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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 1 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 including jet selection. The succeeding sections
show specific estimation and control algorithms for the various miésion phases:

cruise (including horizontal powered flight), entry, on-orbit, and boost.

Part 2 describes attitude maneuver routines that interface with the DFCS.
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FOREWORD

This document presents the Space Shuttle digital flight control design base
developed by the Draper Laboratory Control and Flight Dynamics Division and
the JSC Guidance and Control Systems Branch. The flight control and attitude
control of the Shuttle from launch through touchdown and for powered horizontal
flight is addressed. The subject matter reflects different levels of design
maturity and completeness.of documentation for the several different mission
phases. It is anticipated that this report will be utilized to establish an initial
baseline for the digital flight control software design. It is essentially the same
as the NASA document Digital Flight Control Software Design Requirements,
Rev. A, JSC-07759, July 6, 1973.

This revision reflects more than just the additional design activities per-
formed in the past half-year by the groups mentioned above. Honeywell Aerospace
Division completed an extensive review of the original version, and some changes
resulted from the constructive Honeywell review comments to NASA. Additionally,
treatment of control modes in this revision reflects information exchanges with

Rockwell and the Flight Crew personnel.

There are numerous important design areas which have not been covered.
It is anticipated that they will be addressed as baseline additions at an appropriate
time. These areas include the treatment of redundant sensors and redundant
actuators. Interface with pilot's displays has not been considered in this revision.
Manual modes have been included only for the Cruise phase. All design to date
has assumed rigid bodies; the filter structure, however, has been so specified
as to facilitate the handling of bending and slosh when details are available. The

Roll-out control phase has not been addressed.

In this document, a number of areas have been addressed in considerable
detail. The following paragraphs summarize the scope of the document and the

design activity which it reports.

The unified structure which is presented for the Digital Flight Control System
(DFCS) is a useful, flexible framework for the evolving Space Shuttle conirol
system. The implementation of input-output processing, on the other hand, can be
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expected to change as the Shuttle avionics becomes better defined.

Two designs for jet selection are included, The first, which is based upon
linear programming, is flexible and powerful. The second, which is based upon
a table look-up scheme, is more restricted. The latter will be considered 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 and the ferry flights as well as during the final stages of
operational vertical flights. The control gains have been calculated for the
Rockwell 0089B vehicle, but only for a single flight condition; the scheduling of

gains for a full range of conditions is currently in progress.

A number of features have been added to the design for the Entry phase
since this document was originally issued. The applicable flight regime has been
extended to subsonic, thus eliminating the separate Transition phase. 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 response 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. The design does not reflect
the availability of vernier jets or the unavailability of a clock for on-off commands
other than once per minor cycle; these factors must be considered in redesigning
firing policies. The design for control during major maneuvers in orbit (in-
cluding Insertion) is in development; only a functional outline is presented in
this document for that segment of the DFCS.

The control for the Boost phase, which was developed outside the DFCS
framework, is now incorporated into it. '

All the designs presented in this document have been set up for the Rockwell
International 0089B Space Shuttle orbiter except that the ACPS thruster configuration
is assumed to be that included in the Rockwell International ATP orbiter.

There is some lack of commonality and uniformity in the material presented
in this document as a result of various design efforts not yet being fully integrated.
For example, the phase plane developed for on-orbit ACPS control may well be
usable in the Entry phase as well. Such areas need to be addressed.
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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 SSFS
(Space Shuttle Functional Simulator). A second version has been programmed
in HAL using structured programming techniques. It incorporates the designs
for the On-orbit phase, and runs on the engineering simulator (FSIM) which is
being developed at the C.S. Draper Laboratory for the testing of flight programs
that are written in HAL.
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SECTION 1

INTEGRATED STRUCTURE; EXECUTIVE ROUTINE

by

Peter S. Weissman

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 fle‘xibﬂity 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 bothvin éornputer stdrage, 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 ¢alls 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 intéct. 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 befunctionally 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
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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"
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 mode 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
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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 Orbi:al
Maneuvering System,

Control with the jets during coasting flight.

Insertion into orbit following the Boost phase; not currently

implemented, but similar to on-orbit TVC control.

Flight from launch almost to insertion in orbit using the

Solid Rocket Motors and/or the Main Propulsion System.,



Table 1-2 Inputs to DFCS Executive Routine

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

cleared in Executive Routine
m Mach number

MODA, MODE,
MODR, MODU

Current control mode - aileron, elevator, rudder,

speed loops

MODAG, MODEG,
MODRG, MODUG

Current guidance mode - aileron, elevator, rudder,

speed loops

MODRGR, MODUGR

MODAGR, MODEGR,| Requested guidance mode - aileron, elevator, rudder,
speed loops

MODRR, MODUR

MODAR, MODER, Requested control mode - aileron, elevator, rudder,
speed loops

PHASER Flight phase flag (external)

Table 1-3 Outputs of DFCS Executive Routine

*IM, IS ' - Medium- and slow- sampling-rate indices: 0 = perform

calculations this pass

ISTART Initialization pass (1), not initialization (0)
ITM, ITS Number of fast passes per medium (slow) pass
*MODB BCS mode (1), not BCS mode (0)

MODACH, MODECH,} Indicate mode change - aileron, elevator, rudder,

MODRCH, MODUCH | speed loops: 1 = no change; 2 = guidance mode change;

»

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

TF’ TM’ TS Fast-, medium- and slow- sampling-rate sample

periods for current phase

s
Also an input to the next Executive Routine pass
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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

1" "

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 FEilter -
Part 1, Control Algorithms, Control Output 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
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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
by

J. Edwin Jones, Peter S. Weissman, Craig C. Work,
Edward T. Kubiak (JSC/EJ3)

This section describes the interface between the DFCS and other components of
the Space Shuttle avionics. Subsection 2.1 discusses the DFCS inputs. It 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) Thenactuators indicated in Subsection 2.2 are, in fact, available to the DFCS.
3) The DFCS does not deal with redundancy management of sensors or actﬁators.
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
2,4 ACCBOD gP
2,4 ASG oG
8,6 AIV(1) #

8,6 AIV(2)

8,6 AIV(3) ¥

8 ATIVC (1) 2o

8 AIVC(2) Yo

8 AIVC(3) Ye

2 AYH 8y

2 AZM az

4 BANKG tva
2 BG Bg
2 CcG Cq
2,4 CRTB C:’,

2 DAG GaG
2 DDG t.iG
2 DEG be
8 DELORB S0REB
8 DELSRM SqrM
2 DRG 6rG
2 DSG GsG
2 DTG th
2,4 DYRP 3

2 HG ‘HG
2 HM "

2 TAGAIN

2 IATRIN

Inputs to the DFCS

Definition

Linear accel measurement {(body coord)
Angle-of-attack guidance command
Platform outer gimbal angle

Platform inner gimbal angle

Platform middle gimbal angle

Platform outer gimbal angle command
Platform inner gimbal angle command
Platform middle gimbal angle command
Measured lateral acceleration

Measured normal acceleration (+zbody)
Bank guidance command

Sideslip guidance command

CAS guidance command (QG or CSTARG)
Reference-to~body direction cosine matrix
Aileron guidance command

TAEM guidance interface variable
Elevator guidance command

Prestored orbiter engine deflection command
Prestored SRHlengine deflection conmand
Rudder guidaﬁce command

Speed brake guidance conmmand

Throttle guidance command

Dynamic pressure estimate

Altitude guidance command

Measured altitude

AGAIN switch position (1 thru 4)

Roll stick trim activity: O0,+#1(rgt),-1(left)
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Table 2-1 Input to the DFCS (Cont)

Phase  Mnemonic Symbol in Text Definition
2 IEGAIN EGAIN switch position (1 thru %)
2 IETRIM Pitch stick trim activity: 0,+1(fwd),-1(aft)
2 IGEARY Extend gear (1), retract gear (0)
- INGUID INGUID Flag specifies guidance command set
2 IPHNM PHM valid (1), invalid (0)
2 IRCHAI Request change IAINT state (1), no requast (0)
2 IRCHEX Request change IEINT state (1), no request (0)
2 IRGAIN RGAIN switch position (1 thru 4)
2 IRTRIM Pedal trim activity: O0,+1(1ft),-1(rgt)
- ISTRTR ISTRTR Request initialization (1), no request (0)
2 MODAGR Requested values for MODAG
2 MODAR ’ Requested values for MODA
2 MODBR Requested values for MODB
2 MODEGR Requested values for MODEG
2 MODER Requested values for MODE
2 MODRGR ‘ Requested values for MODRG
2 MODRR Requested values for MODR
2 MODUGR Requested values for MODUG
2 MODUR Requested values for MODU
2 PG Pg Roll rate guiéance command
- PHASER ) P}ﬂ%SER Flight phase flag (external):i=rollout phase

