0andw = 0. With the application of steering commands,
the phase-point instantaneously jumps to a biased condition at B where ¢e = B

BIAS

and wo T Wy (wd is negative for the case illustrated). The phase-point drifts to

point C, where the control jets are turned on to reduce the rate error toward zero
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at point D. The trajectory then traverses a limit cycle DEFG until the maneuver
finishes at point H, where the biases BBIAS and w4 are removed. At this point, the
trajectory jumps to an unbiased condition at point I. Note that the actual rate is
approximately equal to the desired rate and the phase-point drifts to point J, where
the jets decelerate the vehicle back into a limit cycle around the desired attitude.
The situation without angular bias, BBIAS’ is illustrated in Fig. 2-9b. Note the
fuel-consuming overshoot in this case. The inclusion of the bias term is based on
the assumption that the initial rates are small and that the desired rates are
achievable during the maneuver. For the three-dimensional problem, it must also
be assumed that BBIAS is small enough so that the small-angle assumptions are not

violated.

A bias acceleration, gm, is also computed and sent to the autopilot to better
approximate the switching curves in the phase-plane design. In the formulation of

the phase-plane design a simplification is made to the equation of motion

o) =3I M - T e x Jw)
where
M = the torque supplied by the jets
J_lM s e, the control acceleration

- s«
1 @ x Jo) = LA the acceleration due to the
non-diagonal moment of
inertia J.
The bias acceleration, LA is assumed small and neglected to arrive at the state

equations

B(t) - éd(t) ) 0 1 9 0

= = +
w(t) - (t) v, 00 Ye 2c

and allow the design of three independent phase-planes. To refine the determination
of the switching curves, 2. is sent to the autopilot and is used in estimating the net

acceleration.

The above steering logic has been implemented in the procedure STEERING
which is described below.

2.6 STEERING

The procedure STEERING computes five sets of steering parameters to be
sent to the autopilot, These parameters are
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- Bpias—= PHASE-PLANE
TRAJECTORY

—g

N SWITCH
\J<|/CURVES

a) Typical phase-plane trajectory with ﬁBIAS

€ PHASE-PLANE
TRAJECTORY

¢

€

OVERSHOOT

! SWITCH
CURVES

b) Typical phase-plane trajectory without 3B_IAS

Fig. 2-9 Maneuver Phase-Plane Trajectories
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1) [Bd], a set of intermediate desired gimbal angles
2) [Aed], a set of incremental desired gimbal angles

3) :I, a set of bias gimbal angles

|:BBIAS

4) (ﬁd‘ the desired angular velocity vector

5) .2 set of bias accelerations

STEERING operates on a cyclic basis with period Atc. The parameter‘s[BBIAS] LWy
and o  are computed once on the first pass whereas [Qd]and [ABd] are computed

every Atc seconds until the maneuver is complete.

A logic flow diagram is illustrated,in Fig. 2-10. The initial gimbal angles
are read and the FIRST_PASS switch is set "ON''. The incremental angle of rotation
is computed from the requested magnitude of angular velocity and the time increment
Atc. From this incremer,;tal rotation angle and the rotation vector u., an incre-
mental rotation matrix AR is determined by calling ROTATION MATRIX. Twotiming
parameters are computed. These are the duration of the maneuver, tM’

tv = AM/wr

and the time at which to stop the maneuver, ts,

= +
ts tM tcycle

where t has been set equal to the current time.

cycle

Cyclic computation of the steering parameters takes place in open-loop fashion
until the computed time to stop the maneuver, ts’ is reached (Fig. 2-10). If the
AUTO_MODE switch is "OFF" then STOPRATE is called which sets the desired
reference gimbal angles [Bd] to the present gimbal angles and nulls the remaining
four sets of parameters [Aed], [BBIAS]‘ w4 and @, as illustrated in Fig. 2-11.
Control then returns to the executive system. However, if the AUTO_MODE switch
is "ON'" the direction-cosine matrix between the navigation-base and stable-member
coordinate systemg is determined by

E oo by oF

BSMN +1 BSMN

From this matrix, the gimbal angles projected to the time of the next pass, [BN],

are calculated.

