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Symbol Description
[ Gravitational acceleration at sea level
kp Roll rate damping gain
kq Pltch rate damping gain
k, Yaw rate damping gain
kvcxbep Forward velocity command sensitivity on electric stick piteh input
kvcxbcps Forward velocity command ser sitivity on sidearm co.troller pitch input
Lv'“ Forward velocity integral byy s gain
k\"cxb»'p Forward acceleration coinmand sensitivity on electric stick pitch input
kvcybap Lateral velocity command sensitivity on electric stick roll input
kvc) b.m Lateral velocity command sensitivity on sidearm controller roll input
kv'cy Lateral velocity integral bypass gain
kv"y“’p Lateral acceleration command sensitivity on electric stick rol) input
kvczscp Vertical vele.ity command sensitivity on collective stick input
kv,‘ Forward velocity feedback gain
kv'x Forward velocity integral gain
k\',x Forward acceleration feed forward gain
kvy Latera! velocity feedback gain
kv'y Lateral velocity integral gain
k\',y Lateral acceleration feed forward gain
kvz Vertical velocity feedback gain
[ -ol Vertical velocity integral gain:
1 kp Sideslip feedback gain :
k‘a‘w Cyclic roll rate command sensitivity on electric stick roll input
ktco Gain on roll command feed forward into collocuvo
k‘e‘ep Differential collective pitch rate command nmmvity on electric stick pitch input
[ 93 '511! Differential cy;llc yaw rate sensitivity on rudder pedal input
t", Gain on roll command feed forward into rudder for coordinated turns
k av,, Forward velocity command error sensitivity on flight director horizontal needle
k AVy‘ Lateral velocity command fnor sensitivity on flight director vertical needle
k av,, Vertical velocity command error sensitivity on flight director collective bug
k 88,4 Cyclic roll rate command error sensitivity on flight director vertical needle
1 3 a8 4 Collective command error sensitivity on flight director collective bug .
k a8 4 Differential collective/pitch rate command error sensitivity on flight director horizontal needle
ks 04 Pitch attitude commmq.o,tm sensitivity on flight director horizontal needle
t“d Roll attitude command error sensitivity on flight director vertical needle
kg Pitch attitude feedback gain
kg c‘cp Pitch attitude command sensitivity on electric stick pltdl hput
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Input constant
Input constant

Input constant
Input constant
Input constant

Input constant
Input constant
Input constant
Input constant
Input constant
Input constant
Input constant
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input constant
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Input constant
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Input constant

Input constant

Input constant
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lnpu't constant
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Symbol

ko

K01l max
ko'
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Hysteresis compensation gain ip pisch

,» Maximum hysteresis compensation gain in pitch

Pitch trimming integrator gain

Course commund sensitivity on electric sticl: roll input
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Initial value Df V§
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Collective command to EISS
Differential collective command to EISS
Differential cyclid command to LISS

Vertical needle display command to flight director
Collective bug display command to flight director
Horizontal needle display command to flight director
Electric stick roll input

Initial value of 6ap

Sidearm controiler +oll input

Iniial value of b.p,

Collective stick input

Initial value of bcp

Fleciric stick pitch input
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Incremental lateral velocity command in VHF
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An incremental lateral velocity command (either A\(c'y' or Avcs

Incremental lateral acceleration command in VHF
Incremental lateral acceleration command in VCF
Incremental vertical velocity command in VHF

Forward velocity error in VHF

A lateral velocity error (eithes AV,,'l or AVyg )
Vertical velocity eiror in VHF

Incremental cyclic command

Expected hysteresis in cyclic channel
Incsemental electric stick roll input
Incremental sidearm controller roll input
Threshold on sidearm controller pitch input
Thresheld on electric stick roll input
Incremental cyclic roll rate command
Incremental collective command
Incremental collective stick inpu?
Incremental collectire command due to roll’
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Symbol Description : Type
ab,. Incremental difierential collective command Program var‘fabtc
Al .y Expected hysteresis in differential collectiv channel ‘ © Input ¢cnnstant
Mep Incremental electric stick pitch input ) Program variable
A‘Scps Incremental sideann controller pitch input ’ Program variable
A5 g Thieshold on sidearm controller piich input Input constant
L. Threshold on electric stick piteh input ‘ Input constant
A&céc Incremental differential collective pitch rate command . Program variable
- “ 7 Asjc‘ An inciemental command in the jth EISS channel " Program varjuble ‘
Mjc prev A previous value of A‘Sjc ! . Program variable g
Alij, A reference on the jth EISS channel ‘ ' Program vatiable
Mjr prev A previous value of AS it ‘ , Program variable
ab . Increments! differential cyclic command Program variable
A8y Expecied hysteresis in differentia! cyclic channel ' . - Input constant :'
A&,p' : Incremental rudder pedal input \ . ; “ ' Program-vanahle ;
Ab, Threshold on rudder pedal input / " ‘ ‘ Input constant :
’ Abyg * Incremental rudder command duc to sideslip " T . Program va.riablc ‘
. b, Incremental rudder command due to roll " e Program variable
ad,se Incremental differential cyclic yaw rate command - - S Program variable
\ . Ad, Incremental pitch attitude command : : W Program variable
Mnmx Maximum pitch attitude command increment“ s . | o Input constant
A%, Incremental course command ) | Program variable
At, Incremental course rate command S 'y . L grogram variable
i - AP Incsremental roll attitude command ’ ‘_ . .. " Program variable
6 - Euler pitch attitude . N | } ey S - lnput variable
0 ~ Limited pitch attitude command ‘ S oo T e Program variable
s " 0 nax- Maximum pitch attitude command limit R ~* Progam variable
Oin Minimum pitch attitude command limit | . t- % Program variable :
. 0 * Initial value of 0 e oo o0 Progiam varisble
?; © Ouim Pjtch'lrim attitude | B oL ‘ h , ) ’ o Pro‘&nm variable
. ¢ " .. Course : o .« ... .. . Progamvarisble
- Ty, . Airspeed filer-time constant o 8 ;.*‘ - ‘ © .07 Inputconstant
5 - Sideslip filter time constant R SRR e ~ Inpuconstant
f‘;c' - Yaw rate command filter time constant o R R " s " Input constant
R T Euler roll attitude - . oD St fe - Input varisble
"¢, Rollattitude command T e B Progsam variable
ba Limited roll attitude command “ o k_ S . Co Program varisble .
“Omax . Maximum roll attitude command limit o PR et nput constant
‘ @y .. "¢ Initial value of ¢ S S Tk T 7 Program variable
" ¥ 0 Euleryawattitude Lo T T s ST Input variable
Ve . Initial value of ¥ R : <0t L Program variable
) , ?c o] Yaw rate command ERREAS , £ , Program variable
Ves " Yaw rate command due to roll L N A ~ Program variable
Umax - Maximumyswratecommendlimit - T oaioe D vl w .+ Inpuit constant
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1. INTRODUCTION