2=cruising phase
u=eﬁtry phase
S5=orbit TVC phase
6=orbit RCS phase
7=insertion TVC phase
8=booster TVC phase

2 PHSEL : ¢SEIJ Pilot~selected values for PHREP

2,4 PH I Measured roll rate



Table 2-1

Phase Mnemonic Symbol in Text

2 PSG 7!
2 PSHM $
2 PSSEL YSEL

2 06 ag
2,4 QM g
2,4 RH ¥
2,4 ROLL %y
2 ROLLG fuG
4 RR Brel
2,4 TEMPRK TKA
2 THG GG
2 THM ?
2 THSEL eSEI,
6,8 TNOW tn
2 UG [JG
2 USEL 'uSEL
2,4 UXV,UYV,02ZV uv_. Ul g’ v,
) VBODY
4 VMACH1
4 VR yrel
8 WB(1,I) RRATE{
8 WB(2,I) PRATE,

WB (3,I) YRATE;

2 XAM £a
2 XEM e
2 XPH <t
2 XRM £t

Input to the DFCS (Cont)

Definition

Heading guidance command
Measured heading

Pilot-selected values for PSREPF
Pitch rate guidance command
Measured pitch rate

Measured yav rate

Computed roll angle

Guidance commanded roll angle

Position vector in reference coordinates
Input air temperature in deg. Relvin
Theta guidance command

Measured theta

Pilot-selected values for THREP
Present time

Velocity guidance command

Pilot-selected values for UREF

‘Unit vectors along the velocity coordinate

system, in reference coordinates
Air-relative velocity in body coordinates

Lateral switch parameter
Air-relative velocity in reference

coordinates

Individual roll rate gyro signal
;ndividual pitch rate gyro signal
Individual yawv rate gyro signal
Measured roll stick deflection
Measured pitch stick deflection
Measured flap controllef deflection

Measured pedal deflection



Table 2-1 Input to the DFCS (Cont)

Phase Mnemonic Symbol in Text Definition
2 XS M Y] Measured speed brake controller deflection
2 XTH xt Measurbed throttle controller deflection
8 YACIN({(I) i(l Individual y accelerometer signal
8 ZACIN(I) Zl Individual z accelerometer signal
Table 2-2 Inputs to the Input Interface Routine
Phase Mnemonic Symbol in Text Definition
2,4 ACCBOD E:b' Linear accel measurement (body coord)
2,4 AG %q Angle-of-attack guidance command
4 BANKDO (2) A;{, Bank rate filter extrapolated value
4 BANKG 2va Bank guidance command
4 CAT cosam Cos (AMEAN)
2,4 CRTB Clro_ Reference-to-body direction. cosine matrix
2,4 DYNP q Dynamic pressure estimate
2 oM ﬁ Measured altitude
2,4 pM ? Measured roll rate
2 QG G Pitch rate guidance command
2,4 QM q Measured pitch rate
4 RDOTC éC Bank rate command
2,4 RN -?"_W Heasured yaw rate
2,4 ROLL 2 Computed roll angle
2 ROLLG ¥} ‘ Guidance commanded roll angle
4 RR . Erel Position vector in reference coordinates
u SAT _ éinaT Sin (Aumuj |
4 VR Yrel Air-relative velocity in reference coordinates
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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 aerodynémic 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

1,

flight regime (I 0,q 29 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 exfrapolated 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 computes several parameters required for aerodynamic

control, serving the purpose of an air data computer,
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Table 2-3 Outputs from Input Interface Routine

Phase Mnemonic Symbol in Text Definition
4 AT (1) AY Angle-of-attack filter input
2 AM o ' Measured angle-of-attack
4 A0 (2) A%’ Angle-of-attack filter extrapolated value
4 BANKT (1) A%y, Bank filter input
4 BT (1) oF Sideslip angle filter input
2 BM F _ Measured sideslip
2 HM ;I Measured altitude
2 PHG e} Bank angle guidance command
2 PHM ] Measured bank angle
4 PI(1) -A'ﬁ' Roll rate filter input
4 QI (1) Y Pitch rate filter input
u RI(1) ’'$3 Yaw rate filter input
2 un 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.

= t2:rguidance commands are pitch rate and
roll (about body x-axis); terminal part of cruise
phase.

= +1: 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.-

LAT Mode

flag for entry phase lateral control.

0: early entry, compute desired bank rate.

1: late entry

.
Note: The parameters dg »

r¢1, r¢2, rd) 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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Fig. 2-1 Input Interface Routine Logic Flow
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Input Interface Routine Logic Flow (Cont)
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INGUID
. <0
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END
Fig. 2-1 Input Interface Routine Logic Flow (Cont)
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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
-] - angle- of-attack (radians)

ﬁ - barometric altitude (ft)

U -~ air-relative velocity (ft/sec)

The outputs are:

o - mean (trim) angle-of-attack (radians)
S'LnaT
sine (cosine) of o
cosy » T
T
UM - mean airspeed (ft/sec)
Y h Mach number

The means (which are the outputs of first-order filters with time constants
equal to the slow sanipling 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.
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START

Yes

Y Initialization
a.. =a pass
T \?
UM =U
L No
Inputs: 37, ﬁ, ﬁ, TKA
.= a.+ G, (d-a.)
T T A ~ T Saved from past: ap., Uy,
UM= UM+ GA(U-UM) 6 =TT
A F' °S
sina. = sin (aT)
cosar = cos (aT)
No slow
sampling
rate pass
END ' Yes
Ty = (1.8TKA - 459.69)/919.2
Um
m-=
1051 1+ T, )]
END

Fig. 2-2 Computations in Air Data Routine
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Table 2-5 Control Effectors Used by the DFCS

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)

Phases in
Which Used *
elevons, rudder, speed brake, 1,2,4,8
flaps
40 jet thrusters 4,5,6,7

throttle 1,2 (horizontal
flight only)

2 engines; gimballed at 45 from 8

body axes

3 .engines; gimballed 8

2 engines; gimballed 5,17

* Phase designations defined in Table 1-1.

Table 2-6 DFCS Limits for Commands to Control Effectors

Effector

rudder

speed brake

flap

throttle

SRM and MPS gimbals

aileron (differential elevon)

elevator (tandem elevon)

Limit (deg )
pa™a¥ +15.0
5e™3* = 4150
35emin = - 40.0
or™3* = 1150
5s™3* = 4790
bs_m‘ln = _17.6
8t = +30.0
36fmin = -12.0
6t™3* = 18,000 1b
36tmin = 500 1b
pg™3* = 1+ 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 limited within the DFCS prior to being issued. The

limits magnitudes are shown in Table 2-6. The aileron and elevator commands are

treated separately even 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 DFCS
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.

+ &

A

\+§f

+Xe

+3ER

8ELp = Beg + Sag
SERG = e - Sag

be

(6EL + S8ER)/2
6a

(6EL -~ 8ER)/2

POSITIVE PRIMARY VEHICLE | PRIMARY FORCES | PILOT CONTROLLER
DEFLECTION OF. RESPONSE AND MOMENTS MOTION
de
-8, -a “Cm +xe
sr 8, -y +CY' +Xxr
a +¢ +Cp +xa
8 ~
ER - Cy
5s -u) +C +
- D xs
5f -9, -a -Cym +xf

Fig. 2-3 Sign Conventions for Aerodynamic Control Surfaces
and Manual Controllers



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 DFCS 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 AC?S 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. Curre.ntly, 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

Thruster Location

W 0 ~1I O O b W N =

T P S
AR W N = O

NR ATP Baseline Orbiter

Number of Thrusters

2-18

DN DNDNDNYW W W W RN NN DN DNDDN

40

total

Thruster ID

10,
14,
13,
9,
8,
5,
17,
18,
32,
26,
25,
31,
2,
1,
38,
37,

12
16
15
11
8
7
19,
20,
34,
28,
27,
33,
4
3
40
39

21, 23
22, 24
36
30
29
35
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JSLECT entry

as
Mission

Yes
Phase changed since

previous

jets used
in clusters and
has there been any

Yes

- .

enable ‘disable
since previou

Indicate no changes
in acceleration matrix

Y

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.

%

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.

¢) Zeroed flag for new.request.

Figure 2-6a presents features of the linear programming subroutine, CCWLJS,

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

INPUTS: LROW -
LCOL -

W -
COST -

B -

LALARM -

JFAIL -

8i, 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) ﬁ, 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

jet failed.

element non-zero to indicate Jth

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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Linear Programming Subroutine (Cont)

OUTPUTS: BI - Transformation matrix (LROW by LROW) going from vehicle
coordinates to coordinates based on selected columns of B.

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

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

Z

LQ

Cost of solution, satisfying: Z = CF - V.

Array (size LROW) giving the indices and sequence of selected

B columns.

MCOUNT

Number of basis element substitutions performed in current

execution.

