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E-2736

ABSTRACT

The objective of the integrated Ligital Flight Control Sysiem is to provide
rotational and translational control of the Space Shuttle orbiter in all prases of
flight: from launch ascent through orbit to eniry and touchdown, and during pow-
ered horizontal flights. The program provides a versatile conirol system structure
while maintaining uniform communications with other programs, sensors, and con-
troi effectors by using an executive routine /functional subroutine format. The pro-
gram 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 re-
sult, the iflight 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 describes the integrated structure of the control system and the
DFCS executive routine which embodies that structure. Section 2 deals with the
input and cutput. The succeeding sections show the specific estimation and control

algorithms used in the various mission phases.
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FORWARD

This document presents the Shuttie digital flight control design base developed
by the MSC Guidance and Control Division and the Draper laboratory Control and
Flight Dynamics Division. The flight contrel and attitude control of the Space
Shuttle from launch tarough 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 document will b~ reissued several times as design and test

7

- 2 programs are completed.

e 2 The unified Digital Flight Control System (DFCS) structure and philosophy
i ' presented herein represents a framework for a reasonable evolution of Space

T Shuttle control systems. The Entry, Transition and Cruise flight-control systems
i presented (in the DFCS iramework) have undergone detailed tests in the Space
Shuttle Functional Simulator (SSFS), are considered to be mature Jdesigns, and

represent a demonstration of the benefits in coding economy, structural clarity
and amenability to straightforward verification of the modular DFCS approach.

o Additions to the Cruise control system to support powered horizontal flight reflect
‘ . efforts still in process; preliminary documentation is presented to outline design
~ e intent. The framework for two different jet select schemes is presented: one
4 which employs table look up and cone which embodies a linear programming approach.
On-orbit control is incomplete; however, phase-plane designs are presented for
powered and coasting orbital flight. A TVC flight design using gimballed engines
is not well developed at this time. Aithough the boost control is felt to be a mature,
well tested design, it has not ye’ been integrated into the DFCS and it is not
presented ir this document.

Considerable d2sign effort is required to complete the DFCS design. Control
gains will require change to reflect the new 150K air-frame design. Boost control
does not yet expliciily reflect a detailed gimballed solid-rocket-motors control
design philosophy. Transition design is impaired by lack of good trans-sonic
aerodynamic data. In all cases, the current rigid-body designs must evolve into
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real-world flexible body flight control designs. These designs must be inte-
grated into the DFCS format and in addition must be re-written in the HAL mgher-

arder-language.

Thne flight control system designs will continue to develop with the airtrame
design. This evolution will be simplified by the common structure and by the
design approach which bas stressed system performance on the low gide of accept-
able performance requirements and gain-stabilized dynamics (avoidance of soph-
igticated filter concepts). These precepts are expected to permit lower sampling
rates, moderate computer requirements and some insensitivity to air frame
structure modeling data.

The documented DFCS has advanced beyond a paper design: many portions of
the system are programmed and are running on the SSFS. Test activity is in
progress to evaluate control/structures and guidance/controt interactions: the
results will lead to further refinement of the definition of structures, control and
guidance.

',"*o--—
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SECTION 1
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INTEGRATED STRUCTURE: EXECUTIVE ROUTINE
by

: Peter S, Weissman

ay s

A. Integrated Structure

The DFCS program consists of an executive routine, several major (functioual)
subroutines, and a number of utility subroutines. The executive routine performs
certain input processing and "housekeeping' which are 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: "pad load' maxipulation,

data read and manipulation, filter ana parameter initialization, filter update, con-
trol logic, filter pushdown, and parameter estimation.

Thig structure of executive routine and functional subroutines gives modu- 3
larity to the program; it allows complete flexibility in designing the state estima-
tion and control algorithms for each of the mission phases, designating nev; sensors
or controi eiteciors, and indeed, redefining the mission phases themselves. At
the same time, however, the unified structure which groups together the coding
for similar functic~s encourages economy both in computer storage, and in engi-
neering design an: ¢-. jramming effort because it is so easy for different migsion
phases to use comm.- coding whenever it is appropriate to do so. Another advan- i

tage to this structure is that the calis to the functional subroutines indicate the
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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 orb:it thrust vector control law is con-

templated while other segments of this phase's computations are unchanged, the
new coding can be added as a totally separate zubroutine, leaving the old coding

intact. During testing, it is then possible to switch between old and new countrol

7 laws following completion of the first segment of state filtering. This feature
= ] also could be of utme  mportar.ce for emergency or backup coding that is required
to be functionally sepa. i 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
different mission phases of the same assumptions 2bout tuput /output, timing and
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other interfaces is encouraged if not enforced. Furthermore. commonality in con-
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ventions, nomenclature and formats is encouraged, which simplifies and clarifies
both testing and documentation.

Not ail operations of a cont ‘ol system need to be performed with the same
frequency. The current version makes allowance for 3 sampling intervals. the
longer intervals being multiples of the shoctest interval. Ir the current cruising

flicht phase, for example. the fast rate (10 sps) is used for angular control. the

AL, e e

medium rate (2 sps) is used for velocity control, and the slow rate {1/2 sps) is
used f.r altitude control and parameter updating. The medium and slow computa-
tions are offset, in order to prevent them from occurring on the same control

cycle. Allowance is made for different sets of sampling intervals in different

mission phases.

B. Executive Routine

An overview of the logic flow through the DFCS is shown in Fig. 1-1, The
symbols with vertical bars are the functional subroutines; the vertical lines suggest
;—:_ the division of the routines, in part, into segments devoted to each of the mission
;, phases. The DFCS Executivz Routine performs the other functions shown in the .
—

figure and callz the major subroutines in their proper sequence.

The operations shown in Fig. 1-1 will be discussed in sequence. The "pad

load' denotes the values for all parameters that are determined prior to a flight;
‘ i.e.. that are stored in the flight computer on the launch "pad'. The Executive

Routine reads these values only once — at the beginning of the mission (or the

beginning of the simulaticn).

The following flagwords (external switches) are read on each pass:

FLAG 1 restart required
FLAG 2 mission phase (entry, transition, cruise, etc)

FLAG 3 control mode (manual modes are currently
defined only in the cruise phase)

FLAG 4 parameter estimation enabled
FLAG 5 aided-manual-landing-approach enabled

The time for the external executive or computer timer to next call the DFCS

is then updated.

The phase indication is automatically changed at this point if the conditions
warrent. Then the Executive Routine sets a flag, ISTART, calling for a DFCS
initialization if it is the first pass, FLAG 1 is set, or the phase or mode has
changed since the last pass. If an initialization pass is called for,the Executive

!
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Routine records the new mission phase and control mode, establishes the sampling
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intervals for the new phase, and calls the major subroutine which transtfers the set of
pad-loaded constants required for the current phase {rom the pad-load locations into

working storage.

Regardiess of whether or not it i3 an initialization pass. the Executive Routine

calls the Input Interface Routine, which reads all the dviamic input -equired by the

X

current pnase and mode: sensor rmeasurements, navi -ation estimates, guidance
commands, and manual cummands. All the dynamic data 1s 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 Rouline is called which manripulates some

aerodynamic parameters. These two routinez are described in Sextion 2.

At this point, the logic flow is detoured in an initialization pass to go through

the Filter and Parameter [nitialization Routine and the Parameter Estimation Rouiine,

PR O SR R 9 O S - e e e

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 {low then returns to the normal path. the Filter Update Routine, Control
Routine, and Filter Pushdown Routine are called in sequence. These three sub-
routines comprise the core of the centrol system. After they are »xecuted, the
Parameter Estimation Routine ts cailed. 1t is not called at this point in an ;nitializa-
tion pass because it was executel earlier 1n the pass. The state filters are divided
(nto two parts in order 1o mimimize the amount of computiation between data input

and control commani. The first part is limited to updating the filter estimate

-

according to the mosi current measirement. The szecond part, which occurs after
the control law, is used to pushdown data fin the case of classical digital filters) or
to p.opagaie the state fin the case ol dise rote-time modern control estimation). :
The Control Rout: e scales and ~ombines the error signals from the filter routine to i
iorm contro! signals {cr the aerodvnamic surfaces and reaction control thrusters.

The Parameter Estimation Houtine updates the gains required for estimation and :
control. The functions performed in this routine may include scheduled or adaptive
gawn adjustment. In the case of the manual cruising flight modes, this section of the

program is also used tc generate a reference trajectory for automatic speed brake

coatrol and aided-glide-slope following. Much of the Parameter Estimation Routine

is executed only at the slow sampling rate.

The algor:ithms incorporated in these routines for the Cruise, Transition and
Entry phases are presented in Scctioas 3, 4 and 5. A preliminary design for con-

r trol in the On-Oirbit phase is presented in Section 6.




—

1 e B

L A

mﬁrs«‘% -

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

imlices that indicate the "medium- " and "slow -sampling-rate’ DFCS passes. s

the end of an initialization pass, the [START flagword 15 reset and the "slow-sw .p-
ling -rate' index 1s given an extra increment. This exira tncrement will smooth
‘he load on tne computer by otfsetting future "slow' passes from 'medium’ passes,
provided that one sampling rate is an integer muitiple of the other. he executive

routine then returns control to the external executive.

Table 1-1 describes the mussion phases for which the D O3S currently makes
provision,

Table 1-2 and 1-3 define the symbols and the conventions which are used in

presenting the DFCUS equations in this document,

1-6
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Rollout

{'ruise

Transition

Entrv

Orbit, TVC

Orbit, RCS

Insertion

Boo

Tabiv 1-1 DFCs Mission Phases

Transition from acrodvnamic control to steering and braking

with landing gear, after touchdown, not currently implemented,

Aopproach and lznding following entry and transition phases
(currently below Mach 0, 9); being expanded to include
powered fligh: (tak=-off through landing).

Transitioa from high to low angle of attack; utilizes both
ACPS and ACS; currently from Mach 5 to Mach 0. a,

From after the de-orbit maneuver to transition phase; from
total reliance on ACPS to blended control with ACS,

To be combined into a single phase; not currently implemented;

studies in progress.

Insertion into orbit following the boost phase; not currently

implemented:; studies in progress.

Flight in the atmosphere with the Solid Rocket Motors: not

currently implemented; studies in progress.

.



E 2,3.4
i 2,4

Phase *

: 2

i

! 2,3

z »

: 0

; 2

i

: 3

! 3,4

2,3,4

PrP SIS
[VA]

Vinemonidc

in Program
ACCN

ADOT
AEOLD
AT(1)
At

ALFINT
ALFLM
ALPH
ALPHG
AMEAN
A0

AO(2)
ATRIM

AX,AY,AZ
Al, A2, A3, A4

BDOT
BDTM

BETA
BETAG

BI(1)
BI(2)

BO(1)

Table 1-2:

Symbol in Text

R R+ ™

O\Jtold

R

in

sum

Noraenclature

Definition

Input normal acceleration {measurement)
Derivative of angle-of-attack WRT time

gaved value of angle-of-attack filter output

Angle-of-attack filter input

Angle-of-attack filter past sum

Integral of angle-of-attack filter output

Limited value of angle-of-attack filter outpu*

Angle of attack (measurement)

Angle of attack (guidance)
Mean angle of attack
Angle-ot-attack filter output

Angle-of-attack filter past sum
*Aileron' trim discrete

Jet acceleration in roll, pitch, yaw
Gains for 'aileron’ control

Derivative of sideslip WRT time

Rate limit in roll jet logic

Sideslip angle (measurement)

Sideslip angle (guidance)
Sideslip-angle filter input

Sideslip-angle filter past sum

Sideslip-angle filter output

Ll g

+ Phases are defined in Table 1-1.

1-8



Table 1-2: Nomenclature (Cont)

bR U

¢
t

1
:
|

1-9

Phase M Svmbol in Text Definition
—_— in Program ————
2 BO{2 3, Sideslip-angle filter past sam
: sum
1
g 4 CAT cosa_ Cos (AMEAN)
§; £
%‘ 3 COSA(1) cosay, Cos (AMEAN) approximatior
.
3 COVAR() Y Lateral covariance matrix (upper triangle)
Z2,3,4 CRTB Cf Reference-to-body direction cosine matrix
2,3,4 DAC Gac. 'Aileron' angle command output
4 DACMAX, bagax, 6agn" Current 'aileron’ command limits
DACMIN
2,3 DAG 6aG 'Aileron’ angle command (guidance)
3 DALFIN aflo Increment in ALFINT
2 DAM éa 'Ajleron' angle command {manual)
4 DAT éat 'Aileron’ trim estimate
4 DA1l, DA2 621. 69., Deadbands for pitch jet logic
4 DB1, DB2 63&' 63,, Deadbands for roll jet logic
2,3,4 DEC bep ‘Elevator' angle command output
2 DECH BehC ‘Elevator' command due to altitude feedback
4 g%gﬁﬁ\f‘ ) gxax , ée?m Current 'elevator' command limits
2 DECU beus ‘RElevator' command due to velocity feedback
2,3 DEG 6eG 'Elevator' angle command (guidance)
2,3,4 DELC 6LC Left elevon angle {command)
2 DEM 6em 'Elevator' angle command (manual)
2.3, 4 DZRC ] RC Right elevon angle (command)
4 DET ] e, 'Elevator' trim estimate
2,3 DMIN(I) § (min) Aero. surface deflection limits
2,3 DMATX(I) & (max) Aero. surface deflectior limits

s
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Phace

3

2,3

2,3

in Program

Mrenonic

DOMEGA(D

DPHINT
DPISTR,
DP2STR
DRC

DRG

DRM

DR1, DR2
DSBC
DSBG
DSBM

DYNP

DYNP1, DYNP2,
DYNP3

ELBIAS

ETRIM
FLAG!

FLAG2

Table 1-2:

Sx mbol in Text

A@ o1
a wpit(;h

Aw
yaw

ale
& *
%dp1* Ydp2

6rC

ér.
U

94p3
6eB
beyp
FLAG 1

FLAG 2

Nomenclature (Cont)

Definition

Rate change commanded by jetlaw (roll,
pitch, yaw)

Increment in PHOINT

Dynamic pressure for full ‘elevator’
('aileron’') use

Rudder angle command output
Rudder angle command (guidance)

Rudder angle command (manual)

Deadbands for yaw jet logic

Speed brake angle command output
Speed brake angle command (guidance)
Speed brake angle command (manual)
Dynamic pressure estimate

Dynamic pressure switch levels for 'elevator’
taileron®, roll jet mode III

'Elevator’ bias to trim speed brake bias

'Elevator' trim discrete

New start discrete {(external) :
0 = normal cycie
1 = new start

Flight phase flag (external) :
= rollout phase

cruising phase
transition phase

entry phase

orbit TVC phase

orbit RCS phase
insertion TVC phase
booster TVC phase

Hon

QO =1 U s LD
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é Tabkie 1-2: Nomenclature (Cont)
§
% Phase ._________Mnemomc Symbol in Text Definition
—_— in Program —————
g - FLAG3 FLAG 3 Mode flag (external)
g 1 = direct
2 2 = rate command
H 3 = RCAH
& 4 = auto
&
14 - FLAG4 FLAG 4 Parameter estimation flag (external} *
2 0 = skip
1 = do
% - FLAGS FLAG 5 Manual mode auto. speed brake flag (external):
0 = no auto. speed brake/Mach trim
1 = auco. speed brake/Mach trim
2,3 G(1) G, Filter gains for current flight phase/mode
- (i Phase 3, also includes state extrapoia-
tion constants and long. process noise com-
ponents)
2,4 GAIR Gy Filter gain for air data (=TF/TS)
2,4 H H Altitude above runway (measurement)
2 HG He Altitude above runway (guidance)
- 2 HI(1) H Altitude-above-runway filter input
2 HI(2) H, Altitude-above-runway filter past sum
sum
o 2 HO(1) out Altitude-above-runway (filter ocutput)
2 HO(2) Ho Altiiude-above-runway filter past sum
sum
- INGUID INGUID Flag specifies guidance command set
o neg = commands not updated this pass
+/- 1 = ROLLG, ALPHG specified
+/- 2 = ROLLG, QG specified
- INSENS INSENS Flag specifies source of measurements
0 = provided by simulator (hybrid sim.)
1 = sensors or environment (SSFS)
2 = G&N and sensor3 or environment (SSFS)
2,3 K(D) K‘I Control gains for current flight phase /mode
- 4 KA, KE K . K, 'Aileron' ('elevator') deilection limit parameter
i 4 KALFT7T, XPHIT KGT' K¢T Gain for alpha(pni) integrator for trim
4 LAMDAA, A s A Switch set to 1 if pitch(longitudinal) ACPS
LAMDAE a’ e jets are needed

1-11
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Table 1-2: Nomenclature (Cont)