This document describes the software required to mechanize the flight control system on an
airborne computer and is submitted in compliance with Item 2(u) of NASA/ERC Contiact NASI2-
2074, The majority of this description is presented in the form ol a detailed engineering equations
and functional block dizgrams and only those functions that are peculiar to the digital nature of the
system are presented in the form of digital flow diagrams and logic equations. It is believed that this
type of description will give the airborne computer programmer 2 better understanding of’ the system
involved and will enable him to develop the most efficient digital program for the airborne computer
that is sclected.

A detailed description of the development and performance of this system is contained in the
final report on this contract, Bell Report No. 6200-933013.

Report No. 6200933011 2 ' ' A ]




Il. FUNCTIONAL DESCRIPTION OF FLIGHT CONTROL SYSTEM

A. MODES -

there are eight pilot selectable modes of operation of the flight control laws: (1) Disengage,
(2) SAS, (3) Attitude 1, (4) Attitude 11, (5) Velocity 1, (6) Velocity 11, (7) Velocity I, and
(8) Automanic. In the first of these modes, the system is inactive except for mode sampling and
initialization activities. The next six modes are manual modes of operation where command errors
are normally displayed to the pilot on flight director needles and the pilot nulls these errors by in-
putting commands to the flight control laws through the electric stick or sidearm controller, rudder
pedals, and collective stick, The last mode of operation is a completely automatic mode where in-
cremental velocity error inputs to the flight control laws sre obtained from the guidance laws, In
this mode, actual velocity errors are displayed on the flight director needles for monitoring purposes.
The types of control, the form and source of the commands, and the form of the displays for each
of these modes, except the isengage mode, are listed in Table 1. In this table, the following ab-
breviations are used: :

ES Electric Stick,
CS cellective Stick.
RP Rudder Pedals,

SAC Side-arm Contreller.
GUIP. Guidance.

All of the manual modes and the automatic modes of operation of the flight control laws are
designed to be used in conjunction with either the Guidance I or Guidance 1l modes. The manual
flight cor .rol modes can also be used when the guidance is in the Disengage mode although no
command errors will be available on the flight director needles in this case. The automatic flight
control mode cannot be used when the guidance is in the Disengage mode. In addition, all of these
possible modes of operation apply in both the flight phase to hover and in the landing flight phase.

PR TR A bt PR

B. FLIGHT CONTROL LAWS

’ . . General
. _ ' The flight control laws for the various modes of operation have been divided into com-
mand laws and control laws. The command laws convert the pilot control inputs into command
4 inputs to the flight control laws for the selected mode of operation. There are separate command

laws for the SAS Mode, the Attitude Modes, and each of the Velocity Modes. By doing this, it is
only necessary to include a single set of velocity control laws for the three Velocity Modes since the
control _inputs in each mode can be converted into velocity commands that are compatible with these.

_T,
4

The control laws generate the incremental output commands to the EISS. In addition, in
conjunction with the command laws, they also generate the display information in each mode. As
a result of this, no separate display laws are required. The command laws have been developed in a
cascading manner where there are separate laws for the SAS, attitude, and velocity loops. Each of