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

ASSUMPTIONS: 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 LROW, LCOL, B, or the jet exclusion list.
ENTRY: Call CCWLJS (B, W)
EXIT: RETURN to caller,

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

0 - MCOUNT

0- LALARM
0~ NPASS
0-B'I

820

For I = 1to LROW, then go to 840

!

1. - BIIL I)

-1 - LQ(D)

loop to
820

840)

For I = 1to LCOL, then go to 100
i .
I - LRCORD(I)

loop to
840

MCOUNT counts iterations on this pass

If BI 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 LQ 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
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e
38 —_—

BIW-V7 V contains latest version of solution

in terms of current basis.
{101

For 1= 1to LROW, then go to 110

No Cost target vector is initially a
Y weighted version of V (or a signum
(V) vector).
No
Yes
URGNCY*V(I) URGNCY factor places premium
- CF(I) on jets which approximate W or
loop to which fire in directions represented
101 ] so far by non-jets,
URGNCY - CF(D) |28
No
URGNCY*signum(V(I))
- CF(D)
loop to
101 .
Yes
R GO TO
445
No
Y - CF BI Y(I) is weighted cost of generating
7 the Ith original (vehicle) basis
vector as a linear combination
SAVING ~ H of current basis vectors.
1+ LROW -~ J
- Initialize the search for the next
1*LCOL ~K jet to be included in basis.
GO TO

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

2=25



For 1= 1to LCOL, then go to 300

LRCORD(I) < Bypass this

or jet
1t jet failed .
?
No loop to
200
| X =Y. B, 1) - COST()
Yes X - H
X i H I+ K
No ]
loop to
200
300
Y
2 Go To
450
No.

Y = BI B(x,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.

K" jet is to be included. Y

is Kth jet acceleration vector

. described in current basis.

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

2-26



For 1= 1to LROW, then go to 330

Yes

No

VDY) - X

| loop to

310

X = 0. ana

CF(D)/Y(D) < 0 Yes
?
Yes o
No
I-J, X-H
loop to
310

Choose Jth basis member for
replacement so that the new
V(J) is 2 0., and no other V
component changes sign.

Fig. 2-6b Flow Chart of Linear Programming Subroutine, CCWLJS (Cont)
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639
No
MCOUNT + 1 - MCOUNT
!
H <« Y(J)
}

YT -1 Y()
1

BI « BI - Y BI{J, )/H
es

GO TO

445

If no basis element can be
legitimately replaced, set
alarm, and exit.

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

Store pivot element.

Update BI matrix to reflect
new basis composition.

LQW) - LRCORD(LQ(J))

‘L‘
Nor.

K - LQ(J)
COST(K) - CF(J)

]
-K - LRCORD(K)

GO TO
100

1-LALARM

GO TO
450

. available.

If excluded basis element was
a real jet, indicate its avail-
ability. Update basis list,
cost list. '

Indicate Kth jet no longer
Repeat iteration,

Bad result.

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

0 - 7 Calculate cost of solution:
S — Z=CF-V
W- OLDW]|

Save W for comparison
in next pass.

ForI=1to LROW then go to 460

Negative firing times represent
requests which cannot be met
with currently non-failed jets.

Z « Z +V(I)x CF(Q)

[
loop to
455

NPASS «— NPASS + MCOUNT

NPASS reflects quality of Bf
. matrix.

EXIT

e

Return to caller.

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
2-7 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. However, 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 example, 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. Hence,

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
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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 RRX or RRY in the logic).

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 yaw,
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)

by

J. Edwin Jones

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 specifiéally 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,er 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 :m The
scheduled gain values used for high (aboVe‘ﬁT or q;) 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.
ol R i
" The prescribed dynamic pressure level isq; for the longitudinal channel and g,
for the lateral channel. Current values for q’l“ and q’5 are 20 and 30 1b/ft2,
respectively. : :

Tt Currently, the low-dynamic-pressure estimator bandwidth is 5 rps and the
damping ratio is 0.7 sec”



3.3 Implementation

3.3.1 Input=-Output

Estimator state variables (outputs) are linearized variations 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 A¢> and its time derivative Atp (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 Ada, body pitch rate Aq, sideslip angle
A B, bank angle Aav, body rcll rate AP, and body yaw rate AT. (The tilda [~}
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

N (AG - A)
= "'\' + K].on - ae (3_1)
Aa Kk : (Aq - Ac) K
C oA A A oo ar
AB AB (AaB - AB) W
Iod ’." ~— Ay
aB a8 (6= 847)

IR GOV . G .y @
(Ap - AB sinaT—A¢Vcos ar)

>
©->
>
©-

v v
A 4, - Y Y A,
A¢V Atbv (Ar + AB cos ar - Ad)v sin ozT)
Jk k k
. \. J . J
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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 q’; and c’q; 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:

Ao Ao 0
CL )

A Pion . + ; (3-3)
A Jpiq sa jy 897y
o) Y r n
AB AB 0 0

A 2
AB oL AB |- |{{sin ar) (-cos ap)| | Aap’

Y = @ b+ (3-4)

P lat N ,
) . A 0 0 Ard

v v

k

gl L
A A¢ (cos @,.) (sin @) |
LV kel GAS R ST

where Cbﬁ) and Cbl at are the longitudinal (2x2) and lateral (4x4) state transition

matricest; Ap Agl, Ar) 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
*r is the mean angle-of-attack.

"The transition matrices are designated & CL (i.e., ® closed—loop) to indicate that

closure of the aerodynamic control loop is taken into account in their derivation:
chL - cbOL + l,aero caero

where d> 1s 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
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Fig. 3-1 Measurement Incorporation for State Estimation
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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 0.0118
(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 0.00186 0.0177 0.0075
(2, 3) 0.0298 0.0696 0.0701 0.12586 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
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The state transition matrices are computed to be the discrete versions of the
respective matrices which describe the desired continuous closed-loop aerodynamics:

et o1+ rClar (3-5)
where I is the identity matrix, AT is the sample interval, and FCL is the system

dynamics matrix; i.e.,
CL

bx = F Ax
- = (3-6)
where 40X is the variational state. Equation (3-5) is the first order power series expan-
sion to the solution of Eq (3-6). A n.ore accurate representation of @CL would
probably be necessary only if 4T were not small with respect to the natural time

constants of FCL.

The longitudinal state transition matrix is found by Eq (3-5) from FI%I;‘ , which

takes on either of two forms:

0 1
CL
F - (3-7)
lon 0 0
or
0 1
pCL = (3-8)
lon _..2 -2t
Wy d %4

where the parameters w, and td specify the desired longitudinal response. (See Sub-
section 5.3.1.1). Equation (3-7) is used for dynamic pressure below EI, 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 matrik is found by Eq (3-5) from Flg%' which takes
on either of two forms:

0 1 o0 0
2 e (3-9)
o o0 1
o 0 0
or -
[ o 1 0 0
-b -a,. -b,. -a
CL _ 11 11 12 12 i
Foy (3-10)
0 0 0 1
L_'b21 "3y by tag,




where the parameters a through b22 specify the desired lateral response
(see Subsection 5,3,2.1.2). Equation (3-9) is used for dynamic pressure below

512, when the aileron is essentially not used. Equation (3-10) is used for dynamic
_%
pressure above q .

The flow charts in Figs. 3-3 and 3-4 show the implementation in the DFCS
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; , CL , c’  will

Sa ba B
be obtained from the entry control module in the future. Currently, however, they

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

Entry Phase Section
of Filter - Part 2
Module
i

No
FILTER = 1
N4 CLiarG 0
af = @ At j
Aa lon Aa Aq
A ~ A ) B T
AB AB 0 0
2 CL| A8 ‘ j
AB AB sin ap. -cos ap aAp’
adf 9 A [T o J
v lat v 0 a
~, A )
A¢VJ kAqSV _cos ar sin aT—
|
END

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

S 2690,

b 78. 058

I 805000
XX

L, 6067000

Fixed Control Gains

a; 0. 2401
aq 6.0

ag 2.94
ay 2,9008

agg > See Table 5-1

Scheduled Control Gains

See Figs. 5-16 through 5-21 ba ’ See Fig. 3-5
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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 DFCS and the NR0O0089B
(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 lbs/ft2
to Mach = 25, g = 0.25 lbs/ftz).

Comparisons were made between simulations in which the DFCS controller oper-
ated on state estimator outputs (FILTER = 1) and corresponding simulations in which
the DF'CS 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

CRUISE PHASE

by

Albert G. Engel, Franklin H. Moss, Alexander Penchuk, Nicole Lamotte

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 flights, 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 usesjeither 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 monitoring 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.