. Mnemonic . L
Phase in Program Symbol in Text Definition
4 MA. ME m . m Slope of 'aileron’ ('elevator’) deflection
Rk a’ e limit parameter curve
2,3.4 MACH m Mach number
4 MU v Inter mediate variable in roll jet logic
2 NI{1) a;, Normal acceleration (filter input) !
2 NI/ a; Normal acceleration filter past sum
sum
2 NO{1) 30t Normal acceleraticn (filter output)
2 NO(2) a, Normal acceleration filter past sum
sum
2,3,4 P p Roll rate (measurement)
2.3 PG PG Roll rate (guidance) .
2,3.4 PHI é Roll attitude (measurement) ~
2,3,4 PHIG ¢G Roll attitude (guidance)
2 PHIP dip Roll angle in steady turn
2,3 PHJ(1) [ ] in Roll angle (filter input) .
2 PHJ(2) ¢ i Roll angle filter past sum ’
sum
2,3 PHO(1) ¢ out Roll angle (filter output) :
2 PHO(2) ¢° Roll angle filter past sum co
sum : -
3 PHO(2) ¢out Roll angle filter output extrapolated ;? >
3 PHOINT I Integral of roll filter output §
3,4 PHVLIM ¢v Limited value of roll filter output ;
lim
2,3 PI(1) Pin Roll rate (filter input) b
b
2 P1(2) P Roll rate filter past sum g
_sum %
3 PN(1) PN Noise matrix (upper triangle); added
. to lateral covariance
—J 2,3 PO(1) Pout Roll rate filter output
N 2 PO(2) P Roll rate filter past sum '
sum
3

1-12



Table 1-2: Nomenclature {Cont)

Phase M Symibo! in Text Definition
in Program = _—
3 PO(2) Pout Rell rate filter output {extrapolated)
2 PRI p.. Roll-rate-to-rudder filter input
in
2 PRO P Roli-rate-to-rudder filter output
out
2 PR1 P, Roll-rate-to-rudder filter past sum
sum
H 2 PR2 P Rell-rate-to-rudder filter past sum
%sum
2,3 PSsl it Yaw attitude (measurement)
2,3 PSIG v Yaw attitude {(guidance)
2,3 PSJ(1) Y in Yaw attitude (filter input)
2 PSJ{(2) b Yaw attitude filter past sum
sum
2,3 PSO(1) ¥ out Yaw attitude (filter output)
2 PSO(2) VI Yaw attitude filter past sum
sum
3 PSO{2) “"out Yaw attitude filter output (extrapolated)
2 PTRIM Per Roll axis trim command
=
- 2 PTR1 Py Trim filter (temp)
sum
L 2,3.4 Q q Pitch rate {measurement)
2 QB ag Pitch rate comp. in steady turn
i; ‘ 2,3 QG QG Pitch rate (guidance)
e 2,3 QI(1) qin Pitch rate (filter input)
- 2 Q2 a9, Pitch rate filter past sum
sum
3 QLIMM Ut Limited value of pitch rate filter output
1im
2,3 QO(1) qut Pitch rate (filter output)
UL :
2 QO{2) q, Pitch rate filter past sum
sum
3 QO(2) q;ut Pitch rate filter outrut (extrapolated)
— 2 QT q; Elevator trim bias

e
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Table 1-2: Nomenclature {Cont)

Mnemonic

* Ambiguity is resolved by the discrete INGUID. When INGUID
to the air-relative velocity vector, and the subscript v applies. When INGUID =2, the
roll is referenced to the body x-axis, and the subscript b applies.

Phase in Program Symbol in Text Definition
2 QTRIM A Pitch axis trim comrmand
2 QRTR! Q. Trim filter (temp)
sum
3 QVAR °¢21 Pitch rate measurement variance
2,3,4 R T Yaw rate {measurement)
4 RDOT ¢ Derivative of aerodynamic roll
2,3 RG rs Yaw rate (guidance)
2 RGO Rso Range to go
2 RGOVEC Rco Input vector range to go
2,3 RI(1) Tin Yaw rate (filter input)
2 RI(2) r, Yaw rate filter past sum
sum
2,3 RO(1} out vaw rate (filiter output)
2 RO(2) r, Yaw rate filter past sum
sum
3 RO(2) r::;ut vaw rate filter output (extrapolated)
2,3, 4 ROLL ¢V or ¢g Computed roll angle
2,3,4 ROLLG ¢, or ¢b Guidance commanded roll angle
o] .
2,3,4 ROLLI{1) ¢V or ¢ _* Roll filter input
in i
2,3.4 ROLLO(1) L2 Roll filter output
2,3,4 RR Brel Position vector mn reference coordinates
2 RTRIM Tyer ~7aw axis trim command
2 RTRI1 Tyr Trim filter (temp)
sum
2 RUTRIM Grtr Rudder trim discrete
2,3 RWASH T vash Yaw rate (washout filter output)
2,3 RW1 r Yaw rate washout filter past sum
sum
4 R1 r Angle-of-attack error limits

-~

= 1, the roll is referenced
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= Table 1-2: Normenclature {{ont)
b Phase \-‘—m:—M Symbol in Text Definition
] in Program bkttt AR it
H
” 3 Rz, R3 Uoa Ty Physical ‘eievator’ lower fuoperdiinmit
L3 ia 5
% @ R4, R3, R&, R7 Far Tas Tge Og Parameters for blending elevator pitch jets
; 4 RS g Roll angle error iimits
4 Ry T, Physical 'aileron’ defiection limits
4 R10, R11 ryo0 T1t Parameters for blending aileron/lateral jets
3 SAQO 5(”}, Angle-of -attack filter output on previous pass
h-1
4 SAT sinay Sin (AMEAN) N
2 SBH 6sth Speed brake command due to altitude feedback
2 SBIAS bsbB Speed brake has
2 SBU 6sbuC Speed brake command due to velocity feedback
4 SIGMA A,B,R 0,0 3 Oy Gains for jet logic — pitch, roll, yaw
3 SINA(L) sina Sin (AMEAN) approximation
3 SPH A, Roll angle filter sutput on previous pass
out
n-1
2,3 TANPHI tan¢p Tan froll angle in steady turn)
2,4 TEMPER TA Air temperature, Deg F and dimensionless
2,4 TEMPRK TKq Input air temperature in Deg Kelvin |
- TF TF Fast sampling interval B
2,3 THETA 8 Pitch angle (measurement)
2,3 THETAG 9G Pitch angle {guidance)
2,3 THI(1) 9. Pitch-attitude filter input
2 THI(2) 8 Pitch-attitude filter past sum
sum
P THO(1) gr-ut Pitch-attitude filter output !

1-15
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Table 1-2: Nomenclature (Cont)
Phase Symbol in Text Definition
: 2 THOID) 8 Pitch-attitade filter past sum
B : s[um
- 3 THO2) :)ut Pitch-attitude filter output {extrapolated)
. 2
3 THVAR 95 Pitch angle measurement variance
- TS Ta Slow sampling intervail
2,3,4 U U Earth-relative velocity magnitude (measure-
ment)
2,3 UG UC Earth-relative velocity magnitude (guidance)
1
2,3 Ui} L. Earth-relative velocity magnitude filter
n input
2 vIi{2) Uy Earth-relative velocity magnitude filter past
sum sum
4 Ui u s usu Signum of required jet torque for each axis
4 ULLT) UL Vector in longitudinal plane normal to velocity
2 UMEAN Ut Mean velocity :
2,3 COl1) U ut Earth-relative velocity magnitude filter »
i output :
’ ]
2 TO(2) Uy Earth-relative velocity magnitude filter past :
sum sum
2,3,4 CXv,lyv,uvzyv Ly, . LV LV, Unit vectors along the stability axes, in
* 5 reference coordinates
2,3 v1, U2 Uy v, Gains for roll jet logic b
- 2 2,2 42 - . =
3 VARMES(I) 7°,07,04, 09 Measurement variances of lateral state :
boor P components ‘
2,3.4 vBODY Ybody Earth-rel velocity in body coordinates
2,3,4 VR Yrel Earth-rel velocity in reference coordinates
4 WD wy Gain for elevator control
4 Wi, w2 W1, Wy Gains for aileron control logic
4 XI1 - X16 £ 1~ &g Scheduled control gains
4 ZETAD >4 Gain for elevator control
4 ZETA1,2 12 %5 Gains for aileron control logic
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in
)y
sum
( )out
( a sulm
( )G
( )C

Table 1-3: Symbol Conventions

Definition

measured guantity
extrapolated quantity
vector v

matrix M

direction cosine matrix relating frame b to frame a

magnitude of vector v
absolute value of scalar a
vector cross {outer} product
vector dot (inner) product

function which unitizes vector y
arctangent of x

arcsine of x

filter input

filter input past sum

filter output

filter output past sum

guidance command (DFCS input)

DFCS cornmand (DFCS output)
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SECTION 2

DECS INPUT AND oUtTerUT
by

1. Edwin Jones, Poter S, Weissmarn, Craig C. Work,
Edward T. Kubiak (MSC/EG2)

AL Inputs from G&N and Sensors: Input Interface Routine

The Input Interface Routine receives DFCS inputs and computes quantities used in
the state and parameter estimation routines from information supplied by guidance and
navigation (G&N), information taken from various environment (ENV) modules (in lieu of

information which would normally be supplied by sensors), and information generated

within *he DFCS. Inputs to the routine are listed in Table 2-1, alor~* with the associated

source moduie. All angular inputs are in radians. All lengths received from G&N are in

e

feet, and all lengths received from ENV are in meters. Ail input vectors are converted
to inertial coordinates except BG(.)’ which is in runway coordiuates, Outputs of the

’ routine are similarly listed in Table 2-2. All angular cutputs are in radians and all
- lengths are in {cet. Interface-routine operations are governed by the discretes
INGUID, INSENS, ISTART, and MODE in the manner summarized in Table 2-3.

A logic-flow diagram of the interface routine is included as Fig. 2-1. The logic
is divided roughly into three sections: data input, command processing, and filter-
input computation. A discussion of this logic follows.

The routine is called by the executive reutine. If ISTART=1, signifying an
initialization pass, guidance-command variables which are not currently used are

set to zero.

TR . SO

The data input section of the routine is now entered unless INSENS=0, in which
case necessary inputs are assumed to be provided directly by the simulator and the

data input section is bypassed. Otherwise, measurements of the body rates, temper-

IRl o U e

erature in degrees Kelvin, and the reference-to-body direction cosine matrix are

e

read from the appropriate environment module. The dimensionless temperature,
Ta
velocity, position, altitude, and velocity magnitude are obtained either directly from
the environment or from G&N, based on INSENS. When INSEN3=2 angle-of-

attack, @ , and angle-of-sideslip, @, are also read from the environment. When

is computed from the temperature measurement, TKA . Next, the air-relative

L g TIRRY

L
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Table 2-1:

DECS

Mnemonic

ISTARTY
INSENS
INGUID
ALPH
BETA
ROLL

P

ax &

H
TEMPRK

RGOVEC
VR

RR
CRTH

ACCN

ROLLG

ALPHG
QG
UG
HG

PHASE

MODE
TF

DYNPx*

DSBG*

Inputs to the DECS Input Interface Routine
(Source ambiguities are resolved via the
discrete INSKNS us per Table 2-3)

Description
pess e

initialization cvcle discreie

sensor specification discrete

suidance- command specification discoete
ang.e-of-atiack (measurement)

sideslip angle (measurement)

roll angle about body x-axis imeasurement)

roll rate (measurement)
pitch rate (measurement)
yaw rate (measurement)

earth-relative velocity magnitude
{ineasurement)

altitude above runway (measurement)

input air temperature in ceg Kelvin
input vector range to go

earth-relative velocity in reference
cocrdinates

position vector in reference coordinates

reference-to-body direction cosine
matrix

input normal acceleration (measurernent)

guidance-commanded roll angle

guidance-commanded angle-of -attack
guidance-commanded pitch rate (guidance}

earth-relative velocity magnitude
(guidance)

altitude above runway (guidance)
flight phase flag {internal)

mode flag (within phase) (internal)

fast sampling interval
dyramic pressure (measurement)

guidance-commanded cpeed-brake
setting

“Not manipulated by Input Interface Routine,

2-2

source

DECS
Externai
G&N

G&N or ENV

G&N or ENV

ENV
ENV
ENV
G&N or ENV

G&N or ENV
ENV
G&N

G&N or ENV
G&N or ENV

ENV

(constant,
not used)

G&N

G&N
G&N

DFCS

DFCS
DFCS

DFCS
DFCS

ENV

G&N

-
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qi sum

qO sum

in

Table 2-2: Outputs from Input Interface Routine

DFCS
Macmonic

ALPH

BETA

PG
QG
RG
TEMPER

RGO

PHIP
QI(2)

QO(2)
ALK

BI(1)

ROLLI(1)

PI1)

QI

Desc ription

angle-of-attack {measurement)

sideslip angle (measu rement)

roll rate (measuiement)
pitch rate (measurement)
yav/ rate (measurement)

earth - relative velocity
magnitude (measurement)

altitude above runway
{measurement)

roll rate (guidance)
pitch rate (guidance)
yaw rate (guidance)

air temperature in deg F
(dimensionless)

range-to-go

roll argle in steady turn
pitch rate (filter input)
past sum

pitch rate (filter output)
past sum

angle-of-attack filter input

sideslip angle filter input
(about Y

roll filter input rel
(about body x-axis)

)

roll rate (filter input)

pitch rate (filter input)

2-3

DWCS Subroutine
Which Uses the Output

Initialization,
Air Data

Filter Update, Control

Initialization, Filter
Update, Control

Initialization, Filter
Update, Control

Initialization, Filter
Update, Control

Initialization, Parameter
Estimation, Air Data

Parameter Estimation,
Air Data

Initialization
Initialization
Initialization

Air Data

Initialization,
Parameter Estimation

Filter Update
Filter Update

Filter Update

Initialization, Filter
Update, Filter Pushdowr.

Initialization, Filter
Update, Filter Pushdown

Initialization, Filter
Update, Filter Pushdown

Initialization, Filter
Update, Filter Pushdown

Initialization, Filter
Update, Filter Pushdown



¥
Table 2-2:
. DFCS
Symbol g m—
. Mnemonic
. v RI (1)
in
. ! in v ()
S
' H, . HI (1)
" (f
a, NI (1)
e DYNP
6sbG DSBG g

Description
———

yaw rate filter input

earth-relative velocily
magnitude filter input

altitude above runway

ilter input)

normai. acceleration
(filter input)

dynamic pressure
{measurement)

uidance-command speed
rake setting

QOutputs from Input Interface Routine (Cont)

DECS Subroutine
Which Uses the Outpu!

Initialization. Filter
Update, Filter Pushdown

Initialization. Filter
Update, Filter Pushdown

fnitialization. Filter
Update. Filter Pushdown

{unused)

Air Data

Control



e e s AT T R L e - -

Mnemonic  Valuce

INGUID 2
1
negative

INSENS 2
1
0
ISTART 1
0

MODE
<4

L ! L,
SIS — Y e a .

e — TN s PSR v e i e g L e i e

Table 2-3: D.scretes Governing Input - Interface Operations

Action

Process pitch-rate and roll (about body x-axis)
guidance commands this pass.

Process angle-of-attack and roll (about relative
velocity vector) guidance commands this pass.
Do not process guidance commands this pass.

When there ig a choice‘.‘ obtain routine inputs
from the environment.

When there is a choice, obtain routine inputs
from G&N. o
All routine inputs provided by the simulator.

Initialize internal variables this pass.
Do not initialize internal variables this pass.

Compute automatic-mode filter inputs.

Do not compute automatic-mode filter inputs.

* See Table 2-1, column headed "Source'.

*
* This option is provided for compatibility with the Charles Stark Draper
Laboratory Hybrid Simulator and similar systems.
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No
ISTART =1
Yes
BETAG =0
PG=0
RG =0
i
\ Yes
INSENV
2
No
Obtain from ENV S
Section pPsar,TKy . C
TA= (1.8TK -459,69)/919.2
Obtain from ENV: Obtain from G&N
@ B,H,U. Vo Brey . H'U"-Irel'I-{x'el'l—!GO
Rgo = 'Bgo!
- cb
Ybody Cr Yrel )J
~_ -1
a-=tan (vbody (z)/Vbody(x)
~ . _l /
= v v
B = sin body(y)/ j -body”
B '
-
L TNy
Fig. 2-1 Logic Flow Diagram for DFCS Input Interface —




£1)

INGuipl - ¢

Yes

yy, = unit (Y,

T Obtain from ENV:
uy = vnit ‘Yrelxgrel) -

[

b ;
uy, - oy, Xuy, (s
-
; .
UB, - (middle row of ch) -
= yB_xUyyVv e s
W - upy X, -
7, cten!y, - W/CQY, - i
Command .
Processing =0 a =@
Section 3c L3
- a = GG - 3
B - 8.-3
Filter Ir.put R G ~
Computation -
Section Vin vG v
or -
] - @ -0
bin bG b
Pin * PG - P
qin qG -aq
Tin~ fg™ T

Fig. 2-1 Logic Flow Diagram for DFCS Input Interface (Cont)
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(auto, direct)
4,1

(SAS, %CAH)

U =U;-U v,=9
Hm-IHG-H Hin’o

Yes
=0
¢p 0
9% sum 0
q =0
No
INGUID < 0 -
?/ l
Yes INGUID = - INGUID

(END) “
™~

'Fig. 2-1 Logic Flow Diagram for DFCS Input Interface (Cont)
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INSENS=1, @ and E are computed using the air-relative velocity and the directiion
cosine matrix, Crb. Additionally, the range-to-go magnitude (R is computed
when INSENS=1.