RN R RS, St e
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TABLE |

x CONTROL MODE DEFINITIONS
g dll-" TypeofConnl i u';v
® DIFF. DIFF. ] i HOR. | VERT. | coLLi.
§ Mode | COLL | CYCLiC| OOii. ; Cveuc |  DIFF. cOLL cycuc COLL. | DIFF.CYCLIC NELDL. | NEEDLE| BuG |
° SAS | ABes, | Msag a3, | asyg. | PischRate Roll Rate Direct } Sideslip hold, V, SVT | Meicq | Mgy | Mbea
“2" (ss) (ES) (cs) (RP) Damping Damping :::\v Ra'te Damp.ng,
Al | s, Agc oL Ll Pitch Attitude | Roll Attitude Direct Sudeslip Hold, V'> Vr |
Hold Hold Heading Hold, V,<VT | A8 4 80 Adog
(Es) (ES) (Cs) (RP) | |
Aw.ll | Ao, A AVL‘, Ve Pitch Attitude Roil Attitude Vertical Velocity | Sidestip Hoid, V' > VT | a0 Aocd AVezd
: Hold Hold Hoid Heading Hold, Vy'< VT |
| ® @ | |®p |
omaier O K A\'f:, or | aVE | g Forward Velocity | Lateral Velocity | Vertical Velocity | Sideslip Hold, Va'> VT | &Vixg | AViyg | AVeg
s Rate Hoid Rate or Course Hold ¢ Heading Hold, V,'< VT | i :
®) |sk@s)| s | ®p Rate Hold
Ve d | 4 ot AV:., or[avh | § Forward Velocity | Lateral Velocity | Vertical Velocity | Sidesiip Hold, V,"> VT | AVexg AVeyd | AVeq
Hold or Course Hold Hold Heading Hold, V,'< V1
(Es) Ak (Es) | (Cs) (RP)
. Ll AV}, avk | g Forwaid Velocity | Laters! Velocity | Vertical Velocity | Sidestip Ho'd, Va' >V | aVia | AVga | AVeq
: (SAC) (SAC) (CS) (RP) Hold Hold Hold Heading Hold, V' < VT
cadint ¥ AV; avk Ve Forward Velocity | Lateral Velocity | Vertical Velocity | Sidestip Hold, V' > Vr | avyg AVyg | AV
y Hold Hold Hold Heading Hold, V,'< Vy
(Guib) | GuUID) | (GUID) | (FCL) to Hover
Yaw into Wird, Hover '
¢ 1
w
i e




these control laws receives its input either from the corresponding command law or next outer loop
depending on the mode of operation, This was done to ehminate the necessity of duplicating the
inner loops in the digital flight control program sections for the wmgher order modes,

This separation of the command and control laws also permits the laws for the outer
loops to be updated at a slower rate than is used for those in the inner loops. As a result of this, the
command and control Laws have been grouped into fast and slow loop computations for efficiency
in the airborne program. In general, the fast loop computations contain the: (1) SAS loop control
laws, (2) SAS commuand Taws, and (3) attitude control laws, The slow loop computations contamn
the: (1) attitude command laws, (2) velocity contro! laws, and (3) velocity command laws. In
some cases, certain equations in the inner loops can be updated in the slow loop computations,
These will be specitically pointed out in the following sections,

2.  SAS Laws
. Command Laws
The SAS command laws convert the incremental electrie stick pitch, electric stick
roll and rudder pedal inputs into inches of attitade rate command in the pitch, roll, and yaw chan-

nels respectively. The collective stick input is converted directly to a collective command in SAS.

Pitch SAS Command
Ab.p =k

ed; = X8y 80 A0ep
Roll SAS Command

Ab,; = kg B, A

ag, s ap ““ap

Yaw SAS Command
A&,J,c - kar 5rp é&rp
Collective Command
A&cc = Abcp

b. Control Laws

The SAS control laws use inches of attitude rate command inputs and attitude rate,
sideslip, and rol) feedback to generate incremental commands in inches of pitch roll, and yaw
control. ;

Pitch SAS Control
AS,. = ko (Aboj -k, q)(1+=2)
ec = KoH (4% ~kq q §- ! ' .
Report No. 6200-93301 1 o A
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where Kgya is a gain for hysteresis compensation and is defined as,

|A6c(jc - kq ql + Ad.yy
kon = Abeg ~kq al SKeH max
¢

Roll SAS Control

k ’
& i ¢
Ab . = kg (AbwC “Kp 1)1 4 i

where kd’” is gain for hysteresis compensation and is defined as,

|Ad, |¢ “kp pl+ Ad,h
k <k
oH ™ |A6 ‘¢ "‘p pl ¢H max

Yaw SAS Control

kw‘ . , ;
A8y = [kypy (B8 -k T+ Abig) + byl (1 +-5)

kg B , | -
where A6r3=-,l. ol if V' is high : ,
B
=0, if V,' is low 2 3
Abrg =0, if in SAS mode or if V' is low

=kg ¢ %, if not in SAS mode and V,' is high

'AbrdJc -k r+ Aaral + Aer
k\lIH ~k Hm
|AS -k r+.A6 x| ] ax
nll 4]

The speed, V,', at which the sideslip feedback is switched and which i- used in 2l
subsequent speed dependent swntchmg is defined as,

i : h
Va L Vaf' ' if Vaf<Vx

=V, ifv>Vh

Va
where Vaf = R_si'—l_—
a

Report No. 6200-93301 1 ‘ S




1t is recommended that the computation of this speed be matde in the glow loop
computations since it does not change rapidly relative to the SAS commands.