Stabilization 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
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control performance can be obtained with simpler compensations than allowed for.
However, these filters will become necessary and may, in fact, become inswficient
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 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 seut 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 cH 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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bypass. The integral bypass provides automatic {rimming and assures unit-gain rate
tr‘ackmg This function can be switched in or out from the control panel, and the pitch
rate/C loop has an inner dampmg loop and an outer feedback loop enabling a selection of
either C 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
quantities are the bank angle and heading. In both cases, engaging the control stick
opens these outer loops and enables the control stick steering function, 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 %5 2,

Terminal 7000 feet to touchdown G

A ?p 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 throttle is 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
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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

4.3.1 Generalized nth-Order Filters

Control filters for the cruising mode are classical, recursive, nth-order
digital filters, whose Z transform is D(Z):

- -n
+
1 2 ...+a2nZ

-n
3 s Tagnn 2

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 2nd-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:

X, +x

- a1 in N1

*out
Where XNn represents the nth-node, or summing junction, of the filter. Note that

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 cutput 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:

- +
N1 T 22%n T 23 %ut T *N2

*N2 T 24%in T %5%0ut

This sequence of instructions results in the following equivalent difference
equation for the filter output:
Xout ~ 21 %¥in T 22 Xin_1 Ta, Xin_z T 23%out_, ~ #5%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:

Automatic and

BCS Manual Semi- Automatic Feedback Quantities Others
Modes
Modes
roll rate roll rate | roll angle measured pitch rate | tura 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 ISt-Order Filters

Recursive, 1St-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-z71

1+ GXWZ

D(Z) = -

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

in 4 + Xout

XN1
wa

Fig. 4-9 Digital Washout Filter

Filter Update: Xout = %in + XN1

Filter Pushdown: le = X T GxW xout

Recursive, ISt-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+ G

D(z) = ——%
1+ GXZ
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and the block diagram and update and pushdown equations are presented below

Xin Xout

I S

Fig. 4-10 Digital Low Pass Filter

Filter Update: Xout - %in + GX N1

Filter Pushdown: N1 “Xout + Xin

4.3.3 Integrators

Integration is achieved by both trapezoidal and rectangular integrators. Trape-
zoidal integrators are emplo;ed 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

1

T T _
Rectangular: D(Z) = —_E——l Trapezoidal; D(Z) = _r 1—+.Z_
1-Z 2 1-771
and the block diagrams and update and pushdown equations are as follows:
limiter limiter
in T + l/— Xout Xin ‘ Te + Xout
+ |/ 2 o+
z? z1
*N1
Tonk
Rectangular Integrator Trapezoidal Integrator
Fig. 4-11 Digital Integrator Filters
Rectangular Integrator Trapezoidal Integrator
Rectangular Trapezoidal
TF
Filter Update: Xout -~ *out T Tr Xjp Xout -~ 2 %in T XN1
TF
Filter Pushdown: none N1~ T2 ZFin T Xout



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"
guantities 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 (inciuding 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 tablés, as they become avail-
able.

4.5 Input/Output Summaries

Figures 4-13a through 4-13e 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. QOutput con-
tains control effector commands, pertinent mode status for display, and crossfeeds
to other loops.



Table 4-1a Preflight Parameter Specifications for the Cruise Phase

{Non-subscriptéd Parameters)

0c~-v

AINTMX  ,2400 BTN —.1745 GESR 0.
CCAMN -.0873 ETMX 0654 GET 0.
CCAMX .3491 * GAINT 707 GETB 0.
CCCMN -.0873 * GAP «288 GETF -.9900
CCCMX - .3491 GapMB .288 GEX -2327
NACMX <4R00 GAX 2400 GEXB -23217
NECMN -.6981 GAXB <2400 GF X <1679
DECMX +2618 GCFOM 12.422 GFXB <7679
DFCMN -.3840 GCH .3 * GPHPS 4.
DFCMNB = . 3R40 * GCTH 1.4 * GPPH 1.19
DRCMX .2618 GCX -.1163 GPX 1745
DSCMN -.3072 GPFC -.9048 GOW -.9R02
NSCMNR -.3072 - GDSC ~+3679 GRAY 0.»
DSCMX 1.2217 6PTC ~.9753 * GRB .314
DSDMX .1257 * GECA -5 GRCPH 0.
DTCMN 500 #* GECC -1. GRDAC 0.
NTCMNB 500 GEF 0. GRDACR 0.
DTCMX 18000. GFFR 0. GRM -.9802
NTHMX K750, ® GEIN(A b GRRE 0.
DTOMXR B750. * GEINTC £ 707 # GRRWA 1.19
EINTHN  -.349] * GFOMA .2 GRRUWB 1.19
FINTEHX  .1309 GFOMR 1. GRW -.9R07
ETDR <0087 ® GFOMC 0. GRWR -+.9R02
ETOMX L0174 GFS 0. GRXANT 2094

*Scheduled Gains
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Table 4-1a Preflight Parameter specifications for the Cruise Phase (Cont)

(Non-subscripted Parameters)

GRXB <2094 ICSTAR 0 XFMX L5406
GRXSAS  .2094 1PHRC 1 XETMN -0.75
£SDDG 1. TOTRN 1 XETMNB  -0.75
GSU 1. IRWP o1 _ XETMX 0.75
GSX 2.0385 PCMX .3491 XETMXB  0.75
GSXB. 2.0385 PHCMX «5236 XETR 0.075
GTONG 152.25 . PMDIS L0873 XETRB 0.3
GTu #.3X10000 0CTMX <0367 ‘ XFMMN 0.
GTX 35000 : TFB .1 XFMMNB O,
GTXB 35000 XAR 0. XRB 0.
GXA -.6065 XADK .02 XRDB .02
GXAX 1. XADMX .5 XRDMX .25

. GXE ~e 6065 . XAMDIS .05 XRMX 1.
GXEX 2. XAMX 1. T xRTMX .3125
GXR =+ 6065 - XATMX .5 XRTMXR <3125
GXRX .25 A XATMXB .5 XRTR L0156
GXSX +25 xATk .05 XRTRB 0625
GXSXB -25 XATRR .2 XSMDIS .1
GXTX -3 XEB 0. XSMMN 0.
GXTXR -5 XEDR .02 XTMDIS ol
TABES 1 XEMX .3 XTMMN 0.
TANGRYV 3 XEMDIS .05
IBFNBK 1 X EM _]

=°lSche'duled Gains



Table 4-1b Preflight Parameter Specifications for the Cruise Phase

(Subscripted Parameters)

—

DFCMCH(14J) (=.2094:s 41}y (—e2094,y o2}y (-42094, .5),
(-.6873. «52)y (~.0873, 6)y (21745, 8), {1745, 9)
GAN(I) ley Oey Oev 0. 0.
GAPMS(I) «144,.2304,.288,.3456
GAYM{I) 1ley Oes Oevr Doy O

T GBE(I)  ley Ous Ouee 0.. O.
GCEALT)  ley Oy Ouv Ous O

GCEC(I) 1ley Dus Due D.. 0.
GDAC(I) luy Ows Ous Ous 0.
GEOMS (1) 45, o84 los 1.2

GHE(I)  ley =<9905. .01l 0.y 0.
GPE(I)  1ey Ouy Ous Ous O
GPHE(T) 1ey 0us 0.v 0. O.
GPHTIT) .1, Ous -.999, 0., 0.
GPMIT)  ley Ouy Ous Oue O
GPMB(1) 1.4 Ous 0.y O.. O
GPSE(T) 1ley Ouy Ous 0.4 0.
GAM(T) les Oer Duv 0.0 0.
GOMB(I)  ley Ouy Oue Ous O
GRE(I)  ley Ouev Ous Ous O
GREB(T} les 0uy Ouv O.s 0.
GRRWS (1) .595, .952. 1.19, 1.478
GSUE(I)  Lay =e9%s —1uy 0.y 0.
GTHE(I) 1ay Ous Ous Oue O.

GTUE(T)  1ley =-1.9713, -1.905, 9716, .904R8
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Fig. 4-12 Parameter Estimation Routine for Cruise Phase
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Fig. 4-13a Speed Control Input/Qutput Interface Variables
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Fig. 4-13b Elevator and Flap Input/Output Interface Variables
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Fig. 4-13c¢ Aileron Input/Output Interface Variables
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Fig. 4-13d Rudder Input/Output Interface Variables
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Fig. 4-13e Backup Conirol System Input/OQutput Interface Variables



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 been 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 using 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 ¢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 8 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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BLOCK DIAGRAM SYMBOL FUNCTIONAL EQUIVALENCE

GENERALIZED FILTER

Ug FILTER Ugp Ug GUE(1) + GUE()2~ 1 + GUE(4)Z= 2+ . .
—E
GUE 1+GUE3)Z~ 1 +GUEBIZ™2+. . .