On the first pass STEERING sets the FIRST_PASS flag to "OFF'" and com-
putes  ,, [BBIAS]‘ and @ as illustrated in Fig. 2-10. The desired angular velocity

vector, w is computed from the requested magnitude of angular velocity, w . and the

d)
rotation vector, U supplied by KALCMANU.
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CALL

GIMBAL_ANGLE_READ

ASSIGN «[8,])

1

O DEM ([HH] !

*
ASSIGON (O H\;r\(‘)iwi

CALL

ANGLES TO DCM 4[9(]»

3
ASSIGN (] ",SM)

T
)

"('R « BSM CSM
. ;

. . *
H,\ It w(H(,“'{H( H) 1

;1 . I
A= oos Hlvace (e ey

CALL
1 . HOLD-ATTITUDE REFERENCED ]:*ﬂ]
TS < IF 2R DEGTO RAD THE T — - o
M o — —
. S - ~
——— e ¢ ASSIGNED %——7-——(;”‘\]» -l"”]“{ “pras)- 3
i “n
PHEN 1 e [ . )
: 2. 1 2
! !
.
B
e e b FOR i 1o L 'Ay/‘m\‘ SRR EEA RS
nw . 1 ) - - = RO — |
g = (70 DEG TO RAD
N . .
u, unit fu )
[ ‘.” u; s f H\ b
IHEN ; ,
— " DRI (i, ‘)
ELSE 3 t
’ .
- _ i Hi\‘ )
!—n‘ stu ANDL u L —— -
i [ t N - - - -
_ u ey
EN u ! <o (R
THENX ‘ o 3y
— u AND 1
r r
2
K1SE u e
"1 "1
u /! 1L s TR |
—
L
gy
1

CALL
STEEHRING

. B
T e Casae
REALSEC, y, -

AUTO_MODE
5

REFERENCED

teycle

N | Tg]. ¢
ASSIGNED 1 L n} Crsm

RETURN

;1

Fig. 2-10 STEERING : Procedure
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CALL
GIMBAL_ANGLE_READ

ASSIGN ( [9 dD

>
D
L=
i
(@]
(@]

A |
= 0,0
UPDATE [BBIAS]
@y = 0.0
\
= 0.0
—m
RETURN

Fig. 2-11 STOPRATE : Procedure



BR1AS (U) “4e ) 1 %dcquy |/ @leg gD
Bgias| = | Bmiasev) | T | “actv) 1%acwy 1/ @l )
Bg1as (W) “dc (W) | “dewy |/ @lag (W)D

where a, Wy % vy % (W) are the control accelerations as determined by the auto-

pilot.

On every pass STEERING also updates the incremental desired gimbal angles,
[Aed]l by

[484) = ([8] - BpD (e g /at)

where [GN] = desired reference gimbal angles projected
Atc seconds in advance

[BB] = present desired reference gimbal angles
A’cC = period of the STEERING cycle

tfast: sampling period of the autopilot

These incremental angles are subsequently added to [Bd] by the autopilot at the start
of each autopilot pass. [Bd]is then updated to [GB]and [OB]is replaced by [9N]for

use on the subsequent pass. The time of the next proposed pass, t is computed

cycle’

. Ift is less than the termination
cycle cycle

time of the maneuver, ts’ another pass is performed. Otherwise, HOLD_ATTITUDE

by adding Atc to the present value of t

is called to update the desired reference gimbal angles, [Gd], to the commanded
terminal set of gimbal angles [BC]and nulls the remaining steering parameters
[Aed], [BBIAS], wq and @ . This updating is illustrated in Fig. 2-12. Control is
then returned to ATTITUDE_MANEUVER which in turn transfers control to the

executive system.



UPDATE % |:BBIAS] = 0.0

y
{ RETURN )

Fig, 2-12 HOLD ATTITUDE : Procedure
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