3. Attitude Loops

a.+- Command Laws

The piteh and roll attitude command laws convert the incremental electric stick piteh
and clectric stick roll inpuds into piteh and roll attitude comman-s respectively. The yaw rate com-
mand laws convert the rudder pedal input mlo a yaw rate command in the manual modes, In the “
Auto mode, they gzenerate a yaw rate command from the roll attitude command in the roll attitude
control laws. I the Attitude | mode, the collective stick input is converted directly to a collective ;‘l
command as in the 5AS mode, In the Adtitude I mode, the collective command is converted into u )
vertical velocity command as described in the next section on velocity command laws,

v

Pitch Attitude Cominand

A0, =k As,, — o "
0 8ep ‘ -

Roll Attitude Command

Manual Yaw Rate Command

Ve =Ky b, SBrp

Auto Yaw Rate Command

L Ky, el
J ......_9....‘.’..._._, if in hover or land phase of guidance
cp 1’& s+ 1 ' .
c
=0, if in any other phase of guidance
s k./ | = ——g-—. k N | w e
Wherc \bc ¢c l h' wc ¢C max . (‘ T _

' Wc = ‘i’c¢’ if I\E’c¢'< ‘i’max
= ‘I’max’ if 'I’cqb > ‘I’max \‘ ‘ SRS
"‘max’ if "’ccp <- Wmax o

l;. ' Control Laws

“ /

The attitude control laws use the incremental attitude commands or attitude rate
command and attitude feedback to generate inches of attitude rate commands. |

Report No. 6200933011 - | 6
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Pitch Attitude Coiitrol

Bboj, ™ ko O - 0),

o . 0c1= 00+ A0, il Iy S(0p+ 80) Oy,

= 0 nax if(0q+ A0 > 0,

= Onin, if (00 +40,) <0pin

The upper and lower limits on the pitch attitude command are defined as,

Omax = Otrim * A0 max

Omin = Otrim ~ A0 pax

The trim pitch attitude required to define these limits is approgimated by,

0yrin = 0.1438, if Vg <V
v 2
= 0.1625 -0.297 (—2—33)  if Vg > Vop

It is recommended tht the computation of the trim pitch attitude be made in the slow loop com-
putations since it does not change rapidly relative to the attitude commands.

Roll Attitude Control
Abyj. =kg (8- 9),

where 0c1 =00+ Ade,  if 100+ Ab < Sax

= ¢max sgn .A¢C' if |¢0 + A¢cl > ¢max

Yaw Rate Control

: v ’
BBy =ky VW) ki Vg, iV islow

.k Jic, | if V is higl and Attitude or Velocity Modes
. are selected
=0, o if v, is high and Auto Mode is selected.

Report No. 6200-933011 7



4.  Velocity Loops
a. Command Laws
(1) General
The velocity command laws convert control inputs into incremental forward,
lateral, and vertical velocity commands. The forward and lateral velocity command laws are de-
pendent on the velocity mode selected since both the pilot controls used and the form of the con-
trel inputs change with the mode of operation. The vertical velocity command law is independent
of the mode of operation,
(2) Forward and ) ateral Velocity Commands
(a) Velocity I Mode
In this mode, incremental forv 2rd velocity rate is commanded through the
pitch axis of the electric stick and cither incremental lateral velocity rate or course rate, depending

on speed, is commanded tirough the roll axis of the clectric stick. These inputs are converted to
velocity commands as follows:

Forward Velocity | Command

TERT Dy A
AVCX 5 (kvx T S) AVCX

where: AV = ky Ab
: cx  Vex Oep T ep

Lateral Velocity | Command

i . l 3 )
Ach = (kvy +—8) Avcy

K . ' - L .® l E h '
wl'\ere. AVey = (kvy =) Ach. if vV, islow
=(ky +-)AV S, ifV,’is high
o SRR ST
avh =g 5
cy Vey sap ap
INARLADYS

Report No. 6200-933011 3 8

T ——




(b) Velocity 11 Mode

In this mode, incremental forward velocity with integral bypass is com-
manded through the pitch axis of the electric stick and either incremental lateral velocity or course,
depending on speed, with integral by pass is commanded through the roll axis of the electric stick.
These inputs are converted to incremental velocity coramands as follows.

Forward Velocity T Command

vh Ve
= (I . K Ad
( & Vex Sep 7€

Lateral Velocity 11 Command

k
AVty = (] o .}_) AV if V" is low

. i 1 " . ‘ ‘

Ky ' . .
R € v run , ;
(1+ - )Ach, if V' is high . |
where: AV h =k Ad '
' cy Veydap© ap ‘

2 Sy
AVE =V, Ak

AEC - kec aa‘ f.sap
(¢) Velocity 111 Mode

In this mode, incremental forward velocity with integral bypass is com-
manded through the pitch axis of the sidearm controller and incremental lateral velocity with in-
tegral bypass is commanded through the roll axis of the sidearm controller. These outputs are
converted into incremental velocity commainds as follows:

Forward Velocity 11l Command . , 4 “
v h kv : . ; P , o4 _
a cX eps seps ( ' 3

Lateral Velocity I1I Command

ky

P h : cy :
Ach = Ach = (l + )kvcy saps Aaaps.

Report No. 6200-933011 - ' ' 9
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(3} Vertical Velocity Commund Law

In all modes where it is used, the vertical velocity command law converts the
incremental collective stick input into an incremental vertical velocity command,

' }
Vertical Velocity Command ;
av' = ky s As,
ez ¢z %p P
b. Control Laws
. The velocity control laws use the incremental velocity commands and velocity feed-
back to generate velocity crrors in all modes except the Automatic Mode where the vc}locily crrors
arc obtained directly from the guidance laws. The forward and lateral velocity errors are then used
to generate incremental piteh and roll commaunds respectively. The vertical velocity error is used to .
generate an incremental collective command in inches of control.
Forward Velocity Control Equation
k ’
A0, =ky (1+ v")Avh
c Vi S X
Forward Velocity Control Input
. AVl =v i av? v irin manual modes
X X0~ ¢X X
= AVh from guidance, if in Auto Mode.
3 X g
? Lateral Velocity Control Equation o B Lo e
| B mhy (rDavy e |
“ . Lateral Velocity Control Input |
‘AVy' = Avl; from guidance, if in Auto Mode
=Vyo' +AVy' - Vy',  if in Manual Modes
" ;V.y' = V';, e e if Vp'is ldw or if in Vel. 11l Mode
L =V'E, ~if V,"iis high and if not in Vel. Il Mode
. Ly uan,oan T | , i
- £ ~‘—tan‘(Vy/Vx;) ST ]
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Vertical Velocity Control Equation

kv h
. = z
Bbee =ky, (1+-—5) AV, +Aby,
where: < Bboy = k5co(l ~ COS$ ¢)”

Vertical Velocity Control tnput

2 h B
AV = V + A\’ - Vz : if in manual modes
z ez

= AV:: from gridance, if in Auto Mode

!