TRAPEZOIDAL INTEGRATION

eINTI TRAP eINT ¢INTI Te (14277 °INT
—_— . S -1 B o
INT > \7_2-1
RECTANGULAR INTEGRATION
xer RECT T ey TF Xt
INT PR —
LOWPASS (15! order)
e LOW PASS xep xe 1+GXE xep
FILTER e P
GXE 1+GXE Z
WASHOUT (15! order)
a WASHOUT q q a
F WF F .z WF
—— FWLTER |——— > 1- £ 3 -

Fig. 4-14 Simplifying Conventions for Block Diagrams
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BLOCK DIAGRAM SYMBOL

LIMITERS

SYMMETRIC:

LIMITER
:Sacmax

= 8

ASYMMETRIC:

Sec >——‘

LIMITER

Se min,max
C

e Sec

WORKING. GAINS

REPRESENTATION:

p ) CH—

*
GX2

WORKING COEFFICIENTS/FILTERS

REPRESENTATION:

XE p—

FILTER
* GXE

[ XEF

FUNCTIONAL EQUIVALENCE

DACMN, MX
+8a(r:nax
DAC DAC
7 Lol
max
—Sac
DECMN, MX
max
DEC Sec DEC
” _/l ]
min
Sec
GXZA )———<L
A
GXZB Y———————0
B
Z ) GX2Z =X
GXEA{i) >——_l
A
GXEB(i) Ym0
8 GXE(i)
FILTER
XE D31 GXE ————a XEF

Fig. 4-14 Simplifying Conventions for Block Diagrams (Cont)
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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
1 X 1 1 X 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 0 4
6 6 2 0 4
7 6 5 0 4
8 2 6 0 4
9 5 6 0 4
v 10 6 6 0 4
UATH 5 X 2 3 2 2
(IAS - TH)
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Table 4-3 Logic for Elevator Control Flag Settings

4-33

Input Flags Derived Flags
MODE MODEG ICC1 ICC2 ITHC [HC ICF
BCS, EBCS 1 X X X X X
SAS, ESAS 2 X X X X X
CAS, ECAS 3 X X X X 1,2
4 1 X X X 1,2
4 2 1 2 X 1,2
AUTO, EAUT
4 3 X X X 3
4 4 2 X 2 1,2
EATT 5 X 1 1 X 1,2
EALT 6 X 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 X
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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Fig. 4-17 Block Diagram, Outer Loop Error Signal Generation
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Fig. 4-18b TAEM Guidance Processing for Speed Control
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4.7 Functional Flow Charts - Cruise Phase Initialization

The figures in this subsection represent the detailed logic flow of part of the
cruise phase DFCS at the engineering/functional level rather than at the coded soft-
ware level presented in Appendix 4A. Implementation (especially with respect to
programming language syntax) should not be restricted by overspecification. There-
fore, in future revisions of this document functional flow charts similar to those in

this subsection will replace the detailed flow charts in the appendix.

Figure 4-24 presents the cruise phase segment of the routine which is called
by the DFCS executive when the logic for a mission phase is to be completely initial-
ized. Figures 4-25 through 4-28 present the cruise phase segment of the routine
which is called for any phase or mode initialization; they interface with the structure
shown in Fig, 4A-2.
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‘ START '

Prepare working registers for integrator
input gains (premultiplied by TF for
rectangular or TF2 for trapezoidal), and
for rate limits (premultiplied by TF):
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Fig. 4-24 Functional Flow Diagram, Load Manipulation Routine
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Fig. 4-25 Functional Flow Diagram, Speed Initialization Routine
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Fig. 4-26 Functional Flow Diagram, Elevator Initialization Routine
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1) =4 (2) =0.
2|(¢-GUID) EN EN
Xap = Xa - Xag] -
/1/ ¢EN(1) = ¢EN(2) = 0.
Initialize roll stick ‘ __
filter; ignore deadband )

and limits.

Fig. 4-27 Functional Flow Diagram,
Aileron Initialization Routine

Pan(l) = Py(2) = 0.

[

Set aileron integrator
flag IAINT; clear
control stick steering
flag: IACSS =0

1

Set aileron flags

_(see Table 4-4)
IPSC, IPHC, IPC

I
MODAG = MODAGR
MODA = MODAR
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Type of rudder
control mode
change

% MODRCH = 4 ‘ MODRCH = 3 ’

Initialize rudder
trim for new

mode

‘ MODRCH = 2 ’

éTfIN(l) = %:N(z) = 0.
Bentl) = ﬁEN(z) = 0.

Initialize
filters

o Reinitialize yaw
W1 ® " Tgr (rate washout
filter

0

i

OaCN(Z) = GDAC(4)* &

GaCN(l) =~GDAC(1) * Gac Initialize aileron

a _jcrossfeed
Clwashout filter

Initialize pedal filter;
ignore deadband and
limits.

4 Is it auto mode?

GRX = GRXSAS
IRW = IRWP ~
GRRW = GRRWS(IRGAI

JRGAIN = JRGAIN
MODRR = 2 (SAS)

GRX = GRXAUT | Load AUTO gain

N)] Load SAS gains

MODR = MODRR

S

l"‘—-——y Guidance mode

determined use JIRW = MODRRG - 1

yaw rate feedback
without washout?

IRW=90

of washout

GRRW = GRRWA
MODRG = MODRGR

Load AUTO gain

Fig. 4-28 Functional Flow Diagram, Rudder Initialization Routine

Is pad load requesting

No washout



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.

for cruise phase are as follows:

Their functions

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 alil preparatory calculations for the Control Output 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,
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‘ 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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Initialization Subroutine Filter Part ISubroutine Filter Part Il Subroutine Cruise Phase BCS

Control Law Subroutine

/40 4

Fig.

4A-2 Overview of Cruise Phase Flow Charts

Cruise Phase Section Cruise Phase Section Cruise Phase Section Cruise Phase Section Subroutine
B K
SPEED SPEED SPEED SPEED BCS-SPEED
Fig. 4A-3, 4-25 Fig. 4A-7 Fig. 4A-11 Fig. 4A-14 BCS-E;I;;EVATOR
BCS FLAP
Fig. 4A-19a
MODECH - ELEVATOR
pd ol 8] 4 Fig. 4A-15
1 .
ELEVATOR ELEVATOR ELEVATOR BCS-AILERON
Fig. 4A-4, 4-26 Fig. 4A-8 Fig. 4A-12 B
BCS-RUDDER
Fig. 4A-19b
- AILERON
Fig. 4A-16
MODm
/ 2‘ 3l Zl
' Control Output
AILERON AILERON ontro pu
i -5, 4~ Fig. 4A-9 AILERON RUDDER Subroutine
Fig. 4A-5, 4-27 ig. and Fig. 4A-17 i
RUDDER 1g. Section 2.2
Fig. 4A-13
\ GEAR/INTEGRATOR
MOD MODING
el 2 3 4 Fig. 4A-18
BCS WRAPUP
1 Control Output Fig. 4A-20
RUDDER RUDDER Subroutine
Fig. 4A-6, 4-28 Fig. 4A-10 Section 2.2 .
BANK ANGLE FOR
TURN COORDINATION
Fig. 4A-14



1 0l 4

MODUCH %

2{uMaN 3]sasB 5[saTh
r
MODUGR > 3 Y 5 3 7 B g 10
1
R MODT> = - MODT = MODS =6
g MODT =5 MODS =2 MODS = 5§ MODT = 5§ MODS =2 MQODS = 5
MODS = 2 UREF = UM UREF = UM MODS =5 2+1ABES 23IABES MODT = 6
= MODT =
MODT = 2*IABES ;so“l’;‘:“a XSM XTMREF = XTM
= = *
MODUFT = 0 E MODS = 2 5+IABES
MODT = 24ABES | |moDT =3 MCDUFT = 0
MODUFP = 1 -
MODUFP = 2 MODUFP =2 MODUFP = 1 MODS = ¢ MODT =4 MODS = 6 MODT = 6"
MODUFP = 3 MODUFP = 3
MODUFT = 0
o MODUFP = 4

GUE(i) = GSUE(i)

GUE(i) = GTUE()

fori=1,5 fori=1, 5
MODUFT =1 MODUFT =2

UEN(1) = DSC/GSU
UEN(2)==GUE(5)*UEN(1)
DSCP = DSC

UEN(1) = DTC/GTU
UEN(2)=-GUE(S)*UEN(1)
DTCP = DTC

K]

XTPP =DTC/GTX ‘

MODUG = MODUGR

MODU = MODUR

&)