If the DFCS is not in the automatic mode, the remainder of the data input
section, the command processing section, and part of the filter-input computation
section are bypassed. Otherwise, a test is made on INGUID to determine which set
of guidance variables have been supplied (see Table 2-3). If INGUIDI=2, the roll
angle about the body x-axis is obtained from the environment, provided INSENS is
not zero. If JINGUID}=1, the roll angle -aout the air-relative velocity vector is
computed using air-relative velocity, position, and the direction cosine matrix.

The command processing section simply sets the guidance-commanded pitch-
rate (qG) equal to zero when HINGUID|=1 and scts the guidance-commanded angle-
of-attack (ag) equal to the current measurement (&) when | INGUID} =2.

The automatic mode filter inputs (errors in the angles of attack and sideslip,
the appropriate roll angle, and the body rates) are then computed. Altitude and
velocity magnitude filter inputs are either computed or zeroed, based on the value
of MODE. These variables are used for automatic speed trim and aided guide -slope
following during a manual apprcach. The computation of the desired values of
altitude and velocity magnitude, HG and UG' is described in Section 3C.

When the Terminal Guidance Phase starts, INGUID changes from 1 to 2 and
the set of guidance commands which is to be pracessed by the DFCS changes. When
this occurs, the gquantities ¢p’ 9 gum’ and 9 sum used in the cruise filter update
are set (initialized) to 0.

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
returned to the DFCS executive routine.

The relatively simple Input Interface Routine presented here will undergo
substantial change for the reasons which follow. The introduction of sensor models
will directly affect the data input section of the interface. Future developments in
the DFCS filters may dictate coordinate transformations in the computation of
filter inputs. Finally, the simple command-processing section will employ buffer
cells to protect the DFCS observations of guidance commands from asynchronous
alteration.

F
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B. Air Data Routine

The Air Data Routine is called by the executive immediately after the Input

Interface Routine during the atmospheric flight phases. [t computes several para-

meters required for aerodynamic control.

The inputs to this routine are the following measurements which are computed

by, or transmitted through, the Input Interface Routine:

!

—

A

al Il oo
|

The outputs are:

dimensioniess temperature
angle-of-attack (radians)
barometric altitude (ft)
air-relative velocity (ft/sec)

dynamic pressure (n/mz)
mean (trim) angle-of-attack (radians)

;.o =~wimations to the sine (cosine) of @y,

mean airspeed (ft/sec)
Mach number

dynamic pressure (1b/ 12)

The means (which are the outputs of first-order filters with time constants

equal to the slow sampling 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.
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- ~ ¢ .
Yes nitialization
pass
9
No
lnputs: T,. 3, H, 0, g
- & = & - A d
am & oM aM-fﬁAm aM) p
5 -~ Saved from past: e U'Vl
U = ' + Y _ 3 2
M UM = UM GA(D UM) G =T /T
l A F S
i
N
{ END j ‘ Yes
U
m M ;

1051 [1+T,(1 -5 T,)]

qgp = 0- 0209 Ty

END

Fig. 2-2 Computations in Air Data Routine
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C. Outputs to Actuators

The DFCS issues commands to two sets of control effectors: the Attitude
C-ntrol Propulsion System (ACPS) jets and the Aerodynamic Control Svstem {ACS)

surfaces.

In the entry and transition phases, pure torque commands are currently
issued to the ACPS about any or all of the three body-axes. A clockwise- positive
convention is assumed. A capability o interface with a more realistic jet model

is in development; the design for this jet-selection capability is described in the

next subsection.

Commands are issued to the ACS during the atmospheric flight phases —
currently entry, transition, and cruise. In entry, commanded aileron position
(6a ), commanded elevator position (6e ), and commanded speed-brake position
(bsb } are computed (in radians) and transmltted In transition and cruise, the
addttional output commanded rudder position (brc) is transmitted. The assumed
convention for 5ac ig such that a positive aileron deflection produces a positive
torque about the body x-axis; the magnitude of Gac is equal to the commanded
left-elevon defection minus the commanded right-elevon deflection, where posi- -
tive elevon deflections are defined as downward. The assumed convention for érc
is such that a positive rudder deflection produces a negative torque about the body
z-axis. The assumed convention for 6ec is such that a positive elevator deflection
produces a negative torque about tae body y-axis; the magnitude of 6eC is equal to
one half the sum of the commanded left-elevon deflection and the commanded right-
elevon deflection, where positive elevon deflections are defined downward. The
assumed convention for «SsbC is such that a positive speed-brake deflection increases
drag; the magnitude of 6st is equal {0 the angle between the two sides of the split

rudder.

All the aerodynamic surface commands are limited within the DFCS prior to
being issued. The limits magnitudes are shown in Table 2-4. The aileron and
elevator ccmmands 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.

Elevon commands are related to aileron and elevator commands by the

following equations:

&2

-

6LC 6ec+ C

= - A
6RC- 6ec > 6ac
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SR ra B RS S RO S et

a

Surface

aileron {(ditferential elevon)
elevator (tandem elevon)
rudder

speed brake

e bt

Command Symbol

6aC

6eC

6rC

Radians

+0, 3492

+0. 2619
-0.7845

0. 3492

+1.5
0

Table 2-4: DFCS Limits for ACS Commands

Limits

Degrees
+20.0

+15.0
-45,0

+20.0
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D. 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.

1} Thruster Geometry

The thruster configuraticn currently incorporated in the jet selection routine

is the North Americar Rockwell ATP design.

As shown in Fig. 2-3, the thrusters for the ATP configuration are grouped
in 16 locations. There are 40 thruciers in all, and these are distributed among
the 16 locations as shown in Tables 2-5 and 2-6. There are 16 thrusters in the
nose of the fuselage and 24 in the "tail'.

2) Jet Selection L.ogic

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
get 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 2-4 is a functional flow diagram of the jet selection logic. A dis-

cussion of this logi~ follows.

The ACPS jet control authority subroutine is only fully executed when the
jet selection routine is called for the first time in a mission phase. The control
authority subroutine calculates the ACPS control authorities on the basis of total
vehicle mass, the vehicle inertia matrix, arid the center of mass location. The
control authorities are calculated either for the jet clusters or for the individual
thrusters, as is appropriate. The control authority is the angular and transla-
tional acceleration in vehicle coordinates generated by firing a jet or cluster of
jets. In addition, a cost per unit firing time is assigned to each jet. Currently,
ail 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 selecticn 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 linea» 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.

2-14 L
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i Table 2-5: Distribution of ACPS Thrusters

i NR ATP Baseline Orbiter

%

- Thruster Location Number of Thrusters Thruster 1D
1 2 10, 12
2 2 14, 16
3 2 13, 15
4 2 9, 11
5 2 6, 8
6 2 5 7
7 4 17, 19, 21, 23 .
8 4 18, 20, 22, 24 f
9 3 32, 34, 36 }
10 3 26, 28, 30 i
11 3 25, 27, 29
12 3 31, 33, 35
13 2 2, 4
14 2 1, 3
15 2 38, 40 !
16 2 37, 39 ;

>
[}

total

RN
'

l
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Table 2-6-

Pararieters of Individual lets

let L.ocation — Body Station (inches)

318.
318.
318.
6.
318,
318.
318.

oo CQOCOoCOoOOR

1096.5

- Y6,
96,
- 96,
Y5,
-100.
102,
-109.
109.
-109.
109,
-109.
109.
- 80,
80,
- 80,
80,
-158,
158,
-158.
158.
-158
158.
-158.
158.
-130.
130.
-130,
130.
-130.
130
-130.
130.
-130,
130,
-130,
130.¢
-149,9
149.0
-149.0
149.0

S OoOC o

OO0 ODOCOODOCOOC0

ccCococOoOoOCOOOVC

374.0
374.0
349.0
349,0
368. 0
368.0
355.0
355, 0
346.0
346.0
346.0
316.0
367.0
357.0
367.0
387.0
425.0
425.0
438.0
438.0
450.0
450.0
464.0
464, 0
480.0
480,0
484.0
484.0
487.0
487.0
416,0
416.0
420.0
420,0
428.0
428.0
468.0
468.0
455.0
455.0

367.9
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Thrust Components

[

-1.0
-1.0

[
-
9

-

"OOOOQOCQM—‘-‘—-OOCC
. At
oODOoOOCOoOQC

L}
OOCOPOOPPOOC»—
ODOOCCOROOROOLOCO

.

]
Q ro b e e et b
« s e . e

1

.

OO0 CO0O0R0EOOCCROw
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JSLECT entry

as
Mission
’hase changed since
previous
entry

Yes

jets used
in clusters and
has the ~e been any
enable ‘'disable
ince previoug

Yes

< :
ACPS Control Authority Subroutine

en.t)ry (Gienerate or update acceleration
No matrix and cost array for clusters
or for individual jets. Indicate
Indicate no changes changes in acceleration matrix.
in acceleration matrix

Linear Programming 'R
Is Subrovtine, CCWLJS
his velocit Yes
hange reques - Choose ACPS jets and :
new on associated firing times -
2 (See Fig. 2-5) , !
No :

Store jet off times in

internal list. ¢
Turn off jets for Turn on selected ACPS jets which s '
which firing time have firing times at least as long
is completed. as a minimum impulse. !
73

Turn off any jets not presently HE
selected for firing. ‘

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

‘ EXIT ,

Fig. 2-4 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 toial cost is minimized
in the selection process. Any jet which is flageed because of failure or mission-

related constraints is omitted from consideration,

The selected jets are turned oa (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 :he jet selection package are:

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

OUTPUT:
a) Jet-on/off commands.

} b) Interrupt clock settings.

c) Zeroed flag for new request.

Figure 2-5a presents features of the linear programming subroutine, CCWLJS,
and Fig. 2-5b describes its logic flow.

E
H
3
*
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Linear Programming Subroutine

£ T

PURPOSE: Represents input vector W as a linear combination of linearly
independent columns from matrix B, choosing columns from B

to minimize cost of solution.

INPUTS: LROW - Number of components in . (Dimension of requests)
1.CO!, - Number of columns 1n B matrix. {Number of jets or ciusters)

W - Vector tsize LROW! 1o be analyzed as a linear combination of

columns (rom B.

COST - Array (size 1.COL) of strictly positive cost coefficients, one
associated with each B column.

B - Matrix {LROW by LLCOL}. Each column represents the
acceleration associated with a one-second firing of the corre-
sponding jet in vehicle coordinates. Components may include
rotational or translational acceleration elements, or both, '

LALARM - Non-zero only if B, LROW, or LCOL have been changed since ;
previous cali. i

¥

IFAIL - Array (size L.COL) of flags, ith element non-zero to indicate
I0 et failed.

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

QUTPUTS: BI - Transformation matrix {LROW by LROW) going from vehicle

coordinate to coordinates based on selected columns of B.

Vv - Solution vector (size LLROW?! of coefficients for selected columns
of B matrix, satisfying: BIW = V.
CF - Vector {size LROW) of cost coefficients selected from COST
array, corresponding to chosen columas from B matrix.
Z - Cost of solution, satisfying: Z - CF - V.
LQLIST - Array (size LROW) giving the indices and sequence of selected

B columns.

MCOUNT - Number of bacis element substitutions performed in current

execution,

LALARM - Zero, uniess one of two cases occurs:
1) MCOUNT has reached its maximum.
2) Some B column has a negative cust component in the COST o

array.

Fig. 2-5a Features of Linear Programming Subroutine, CCwLJE
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ASSUMPTIONS:

A

ENTRY:

EXIT:

ke | e e 4 —————— A% T " e g R T e I T P - e & o

Linear Programming Subroutine (Cont)

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 1000.
4) BI ratrix is never altered by any other program.

5) LALARM wili be input as non-zero whenever changes occur
in LROW, LCOL, or B.

Call CCWLJS (B, W)

RETURN to caller.

Fig. 2-5a Features of Linear Programming Subroutine, CCWLJS (Cont)
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o

CCWLJS
entr

0 -LARM
0 -MCOUNT

NPASS > MAXPAS ,
+ LALARM # 0 ~ NPASS
?

no

For I=1 to LCOL, then go to 900

SGNVEC(D - BKIL, )
-1 =-1Q(D

10600, = CF(D

J - LRCORD{(J)

GO TO
830

860

For I = 1 to LCOL, then go to 900

no

/(I) * SGNVEC(

-SGNVEC()_+ SGNVEC()
-Bl(x,1I) - BI(»,1)
MCOUNT « -NPASS

860

Common initialization.

If cumulative round- off in BI
is large or if external changes

are flagged in B, LROW oi LCOL,
then do complete initialization:

Null pass counter. Bl is zero,

with main diagonal equal signum
of W (+1 for W(D) 2 0, -1 for W(I)
negative). LQ negatives show

non- jets. High cost insures re-
placement of non- jet basis elements.
Positive LRCORD indices corre-
spond to available jets.

If current W is in the same
sector as preceding W, use

old BI. For components in
which sign is reversed, negate
corresponding basis element,
negate cignum record component,
set processing flag.

Fig. 2-5b Flowchart of Linear Programming Subroutine, CCWLJS
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PURp—————————————— R ST P EER g et e e e e 4

M counts number of passes
on this execution,

Latest version of solution, in
terms of current basis.

szass further processing, if

BI is healthy and W sector is
unchanged from previous entry.

if no solution is found after
MAXITR passes, set alarm,
exit.

Y(I) is cost of generating th

Y = CF BI original {vehicle) basis vector
as linear combination of current
basis vectors.

SAVING - H
1+LROW -J
1+LCOL -K Initialize the search for next
jet to be included in basis.
GO TO
200

Fig. 2-5b Flowchart of Linear Programming Subroutine, CCWLJS (Cont)
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Forl= 1to LCOL, then go to 300

LRCORDI <«

jet

Bypass this

GO TO
200

-
2R

L] ¢

\T[ = BI B(+, K)

GO TO
310

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

X is the price penalty for sim-
ulating 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™ iet is to be included. Y
is Kth jet acceleration vector
described in current basis.

Fig. 2-5b Flowchart of Linear Programming Subroutine, CCWLJS {Cont)
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310

Forl=1to LROW, then go to 330

i

Y (1)} < TOLRNC
2

es
£l GO TO
310

&

o
p——
‘ GO TO
310
es L GO TO
445

Cheoose Tth member for replace-
ment so that new V(J) s =0,
and no other V component
changes sign.

1f no basis element can be
legitimately replaced, set
alarm, exit,

Fig. 2-5b Flowchart of Linear Programming Subroutine, CCWLJS (Cont}
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- hd .
1 Basis elemeut J is to be
A+l .M replaced by jet K. Step the
: e iteration counter.
H« Y(i» Store pivot element.
i
Y -1 - Y(W) l
4 ‘ P
i Update BI matrix to reflect
i

Bl - BI - Y BI(J, -)/H new basis composition.
es

‘Y__q LQ(J) - LRCORD(LG(J))
wE '

If excluded basis element was

K - LQW) a real jet, indicate its avail-
COST(K) — CF(J) ability. Update basis list,
' cost list.
}
-K - LRCORD(K) Indicate K'P jet no longer
available. Repeat iteration.

GO TO
100

Bad result.

1 - LARM

GO TO |
450

Fig. 2-5b Flowchart of Linear Programming Subroutine, CCWLJS (Cont)
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5

t @ EXIT

; b 9wz Calculate cost of solution:
: ! Z=CF.V

§ 455

4 R

:

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

Z « Z+V{x« CFQ)

|

GO TO
455

S

LQﬁST - LQ Copy list of selected jets,
MCO NT « M alarm, and iteration count for
LALARM « LARM external use; save internally.
*
NPASS « NPASS + M NPASS reflects quality of Bl
matrix.
EXIT Return to caller.

Fig. 2-5b Flowchart of Linear Programming Subroutine, CCWLJS (Cont)
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E. ACPS Jet Selectior 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 egsentially a table look-up;
thie firing pelicy for each possible command, as well as the individual jets
an? the conirnl 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 tn Fig. 2-3 and Tables

2-5 and 2-6, was assumed in the off-line computations.

The flowchart of Fig. 2-6a describes in detail the jet seleciion logic
for the ATP configuration. Figure 2-6b 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 & T), also effect roll. Tc 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 & 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:

a. 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.

b. This is a simple means of accounting for thruster iailures. 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, znd 9 through 12, prnduce both pitch and

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




7
¢
&

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 l=-*er {fire onlv
one thruster) if the resulting disturbance in the "non-command axis reduces

the rate error {called P‘RX' or RKY 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. Th-usters must be modulated to null
rotatinnal disturbances. This modulation could be performerd 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 poss . e to control yaw by modulating the +X-
thrusters; this option is available i the logic.