C. MODE CONTROL

The logic and controls required to select the appropriate command and control luws for cach
mode of operation, except the Disengage Mode, are shown in Figures 1 and 2 for the longitudinal
and lateral axes respectively. Since the control laws have been developed in a cascading manner, it
can be seen from these figures that the required EISS commands in each mode can be generated
simply by switching in the control laws for the number of loops involved and the command laws
corresponding to the highest order loop involved.

It can also be seen from these figures that the required display information in ¢ach mode, ex-
cept the Auto Mode, is generated by differencing the commands that the automatic system would
be using, if it were engaged, with the commands that are generated from the pilot’s inputs and mul-
tiplying the resuliing command errors by appropriate gains. The commands tha’. the automggc sys-
tem would be using, if it were engaged,are generated by using the guidance command inputs and the
outer flight control loops which are of a higher order than those for the flight control mode selected.

; The outer flight control loops which are required to generate the appropriate display information

‘ in each mode are automatically switched in by the same switches that control the output commands to
the EISS. With this arrangement, no additional laws are required to generate the required display in-
formation. In the Auto Mode, the velocity errors obtained from the guidance laws are multiplied by
appropriate gains and displayed directly.

In the Disengage Mode, no EISS commands are generated and it is only necessary to set the dis-
play commands (844, 6,4, and 8_4) to zero and to perform certain initialization functions as de-
scribed in the next section. o

It should be noted that the flight control mode that controls this swntchmg is to be decoded
from an input data word as described in Section ILLE. Although the decoded flight control mode
will normally be equal to the pilot selected mode, it can be different when the guldance isin the
Disengage Mode

D. INITIALIZATION

Whenever any switching takes place in the flight control system:, various parameters in the
flight control laws must be initialized. A complete initialization ot these parameters is required

; Report No, 6200-93301 1 11
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whenever the decoded flight control mode changes, or the decoded guidance mode (Guid. 1 or
Guid 1D changes. A partial initialization of these parameters is required whenever the system
changes from the high speed mode to the low speed mode of operation or vice versa,

For a complete initialization of the system, the initialization is as follows:

(1) The initial conditions on the electric stick inputs (5,5, and &,,,,)), sidearm controller in-

puts (8. and &, ). radder pedal input (81 and =ollective stick input (6",0) must

be set equal to the current values of these respective inputs,
g Eah. = : : . = h
. (2)  The imiial conditions on the helicopter attitudes (v, 0, and ¢), and velocitics (\’w.

Vv h
yo

(3) The previous values of the inputs and outputs of all integrator difference equations must
be set cqual to zero.

¥ £ , and Vh ) must be set equal to the current values of these flight variables,
YO 70 1

In addition, once a complete initialization has taken place, the guidance laws, the proper com-
mands for the flight control mode selected, and the flight control laws, must be gone through once
in sequential order until the incremental EISS commands (46, 48, A65C, and Ad,.) have been
computed. On this cycle, the command references must then be reset before the final EISS com-
mands are computed. This resetting is necessary to prevent any transients from occuring in the
EISS commands as a result of a mode switch, The resetting is defined in general as,

Adj; = Adjp yrey ~(A8jc = B¢ prey)
where the subscript j refers to the channel (differential collective, collective, etc.) and the subscript
prev refers to a previous value of a variable. The final EISS commands must then be computed
using the updated values of these references. Once they are reset, they are to be left unchanged
until another initialization takes place.

A partial initialization of the system is required whenever a switch is made from the high speed
to the low speed mode of operation of the system or vice versa. Since this switch does not affect ’
the pitch or collective channels, the initial conditions in these channels must not be initialized in
this case and the command references in these channels must not be reset. In the roll and ruuder
channels, all initial conditions must be set as for a complete initialization except for the initial con-
ditions on the roll inputs from the stick and sidearm controller (8apo and & apso) and on the rudder
pedal input (8rpo). These initial conditions must be left unchanged. In addition, the comimang refer-
ences on these channels (A8 ar and A8 rr) must be reset as for a complete initialization.