Fig. 4A-3 Initialization Subroutine, Cruise Phase Section, Speed Subsection




OO O
4

MODECH - 3

~

Default Values

ICci1=1CC2 =0
GEQM = GEQMC
ICF = ICSTAR + 1

1

I INIT-ELEV:TRIM -INI'IT|

MODER
z[?.as 3lEcAs \/ 4[EAUT 5 [EATT GIEALT

GEQM = cC1 / ICCi =2 IcCl =2
I . THREF = THM HREF = HM
GEQMS(IEGALN) MODEGR

96 ~¥%

JEGAIN = IEGAIN , ITHC = 1 IHC = 1
EAG 1|ECG g ETH
1 EHG 2 G
1= =
Iccl =5 l et =rﬂ Llcc 3J 1cCl 3J
GEQM = IHC = 2 ITHC = 2
GEQMA
ICF =3 ICCe = 2 IcCz = 1 ‘
HEN(1) sHEN(2)= 0. THEN(1) = THEN(2) = 0. o (Cont.)
K] J TRV
QMN(D) = QMNR) =0 . <eDR)
XEF = XEM - XEB
L GCE(i) = GCEC(i} ] Lccsm = GCEA(i)I 1
) - DECF = DSC
fori=1to5 fori=1to$ DTCF = DTC
N l DFCF = DFC
GEC = GECC GEC = GECA I
T2GEIC = TF2:GEC*GEICC | | T2GEIC = TF2*GEC*GEICA | ®r-&TF-=DETRIM |

IIF(TZGEIC.EQ.O) IEINT = OJ
_1
[IF ((MODER.EQ. 3).AND. {{IGEARX.EQ. 1}. ORIl IEINOK. EQ. 0))) IEINT =a
——
r PHTN(1) = PHTN(2) = PHTF =ﬂ

IECSS = 0

MODEG = MODEGR
MODE = MODER

Fig. 4A-4a Initialization Subroutine, Cruise Phase Section, Elevator Subsection




—

EBCS

2 |ESAS

DETRIM = GEXB * XETB
+ DECUB

MODECH

MODE 3
\/ 5|EATT
6

YES

=4

ECAS 4]EAUT

EALT |EINT = EINT + DEG|

IF (IEINT. EQ. O) EINT = EINT + GEC*CC

LS-v

DETRIM = GEX * XET

IF(IEINT.EQ.0) EINT=EINT+GEC*GCX *XET

DETRIM = DEC

+ DECU T
[ PETRIM - EINT + DECU]
Y -
2 [Esas 3|ECAS MODER 4|EAUT
5 |EATT
6| EALT
XET = DETRIM / GEX XET = 0. DEG = 0.

Fig. 4A-4b Initialization Subroutine, Cruise Phase Section, Elevator Trim Subsection

EINT1= DETRIM




@ODACH 9 ‘ MODACI-@‘MODACH =4 ’

(default values)

| IPSC = IPC = 0
IPHC = 0 (for rudder loop)

AILERON TRIM

INITIALIZA TION
Fig. 4A-5b
: MODAR
2{ASAS) 3jacas) 4 (AAUT\/ 6] (AHDG) 5|(AATT)
IPC =1
4=GUID
IPSC = 1
_— IPHC = 2 IPHC = 1
GAPM = GAPMS (IAGAIN) pc 4] [®HC=4] |pHC- 3 PC = 2 IPC = 2
JAGAIN = IAGAIN IPC =3 IPC = 3 PSREF = PSM PHRETF = PHM
lllSEN(l)=PSEN(2)=0.

IPHEN (1) = PHEN (2) =0.]

XAF=XAM=XAB

(IGNORE XADB)

P

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

IIF (T2GAIP.EQ.0) IAINT ;]

|

IF ((MODA. EQ. 3). AND, ((IGEARX. EQ. 1). QR.(IAINOK. EQ. 0))) IAINT =0

MODAG = MODAGR
MODA = MODAR

S

Fig. 4A-5a’ Initialization Subroutine, Cruise ‘Phase Section, Aileron Subsection
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=4

START

MODACH

YES

1[ABCs 2[AsAs \MODA/ 7|AAUT
3 AcCAS AINT=AINT + DAG
DATRIM = DATRIM = S AHDG
GAXB * XATB GAX * XAT
IF (IAINT. EQ. 0)
AINT = AINT +GAP #* PC
IF (IAINT. EQ. 0) AINT = AINT + GAP #* GPX * XAT DATRIM = DAC
L
|
[_I?ATRIM = AINT
1
3 ACAS
2[asas 5 AATT MODAR 2] AAUT
6 AHDG
XAT = _ _
DATRIM /| GAX XAT = 0. DAG = 0.
= T
1
AINTI -
DATRIM
EN

Fig, 4A-5b Initialization Subroutine, Cruise Phase Section, Aileron Trim Subsection




G/IODR CH =9 ( MODRCH =D MODRCH = 2

——————J

RUDDER TRIM
INITIALIZATION
Fig. 4A-6b

|

REN (1) = REN (2) = 0.
RWL = o0,

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

BEN (1) = BEN(2)= 0.

|

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

l

{IGNORE XRDB} | XRF = XRM - XRB RW1 =-REF
YES
MODRR = 4 —]
NO
GRX = GRXSAS GRX = GRXAUT
YES
IRW = IRWP
NO
GREW = 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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(RBCS)|1 (RSAS) | 2 (RAUT)| 4
DRTRIM = DRTRIM = DRTRIM =DRG DRTRIM =DRC
GRXB * XRTB GRXSAS *XRT| +GRXAUT *XRT]

(RSAS)| 2

(RATUT)

XRT=0.
XRT = DRIRIM
GRXSAS

DRG=DRTRIM

S

Fig. 4A-6b Initialization Subroutine, Cruise Phase Section, Rudder Trim Subsection
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START

UMAN OR
UAUT-DIRECT

2] 18
(SB or TH)

UE = UREF - UM

W

DOWNMODE:

uG
(SB or TH)

MODUFT = 1

TAEM

MODT

XTPP =

=2
DTC/GTX

TAEM
GUID.
ROUTINE

Fig. 4A-Tb

{XSM-XSMREF)]
> XSMDIS
DOWNMODE:
MODS = 2 J

MODU = 2

MODUFT = 0
MODUFP = 1

* U-FILTER VIAY SPEED BRAKE

UEF = UEN(1) + GUE (1) * UE
DSC = GSU * UEF
TEMP = DSC - DSCP

YES

DSC = DSCP +SIGN(TDSDMX, TEMP)
UEF = DSC/GSU

U-FILTER VIA § THROTTLE

UEF =UEN (1) + GUE (1) * UE
DTC = GTU * UEF
TEMP = DTC - DTCP

DTC =DTCP+ SIGN(TDTDMX, TEMP)
UEF = DTC/GTU

(*) TDSDMX * SGN(TEMP)
TDTDMX * SGN (TEMP)

UE = 0,
UEN(2)= - GUE(5) * UEF

YES%)S 2

NO
MANSB

XS = XSM - XSMMN
XSP = XS # (1, = GXSX * XS)

MODT # 2

NO

MANTH

XT = XTM « XTMMN
XTP = XT # (1. « GXTX * XT)}

-

TEMP = XTP - XT
IF (ABS (TEMP). GT.

L

PP

TXTDMX)

XTP = XTPP + SIGN(TXTDMX, TEMP) —I

4-62

END

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




START

1,2 3,4
2 MODUG- -
5B <MODUG™ 5) >y
5|(SB/TH)
decrease increase
~speed + speed

is TH
still open?

<
D

DTC > YES

DTCVclose TH

NO |open SB

— It

TEMP = - TGSDDG * DDG

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

DSC = DSC + TEMP

D;}/

is SB still
open?
YES

close SB

open TH

TEMP = TGTDDG * DDG

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

DTC = DTC + TEMP

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

(TAEM Guidance Routine)
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[QMF = QMN (1) +GQM (1) * QM |

YES

MODE = 2

NO

OUTER LOOPS
Fig, 4A-8b

!

FEEDBACK
Fig. 4A-8c

!

CE = CC~ CF
CEF = CEN (1) + GCE (1) * CE
DEC= GEC * CEF

= T2GEIC * CEF
EINT = EINT1 + EINTI

EINT = AMAXI1 (EINT, EINTMN)
EINT = A MIN1 (EINT, EINTMX)

DFCF = DFC + GDFC * (DFC-DFCF)
DECU = GEF % DFCF

!

DSCF =DSC+ GDSC #(DSC= DSCF)|
DECU = DECU + GES # DSCF

YES

IABES = 0

NO

DTCF=DTC+GDTC *{(DTC-DTCF
DECU = DECU + GET #* DTCF

MODE = 4

NO

XE = XEM - XEB

XE = XE - SIGN (XEDB, XE)
IF (ABS(XE), LT.XEDB) XE = 0,

XE = AMAX1 (XE. XEMN)
XE = AMIN1 (XE. XEMX)

TEMP = XE - XEF

IF (ABS(TEMP). GT. TXEDMX) XE = XEF+SIGN(TXEDMX, TEMP)
XEF = XE + GXE * (XE - XEF)
XEP = XEF*{l. + GXEX * ABS (XEF))

XET = XET + TXETR * IETRIM
XET = AMAX1 (XET, XETMN)
XET = AMIN1 (XET, XETMX)

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

§|e-GUID 4|CG-GUID

CC =AG

IE (ITHC. EQ. 2) THREF = THG l I IF (IHC. EQ. 2) HREF = HGJ

I THE = THREF = THMJ I HE = HREF - HM J

[THEF=THEN (1) + GTHE (1) * THEJ l HEF = HEN (1) + GHE (1) * HE ]

I

lcc = GCX * (XEP + xenl l €C = GCH # HEF J

XEM-XEB
< XEMDIS

&

=GCX'XEP|

IECSS = ICC1 =1
XEF = 0.

cC =

HEF = CC/GCH
HE = 0.