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

are two basic types of thrusters:
a. Those that produce Y translation and yaw.
b. Those that produce Z translation aad roll and pitch.

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

then issues commands for Z translation, roll, and pitch controel.
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Figure 2-oa Flow Chart Jet Selection iogic for AP Conflguration
(Flow Cbart continues for 22 pages)
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Fig. 2-6b . DEFINITION OF SYMBOLS FOR JET
SELECTION LOGIC

THCX, 1,2 Camnands fcr translation, either positive, none, or
negative,depending om +1, 0, cr -1
éc,éc,% Commanded rate changes from switching logic.
a 1, 6.0, or ¢ Angular Accelerstion for im jet for either roll,
piteh, or yew. .
KR,‘P,‘! Value of 1 (not O) signifies request for long maeent
arm thrusters
J,K Indices for jets
MI ~ Minimum impulse time
RIFY Roll rate disturbance for yaw end/or Y translation firings
RRL Roll rate 1imit before RDFY is added directly to §,
HR! ) Roll rate error from phase plane logic when ac is zero
PI Index indicating presence (1) or stsence (0} of roll cammand
ST Sample time
M,N Jet indices
tm Maximun roll crmpensation time available by unbalancing
: pitch firing times
E Small number to mccount for round off in comparisions
(say 10-4)
tc One jet roll correction time
ROC Net roll cousmand, i.e., FR + ¢c
BRLT Roll rate limit before RR.il sdded to ac during transiatiom
st Semple time plus E
m! Pitch rate erraor from phase plane logic when 60 is zero
CL <ouple optioa
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SECTION 3
DFCS - CRUISE PHASE

by

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

A. Introduction

The cruising flight phase of an orbital Space Shuttle flight begins at Mach 0,9
and ends at touchdown: it follows the high-angle-of-attack: high-Mach-number
entry and transition phases. In the near future, the cruise phase will be extended
to deal with Shuttle powered horizontal flights from lift-off to touchdown, During

this phase the control is accomplished by moving the aerodynamic controi surfaces:

elevons, rudder, and rudder flare (speed brake).

For the cruise phase the DFCS contains four modes of operation: three of
them are manual modes and one is automatic. The manual modes are Direct, SAS
(stability augmentation system), and RCAH (rate command attitude hold). The
automatic mode is subdivided into two regions of operation which are determined
by the guidance. The first of thesc using "approach’' guidance extends from an
altitude of about 40000 feet down to roughly 7000 feet. Terminal guidance is used
from 7000 feet to touchdown. Appropriate control laws are used to accommodate
these guidance modes.

Stabilization of the vehicle in the cruise pnase is done with digital compen-
sation. The compensationfilters are provided with two sets ol gains, a fixed set

and a variable set. Thevariable set is used to account for variations in flight

~conditions and, consequently, in vehicle dynamics. The gains are changed as a
" function of dynamic pressure. All gaina are based on a sampling rate of 10

samples per second.

The overall DFCS structure and the interfaces have been described in
the preceeding two sections, The description of the cruise phase auto-
piiot is presented in this section in the following sequence. First, the essential
features of the cruise phase control modes are described with simplified functional
block diagrams. These diagrams show all the feedbacks and compensations used
at this time but exclude functions which are provided in the program but are
effectively disabled by gain settings. The aided- manual-approach feature is
also described. The digital filters are then discussed, followed by a presentation
of all the control gains and filter gains, including a table of fixed gains and graphs
of those that are varied with dynamic pressure. Finally, the actual detailed
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implementation in the DFCS is presented in two fcrms: detailed block diagrams
of all the control modes, and complete flowcharts of each of the major subroutines.

Recently developed design improvements are presented in an appendix.

Additional information about the cruise phase autopilot can be found in

References 3-1 through 3-3,

. Control Modes

1) Direct Mode

in the direct mode, pilot‘s commands are passed by the DFCS directly to the
surfaces, but with a provision for crossfeeding a scaled speed brak‘e command to
the elevator to offset the resulting pitching moment. Also, a crossfeed from
aileron to rudder is provided to offset a possible adverse yawing moment due to
aileron deflection.

1 )
[ ] 1}
1 H
o '
] »  ELEVATOR
>f + + v COMMAND
1 ]
" SCALE !
' FACTOR '
1 (]
[} 1
\. 1 +  SPEED BRAKE
- ", COMMAND
] H
MANUAL ; :
ACTUATOR <« )
COMMANDS ' '
[} ]
> »  RUDDER
‘ + + ,  COMMAND
] ]
X SCALE X
' FACTOR '
] 1)
] 1
! J_' s
> & AILERON
. ! X COMMAND
L )

Fig. 3-1 Simplified Functional Block Diagram of the Direct Mode
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2) SAS Mode

[n the Stability Augmentation System mode two rate feedback loops with
simple gain compensation are employed. These are the pitch-rate and roll-rate

ioops. A pitca rate bias proportional to the yaw rate and the (estimated) roll angle

e s ek e

is added to the pilot command to prevent adverse nose-down response due to steady
turn rates and a crossfeed from the speed brake to the elevator is also provided.

The commands to the rudder and speed brake go unc nanged to the servos.
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]

i Fig. 3-2 Simplified Functionai Block Diagram of the SAS Mode

l The Rate-Command-Attitude-Hold mode provides two rate control systems
{pitch rate and roll rate), each of which has proportional -plus-integral compensa-

tion. In addition, yaw rate, filtered by a "washout" filter, and sideslip are used

as feedback quantities to the rudder. A pitch rate bias and a speed brake cross -

feed are added into the elevator channel, as they are in the SAS mode. The man-

ual command to tne speed brake is passed unchanged by the DFCS.
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4) Automatic Mode

The automatic mode iz subdivided 1nto two regicns of nperation according to

the following table:

Name of Approximate CGrindacase
guidance phase altitade range commantis
Aporoach 30000 1o THOO feet o, ©
) (1 Vo

(l
Terminal 7000 feer to touchdown . ©
G hG

During the approach phase the longitudinal control is of the angle of attack. In the
terminal phase, long:tudinal control is accomplished by the pitch rate loop which
is identical to the RCAH loop described previously (including pitch rate compensa-
tion during steady turns). In both cases tne 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 approach and about the body (vehicle
x-axis ) in terminal phase. For both cases the form of the lateral control system
and the gains are the same.

The rudder loop is implemented similar to the RCAH mode except that a
provision is made to zccept yaw rate and sideslip guidance commands for automatic
decrab maneuver. Rudder pedal command provides for this maneuver to he made
manually.

Inputs to the filters in the automatic modes are formed in the input interface
subroutine by summing the guidance commands with appropriate quantities derived

from measurements.

C. Aided Landing Approach with "Canned Trajectory’

During landing approach, the DFCS can assist the pilot by automatically
following velocity and altitude profiles which are stored functions of range-to-
touchdown; hence an external source of range-to-go must be provided for this
feature (which is switched on or off by a flagword). The control loops for the

aided-landing-approach mode are the manual SAS and RCAH modes described above.

Two trajectory curves are stored, velocity versus range and altitude versus
range. The velocity trajectory is followed by use of the speed brake (or rudder
flare). The altitude trajectory is followed by use of the elevator. Pitching moment
caused by rudder flare deflection is countered by an additional deflection of the
elev-tor. The range-to-go is broken into four segments. Trajectory information
is stored at the eadpoints of each segment for velocity and altitude. The desired
velocity and altitude at the endpoints of the segments is stored in the Pad Load (see
Fig. 3-5).
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For astitude, the degments ar Landing tlare {(endhng in touchdown with a
Jnk rate), straight fne givde Alop, approavh pliap, and stevpet alide stope straight
otraight line, The flire and pullup seaments for atitude are cach cubig functions of
H(;() such that the slope and poasttion ot the curve cotneide with the adjacent Atraght
fine segments, Coefticients for the se nterpolations ave Computed o the DECS 1n

the Inttiatizatinn Routine,

Fhe three velocity segmuents uf tie reference tanding trajectory nearest
touchdown are straight lines. The fourth gegment 15 exponential and reaults in a

linear IAS (indicated airspeed) versus range,

R..,
GO
computes R(;n from data from the guidance and navigation (G4 N) program, The DFCS
determines the segment the vehicle is in by comparing Ranith the five stored values
of range. Having found the segment the program proceeds to compute UG and "G' the

velocity command and altitude command. These commands are differenced with the

is the range-to-go (to touchdown), When INSENS is set to unity, the DFCS

estimated velocity and altitude in the Input Interface Routine and the results are
filtered. The filter outputs are uscd in the Control Routine to determine the speed
brake command and terms in the elevator command,

An additional feature exists which adds a constant command bias to the apeed
brake and a corresponding bias to the elevater within each of the four trajectory suq¢-

ments, The values of these biases are 1o be determined,

The aided-landing commands are summed with the manual commands. In
principal, the aided-glide-slope feature could (with higher gains) make an automatic
landing without manual interveation; however, the intent is to use relatively low
gaing in the ghide-slope feedback, resulting in long-term flightpath corrections

which do not compete with the pilot's short-term commands.

When RG() is greater than Rg. the flsgword which switches aided-landing-
approach on or off is used to enable the Mach-trim {eature. Nominal values of
elevator deflection are stered as a function of Mach number; these values
approximately null the sum of aerodynamic pitching moments on the spacecraft,
reducing the need for manual trimming as Mach number decreases. Tne trim
value of elevator deflection is obtained by linear interpolation from a stored table;
the values in this table are to be determined.

D. Digita} Filters and their Implementation

Control filters for the cruising flight mode are classical, recursive, an- order
digital filters, whose z transform is iIXz) :

a +azl+azz
S} 2 4
iXz) ~
-1 -2
1=-2a,z =—a.Zz
3 b
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The genera) form of their amplementation 1s presented below in block diagram

tormat. The symbol « repredents the gquantity to he coatrolled oud the =~ are
cither Dived or scheduled gams whieh correspord o G on the s charty vad block

H

Magrams presented later in this section,

A o * Ryt
e L ——
o1 : T

2 um
IS
o o b o
L J
o sum
4
——— Oy ) ag (@

¢

Fig, 3-% 2 tarder Digital Filter

The z'1 -alculation blocks are achieved in the DFCS programming by the
relative sequence of instructions, which permits ihe DFCS cycle time lag to occur
at the point sc designated. In the coding, each state filter 1s divided into two parts
in order to minimize the computational transport lag between dats input and control
command. The first part, which occurs in the Filter Update Routine {®ig. 3-16)
is limited to updating the filter estimate according to the most current measurement:

X = a x, 4+
out 17in i gum
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The Filter Update Routine 13 sequentially followed by the Control Routine
(Fig. 3-17) which issuea control commanda based upon the most current filter

output value X, Filter data 'pushdown’ 19 then accomplished in the Filter Push-

gt
down Routine (Fig. 1 18) by the {ollowing two equations:

- x %a.x
x “2%in 3

, +x
H LI out O jum

. +,
x : ‘lixu\ d5xout

9 sum

This sequence of instructions results in the following equivaient difference

equation for filter output.
Xt *1%n + ‘2‘11\,1 + a‘xm-z + '3‘0@“.1 + aS‘out_z

where subscripts -1 and -2 denote past values, one and two samples ago.

Control loops which utilize 2 _order filters are available for control of the
following quantities:
Manual Modes: roll rate
pitch rate
yaw rate
sideslip angle
normal acceleration
roll rate to rudder
Automatic Modes: roll angle
pitch angle
yaw angle
angle of attack
sideslip angle
Manual and Automatic Modes: earth-relative velocity
altitude

All rate and angular control functions are performed at the fast sampling
rate (10 sps), velocity control at the medium sampling rate (2 sps), and altitude
control at the slow sampling rate 1/2 sps).

i A recursive, 1%8order washout filter is used in the yaw rate feedback path
tor rudder control; z transform of this filter is:
: Gag(1-27Y)
D{z) = —-3-5———-_1
1 - (}37 z

Y

ki gt
B

w— g




A block diagram of the update and pushdown equationas for the waahout filter are

presented below,

" out * " wanh
* G T
'
? M
B ]
4
-+ ‘ ]
Gis | | Gy *—
Snresam— F‘“l 3‘7

+r

. G =
Filter update: Twash = 36 out sum

. - & »
Filter pushdown: Foum G” *out +037 T vash
A control bias for the maintanence of trim in manual-mode operation is
achieved through the integration of discrete signals generated by the trim buttons
on the pilot's hand controller. The z transform of the integrator is:

Diz) == (it:-l)

A block diagram of the update and pushdown equations for the pitch channel are as
follows:

Ty 3¢y, ' %

3e.
— s T
. BV pum
—4&6* I Fig.3-8

(Kys *Tp* 8etr)/2

Filter update: ée

tr

it

éet

qtr r + qtr' sum

Filter pushdown: Yy guin ~ Getr + 9,
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E. Gains for the Cruise Phase

A list orf fixed gains for the cruise phase manual and automatic modes is
given in Table 3-2, The gains are re-evaluated every time a switching of modes
takea place. These gains yield good performance in all modes of opearation for

flight conditions where dynamic pressurs is about 225 lbs/aq (t,

Variations in [iight conditions make 1t desirabie to change certain gains contin-
uously durirg the flight. This ir done in the Parameter Estimation Routine (Fig, 3-19)
cvery slow pasa if the parameter estimation is enzbled, Fourteen gains are changed
as a funciion of dynamic pressure, as shown in Fig. 3-9 and 3-10, The gains were
computed and stored for seven dynamic pressures (100, 150, 225, 300, 425, 528 and
6501ba/sq ft). A linear interpolation is made between these points. Outside of the
dynamic pressure range, the gains stay equal to the boundary values.

3-12
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F. Detailed Block Diagrams of Cruise Control Modes

This section presents a detailed control-engineer’s description of all control
modes of the cruise phase by means of functional block diagrams, hese inclwle
all feedbacks, crossfeads, limiters, switches, as well as compensation filters in
z-transform notation. The gains are properly subscripted and their values can be

obtained from Tabir 3-2 and Fig, 3-9 and 3-10 on the pres ceding pages,
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G. Flowcharts of Cruise Phase Computations

The flowcharts in Fig. 3-16 through 3-19 are a detalled presentation of the logic
in the cruice phase digital autopilot, They describe the Filter Update, Contral, Filter
Pushdown, and Canned Approach Trajectory and Parameter Estimation routines respec-
tively. The numerical values of the control gains and filter gains can be determined
from Table 3-2 and Fig. 3-9 and 3-10.

Fig. 3-20 shows the special logic exercised in an initialization pass in the

cruise phase. :

-
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Fig. 3-17 Control Routine for Cruise Phase
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Fig, 3-18 Filter Pushdown Routine for Cruise Phase
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Fig. 3-20 Initialization Logic for Cruise Phase (Pad Load Manipulation Routine
and Filter and Parameter Initialization Routine).
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APPENDIX 3A

Preliminary Designs for Cruise Phage, [ncorporating Powered
Horizontal Flight Requirements

This appendix documents a number of changec and a‘iditions to the cruise de-
sign; many are for use particularly in powered flights (ferry flights and develop-
meatal powered horizontal flight tests). These designs are in a state of flux.
However, they are presented at this time in order to point out areas that need

attention and, in some cases, to present preliminary designs.

The algorithms for control of powered flight are integrated into the cruise
phase of the DFCS. It is recognized that decisions will have to be made with re-
gard to partitioning when the software for the first horizontal powered flights is
prepared, in order to ensure that the continuing development for the other mission
phases does not impact the gsoftware that will be executed in the particular flight.

Table 3A-1 presents an overview of the Powe:red Horizontal Flight (PHF)
DFCS modes of operation. Manual operations imply active pilot control of all outer
and some inner-loop variables, depending upon mode, and do not differ significantly :
from their unpowered counterparts. Flight Director operations also imply active
pilot control of outer-loop quantities, but the pilot is aided by flight director "fly-
to'' indications of desired control actions. Aided Glideslope operation provides
low-gain following of a canned vertical-plane trajectory, but the pilot must fine- T
tune the trajectory with manual inputs; also, he must perform all lateral control.

Semi - zutomatic operation gives the pilot "hands off'' capability with respect to =
selected outer-loop closures; he must configure the autopilot, and control man-
ually those flight variables for which he has not (or cannot) select semi-automatic
control. Fully-automatic control implies "hands-off'' operation, Commands to the
DFCS are generated by sophisticated guidance /navigation r-odules.

Manual operation takes place in one of three DFCS modes. In direct (DIR)

mode (Fig. 3.A-2), inputs from the stick/pedal and from the speecdbrake/throttle
qradrants are sent directly to the appropriate contrcl actuation system. "Beep-

trim'' is available for stick and pedal inputs. A crossfeed from aileron command

iR L L

to rudder command provides a level of turn coordination consistent with this mod.. %

Similar crossfeeds from thrust and speedbrake (manual) commands are used for
elevator trim biasing (Fig. 3.A-14.. .