In addition to the initialization just described, certain other parameters must be initialized
wiien the system is in the Disengage Mode. When this occurs, the previous values of the difference
equation inputs and outputs for the sideslip filter and airspeed filter must be set equal to the current
sideslip and airsnced values respectively. In addition, the previous values of the command references i
in all channels must be set to zero. l
/
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I, INPUTS AND OUTPUTS | .
1. Inputs
a. .. Varable

The deseription, source, and units of all variable inpurts required by the flight control
system are jisted in Table 2,

b.  Discretes

Two discrete injputs are required from the cockpit mode controls: (1) the flight con-
trol mode and (2) the guidance mode, These will be externally coded into a single input data word
for the airborne compufter, This word must be decoded as required in the aitborne computer, To
enable the decoded form to be specified, it is assumed that, subject to final coder specification;

(1) from right to left, the first theee bits of this word will be used to specify the flight control mode
and the next two bits will be used to specify the guidance modes and (2) the modas will be normally
decoded from this word as specified in Table 3. As can be seen from this table, the decoded flight
control mode is normally independent of the guidance mode and equal to the pilot selected flight
contre! mode. However, in the cvent that the Auto Mode of flight control is selected while the guid-
ance is in the Disengage Mode, the decoded flight mode is to remain at the last decoded mode instead
of being decoded as Auto as shown in Table 3. In addition, in the event that the Disengage Mode of
guidance is selected while the flight control is in the Auto Mode, the decoded flight control is to be
set to Disengage instead of being decoded as Auto as shown in Table 3. In this case, an output warn-
ing signal is to be transmitted to the cockpit displays as described in Section HLE.2,

In addition to the two discretes from the cockpit mode controls, the Auto Yaw Rate
Command section of the flight control system also requires a discrete from the guidance laws to
determine if the vehicle is in the hover and land phases of flight or in the phases prior to hover. This
discrete will be directly available from the guidance laws in the airborne coraputer and; therefore, is
not a part of the coded input data word. ‘

¢. Constant
" The description, values, and units of all constant inputs required by thé flight con-
trol system are listed in Table 4. For cross referencing purposes, these are grouped according to the
command and control laws where they are most directly used.
~ 2. Outputs
a. Variable
The description and destination of all of the variable outputs of the flight control

system are listed in Table 5. All of these outputs are generated in units of inches in the flight con-
trol system. ' . | " B
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TABLE 2
VARIABLE INPUTS

Input it —‘i)-c;\criplion Source Units
p Angular t;;c ;about l.hc x body u;;“ - Navigation System _Rud/'scc
q Angular rate about the y body axis Navigation System | Rad/sec
' Angular rate about the z body axis Navigation System | Rad/sec
v Euler yaw angle between body axis and heading vertical frame Navigation System | Rad
0 Euler pitch angle between body axis and heading vertical frame Navigation System | Rad
¢ Euler roll angle between body axis and heading vertical frame Navigation System | Rad

in Longitudinal velocity in the approach navigation frame Navigation System | Ft/se¢
V:,n Lateral velocity in the approach navigation frame Navigation System | Ft/sec
V:n Vertical velocity in the approach navigation frame Navigation System | Ft/sec
¥ Total airspeed of the aircraft Airspeed sensor Ft/sec
[/ Sideslip angle in the x, y body axis plane between airspeed vector and the x

body axis Beta vane sensor | Rad

) ep Electric stick pitch input Electric sti~k In.

a.p Electric stick roll input Electric stick In,

5cp Collective stick input Collective stick In,

6", Rudder pedal input Rudder Pedals In,

8 eps Sidearm controller pitch input Sidearm contcoller | In,

8“” Sidearm contioller roll input Sidearm controller | In.

AV’; Forward velocity error in the heading vertical frame Guidance Laws Ft/sec

AVS Lateral velocity error in the heading vertical frame Guidance Laws Ft/sec

AV': Vertical velocity error in the heading vertical frame .| Guidance Laws Ft/sec
Report No. 6200-933011 - 16
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TABLE 3

NORMAL INPUT DATA WORD DECODING

Coded Input Word Decoded Modes
2| %
2 5 Guidance Flight Coutrol
8l 3| 3.
&l 2| &%
w| C| kK&
00 Disengage
01 Guidance |
10 Guidance 11
000 Disengage
00! SAS
010 Attitude |
011 Attitude 11
100 Velocity |
101 Velocity 11
110 Velocity 111
111 Automatic
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TABLE 4
CONSTANT INPUTS
Input Section Description W Value and Unils-—]
i e ISR SR A iy A T v AT
Abg, Threshold on electric stick piteh input 0.1 in,
Ab“ Contyol . Threshold on electric stick roll input 0.) in,
ab Thresholds Threshold on rudder pedal input 0.1in.
Ab gy Threshold on sidesrm controller pitch input 0.02 in.
Ab, Ihireshold on sideann cantroller roll inpint 0.02 in.
“Rgs | | FEectricstick pitch » msitivity for SAS 5 E 00
c“ep .
ks & C BAS Electne stick roll sensitivity for SAS 1.0 in/in,
aCap ommand
ks 8 Laws Rudder pedal sensitivity for SAS 1.0 in/in,
rrp = e i
3 kq Pitch rate damping gain 6.5 infrad/sec
kg’ Pitch Pitch trimming integrator yain 0.2 in/rad/sec
Ad 1y c S'\'S | Lxpected hysteresis in differential collective channel 0.1in
ontro
Kot max Maximum hysteresis compensation gain in pitch ; =0
kp Roll rate damping gain 7.5 in/rad/sec
kg Roll Roll trimming integrator gain 0.2 in/rad/sec
LU C:nA;fol Expected hysteresis in cyclic channel 0.1in
g k'" max . Maximum hysteresis compensation gain in roll 2.0
k' Yaw rate damping gain 15.0 in/rad/sec
kg Sideslip feedback gain 19.0 in/rad
T8 Yaw Sideslip filter time constant 0.5 sec
SAS ‘ :
ks P Coatrol Gain on roll command feed forward into rudder for coordinated turns 2.3 in/rad
kU" Yaw trimming integrator gain : 0.2 in/rad/sec
Ad iy Expected hysteresis in differential cyclic channel 0.1 in.
ka max Maximum hysteresis compensation gain in ym‘w 2.0
kocsep Pitch command sensitivity on electric stick pitch input 0.145 rad/in.
k%a . Roll command sensitivity on electric stick roll input 0.298 rad/in.
a
kj 8 Attitude Yaw rate command sensitivity on rudder pedal input 0.128 rad/sec/in.
c“rp Command
" Laws Yaw rate command time constant in Auto Mode 6.0 sec .
k“',‘ max Maximum gain on yaw rate command due to roll command in Auto Mode 10.0 rad/sec/rad
¢ max Maximum yaw rate command in Auto Mode 0.35 rad/sec
kg Pitch attitude feedback gain 13.5 in/rad.
L1 — Ania Maximum pitch command increment about trim 0.174 rad
k. Control Roll attitude feedback ga'n 15.0in/rad
®max Laws Roll command limit 0.78S rad
ky Yaw attitude feedback gain - 14.0in/1ad
kni' Yaw rate command feed forward gain | 15.0 in/rad/sec
kvcx‘ep Forward u'celmtlonvcomand sensitivity on electric stick pitch input .1.67 fit/sec?/in.
k‘.'x Forward acceleration feed forward goin 0.6 ft/sec/ft/sec’
kvcyg.p v“‘;d'y Lateral acceleration command sensitivity on electric stick roll input 1.67 it/sec?/in.
kéc‘ap Commands Course rate command sensitivity on electric stick roll input ©.0282 rad/sec/in.
:
k\',y Lateral acceleration feed forward gain 0.6 ft/sec/tv sex
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TABLE 4. (CONT)