HEN (2) =" «GHE (5) * HEF

THEF = CC/GCTH
THE = 0. .
THEN (2) =«GTHE (5) #* THEF

T

Fig. 4A-8b Filter Part I Subroutine, Cruise Phase,
Elevator Subsection, Outer Loops
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Y

"~ START

ICF

l

ANGRV = 1.0

CF =AM

CF = QMF

\
RMF = RM + GRM * (RM-RMF)

QCT = RMF * TAN (PHTF)
. lqQcT = AMaAX1 (QCT, 0.)

ANGRV = ANGRV * COS(PHM)

l

QCT = AMIN1 (QCT, QCTMX)

|owr = Qw1 + QMF

ANGRV = ANGRV * COS(THM)

CF = QMF - QCT

pro—

Y

CF = QWF

AN

- ANGRV ~ AZM
ANF

ANN (1) + GAN (1) * AN

r

CF = ANF + GCFQM * QMF

Fig. 4A-8c Filter Part I Subroutine, Cruise Phase,

Elevator Subsection, Feedback

END




START

'

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

YES

MODA = 2

NO

FILUP~AILERON:
OUTER-LOOPS

l

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

IAINT=0

NO

AINTI=T2GAIP *PEF

AINT=AINT1 + AINTL

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

. MODA=z4
l NO

. XA=XAM-XAB

"YES

XA=XA-SIGN(XADB, 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=XAF +SIGN(TXADMX, TEMP)
XAF=XA+GXA * (XA-XAF)

XAP=XAF *(1.+ GkAX * ABS(XAF))

]

XAT=XAT+TXATR * IATRIM

IF (ABS(XAT). GT. XATMX) XAT=SIGN (XATMX, XAT)
. | -

Fig. 4A-9a Filter Part I Subroutine, Cruise Phase Section, Aileron Subsection
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START

PC

Y

Y

IPHC

2,3

I;HC = PHREF l

[IF‘ (IPSC. EQ. 2) PSREF = PSGJ I:HC = PH?I
¥

PSE = PSREF - PSM

PHC = GPHPS * PSEF

PSEF = PSEN (1) + GPSE (1) * PSE

X

lﬁ‘ (IPHC. EQ. 3) PHC = PHC + PHCTI

et

P-1-c-

e JPHC/ < PHCMX

NO

I PHC = SIGN (PHCMX, PHC) I

‘PSEF = PHC/GPHPS
PSE = 0.
PSEN(2) = - GPSE (5) * PSEF

Y

PHE = PHC - PHM

IP(I = GPX *

(XAP + XAT)|

PC = GPPH * PHEW

PHEF = PHEN (1) + GPHE (1) * PHE

IACSS = 1
IPC =1
XAF = 0.

v Y

PC = PC 1+ PG

END

%——_I IF (ABS(PC). GT.PCMX) PC = SIGN(PCMX.PC)]‘—-_—‘

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

[ DACF = DACN (1} + GDAC (1) * DA?]

IPHRC

YES

TEMP = PHC

» RC = GRCPH * SIN (TEMP)'

RC

"
(=]

RE = RC ~ RM
REF = REN (1) + GRE (1) * RE
DRF = «GRRE * REF

YES

IRW = 0

NO

RWF = RW1 + REF
DRF = =GRRW * RWF

Le-

YES

[1F (MODR. EQ. 4) BE = BE+BG | | AYMF = AYMN(1)+ GAYM (1) * AYM
DRF = DRF + GRAY * AYMF

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

L

XR = XRM = XRB
XR = XR « SIGN (XRDB, XR)
IF (ABS (XR). L'T. XRDB) XR = 0.
IF (ABS(XR).GT.XRMX)XR = SIGN (XRMX, XR)
TEMP = XR = XRF
IF (ABS (TEMP), GT. TXRDMX) XR = XRF + SIGN (TXRDMX, TEMP)
XRF = XR + GXR * (XR ~ XRF)
XRP = XRF * (1. + GXRX * ABS (XRF))

Y

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

END

Fig. 4A-10 Filter Part I Subroutine, Cruise Phase Section, Rudder Subsection
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4|AUTOSB 5|DSGSB 6| TAEMSB

IASSB ' '

2

A
DSC = DSCMN + GSX * XSP I

DSC = DSC + DSG DSC = DSG

!

DSC = DSCMX

DSC = DSCMN

UEF = DSC / GSU
UE = 0.
UEN (2) = « GUE (5) ®* UEF
|

/Morrr
NOTH. 2|MANTH 3| 1ASTH 5|DTGTH 6|TAEMTH
s ]AUTOTH

lDI'C=DTCMN+GTX'XTPI |D’1'C=D‘TC+DTG| IDTC=D’1'G]

DTC = DTCMX

DTC = DTCMN

YES M/ODUFTzl

1 (SB)

NO integral clamping

UEF = DTC / GTU
UE = 0.
UEN (2)= = GUE (5) * UEF

]

Fig. 4A-11 Control Law Subroutine, Cruise Phdse Section, Speed Subsection
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DEC = GEX * (XEP + XET) DEC = DEC + DEG

%

DEC = DEC + EINT

' :

DEC = DEC + GEQM * QMF + DECU

YES

YES

Y

DECMN DEC = DECMX

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

DEC

integral clampingr: take
away last update

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

START

DAC = GAX * (XAP + XAT)

- GAPM * PMF 3,5,6 DAC = DAC + DAG

lDAC = DAC +AINT4I-1—————

/DAC/< DACMX

IDAC = SIGN (DACMX, DACJ

[IF (IAINT.EQ.1) AINT = AINT - AINTI

-

END

Rudder

START

DRC = GRX * (XRP + XRT) + DRF — GRDAC * DACF
IF (MODR .EQ.4) DRC = DRC +DRG

F1g 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

bank angle for
‘ START ) turn coordination

PHTF = PHM

PHTF = PHTN (1) + GPHT (1) *PM

PHTN (1)

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

GPHT (4) * PM - GPHT (5) * PHTF

Fig. 4A-14 Filter Part II Subroutine, Cruise Phase Section, Speed Subsection
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QMN (1) = QMN (2) + GQM (2} * QM ~ GQM (3} * QMF
QMN (2) = GQM {4) * QM - GQM {5) * QMF

2,3
THEN (1) = THEN (2) + GTHE (2) * THE o | HEN (1) = HEN (2} + GHE (2) « HE HR:
- GTHE (3) * THEF | YES s - GIIE (3) * HEF THEN “)'S HEN (2) = 0.
THEN (2) = GTUE (4) * THE e HEN (2) = GHE (4) * HE HEN (1) = HEN (2) = 0,
= GTHE (5) * THEF ! - GHE (5) * HEF CEN (1) = CEN(2)=0
[ Y

ANN (1) = ANN (2) + GAN (2) * AN
- GAN (3) * ANF
ANN (2) = GAN {4) * AN
= GAN (5) * ANI®

IF (IQTRN, EQ. 2} QW1 = - QMF
- GQW * QWF

[GEOM = GEQMS (IEGAIN) ‘il

CEN (1) = CEN (2) + GCE (2) * €I} = GCE (3} » CEF

CEN(2) = GCE (4) % CE = GCE (5) * CEF
’ IF (IBINT. BEQ. 1) EINT1 = EINT1+ EINT
|
Y

TEMP = AMAX1 (DEC, ETMN)
TEMP = AMIN1 {TEMP, ETMX)
ETF = ETF + GETF * (TEMP - ETF)
TEMP = ETF « ET
IF (ABS (TEMP). GT. ETDB) ET = ET + SIGN (TETDMX, TEMP)
y

DFCM = TABLE (DFCMCH, MACH, T)
MNI

DFC = DFCM + GFX * (XFM= XFMMN) + DFC

GEIP =0 YES -

.OR,
IGEARX = 1

IIEIN()K =IEINT =i] IlEl'NOK = [EINT
(CAS)
I EINT1 = EINT + GEC # GCX * xi]
. XET = 0.
{#) additional elements as required (SAS) RCHET =m1 ‘
{*+} IRCHET (Indicate request: change elevator integrator status) = 1

when EINT-OUT button is depreased; otherwise IRCHEI = 0~

Fig. 4A-15 Filter Part II Subroutine, Cruise Phase
Section, Elevator Subsection -
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START

PMN (1) = PMN {2) + GPM (2) * PM - GPM (3) ¢ PMF
PMN (2) = GPM (4) * PM - GPM (5) * PMF

4
IPC !
2.3
2,3

PSEN (1) = PSEN (2) + GPSE (2) * PSE - GPSE (3) ¢ PSEF
PSEN {2} = GPSE (4) * PSE = GPSE (5) ¢ PSEF

PHEN({1) =PHEN (2) + GPHE (2) ¢ PHE -~ GPHE (3) ® PHEF|
PHEN(2) = GPHE (4) * PHE - GPHE (5) # PHEF

1ACSS =0

.or,
XAM -XAB| > XAMDIS
.or.