LA
{
{
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In the stability augmentation modes (SAS, Figures 3.A-3, -4, -5), controlled-

variable {(or damper looo) feedbacks are introduced as follows:

elevator loop - pitch rate
aileron loop - roll rate
rudder loop - yaw rate (after high-pass washout filtering).

lateral acceleration (or sideslip)

The elevator and aileron loops are provided with forward-loop gain; thus the desig-
nation "rate command'' (RC) is appropriate for these loops. Crossfeeds are pro-
vided as follows:
elevator - thrust and speedbrake as in DIR, mach trim, yaw rate
multiplied by an approximation of tan ¢ fcr turn-coordina-

tion
aileron - yaw rate and lateral acceleration (or sideslip)
rudder - roll rate error for turn coordination

Command augmentation is provided in the Rate Command Attitude Hold (RCAH)
mode. Forward loop integral compensation assures unit- gain rate-tracking in the
pitch and roll loops. The yaw loop retains its SAS configuration (unit-gain with no
integration'in the forward loop).

c”* command augmentation (CAS) is now provided. The controlled "variable"

is a blend of normal acceleration and pitch rate:

v
* _a -—CO
C = a, 2 q
where
g = gravitational acceleration constant

The weighting factor VCO must be empirically determined; it represents the au‘speed
at which the acceleration and pitch rate components contribute - "equally' to the C
feedback variable. The C response to pitch stick deflection is relatively invariant
over a wide range of flight conditions, compared with pitch rate alone, and pro-
vides a natural response to pilot inputs, being sensitive to pitch rate at low vel-

ocities and to normal acceleration at high velocities.

Manual modes (DIR, SAS/RC, RCAH) are intended for backup operation where
outer-loop controlled-variable measurements (¢, 6, ¢, H, U, etc.) are not readily
available. Loop configuration and performance are intended to be typical of that
found in modern transport aircraft. The F-8 Digital-Fly-By-Wire Program
(NASA/FRC) has already demonstrated digital fly-by-wire flight control using
these manta! modes of operation, and the current designto a large extent reflects

findings from that program.

3A-2
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Flight Director (FD) operation provides numerous outer-loop capabilities,
but the loops themselves are closed by the pilot, flying in one of the manual modes
(DIR, SAS/RC, RCAH). The signals which drive the FD displays/needles are all
available as error signals 'n the appropriate semi-automatic loops. Several

options are being considered, as follows:

pitch bar - pitch altitude error (Hm)

roll bar - roll attitude error (¢.m) \

high/low needle - altitude error (Hin) |
altitude rate error (ﬂin)
ILS glideslope error (eGS)

left/ right needle - lateral displacement error (Yin)
heading error ((éin)
VOR error (eVOR) ;

i (
ILS localizer error 'eLOC)
fast/slow indicator - velocity error (U; )

All such displays will indicate "fly-to'' directions of desired response.

Sensitivity of the displays will be individually controllable.

Aided Glideslope (AGS) operation (Fig. 3.A-19) provides low-gain altitude
loop closure through the RC/RCAH pitch rate loop, and low- gain velocity loop Eoo
closure through either the automatic speed brake loop (AUTOSB, Fig. 3.A-11)or -
the automatic throttle loop (AUTOTH, Fig. 3.A-13). Details of the AGS
trajectory are given in Section 3.C. Since the loop closures are low-gain, the
pilot must supply whatever additional stick/pedal and speedbrake/throttle cver-
ride commands are necessary to trim up the trajectory. In particular he must

provide all lateral axis control.

Semi-Automatic operation provides full autopilot outer-loop closure capabilities.
Several options are provided, permitting individual selection or reasonable com-
binations thereof. Loop gains are high, and with respect to the option(s) chosen the
flight is "hands-off''. Variables left uncontrolled are the responsibility of the
pilot, using RC/RCAH modes. Pilot override is always available. Disengaging of
outer-loop features. as in control stick steering, has not yet been addressed.

SRR S P IR T
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Semi-Automatic options fall into several categories, as follows:
ATTITUDE CONTROL (¢, 6. ¢ outer loops)
ALTITUDE CONTROL (H, H outer locps)

SPEED CONTROL (AUTSB or AUTOTH loop closure
around indicated air speed, inertial speed,
or ground track speed; pitch rate loop closure

around Mach)
RADIO AIDS Tracking (VOR and ILS GS/LOC capture/track)
3D-GLIDESLOPE {canned trajectories)
ALIGN/Decrab (¢, r, Y loops)
RNAV (Simple trajectory-followi..g via way-point segments)

Selectable options under these categories are given in Table 3. A-2, Select
(SEL) options imply pilot-insertion of data, whether via thumbwheel (¢increments
or ¢ increments), dedicated window, or general purpose keyboard {altitude or
altitude rate desired, etc.) The options indicated herein are commcnly found
on commercial and military aircraft (B747, L1011, DC10, B70, F8, etc.).

Fully-automatic "'hands-off"’ operation is expected for the DFCS automatic
(AUTO) mode (Figures 3.A-6 through 3.A-8). A number of interfaces are
provided in each axis, including direct guidance inputs to the elevator. aileron,
rudder, and speedbrake or throttle commands. Primary guidance interfaces are
as follows:

Speed: velocity (UG) iy

Pitch: o- guadance (aG) or q guidance (qG)
Roll: ¢ - guidar.ce {cva) or ¢_-guidance (¢xG)

Altitude: altitude (HG)

The AUTO mode loops remain relatively unaffected by the addition of semi-
automatic and flight director capability; detailed description is given in the main
body of Section 3. Speed and altitude loop closures are haandled differently how-
ever; see Figures 3.A-9, 3.A-10, 3.A-12, and 3. A-17.

In summary, the baseline DFCS design for return-from-orbit cruise phase
remains relatively unchanged. Significant additions and modifications shown or
implied by figures 3.A-1 through 3. A-20 are as follows:

pilot input processing: bias removal, deadband deseasitization,
and prefiltering (Fig. 3.A-1)
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generalization of semi- automatic elevator auto-trim (Fig. 3.A-14)
speed control loop cor'xfiguration (Fig. 3.A-9, 3.A-10, and 3.A-12)
throttle and speedbrake control and interconnect logic, including
manual and automatic throttle (MANTH and AUTOTH)
logic (Fig. 3.A-11, and 3.A-13)
altitude control loop configuration (Fig. 3.A-17)
C=e= command augmentation mode (Fig. 3.A-20)

semi-automatic and flight director operatisnal modes {Table 3.A-2)

g

nt g

P e

PO

e Pt
3

RSN RN T LT TRREEE T



TABLE 3. A-1

Powered Horizontal Flight
Digital Flight Control System

Modes of Operation

MANUAL OPERATION

Direct (DIR)

Stability Augmentation (SAS/RC)

Command Augmentation (RCAH, C’S

Manual Speedbrake (MANSB); Manual Throttle (MANTH)

FLIGHT DIREC TOR OPERATION (manual modes)

Pilot closes outer loops

Error signals from semi-automatic loops displayed
AIDED GLIDESLOPE OPERATION (SAS/ RC or RCAH)

Low gain H-1loop and U-loop closures
Pilot responsible for fine tuning final trajectory
Automatic speed brake (AUTOSB) or Autoinatic Throttie (AUTOTH)

SEMI- AUTOMATIC OPERATION (SAS/RC or RCAH)

Attitude Control Speed Control
Altitude Control Radio Aids (VOR/ILS)
3- D Glideslope Align (Decrab)

RNAV Trajectory Following

FULLY AUTOMATIC OPERATION (AUTO Mode)
q- GUID or o~ GUID; 8, GUID or 8- GUID

MISCELLANEOUS OPTIONAL FEATURES

Semi-automatic elevator trim

Turn coordination (pitch rate and/or rudder)

AUTOSB to MANTH or AUTOTH to MANSB interconnect
Control stick steering override of semi-automatic control

3A-6
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TABLE 3. A-2

Powered Horizontal Flight
Digital Flight Control System

Semi- Automatic Control Options

ATTITUDE CONTROL

8- ATT, SEL/HOLD

¢- ATT, SEL/HOLD

HDG, SEL/HOLD
ALTITUDE CONTROL

ALT, SEL/HOLD
ALTRATE
FLARE (H=-KH)
SPEED CONTROL
MACH SEL/HOLD
SPD SEL/HOLD (IAS, INS, GTS)
RADIO AIDS

VOR CAP/TRK
I1LS GS CAP/TRK
ILS LOC CAP/TRK

3-D GLIDESLOPE
H, U, Y vs. RGO
ALIGN FOR LANDING

$, r, Y CONTROL

RNAV

Way Poinis
Simple Straight Line Trajectories

3A-17
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RGO y— GuDESLCOPE ‘Lon{v‘c!
; LOGIC 1 o velocity
; i o b COMMANUS  FOr 1
.'§ (section 3¢) U, AUTOSB and ,
‘ AGS | AUTOTH loop S
MQODE - ‘
* - ‘
- 6ec se e
*{ L »j0der ;
& 1 * >___—-——4 TR”\/’ 8rt, ,:(
| ba L. _
INFTJALVZATION | | Per
LOGIC Qe
" b ——
be T
6th.) 5sb,)______ -
Crossieeos, y
teegbacks, !
Dras,loopgains, |
etc @
% past- sample v’
values of
DFCS output
Commands

Fig. 3. A-19 Aided Glideslope Logic; Trim Initialization Logic
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SECTION 4

TRANSITION PHASE
by

Richard D, Goss

A.  Introduction

The transition phase of the return from orbit follows the entry phase and is
defined to be that pait of the trajectory for which Mach numbe- lies betweer 5.0 and
0.9.

Attitude control during the transition phase is maintained by a comb’nation of
aerodynamic control surfaces and control jets. Yaw and roll control are achieved
through the use of aileron (difterential elevon) deflection, rudduer defiection and yaw
and roll control jets. Pitch control is achieved through the use of elevator (tandem
elevon) deflection and pitch control jets. The use of yaw control jets is required to
maintain stability during the early phase of the transition trajectory when the high-
angle-of—amck/high-mc!rnumber operating conditions result in the rudder being
ineffective. The roll jets and pitch jets act to support the elevons to prevent the
buildup of high vehicle atcitude rates.

The control law for the aercdynamic controllers is a linear control law which
is desigred to control verturbations about the desired state. The control gains are
scheduled as a function of Mach-number and dynamic pressure. The gains have been
computed for a range of Mach-nuinber/dynamic-pressure operating conditions by
aitempting to match closed loop system response to an "ideal' or desired system
response for those operating conditions.

The vehicle attitude and attitude-rate inputs to the controllers are provided by
a linear state estimator (or filter). The filter is partitioned into longitudinal and
lateral-directional modes. The longitudinal and lateral states contain only the com-
ponents required to degcribe the dominant modes of vehicle flight. These states
will be described as the reduced "states'. Additional state components used for
extrapolation of tne reduced state are obtained from guidance a2nd navigation estimates.
These components are described as the "observed states’.

Although the state estimator eguations are incorporated in the current DFCS,
the equations have been implemented to date only a1 a trivial) form. That is, gains
have been selected which pass inputs through the filter unmodified. The present
version of the DFCS assur.es a vehicle-body frame-of-reference for both angle and
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P e
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rate estimation. The control laws, however, are designed to use inputs which
describe venhicle orientation in an earth-relative velocity coordinate system and
vehicle angular rates in a body coordinate system. The required angle inputs to
the control laws are presently being supplied directly by the Input interface Routine

described in Section 4-2A,

The state estimator is in a developraental stage at present and is expected to
change substantially. A determination of sensor requirements must be made before
proceeding with filter redesign. The filter design is strongly dependent on the
number of measured quantities which are available throughout the transition phase.
If aerodynamic sensors are available, procedures for the most effective mixing of
aerodynamic and inertial measurements must be developed. In addition, a deter-
minarion must be m:-de of the most effective coordinate frame in which to process
filter inputs as well as the most efficient way to transform filter data to the form
required by the control laws.

A simple block diagram which provides an overview of control in the transi-
tion phase is shown in Fig. 4-1. It illustrates the interconnections between the

various major routines during this phase. The next four subsections of this document

describe the algorithms which are impiementedin the Filter Update, Control, Filter
Pushdown, and Parameter Estimation routines respectively. Each of these descrip-
tions consists of a brief explanation followed by a detailed description from the point
of view of how the algorithms appear in the DFCS computer progran. The final
transition phase subsection presents another view: engineering block diagrams for
each of the control channels from the Input Interface Routine to the setting of the

actuator commands.

B. Filter Update

1, Longitudinal Estimator

a) Engineering Description

The reduced state of the longitudinal estimator consists of two components —
pitch attitude and pitch rate. The reduced state measurements are incorporated in
the linear estimator using sequential corrections.

The observed longitudinal state components are angle-of-attack and velocity.
In the current version of the DFCS these components are assumed to be obtained
from guidance-and-navigation estimates or sensors with no additional filtering
applied. In subsequent versions of the DFCS, additional filtering will be applied
to the angle-of-attack estimate to account for high frequency vehicle attitude dyna-

mics.

L
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¢ The longitudinal estimator also includes a "pitch-rate compenssation’ filter.
This filter estimates the steady-state pitch rate induced in a coordinated turn,
Since it is not desired to feed this pitch-rate bias oack to the controi laws, the
measured pitch rate is modified by this bias. The modified pitch rate is then

received as an input by the linear state estimator.

b) Im Elementation

Definitions

OG - 9] {Pitch attitude error!}
Reduced longitudinal

+ -
state vector: Qg - qJ (Pitch rate error)

(8 and q are the actual values of vehicle pitch attitude and pitch rate,

and 6 G and qg are the desired values from guidance of vehicle pitch attitude and
pitch rate.)

Reduced state measurement:

ein OG- e

qm qG_q

‘9m and q;, are inputs to the filter update rowtine.)

Computations

Pitch-Rate Compensation:
6 =0.999¢6 +T.p
P d’P P

=q,_ +T(d_ =+

9 in p

in

Wi m
©
W
A

Notes:

1) The term * (¢p +%— ¢p3) is the estimate of the pitch rate induced in
a coordinated turn

1,3, . . A
2) (¢p +x ép ) is an approximation to tan (dtp)
3) The factor T 18 the fast sampling period (0.1 sec)

4) The factor 0,999 (which yields a time constant of 100) is a constant
value in the current DFCS.




L o e o

PE Ll T e

Sequentizl State Vector Correction (at Fast Sarapling Rate)

out out 1 ,
= + 6. -8_)
n ou”
1 ‘ G
9out %out l_ 2
2 1
0 out-‘ 6 out o out GS 1
: 9 : 1 * 'l‘qin qout)
dout Tout Qout LG4
where:
-,
6ovut ig the state estimate propagated from the previous
4 sampling time to the present sampling time.
[ Aout
4
ol ]
is the state estimat2 follcwing the first correction.
1
9ut
ou is the state estimate following the second correction,
2
q
out
E L “r
G, Gy
and are the gain vectors which are multiplied by the measure-
C'2 G4 ment residuals.
Angle-of—Attack and Velocity Updates
aout Y
n (no filtering applied to @and U. ato be filtered at fast
Uout = Uin rate in subsequent versions of DFCS.)
where:
@, =a;-a
Uin = UG -U

2. Lateral-Directional Estimator

lLateral- s

a) _Ezr_xg}nee’ring_gescription

The reduced state of the lateral-directional estimator consists of four com-
ponents—yaw attitude, yaw rate, roll attitude and roll rate. The complete state

4-5



required to describe the lateral modes of motion includes the observed component,

sideslip angle. In the current DFCS, sideslip angle is obtained from guidance-and-

navigation estimates or sensors with no additional filtering applied. As in the case

of angle-of-attack, additional filtering will be applied

versions of the DFCS.

to sideslip angle in subsequent

The lateral estimator also includes a "vaw-rate washout” filter. This filter

has a similar function to the pitch-rate compensation filter discussed above. The

yaw-rate washout filter acts as a high-pass filter on yaw rate SO that the steady-

state component of yaw rate which is induced in a coordinated turn will not be fed

back to the lateral contiol law.

b) Implementation

Definitions
*G - Jﬂ
Reduced lateral L
state vector: 6. -0
G
LPG - P

(yaw attitude error)
(yaw rate error)
(roll attitude error)

(roll rate error)

(, r, ¢ and p are the actual values of yaw attitude, yaw rate, roll

attitude and roll rate and “pG’ rgs ¢G and PG are the desired values from guidance

of yaw attitude, yaw rate, roll attitude and roll rate.)