— e e —— ---—W ——— e —— o — — — — : 3 —]‘
Input Section Description Value l_nd L_'r.uru .
k Forward velocity command sensitivity on electric stick pitch input 6.67 ft/sec/in.
Vt‘ xbcp
ky' o Forwatd velocity command integral bypass gain 0.2 fi/sec/ft
X Velocity .
k Lateral velocity command sensitivity oz electric stick roll input 6.67 ft/sec/in.
Veybap "
Ky B Commands Lateral velocity command integral bypass gain 0.2 ft/sec. i1
ey
} tb Course command sensitivity on electric stick roll input 0.113 radin,
ap
kv & Velocity Forward velocity command sensitivity on sidearm controller pitch input -80.0 ft/sec/in.
cxteps m
kvcybaps Consmands Lateral velocity command sensitivity on sidearm connollcrjoll input 24.0 fi/sec/in.
b—— e — - —
ky & meul b Vertical velocity command sensitivity on collective stick input +6.25 ft/sec/in.
cz’cc Command
Ky £ Forward velocity feedback gain <0.015 rad, ft sec
X
ky’ Forward velocity integral gain ’ 0.1 rad/ft
X : . .
ky Velocity Lateral velocity feedback gain 0.015 rad/ft/sec
y Control
ky' Laws Lateral velocity integral gain 0.1 rad/ft
y
ky Vertical velocity feedback gain 0.2 in/ft/sec
z
ky' Vertical velocity integral gain . 1.0in/ft
3
kacé Gain on roll command feed forward into collective 3in,
v Airspeed filter time constant 2.0 sec
s Miscellaneous :
I\ Deadzone on speed, V', 5.0 ft/sec
Vy Switch value of V,' 51.0 f/sec
kas Differential collective pitch rate command error sensitivity on flight director 0.4 in/in.
ed ‘horizontal needle :
kas A Cyclic roll rate command error sensitivity on flight director vertical needle 0.4 in/in,
a ; ;
K. " Collective command error sensitivity on flight director collective bug 0.5 in/in.
c
k a0 Display Pitch attitude command error sensitivity on flight director horizontal needle 2.87 in/rad
k vy Sonainiie Roll attitude command error sensitivity on flight director vertical needle 1.43 in/rad
kay s Forward velocity command error sensitivity on flight director horizontal needle 0.05 in/ft/sec
X
kay 4 Lateral velocity command error sencitivity on flight director vertical needle +0.025 in/ft/sec
y :
kay 4 Vertical velocity command error sensitivity on flight director collective bug 0.1 in/ft/sec
z
Report No. 6200-933011 19




TABLE S

VARIABLE OUTPUTS

Output Description Destination
e Dif l"crvcnuul cullcct.ivc command EISS differential collective channel
b Collective command EISS collective channel
b, Cyclic command EISS cyclic channel
b,c Differential cyclic command EISS differential cyclic channel
bed Horizontal needle display command Flight director horizontal needle
b4 Colleciive bug display command Flight director collective bug
6,4 Vertical needle display command Flight director vertical needle

Report No. 6200-93301 1
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b. Discrete

There are four discrete outputs to the cockpit: (1) the decoded flight control mode,
(2) the heading hold indicator, (3) ‘he disengage warning signal, and (4) the fiight director status
indicator. The decoded flight control mode discrete is to be used to light the flight control mode
selector in the cockpit that corresponds to the decoded mode that is actually being used in the
flight control system. As discussed previously, this will be equal to the piiot selected mode ex-
cept in certain cases when the guidance is in the Disengage mode. The heading hold discrete is to
be used to light the cockpit heading hold indicator when the flight control system is in the heading
hold mode. The disengage warning discrete is to be used to light the cockpit disengage warning
light whenever the flight control system disengages itself. As discussed previously, this will occur
in the abnormal event that the guidance system is disengaged while the flight control system is in
the Auto Mode. The flight director status discrete is to be used to activate the flight director off
flags whenever cither the guidance or flight control system is in the Disengage Mode.