[PMI>PMDIS,

IPC =2
PSREF = PSM
PHREF = PHM
IACSS = O

GAPM = GAPMS (IAGAIM(.)

PSEN (1} = PSEN (2} = 0.
PHEN (1) = PHEN (2) = 0.
PEN (1) = PEN (2) = 0.

JAGAIN = JAGAIN

[ PEN(1} = PEN (2) * GPE (2} * PE « GPE (3) * PEF

PEN (2)= GPE (4) * PE - GPE (5) ¢ PEF
|
™ N
L IF (IAINT. EQ. 1) AINT1 = AINTI + AINT ]
N |

TRCHAL =0(#»,

.OR.
IRCHAI = JRCHAL
. .OR,

MODA #3

l.A\'NT:ﬂ

l IAINOK = IAINT

I (CAS)
AINT1 = AINT +
GAP * GPX * XAT
0.

XAT =

JRCHAI = IRCHAI

€

(#)  additional elementa as required (SAS)

(x+) IRCHAL1 (indicate request: change aileron integrator status)
= 1 when AINT-OUT button is depressed; otherwise IRCHAI = 0

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

© 4275



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) * REF

&

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

YES

IBFDBK = 1

AYMN (1) = AYMN (2)+ GAYM (2) # AYM = GAYM (3) * AYMF
# AYMN (2) = ‘

GAYM (4) * AYM « GAYM (5} * AYMF

BEN (1)=BEN (2) + GBE (2} * BE - GBE (3) * BEF
BEN (2) = GBE (4) * BE = GBE (5) * BEF

_IRGAIN = JRGAIN

GRRW = GRRWS (IRGATN) ¥

!

JRGAIN = IRGAIN

(*} additional elements as required (SAS)

Fig. 4A-17 Filter Part II Subroutine, Cruise Phase Section, Rudder Subsection
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IAMODE \YES
# 3
deactivate while
extended
IGEARX
IAINT =0

reactivate only
if pad load has
enabled, and
pilot has OK'd

AINT1 = AINT + adjust trims

GAP * GPX * XAT [CAS modes)
IXAT = 0.
TAINT =1
IEMODXYES
# 3
YES IGEARX
=1
IEINT = 0
YES
et —

EINT1 = EINT +
GEC * GCX * XET

XET = 0.
IEINT = 1

JGEARX
= IGEARX

END)} -

Fig. 4A-18 Filter Part II Subroutine, Cruise Phase Section,
Gear/Integrating Moding
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START

YES

NO

XTPPB = DTC/GTXB
MODU =1

TEMP = XSM - XSMMN
DSC = DSCMNB + GSXB* TEMP * (1. - GXSXB * TEMP)

TEMP = XTM - XTMMN
XTPB = TEMP * (1. - GXTXB * TEMP)

TEMP = XTPB -~ XTPPB

IF (ABS (TEAMP). GT. TXTDMB) XTB = XTPPB +
SIGN (TXTDMB, TEMP)

DTC = DTCMNB+GTXB *XTB

!

MODECH =1

YES

NO

DECUB = GESB * DSC + GETB * DTC + GEFB * DFC
XETB = (DEC - DECUB) / GEXB = XEM

QMNB (1) = QMNB (2) = 0.

MODE =1

XETR = XETB + TXETRB * IETRIM

XETB = AMAX1 (XETB, XETMNB)
XETB = AMIN1 (XETB, XETMXB)

o

QMFB = QMNB (1) + GRMB (1) * QM
DECUB = GESB * DSC + GETB * DTC + GEFB * DFC

DEC = GEXB * (XEM + XETB) + GEQMB * QMFB + DECUB

BODY FLAP

DFC = DFCMNB + GFXB* (XFM - XFMMN)

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

4-18



START

YES

XATB =0,
PMNB (1) = PMNB (2) = 0.
MODA =1

XATB = XATB + TXATRB * IATRIM

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

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

DAC = GAXB * (XAM + XATB) - GAPMB * PMFB

YES
NO
XRTB = 0.
RENB (1) = RENB (2) =0.
RWBI = 0.
MODR = 1

XRTB =XRTB + TXRTRB * IRTRIM
IF (ABS (XRTB). GT. XRTMXB)} XRTB
=SIGN (XRTMXB, XRTB)

REFB = RENB (1) + GREB (1) *RM
RWFB = RW1B + REFB

DRC = GRXB * (XRM + XRTB)+ GRRWB * RWFB
- GRDACB*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) * QMFB
QMNB (2) = + GQMB (4) * QM - GQMB (5) * QMFB

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 - GREB (3) * REFB
RENB (2) = GREB (4) * RM - GREB (5) * REFB
RW1B = - REFB -GRWB * RWFB

Fig. 4A-20 Cruise Phase BCS Subroutine, Wrapup Subsection
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SECTION 5

ENTRY PHASE
by

Richard D. Goss and Greg L. Zacharias

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 outsidc
the sensible atmosphere (e.g., at approximately 400, 000 {t aititude) and ends in the
high subsonic flight regime. The control logic makes use of both the ACPS and the
aerodynamic 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-1oop 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 DFt‘S, both functionally and as
implemented in the present FORTRAN simulator. Finally, Subsection 5.4 is a brief

summadry of simulation experience to date.

5.2 Overview

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



¢-S

GUIDANCE
(COMMANDS)

(MEASUREMENTS)

SENSORS

INPUT
INTERFACE
AND AIR
DATA
ROUTINE
AND STATE
ESTIMATION
ROUTINES

PITCH JET

Fig. 5-1 Overview of Entry Control

~—] CONTROL
LOGIC
GAINS LONGITUDINAL|
BLENDING
—»1 LoGIC
lag-a) & ELEVATOR
it CONTROL
LOGIC beg
a, m GAIN T 5
CALCULATION , —
ROUTINE ;
q
AILERON/
| RuDDER bag. brc
T - CONTROL
(¢G-¢)'¢lﬁlﬁlr LOGIC
{T o
GAINS LATERAL
BLENDING
LOGIC
ROLL & YAW
L]
CONTROL u,, u,
LOGIC

630 . 6rc

TO
JET SELECT
LOGIC

TO
ACTUATOR
LOGIC

TO
ACTUATOR
LOGIC

TO
JET SELECT
LOGIC



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.

Lateral 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 sectionpresents 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-bf—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, (al), 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,(a;k), 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 r.ot
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 cilT

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-

t
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

K
[_aa_] - a 5 (5-1)
Gliesirea S t2Lgwgstey

where (gd, 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 accom?lished in this submode either by the
trim logic of the previous submode (if q Sq{) 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 arz 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
(€1, €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

(w, U) = (u_, U 5-2b

) v y) ( )
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

'See 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:

. - R S
v € x(al 55 €92 )
. (5-3a)
. = g 2
Ti: €) =@, * 55 €3)
where, in this case, the deadbands are pitch attitude deadbands, or:

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

o =0, (5-3c)

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 ((SeC
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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Fig. 5-6c Logic Flow for Pitch ACPS Control
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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 (<_:13) , 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 (>az) , the aileron
is used for both trim and transient control. Trim is initially maintained at zero.
At a slightly higher dynamic pressure (5;), 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 (ml)’ 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. Lateral ’Erim 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.
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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 flag I; ar- This flagis
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 c-12, aileron trim is set to zero, as are the aileron and rudder
commands. When the dynamic pressure reaches dgs 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 (8, ¢) and rate (B, ;b) 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:

2 2
k,(s” - w,%)
ad)' = ¢ 2 2¢ 3 (5-4)
G |desired (s” + 2§1w1s + w Y (s™ + 21’,2wzs+ w, )

where (z;i, wi) are chosen for acceptable transient response (k¢ is not explicitly
specified and w¢ 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:

©
1

-2(gw+gw)/(w¢o)
2 192 T L@ )/(wgu, (5-5)
33 7 2Ly0q tLyey)
4 <"12+ “’22+ 481 L9 @9

©
i

where, as noted above, the (gi, wi) are chosen for acceptable roll response.
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Fig. 5-10a Aileron/Rudder Control Block Diagram (Reverse Mode, I, . = 0)



Aileron trim is commanded zero until the dynamic pressure reaches 52, and it
is then determined through the use of a conventional clamped integrator in 