Reduced stat> measurement:

binS ¥g T ¥
Fin® rG-?
d’mg ¢G g
Pin= Pg - P

Wi Tin’ éin and p;, are inputs to the Filter Update Routine, )

Com Eutations

Sequential State Vector Correction (at Fast Sampling Rate)

4-6
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i I o
v out ¥ out GS
r'd
l"Olut Foui + Gy ( -s' )
' ) s ¥in ~ Yout
° out 4 out G 7
1 ’ G
Lpout pout L 8
£ - 21 [ 5
H ¥ out ¥ out GD
2 1
r r G
out { _ out 10 |
” = ) + (r in r out)
éout ¢ out Gl 3
2 1
| Pout | | Pout_ | G12.
= 3 - -1 pue —1
¥ ouj b out Gl 3
3 2
Tout | _ |Tout |, {C1a} 4 - 42,
3 2 in out
¢out ¢’out Gl S
3 2
P P G
| out_ | out_ | 16_
4 3 P
¥ out Y out ¥ out *17
4 3
Tout - Fout . Tout + G18 ( .3 )
4 3 Pin Pout
¢out ¢out d'out G19
3 G
Lpout Lpout Lpout N 20
where:
= ha
.
¥ out
' 4
Tout
is the state estimate propagated from the previous
¢ 4 . sampling time to the present sampling time.
ou
4
Pout
e -l




P i
out
r i
out is the state estimate following the ith correction where
oi i=1, 2,3, o4,
out
1
ch)ut
- 1 p- -
G, Giq
GG C'18 are the gain vectors which are multiplied by the measure-
G7 019 ment residuals.
G G
Sideslip Angle Update:
Bout = Bin (no filtering applied to 8. 3 to be filtered at fast rate in
subsequent versions of DFCS.)
Washout Filter Computation:
T ash - 1.75 v 4 * Toum (rsum is computed in the Filter Pushdown Routine)

Computation of Roll Angle About Velocity Vector

is required by the control laws. In the current version of DFCS, d"’in

‘t"out ’
is obtained directly from the input interface routine and no transiormation is required

In subsequent versions of DFCS, é"'out will be obtained from a

to obtain v .-
and ¥ out °F the filter computations for the lateral state

transformation applied to éout
will be revised to supply ‘Vout directly as an output of the state estimator.

C. Attitude Control Laws

1. Longitudinal Control

a) Ef_xgineeiigg_l)escription

Longitudinal control is provided by tandem elevon deflection and by reaction-

control jets. The tandem elevon deflection will be described as an 'elevator'’ deflec-

tion in the following discussion.




The objective of the longitudinal control system is to control vehicle pitch
attitude to respond to commanded angle-of-attack from guidance. This is accom~
plished through integral control of angle-of-attack. A com manded elevator deflection
is computed in the DFCS control routine as a linear combination of three longitudinal
state components: the integral-of-angle-of-attack error, angle-cf-attack error and
pitch-rate error. As discussed earlier, the control gains which multiply these
errors have been pre-determined and scheduled as a function of Mach number and
dynamic »ressure. The control gains are updated by the DFCS during flight by
table look-up and interpolation of stored data points (see discussion in Parameter
Estimation and Update Section}. Limiting is applied to each of the three inputs to

the elevator control law to prevent extreme elevator excursions and excessive

e

angalar rates in response to large changes iu the angle-of-attack command.

The jet control law for pitch control is designed to aid the elevator control
taw in preventing large rate buildup. Control jets are programined to fire only
when the magnitude of pitch rate exceeds 5%/sec.

PPN ot 4N

b) Implementation - Aerodynamic Control Law (Elevator Control)

s Computation of o integral
:,{ Ala- 0.5(aom * Tout ,)TF
: n-1 n
= Zout ® %ut
n-1 n
; fan:fan_1+Afa
i o
; Limit.ng of [a
If fa > +4 deg-sec — [ a = +4 deg-sec
; If fo € -4 deg-sec — j a = -4 deg-sec
i
Limitinio{ a Input to Control Law
a0 < -9 o°
3.0, out = 3.0
RS | o 0
a = o ., -3.0" ¢ < +3.0
outh.m out out
o > (o]
) +3.0°, @t = 3.0 l
4-9
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o

2
«
4
3

1

¢

m“mf’?@ﬂw gt iyt *"h

Limiting of g Input to Cont rol lLaw

A

5.0%! sec
- . [ -3 =
qout

- [e 2}
¢ R -3,07/3ec € ¢
Qou lim out 2 You
+5.0Y sec,

i
e
W
v
e}

9out

Commanded Elevator Deflection

o - K, " g + be .
2 out Lim 3 out im G

{(where 6eG is constant during transition and is initialized to the value

of 6eC existing at the conclusion of the entry phase)

Speed Brake (Rudder Flare) Deflection

6st = 45° (Constant during trangition phase)

Notes:
1) The indices n and n-1 refer to the present and previous sample

times respectively.
2) Te is the sample period (0,1 sec).

3) In subsequent versions of the DFCS, determination of fa will

be done by t & state estimator.

4) Quantities not subscripted refer to present sampling time.

¢) Implementation-Jet Control Law for Pitch Channel

’ -qout
Jets On

7777

4-10

RPN

e el i Y



o wMM
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RS

L L

5 4

|

In shaded band, no pitch jet firing is commanded.

.0
If -agy > %5

(0.1 sec) to produce a negative pitch torque.

/sec, jet firings are commanded for a sample period

If-q . < -53% sec, jet firings are commanded for a sample period

(7.1 sec) to produce a positive pitch torque.

2. Lateral Control

a) Engineering Description

Lateral control is provided by differential elevon deflection, rudder deflection
and reaction-control-jet firings. The differential elevon deflection will be described

as an 'aileron’ deflection in the following discussion.

The objective of the lateral contrcl system is to control vehicle roll attitude
about the velocity vector in response to commanded roll angle from guidance, and
to maintain tight sideslip control. Roll control is achieved by integral control of
roll angle about the velocity vector. Yaw-sideslip control is achieved by feeding
sideslip angle and yaw rate to the lateral aerodynamic controllers and to the jet
control law. Both the commanded aileron deflection and commanded rudder deflec-
tion are computed as a linear combination of five lateral control state components:
vaw-rate error, integral-of-roll-angle error, roll-angle error, roll-rate error and
sideslip-angle error. The lateral control gains are updated in the same way as the
longitudinal control gains. Limiting is applied to the integral of roll angle and to the
roll angle input to prevent extreme actuator excursions and excessive angular

rates in response to large changes in the roll angle commands.

The jet control law for lateral control consists of a channel to maintain tight
sideslip angle control through the use of a sideslip-angle/ yaw -rate phase plane and
a channel for roll control which employs a roll-angle/roll-rate phase plane.

A further aid to lateral-directional stability is obtained by a fixed rudder
flare (speed brake) deflection of 45°. The 45° rudder flare deflection provides the

maximum restoring yaw torque in response to sideslip error.

b) Implementation - Aerodynamic Control Law {Aileron and Rudder Control)

Computation of ¢v Integral

Af¢=0.5(¢v vo, )T

4-11
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L

f,;j

Limiting of | ¢

1f [ 6> +3 deg-sec —»[ ¢ = +3 deg-sec

if fo<-3 deg«sec—bf é

-3 deg-sec

Zeroing of J ¢ for Small Roll Angle Errors

. 1 1f o1 >0.5deg-sec and |9 i < 0.125°= [o =0
out

Limiting of ¢ _ Input to Control Law

-3.0%, by, S -3.0°
_ _ (o] (o]
o, = bvoutr ~3-0 < Pyvout < 3-0
lim ° o
+3.0°, Gy, > 3.0

Commanded Aileron Deflection

sag = Ko * Tuaan * Ky " J¥ v Kin 7 0 * 127 Pour +Ky3 " Bom ¥ %3G
Commanded Rudder Deflection
rc ==K " Tywash ~ K15 [6-Kg- *Vim Ki7 " Pout ~ K1g ~ Pout ¥ %G

Notes:

1) The indices n and n-1 refer to the present and previous sample times
respectively.

2) T is the sample period (0.1 sec).

3) 'n subsequent versions of the DFCS, determination of | ¢_ will be done
by the state estimator, n

4) Quantities not subscripted refer to present sampling time.

o e AP



c) Implementation - Jet Contsrol Law for Yaw and Roll Channels

FER———— L T SRR

Zone @

Fire down to
ER:= + 5,73% sec

+ 6. 30° sec

A/ LS,

Zone
+5.16% sec @
Zone Fire Down
-5.739
B 8 - to
® -
Fire up to ]
ER=-5,173
ER = + 5. 730/ sec /sec
-5.16% sec
IS
-5,73%/ sec
-6.30°, sec

" Zone @

Fire up to ER=0 Zone@

Fire up to

ER= -5,73% gec

Notes:

1) For the yaw channel, E=3_  and ER = -r__ ..

2) For the roll channel, E = _d"’out and ER = “Pvout

WU VI RPN SSFUPIL SRR JRVT oo | L AT - IR BN

{where Pvout is roll rate about the velocity vector and is presently :
being compn‘x’ted in the control section as:

pvouf = Pyt SOt To ooy, Siney, }

3 3) A given E, ER input will correspond to a point lying in one of the 12 T
: zones indicated in the above figure.
¥ -

3 o




4) Inzones 1, 3, 4, 5, 6 and 8 a rate change is commanded to drive the
s rate to the target rate indicated. For example, in zone 1, if
ER = +2%/3ec, then a rate change of -7.739/ 3ec will be commanded.

3) In the ''coast” zones Z, 7 and 13 a rate cnange of zero is commanded,
6) In zones " and 11 a rate change is commanded to drive the rate to zero.

7) In zones 10 and 12 a rate change i3 commanded to drive phase plane
location to the indicated sleped line bounding zone 1}, These line’ have
a slope of -1 gec-1 and intersect the axes at symmet rical deadbands,
In the roll channel the deadbands are set at +19 sind £19 300, In the
vaw channel, they are set at y 1,259 and £0, 237 sec,

3) The ¢ommanded rate changes are meuaificd before being passed to the
jet select logic as follows:

denote roll channeied rate change by 39 and denote vaw
channeled rate change by &«

yaw’
It IAurouk 0.25%/ sec A0 0
it iAwyaw% > 0.03°/sec-o5ayaw =0
Ha2mon” #¥yaw 2 0=Adwrony = ?

(The last constraint is introduced to prevent a roll-jet firing in those
cases in which it will produce a sideslip-angle-rate opposite to that
produced by the desired yaw jet firing.)

D. Filter Pushdown

a) Engineering Desc ription

The Filter Pushdown Routine of the DFCS for transition contains the extrapo-
lations of the current longitudinal and lateral state estimates to the next (fast)
sample time. At that time, the extrapolated estimates are used in the sequential
update equations in the Filter Update Routine described earlier,

b) Implementation - Longitudinal Estimator

9

"

out 6out * A4t TF

’

Uut = Yout * G21 {022 Qout * ©23 %ou * ©24 Vout }

wher=:

Sqd c
(?r21 = -r—L—TF where qqp is dynamic ‘
yy pressure :
= _c_. bt

Gy = 2¢ Cm

q
G23™Cm,

i




-
mc,,
G,y 7 ———"E‘,\ (M = mach nuniber)
The coetlicients G, - Gy ave updated by the DECS during flight by linear
- -
intevpnlation between stored Aata points (see disoussion in Parameter Fst:maton and
Update Section below),
¢) Implementation - Lateral Estimator
: ’ = g [ 4 T
< Yout - ¥out " fout t¥
=
3 ‘ Gy G G Gag Aout |
‘ r T r + r + +
§ out  out 251726 out 27 Pout ~ +'28 Yout
#
&

‘out * ‘out * Pout TF
Pout * Pout * 029{630 Pout * G31 Tout * 32 aout}
L -1.75 Tout ? 0.98 Twash
where:
G, = Cax Sq, bT
2 g o -q2y 9 F
xx ‘22 X2
- b X2z
Goe = 2V (Cn T € )
XX r
=0 ). ¥4
G =——(c + 2y )
27 2V np Ixx P
(& z=C +152—Cl
28 3 Ixx 3
Gog ® L2z $q, 5T
29" ~12, dp” F
XX 'zZ2 XZ
G s-"’—(c, + X C )
30 2V !zz np
G aik-(c‘ .,,1"_.2.(: )
31 v r 1zz n.
1
G, =Cy +3%
Notes: 32 B lzz Ng

1) The factors 1,75 and 0, 98 are constant values in the current DFCS.
2) The factor 0,98 yields a time constant of 5 sec,
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The coefficients G..,3 - G,;2 are updatcd by the DFCS during flight by linear
interpolation between stored data points (see discussion in Parameter Estimation and

Update Section below).

. Parameter Estimation and Update

a) Engineering Description

The computation of filter gains and the associated update of the state-covariance
matrices used for filter gain computation are made in the Parameter Estimation and
Update Routine of the DFCS. In addition, the coefficierits required for state extrar
polation and the control gains are determined through a table look -up procedure.
Three values of each control gain and extrapolation coefficient are stored in the
table. The three values of each coefficient are the values associated with three
different Mach numbers. The value of a coefficient for any arbitrary valve of Mach
number is determined through simple linear interpolation with respect to Macn
number.

Each of the stored crntrol gains coatains an implicit multiplicative factor of
dynamic pressure. Whena value of control gain is extracted from the table through
interpolation, it must then be divided by dynamic pressure to obtain the desired

value.
All of the parameter estimation and update equations are executed at the

slow sampling period (2 seconds).

b) Implementation - Longitudinal Filter Gain and Covariance Estimation

Definitions

Gyg  Gaq

= Covariance of longitudinal reduced state, 6, Q.

Gz; Gag

2

%9 s Noise variance of § measurement.

qu = Noise variance of qQ measurement.

‘-G49 Gsp
v 2z Process noise covariance matrix
LGso Gs,
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Filter Gain and Covariance Update Computations

Gy G:m-]
i 1
; 3
Gf) (Ggﬁ ve H ) G'{ -
Gia G:n‘] 1-Gy ”-l Gap  Gug

Gig Gaq 1 G, | |G3s 37
Gy7  Gag 0 1-Gyl |Gy Gag

Covariance Extrapolation

' , el

Gy  Caq i Tp| |[Cue Gaq| |? 0 Gyg Gso-]
= +

Gy;  Ggag 0 1] | Csn Gigl {Tr ! Geo Gst

In the implementation of the current DFCS, the above equatjons {pr filter
gain and covariance update are bypassed. The values of 047, 07, Gag: (‘:50
and G5y have all been set to zero. The gains Gy, Gy, Gz and G4 are set
tod, 8 0, 1 respectively.

c) Implementation - Lateral Filter Gain and Covariance Estimation

Definitions
G.. G,. G )
39 G40 S41 Ca2
G G G G
- 40 43 44 45 covariance of lateral reduced state,
CV=lg . G, Gsu G o, ¢
41 S4a Y46 a7 v, v, @
G,, G G G
| Ga2 Cas Car Cas]
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Noise variance of § rmeasurement

@ ° = Noise variance of r measuremert

"

r
c 02 = Noise variance of ¢ measurement
0p2 = \pige variance of p measurement
- ) o
P.\l th PN, F’.\4
PN = PNZ PNS PNG PN? _ Pro-ess noise
s , , . ® covariance matrix
PN, PNg PNg PNy
PN PN PN PN
L 4 1 9 10
Filter Gain and Covariance Update Computations
p - -G‘ 1
G5 39
’
Ge | . 1 Gyn
’ E
G, Gy3st?, |G’
41
G
8 ’,
- - [Ca2
1-Gg 0 0 0]
-G 1 0 0 ’
cvl = 6 cv
—G., 0 1 0
L‘GB ] 0 l.a
— J 1_
7 G
Gg 40
1
Gro | 1 Cyy
G (cl +02) | 1
11 43 T/ G“
Gy2 G!




1 -G, O (ﬂ
1] 1-G 0 1]
(.‘\'2 . 10 Cvl
0 -Gy, L0
0 G 0 1
i 2 ]
- —
(;2
Gl 4
2
Gia | Gy
G : V] ] 2
15 (Ges * %6 ) |Cas
Gyg G2
L. |47
K . -1
1 0 013 0
[1) 1 G 0
0 O l‘G15 0
6 O -G 1
p -1 —631
G 42
17 3
G
G 45

3 7 |3
Go| (Sg * °p) Gyq
G 3
| ©20] |Gy
K G ]
i1 0 O le
o 1t 0o -G
cvi: 18 | o3
6o 0o 1 -G
0 0 0 1-Gyy)
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Lateral Covariance Extrapolation Computations

i T 0 0 rl 0 0 0
T

, N ‘ .1 0o
ST A L I Sl - PN

a0 tOT, 00t 0

3 s [}
0 N 0 1 ' ‘ T

Note:
In the implementation of the current DF(CS, the above eguations for filter
gain and covariance update are bypassed, The values of the measurement
variances O,Lz R crz ' 002 and 0: and the components of PN have all been
set to zero. The gains Gg -Gzo have been szt to the following values:

1, 0,0,1,0,1,0,0,0,0,1,0,0 0,0, 1,

d) Ilmplementation - Com tion of Control Gains and State Extra lation
oellic ]

Data is sto~:1 for 3 longitudinal gains, 10 lateral gains and 10 coefficients
used for longitudinal and lateral state extrapolation. Additional capacity for 5
coefticients is incorporated in the table in the current DFCS. The data is stored
for three Mach numbers (0.9, 2.0, 5.0) and the parameters are determined by
linear interpolation. This process is illustred by the figure below.