These discretes must be coded into a single output data word in the airborne com-
puter. This output data word will then be externally decoded as required to accomplish the re-
quired cockpit functions. To enable the coding form to be specified, it is assumed that, subject to
final decoder specifications: (1) from right to left, the first three bits of this word will be used for
the decoded flight control mode discrete, the fourth bit will be used for the heading holding discrete,
the fifth bit will be used for the disengage warning discrete, and the sixth bit will be used for the
flight director.status dis-rete and (2) the bit pattern of the output data word will be coded as
specified in Table 6. As shown in this table, all of the discretes are independent and; therefore, the
bits corresponding to each can be coded independently.

Report No. 6200-93301 | . - , 2
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TABLLE 6
DISCRETE OUTPUT CODING

Coded Output Word

. :
EIE
| 8| = E
= =)
g u| = 82
gl 8| LA
AR IRIEL
Specifications For Coding @ g ' g 2 Cockpit Use
If decoded flight control mode is Disengage 0 0 0] Disengage light on
If decoded flight control mode is SAS 0 0 1| SAS light on
If decoded flight control mode is Attitude | 0 1 0] Attitude I light on
If decoded flight control mode is Attitude 11 0 1 1| Attitude II light on
If decoded flight control mode is Velocity 1 1 0 0| Velocity I light on
If decoded flight control inode is Velocity 11 1 0 1| Velocity Il light on
If decoded flight control mode is Velocity 11 1 1'0| Velocity 111 light on
If decoded flight control mode is Auto 1 1 1| Auto lighton
If decoded flight control mode is Auto or SAS or if 0 Heading hold light off
V,'is high
If decoded flight control mode is not Auto or SAS and ] Heading hold light on
if V.' is low :
For all conditioas other than foliowing condition 0 Disengage warning light off
If decoded flight control mode is Disengage because 1 Disengage warning light on
‘Disengage mode of guidance is selected while Auto
mode of flight control is selected. s
If decoded flight control or guidance mode is Disengage 0 Flight director off
If decoded flight control and guidance modes are 1 Flight director on

not Disengage
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L. DIGITAL DESCRIPTION OF FLIGHT CONTROL LAWS
A. GENERAL REQUIREMENTS

A main program must be provided to control entry to the flight control subroutine and to gen-
erate certain inputs needed by the tlight control subroutine, Prior to the first entry after execution,
the main program must sct the previous value of the decoded guidance mode to Disengaged. After
the flight control subroutine is finished, it will return to the main program. The main program can
then either enter an idle loop or do other computations until it is time to enter the flight control sub-
routine again. The main program must establish the relative frequencies at which the slow and fast
computational loops will be updated. The SAS commind laws and the SAS and attitude control laws
will be updated at the higher fiequency. The attitude and velocity command laws and the velocity
control laws will be updated at the lower frequency. In addition, discrete inputs will be sensed and
discrete outputs will be generated at the lower frequency. It is reccommended that the higher frequency
be an integral multiple of the lower frequency and that the update frenuencies be 32 times/sec for the
fast loop and 8 times/sec for the slow loop. The main program can then set a code NV which can be
tested cach time the flight control subroutine is entered. If NV = |, the slow loop will be updated
before entering the fast loop. If NV = 0, only the fast loop will be updated. NV must be 1 thz first
time the flight control subroutine is entered.

The main program must also provide current problem time to the flight control package, either
by monitoring a real time clock, counting interrupts, or any other method. Time is needed so that
the incremental time between successive updates of each loop can be calculated and provided to the
difference equation computations. '

B. DIFFERENCE EQUATIONS
Whenever a transfer function in the Laplacian operator, s, domain is encountered in the flight
control law specifications, a difference equation derived by Tustin’s method should be used as de-

scribed below,

1. Integrator

At
Yi = Yi-1t 3 (xi+x.)

where yj = current output of integrator
¥j-1 * previous output of integrator
X; = current input to integrator
Xj-1 = previous input to integrator
At = elapsed time between this update and previous update (seconds) -
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where a = 2r/Al
T = filter time constant (seconds)
At = elapsed time (seconds)
yj = current output of filter
Yj- = previous output of filter
Xj = current input to filter

Xi- 1 = previous input to filter
C. FLOW DIAGRAMS

A flow diagram of the Flight Control Subroutine is shown in Figure 3. Figures 4 and § show
the flow diagrams of the Fast Loop Subroutine and Slow Loop Subroutine respectively. Table 7
describes the logic codes used in these flow diagrams.
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TABLE 7
DEFINITION OF CODLS USED IN FLOW DIAGRAMS

Code Definition

NV Set to |1 by main program, if both slow and fast loops are to be entered. Set to 0 if only fast loop is to
be entered.

LSWITCH Fast loop switch indicator. Set to | when a complete initialization is required, set to -1 when a partiai
initialization is 1cquired, set to 0 when no initialization is required.

KSWITCH Slow loop switch indicator. Defined same as LSWITCH.

MODE Flight control mode as decoded from input discrete word. Disengage, SASATT. 1, ATT. 2, VEL. 1,
VEL. 2, VEL. 3, AUTO.

TIME Current problem time in seconds from main program.

ATIME Time at the beginning of a fast loop update.

VTIME Time at the beginning of a slow loop update.

at, Computation interval between successive updates of the fast loop.

At Computation interval between successive updates of the slow loop.
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