4 3 stored data points
gain
—n-

ok~
[

-0 5.0 Number

The numerical values currently stored in the DFCS are shown in Table 4-1, The 28
coefficients and gains are denoted by 'vl - Vog-
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Table 4-1: Stored Data {or Tomputation oi Control Gains
and Extrapolation Coefficients

Mach Number

Coefficient
0.9 2.0 5.0
v, 810.1 180.0 89,0
vV, 631.6 1300.0 539.3
v; 425.7 2287.4 127.1
V4 0 0 0
‘15 0 0 0
V6 0 0 n
vV, 37.4 37.4 39,58
Vg 51.4 51.4 54.37
Vg 307.2 307.2 325.1
3 Yo 150.0 300.0 450.0 i
3‘ Vi1 -425.9 0 400.0 i
- Via 81.2 81.2 86.0 :
Vi, -8.0 -8.0 -8.44 ]
- Via -51,7 -81,17 -54,7 .
g Vis -18.1 -18.1 -19.2 ‘
g Vis 65.3 65.3 69.1 !
2 \' 0 0 )
§ v:; i} 0 0
g Vig 0 0 0
ig; Va0 (] 0 0
i Voy 0 0 0 L
Voo 0 0 0 .
Vag 0 0 0 :
Vaa 0 0 0 -
Vos 0 0 0 &>
Vag 0 0 0
Vaq 0 0 0 :
Vag 0 0 0
Notes:

1) V4 ’ V5 . Vs are not required for the current DFCS and are stored as
zeros,

2) V” - v28 are data for state extrapolation equations, These equations

are not implemented in the current DFCS and the data have been stored . :
as zeros, -
4-21 il
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§ Equations for Control Gains and Extrapolation Coefficients Computed
from Output ol Linear Tnterpolation

1) longitudinal g ains:
. co= v/ N U LK, VL,
H Ky Yy Up Ko Vo Qp Ky Yy 9ap
1 2) lateral gains:
: lateral gains
! K, -V Koo\ K

07 Vq'9gp ¢ 10 Y8 %p 1 Ve 9ap

Kis* Vie'9gp » ®13 ™ Vi Sap

e = - 4 =\ M s
Ky Violfgp o Kis ™ Vig/9ap © Kis

4 - . - !
K7 Vis/9p ¢ Kia® Vis'%ap

3) 1ongitudinal extrapolation coefficients:
Gyp=Vy7 i Gp3=Vig i C24”Vio : Gy = V26 Tr
4) lateral extrapolation coefficients: .

Gyg=Vay 3 Gpp=Va ¢ Gag=Vaz i Gys = Vo T

Gy =V 3 Gaqy =V

30 ° Va3 a1 " Vag i G327 Vas i Gaa” Vo T

32 25

-

’
i
£
3
f ¥
R .
Ni -
£
H )
Z
i
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E. Block Diagrams of Tranaition Control Channels

Figures 4-2, 4-3, and 4-4 preaent a detailed control-engineer's description
of the three control channels {Pitch, roll and yvaw) by means of functional block
diagrams. The computation of the control gains shown in these tigures is described
in the preceding subsection.
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SECTION 5

ENTRY PHASE
by

J. Edwin Jones, Peter S. Weissman, Greg L. Zacharias

A. Introduction

The DFCS design presented in this section is intended to provide stability-axis
attitude control for the vehicie during entry, where this mission phase begins at
approximately 400, 000 ft altitude and ends at Mach 5. The control logic makes use
of both the ACPS and the aerodynamic control surface torques, blended together in
such a manner as to minimize ACPS fuel, while providing the capability for simul-
taneous parallel use when necessary.

The basic design features include gain scheduling and control sub-mode
switching (both as functions ot selected trajectory parameters) to account for vari-
ations in the vehicle dynamics and to allow for reasonably constant closed-loop

transient response characteristics. In addition, except for very low dynamic

pressure operation, maximum use is ma-de of the aerodynamic control surfaces to

minimize ACPS fuel. Finally, the controller synthesis, and thus the design pre-
sented here, makes advantageous use of the vehicle's aerodynamic tocrques resulting

from trim attitude deviations, allowing the vehicle's rigid body aerodynamics to aid
in attitude maneuvers.

¥
i

Figure 5-1 provides an overview of the entry phase control-logic structure.
Currently, measurements are supplied directly to the Control Routine by the Iiput
Interface Routine. State estimation for the entry phase is in development.

Longitudinal control of angle-of-attack and pitch rate is provided by elevator
(tanden: elevon) deflections and pitch ACPS jet firings. The elevator logic uses
conventional rate and position feedback {with feediorward trim integration) through
scheduled gains to maintain relatively constant closed-loop pitch dynami~s, while
the ACPS logic uses phase-plane control to maintain a desired limit-cycle operation.

Lateral control of sideslip and roll angle is provided by aileron (differential
elevon) deflections and roll and yaw ACPS jet firings. The aileron logic uses rate

and position feedback of the lateral variables (with feedforward trim integration for
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center-of-gravity offset compensation) to provide attitude and rate control in side-
slip. The desired sideslip attitude, in turn, is determined o provide the roll ‘urue
necessary for roll control. The ACDPS logic uses phase-plane control to maintain
a desired limit-cycle operation when there is low dvnamic pressure, and sideslip

rate damping to maintain lateral stability when there i3 nigh dyaamic pressure.

1a both lateral and longitudinal channels, bleading of control by the surfaces
and the ACPS is provided through a logic which datermines ACPS inhibition on the

basis of the magnitude of the current surface comnand,

B. Longitudinal Contro!

1. Engineering Dcscription

Longitudinal control uses both elevator (tandem elevons) and pitch ACPS jets
to maintain the ccmmanded angle: Jf-attack. Thrre are two coatrol sub-mode s
for the elevator, and one for the pitch jets.

Early in the entry, when the dynamic pressure is jow, the elevator is used
strictly for trim, so as tc minimize pitch disturbance torques and thus fuel usage.
The trim control law is an open-locp quadratic functicn of the commanded rgle-
of-attack only. During this flight regiume, the pitch ACPS jets, controlled by an
angle Jf-attack/pitch-rate phase-plane logic, provide 2 titude and rate control in
response to guidance commands. There is no jet innibition under this flight
condition.

When the dvnamic pressure gets high enough, the elevator is used for both
trim and transiert control. Trim i mainiained through the use of an integrator
acting upon the angle-of-attack error; the initialization value of the integrator is
calculated from the last trim value of the previcus sub- mode (when dynamic pressure
was low). Eievator control of transient errors is maintained througi: linear feed-
back 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
utilized together wiih 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 deflertion is compared with preset
fractivns of its maximum and minimum vaiues; should the command be "'small’’,
it is assumed that the elevator has sufficient control authority, and thus the pitch
jets are ot required. Conversely, should the elevator command be "large’, the
pitch jet control is not izhibited, but is allowed to assist the elevator in controlling
the vehicle. This blended control continues throughout the rest of the entry, so thut
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 switchiny transient when the second control sub-mode is entered.

3-3



a) Elevator Control

Figure 5-2a is a block diagram of the eievator control loops. When the dynamic
pressure 18 less than qdplr . only the open-loop trim setting shown in the lower
right-hand corner of the diagram is =ent to the elevator. The funcann used to deter-

mine the trim value 13 shown in Fig. 5-2b,

This parabolic curve is obtained as a tea~t-squares curve 11t to the moment
balance relation between angle-of-attack and elevator deflection 1 the hypersonic
regumne. Note that the function is independent of both Mach number and dynamic

pressure.

When the dynamic pressure reaches qdpi' closed-loop control of the angle-
of-attack ia provided by conventional position (¥)and rate (q) feedback through a
network which attempts to maintain a constant transient response throughout \he
flight envelope. Specifically, the desired closed-1oop transfer function is chosen
to be a well-damped second-order system, or

h

[_g.] - 5 o - (5-1)
[+ ] . ,
Glyesirea % *2¢3wa®* w4

~

where (g-d. w d) are specified for acceptable performance (k,is not explicitly
specified). 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 (llqd ), or (3) scheduled gains ‘vhich are functions of the aero-
dynamic flight regime (e.g., £1). ' Trim control i accomplished in this sub-
mode by a conventional clamped trim integrator acting on the angle-of-aitack
error to provide a steady-state trim elevatoirr commaad in the absence of transient

angle-of-attack errors.

As can be seen from Fig. 5-2a and 5-2¢, in order to allow a gradual blending
in of active elevator control, the elevator command limits are functions of dynamic
pressure which gradua'ly open up from the open-loop trim setting to the physical
deflection limits.

b) Pitch ACPS Control

Shown in Fig. 5-3 is the ACPS phase-plane switch logic representation used
in control of the pitch jets. For longitudinal control, the phase-plane coordinates
are angle-of-attack error and pitch rate, or:

(cl‘ ‘2) = (a-aGl a‘) (5'2‘)

t
See Subsection D for the numerical values of parameters.
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The phase-plane is separated into three regions (by the switch curves), in which
the commanded jet firing is either positive (u = +U), negative (us -U), or zero
(u= 0). Thus for the particular application of pitch jet control

(u, U) = (uy. L'y) (5-2b)

where uy and Uy symbolize the jet command and the available acceleration level,

respectively.

The equations for the switch curves themselves are based or. the fuel-time
optimal solution to the double integrator control problem and are modified by
deaaband incorporation to ensure practical limit-cycle convergence (see typical
trajectory of Fig. 5-3). The switch curves are defined by:

, e 2
vy 1€ = Ry - 35 Q)
(3=3a)
a 2
T, : ¢ = 83+ 35 ‘3)
where, in this case, the deadbands are pitch attitude deadbands, or:
(‘1 » ‘2) = “Ql‘ 6d2) (5=3b)

and o is a fuel=time weighting constant greater than unity given for pit~h control
by:

9= 9% (5-3¢)

The interface (or blending) logic between commanded pitch jet firings and the
commanded elevator deflections is shown in Fig. 5-4. 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 (de C shown
shown in Fig. 5-2) 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,

2, Implementation

Coding implementation for longitudinal control during the entry phase is
summarized in flow=-chart form in Fig. 5-5.
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Note:

€1

-é2
u=+y
u=0
) £
r
&
Fig. 5-3 ACPS Switch Logic
qd <q
- p dpl
Mim €, Y
PHASE PLANE
LOGIC d4p 2 9apt
~ " Fi1G. 53
3 EQONS (5-2),(5-3) Nonlinearity:
N min
l"4 0.8 GeC
e . min
5 o ‘Ae o r5~0.86ec
€c ’ { re - 0.6 6ecmax
> A ‘6
- > eC_ rq- 0.8 becmax
" '5 'b f7
Output: )e =lor0
max min )
Tum’ éec. bec , 6eC from Fig. 5-2a

Fig, 5-4 Pitch ACPS Control Biock Diagram
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C. Lateral Control

1. Engineering Description

.ateral control uses both aileron (differential elevons) and roll and yaw ACPS
jets to maintair small sideslip angles and follow commanded roll angle maneuvers.
There are two controi sub-modes for aileron, oue for the yaw jets, and three for

the roll jets.

Eoarly in the entry, when the dynamic pressure is low, the aileron command
is zero, and no lateral trim is attempted. Duriag this regime, the yaw jets,
controlled by a roll angle/yaw-rate phase-plane logic, vrovide attitude and rate
control of the roll 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 attitudes and rates. When the yaw jets are
commanded to maneuver the vehicle, the roll jets are controlled by a sideslip/
sideclip-rate phase-plane logic, which is similar to the first sub- mode except
that compensation for yaw jet torques is included. Again, the purpose of this logic
is to maintain small sideslip attitudes and ratas. There is no jet inhibition under
this flight condition.

Later in the entry, when the dynamic pressure is between two specified
values, the aileron command is still zero. ‘The yaw jets are controlled by the same

3

logic as in the previous regime. The roll jets are controlled by une of two logics,

again depending on yaw jet activity. When there are no yaw jet commands, th2

roll ists are commanded by a deadtanded 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 under this flight condition.

RS A R I Ty RS

Still later in the entry, when the dynamic pressure is high enough, the aileron
is used for both trim and transient control. Trim is maintained through the use
of an integrator acting upon the roll angle attitude error; the jnitialization value

e -

of the integrator is zero. Aileron control of transient errors is maintained through
linear feedback of roll angie and sideslip attitudes and attitude rates with appropriate
gains. During this regime, roll and yaw jet control identical to that of the previous

: regime may be utilized togethe. with the aileron, or control with the jets may be
inhibited. This is done with the same type of blending logic used longitudinally.
Thus. with "small” aileron commands, lateral jet cont1.. is inhibited. This blended
control continues throughout the rest of the entry, so that the yaw and roll jets are

- always available for control assistance. As in the longitudinal case, there is a
C g gradual turn-on of the allowed aerodynamic control authority.
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a) Aileron Control

shown in Fig. 5-ba is the binck diagram for aileron control. Closed-loop
control of vehicle roil angle is provided by conv entional position (‘ ! amd rate
(p, ¥) feedback of the latersl state var iables through a network which attempts to
maintain a constant response throughout the trajectory. Sp(»:cificallv, the desired
closedaioop transfor function for roll angle responsy is chosen to have {our specificd

""){'!,l!);.t"‘. 3)')}.'\‘.‘4, or:

A
i
j3=)
+
~
iy
-
ol

D ]
[°‘- ko(=” = %o (5-1)

[ .
Jdesired

where ({ o ) are chosen for acceptable transient response (kg 15 not explicitly
specified and wg i3 a function of the airframe dynamics.). This response is obtained,
in the absence of rudder effec’iveness, by taking advantage of sideship mistrims to

roil the vehicle.

As with the longitudinal controller, the gains of Fig. 5-6 may be separated
into one of three types: (a) prespecified by the desired closed=loop characteristics
{e. 8., ), (b) dynamic pressure dependent; or (c) scheduled gains which are
functlons of the aerodynamic flight regime (e.g., E ). For convenient reference,
the gains of the first category are defined in terms of desired response character-

istics with the following equation set:

= w el
1 L Y2
a, = 2( wy * & gw M w) w,y)
(5-5)
ag = 2wyt Wy
_ .2 .2 e =
Ay = Wy ray H A0 W

where, a3 noted above, the ([‘i, wi) are chosen for acceptable roll response.

As saown in the block diagram, lateral trim is accomplished through the use
of a trim integrator in the roll angle error channel. This allows the vehicle to trim
to a non-zero sideslip angle (by commanding a non-zero trim aileron deflection) in
the presence of body~-axis roll disturbance torques due to lateral displacements in
the vehicle's center-of-gravity.

The gradual expansion of the aileron command limits as dynamic pressure increases

is shown in Fig. 5-6a and 3-6b.
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b) Yaw and Roll ACPS Control

Yaw jet ACPS control synthesis is based on double integrator modeling of the
roll angle dynamics, so that the switch logic presented for pitch ACPS control may
be used, Roll jet logic consists of three models, one based on double integrator
modeling of the sideslip dynamnics, a second based on osciilator modeling, and a third

which accounts for control axis cross-coupling.

A doubie integrator model of the roll angle dynamics, combined with the
assumptior of turn coordination provided by the roll jets, allows for the use of
the ACPS pitch jet control logic, with tne appropriate redefinition of control para-
meters. Specifically, yaw jet control is define: by the phase plane switch logic of

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

(€,,€,) = (-0 sing ., ©) (5-6a)
1’2 Viim T

and the switch curve parameters are given by:

(u s U) = (uz » UZ) (5-6b3
o= 0, (5-6d)

The blending interface logic is discussed telow.

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

uses an oscillator model.

The purpose of the first mode is to provice turn coordination when the yaw
jets are firing (u, % 0j. fois is accomplished by the phase plane logic of Fig. 5-7,
which is a generalized (3, 3) plane. The figur« illustrates a typical state trajectory
and the resultant limit cycle (with switch curve overshoots). The equations for the

switch curve w are:

o ] 2 .2 . -
u: S8 = %[(Bm) -8 ] if sp>am
! ) (5=7)
= e [(ém) -é] it sgsp™
2
5-1°%
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Jhere - is approvimuited from the bedy rates:

LD osin a,. = Foeos X
¢ 1 !

The switch curve parameters of Eq (3=T7) are defined by:

o

—
-
-

Limit cyc'e

u, >0

Fig. 5-17 Roll Jet C:ontrol when uy £0
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F R ST (Cont)

where }’1 is defined below in Eq (3=19),
The purpose of the s cond mode is to provide direct control over sideslip
when the yaw jots are inactive i = 0) and when the dynamic pressure iv low,

With double integrator modeling, "the phase-plane logic of kig. 3«3 and Eq ‘5 »u)
may be used, where the coordinates are given by:

(€1.€5) = .9 (£=i0a)

and the swiich curve parameters are given by:

u, Uy = i, U s (5-10b)
fu, U) (’x’l"x"“°’1‘)
Apedg) = {5~10c¢)
{ 1 \'92’ (531, 632)

e (5=10d)

[+ 13

It is convenient to lavel this control mode (used at low qdp and when u_ = 0)as

attitude hold, since beth rate and attitude error are driven toward zero,

The tird rontrol mode takes advantage of the vehicle's dynamic stability
in sideslip, which becomes significant once the dynamic nressure becomes suffi-
ciently high. Whnt is required is simply rate damping of the sideslip angular
velocity as shown in Fig. 5-8. As above, it should be noted that g is appreximated

by the body rates of Eq {5~3).

™.

W
3

o

Fig. 5-8 PRoll Jet Coutrol whern u_ = e
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The «ontrol modes described above, detininy lateral control with vaw and
coll jot . are summarized io blook diagram form ia Fig. =Y. Several points
chould bee noted, Fiest, the mode select blovk whieh defines the rell et control

mode to beoatseed bs defined by:

Jt u ¥ 0 siien Mode =0
w, 0. Ggp ~ Yps 1 (5=11)
= P r
Yz 0, qdp qdp.’! L

where the modes are coordination, attitude hold, and rate damping, respectively.
The three roll control blocks correspond with the above modes, A second point to
note is the gating by the blending parameter X, . which is defined by logic that

is identical to that of the pitch channel. F inaliy, it may be¢ noted that the logic dis-
allows ACPS inhibition during aileron trim-oniy {null aileron commanri) operation.

2. Implementation

Coding implementation for lateral control during the entry phase is prescated
in Mow=chart form in Fig, 5«16,

D. Parameter Estirnation

All parameters used in control computations lor the entry phasc ore either
fixed or scheduled on the basis of Mach number, 7 . or mean (trim) angle~of-attack,
¥ A Table 5-1 tzbulates all entry-phase fixed control parameters. The scheduled
parameters, control gains El through 56' arc cach plotied as u function of the

appropriate scheduling parameter in Fig. 5-11.

11 an initialization pass through the entry contro: iogic, several parameters ;
which a.e funciions of pad-loaded values ar. calculated and stored for future use.
The Loa¢ Manipulation Routine for the entry phase is shown in Fig. 5-12. ;
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MODE 2 | . amr | C.
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| : |
’ PHASE PLANE LOGIC . : max
| | g 57, Eas (57), (59) : Nonlinearity: r,, =0.88ac
: ‘ ‘ rll =0oabagax
‘ ' output: Xa =lor0
>
" o | Sop2 .
8 | |PHASE PLANE LOGIC } o >
" Fig. 53, Eqs (5-3a), (5-10) | uy aap < Gdp2
| o
| PHASE PLANE LOGIC | !
| Fig. 58 |
L __i Note: ¢ . a, bagax. bagin from Fig. 5-6a.
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Fig. 5-9. Yaw and Roli ACPS Control Block Diagram
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Fig. 5-10 Logic Flow for the Lateral Control Chaanel in Entry Phase
{Cont)

5-24




Tabie 5-1 Fixed Parameters U

VARIABLE NAME

NI D 0

AX

AY

AZ
DAl
DA2
DB1
DB2
DR1
DR2
DYNP1
DYNP2
DYNP3

DPISTR

DP2STR
KALFT
KPHIT
R1

R2

R3

RS

RO

SYMBOL

VALUE

2.8

U.628

-45

+15

25

20

sed in Entry Phase Control Computations

p 2
deg/sec

degf’sec2
deg/sec2
deg

deg

deg

deg

deg

deg
Ibite2
b/ 1t
1/t

1b/ £t

2
1h/ft”

deg
deg
deg
deg



Sy TR S

Table 3-1 Fixed Parametars Used in Entry Phase Control Computations (Cont)

4
M
¥
&
£
¥

VARIABLE NAME SYMEBOL. VALUL
SIGMAA o, 5 —_—
SIGMARB 03 2 —_
SIGMAR % 5 —
TF TF 0.1 sec
w1 @, 0.7 sec 1
w2 @q 0.4 sec-l
WD “y 6.7 sec’ 1
ZETA1L %1 1.4 _—
ZETA2 L, 0.7 ——
ZETAD _ L 017 _—
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Slopes of deflection- limit

« curves
my - 1/(qde ) qdp2)
o2 2
ap T vy "2 ,
Fixed lateral gains H
_ e . Lo {Equation 5-5) :
‘12 = Z(L,lu2+ kzu.l)/(u.lu.z) :
a, = 2((:'1u1 + Czwz)
a, = w LI 244 &l e W
4 1 2 121 2
(e )
E -
: Fig. 5-12 Entry Load Manipulation
!
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SECTION 6

ON-ORBIT PHASE

by

v

Donald W. Keene, Edward T. Kubiak (MSC/EG2)

The DFCS (Digital Flight Control System) will control the attitude and the
translation of the Space Shuttle during the various on-orbit activities: coasting
flight, orbital imaneuvers using the Orbital Maneuvering System engines or the
Attitude Control Propulsion System (ACPS) engines, docking, etc. This capa-
bility has not yet been incorporated into the DFCS program, However, a pre-
liminary design for switching logic to control attitude error using the ACPS has
been developed. To best perform the variety of on-orbit control functions
demanded of the DFCS, two interrelated switching logics are proposed rather
than a single compromise switching logic, The two algorithms are defined with

respect to function and design features in the remainder of this section.

A, Nominal Logic

The function of the nominal logic 1s to provide attitude and rate control
whenever disturbances can be neglected. This includes all operations except the
docking maneuver (for which there is separate logic). The logic is shown in Fig. 6-1

and has the following features:

1) Special coast zone helps to assure minimum impulse limit cycles:
4) Placement of switching curves should minimize attitude overshoot
due to damping of maneuver rates; and

3) Rate limit region assures acceptable rate levels for all operations.

The nominal switching logic is partitioned into seven switching regions as
shown in Fig, 6-2. In regions as 1, 11, 111, IV and VI the control acceleration is

negative. In regions V and VII the contirol acceleration is positive.

ol s Mt s,us Al

A A A




Lyl LLLLLL L ) X, : X

URL

| As this parjfxbola begins

at zero attitude error \
rather than +DB, man- ‘
euver rates are damped

with negligible attitude

overshoot

LRL

Offset switching curve
insure minimum impulse
limit cycle

TT77777°7

Fig. 6-1 Nominal Switching Logic
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A summary of the desired control actions for each region is shown in Table6-1.
“Hysteresis' logic is included in the switching code to assure completion of the
commands issued in regions I, 1V, VI and VII. This eliminates the possibility
of switching line chatter. Typical phase point trajectories illustrating the hysteretic
nature of the coast zone are shown in Fig, 6-3. A table of symbols used in the
switching logic is given in Appendix A. Flowcharts for the nominal logic are given

in Appendix B.
B. Disturbance Logic

The second switching logic is a special logic for attitude control in a
disturbance environment. Typically, the disturbance would be due to gravity
gradient torques and/or thrust misalignment torques during either OMS (Orbital
Maneuvering System) or ACPS translational burns. Two separate logics are used
depending on the size of the position and rate errors. For large errors, where the
position error exceeds PL or the rate error exceeds RL, the logic shown in Fig. 6-4
is used. This logic drives the state into the small error control region oy
maintaining a constant rate. The small error switching logic is shown in Fig. 6-5.
The important advantages of this logic are:

1) One canfix the limit cycle based on any one of the following considerations

by choosing the appropriate deadband.

a) To fix limit cycle period, T:

iepi] Vol
set )sDB= [I-IUCI] 3 T=

.

b) To fix limit cycle maximum rate, X

oel (% )

t X = - =
= DB~ ZU[(d - o)

max’

¢) To fix limit cycle width, simply set XDB to the desired value.

2) By properly biasing the right and left deadband values, DR and DL, the
time average attitude error can be set to zero. For example, let XDB
be the desired attitude variation. Then for a positive constant disturbing

acceleration, UD, the deadband values are:

DR = XDB -X




R e R . e

Table 6-1: Control Action for Nominal Logic

Region Control Action
—
1 Drive rate error to -RAV
11 Drive state to parabola
X2 |

ci N

I, 1V Drive rate error to zero
v Drive state to parabola
2 ;.
X, = ._Xg__— DB’ g
12U |Cy n
Vi, vi Drive rate errcor to RAV .
-
V.

Typical phase point trajectories

: -
3 Fig. 6-3 Phase Plane Trajectories Showing Hysteretic
Nature of Coast Zone b
.3
" i
| el
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Rate Error
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2
Wk :
4 / apw
SMALL ERRO 2 EPL Position
7| CONTROL | REGION Error
ol 7 q-u
2 1
|z K P -  snme—
-RL
U, U

Fig. 6-4 Large Error Disturbance Logic

If the position error magnitude exceeds PL or the rate error
magnitude exceeds RL’ then the state is forced into the small
error control region by rate limiting control,
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Fig. 6-5 Disturbance Logic Switching Regions
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it

Where X is the “centroid” of the limit cycle and is derived in Appendix D
)_(_XDB , ylLDi\)
= —= - —
3 1U ’ /
1 ¢

3) this logic cures two of the problems observed in gravity gradient limit
cycles during Apollo lunar orbit attitude control.

to equal:

a) Poor convergence due to straight-line switching
b) Convergence toonly minimum impulse firings when longer

firings would be more efficient,

The desired control actions for each region of the disturbance logic phase

plane are summarized in Table 6-2, As in the nominal switching logic, hysteresis

is used to assure completion of commands issued in regions 1 and 1I in order to
avoid chattering about the switch lines . Typical state point trajectories are
illustrated in Fig. 6-6. The symbols are defined in Appendix A. The flowcharts
for the disturbance logic are given in Appendix C.

C.

General
The following comments apply to each switching logic:

1) The sample period, T, will be constant and is tentatively 0.1 seconds.

2) To eliminate the possibility of chattering along switching lines (e.g., due to
inexact control acceleration modeling) "'hysteresis’ regions are defined
in the coast region. When the st. te is found to be in a hysteresis region,
an additional check is made to ¢ - ~rmine whether control action was
required in the preceding iter-.,un ({i,e. RFLG >0). If it was, control
is continued until the state is 1.o longer in the hysteresis region. In this
manner thruster firing times are updated each cycle and discrete error
spikes {e. g., those due to CDU transient on apply) cause spurious firings
only in the cycle in which they occur.

3} The switching logic parameters are selectabls on a per axis basis (e. g.,
deadbands).

6-8




Table 6-2: Control Action for Disturbance Logic
Region Control Action
I Drive state to parabola
X22 _
X, = g7 =X
1 2Z|Cp)
11 Drive rate to zero
11 Drive state to parabola
w2
X, = - - pL’
1 2CD(lUc| IUD])

Fig. 6-6 Phase Point Trajectories for the Disturbance
Logic £hase Plane -

6-9 .

T pagpe Y P




- O B BA A waa s~

i
5
i

4) As presently forseen the disturbance logic wili be used:

a) when there are significant slowly changing disturbances (i. e.,
gravity gradient or aerodynamic) during long term attitude hold
b) during significant non-gimbaled engine thrusting maneuvers

caused by thrust misalignment)

As these disturbances may not significantly etffect all axes, the disturbance

logic 1s selectable on a per axis basis.
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APPENDIX 6A

TABLE OF SYMBOLS

Definition

Position control variabie
Rate control variable
Control acceleration
Disturbance acceleration
Deadband factors

Lower and upper rate limits
Rate deadband

Rate and position limit

Deadband values used
nominal logic

Scale factors

Disturbance logic position
deadband

Deadband values used in
disturbance logic

Scaled accelerations

Centroid of disturbance
logic limit cycle

Index to denote x,y or z
control axis

Upper and lower rate limit
average

Desired rate change

Rate change corresponding to
full cycle jet-on-time

Intermediate computational terms
Flag which allows portion of

Region IV between URL and
RDB to be a coast zone

6A-1

degrees

0y 2
/sec
degrees

o

/| sec
o

/sec, degrees
degrees

non-dim

degrees
degrees

O 2
/sec
degrees
non-dim

oi
/i 3ecC

[
/sec

O

“/sec

degrees

non-dim
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AR

RFLG

RAV

~

RR

MAX

APPENDIX 6A

TABLE OF SYMBOLS (Cont)

Definition

Width of rate limiting coast
zore in large error disturbance
logic

Flag denoting regicns of the
phase plane from which a
command is issued (one per axis)

Same as ARL

Flag used to denote the sign of
hie attitude rate.(Since the
switching logic is symmetric
about the origin the computa-
tion of the desired rate change,
Xp., is performed by trans-
forming the phase point so

that it lies above the X axis,
The correct sign is affixed to
Xp by multiplying by K; before
exiting. )

Flag used to denote the sign of
the attitude rate on the previous
cycle (used to prevent chattering
about the zero rate line when

the phase point lies in the hyster-
etic coast zone),

Rate errcr used when phase

plane command is zero. (Used by
jet selection logic is selecting
appropriate roll, pitch jets.)

Rate .imit used is coast zone to
govern jet selection.

6A-2

}.‘nits

o
{ sec

non-dim

(o]
/ secC

non-dim

non-dim

o,
;i SecC

o
/ sec
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APPENDIX 6B

FLOWCHART OF NOMINAL SWITCHING LOGIC

NOMINAL LOGLIC

INITIAL (ZATION:

INPUL: ‘|| | A\,. LRL., URL, RDB, C*. DIs. R4V
~ . 0

COMPUTE:
DB' < DB +4&

D8" « DB *% (55;—1)

RAV ARL * (LRL *+ URL)/2

i

]

l ALL QUANTITIES ARE OF DIMENSION THREE
' }

ENTER FOR EACH AXIS

éB-1 §
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APPENDIX 6C

FLOWCHART OF DISTURBANCE SWITCHING LOGIC

DISTURBANCE LOGIC

INITIALIZATION:
INPUT: iucl. RL, PL, Cp, & C. Xpp’ AR

ALLQUAH’BT!ESOFWTHREE

i

{

INPUTS FROM OTER
ROUTINES
X, = POSITION ERROR
X, = RATE ERROR

Uy * DISTURBANCE
ACCELERAT!ON

COMPUTATIONS

@y = ivgl/lul G oL = pL+ &,
I ¢ lupl
@5 - 22 (1) @, - oiv

(DR = Xpp-X @Da, = 219l

@®pL = ¢ X

NPT S R




SR L T . - Y
s L .- s ' S )
X, > RL D——1re8
2 2
Ne XD--MAX
RF1.G= 0
I st Yes Xa<-R é
XD’ ? Yes
RFLG = 0 No / No
; -RL + &}
?
Yes
o <RL - ATD No
Y
Yes
No
No
9
UD>0/
Yes X, %
Xz = -Xz
6 K = +1
K= -1
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APPENDIX 6D

AVERAGE ATTITUDE ERROR DURING CONSTANY
DISTURBING TORQUE LIMIT CYCLE

A limit cycle of the type shown below is assumed.

X, 2f (X)) « ——— + X
s 2(U~U,) DB

The state is driven by a disturbance acceleration, U, along the trajectory
from A to B. At point B a control acceleration, U, . is applied returning the state
to point A, The problem is to find the average attitude error, X, in terms of the
attitude travel, xDB' Knowing X, a switching logic can be defined which translates
the limit cycle along the Xl-axes such that the resulting X is zero.

X will be found by determining the average attitude error for each of the
trajectories OB and BO' (called }—{1. and iz) and then "weighting'' them according

to time to calculate the net average, X.

Determination of )?1:

1'('1 is defined as follows:

ty
% =l 1y 42 .
X, S-zuntdt (D-1)
[o]




t_ can be calculated froni the X ordL:xate of bz BX . Note that:
1 1 1

(D-2)

A

Bxl is found by first rearranging X1 = fl(Xz) and X1 = f2(X21 such that,

Xy = gl(Xl). X2 = gZ(XI) (D-3)

Then, at point B, gl(Xl) = gz(xl). and,

v, - Up
B, =X —r (D-4)
" *on(~o)
and from Egq (D-3)
1 CeUp
Using t, in Eq (D-1)
v -U
T 5 1 c D
X, * +¥pp ( T ) (D-6)

—

Determination of xzz

The time average attitude error for the trajectory segment BO' can be found
by setting t = 0, at pcint B. Then,

t
% -1 0 sx e+t -utda
2 't;vx ) o 27D c ]
O
or, .
Xt
ra 02,1, . 2 _
X2=X0+——§—+—§(UD-Lc)t2 {D-7)

X is defined in Eq (D-4) and )';o can be determir-zd from,

://zxmun w, - Up) >-8)
—Bh c D

c

xo = UDtl =

To find t, one can use the following relation,

2
X,tUp-U )ty =0

EERR IR ]
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From which it follows,

2X U
t, = —-(D-CB——D———T {D-9)
2\ ¢ U

Substituting the r>sults of Ea (D-4), (D-8) and (D-9) into Eq (D-7), yields:
- |
X, = XDB 1 - = {D-10)

c

Determination of -}'(-

Finally, ihe total average attitude error, X, can be found from:

X.t + Xt
= M4 2 .
x:__.i;..:—t;-— (D.ll) B

Substituting the results of Eq (D-5), (D~6), (D-9), (D-10) into Eq (D-11), yields:

X U b
DB {. D
X = (l +"T—) (D-12) Lo
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