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LIST OF SYMBOLS

DESCRIPTION

Cross range error gain

Maximum croce range error gain

Minimum crose rar e error gain

Crose range error gain at
zero down

-~ v o

r‘u‘l&)e

ranze gradient on cross
range error gain

Altitude error gain -

Wachout Time gain
Washout gain \
Angular rate about z body

axis

Maximum acceptable angular
rate about z body axis at |,
hover

Commanded altitude in approach
ravigation frame (ANF)

Maximum acceptable horizontal

ANF range error at hover
Down range in ANF
Down range in ANF at start

of level flight deceleration
phatse

= 520y

of flare phase

Down range in ANF at etart
of glide phage - :

TYPE

Program Variable
Input Conegtant

Input Constant
Input Constant
Input Constant
Input.Cohstént

Input anstént

‘Program Variable

Input vVarizbhle

Input Constant

Progtam Variable

Input Constant |

fay  Input Var1able >
”Prcgram variable

f?bdsramAvariaﬁie :

~ Program Variable
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DESCRIPTION

Down rance in ANF at start
of hover phase

“Down range in ANF at start

of glide acquirition phase

Down ranze in ANF at start
of glide transition phace

Crose range in ANF

Altitude in ANF

Degired ANF hover altitude
Acquicsition altitude in ANF

Altitude in ANF at start
of flare phase

Time

Time at which velocity error
transformation is switched
hased on egpeed

Alrspeed |

Filtered airspeed

Desired forward velocity
during glide

Acquisition Forward speed

Deeibed forward velocity
at start of hover '

Switching value of V‘

-Deegired forward deceleration
rate ;

Degired vertical acceleration
during glide traneltion

Commanded vertical velocity
in ANF S e el

Report No, 6200- 33012

TYPE

Input'Constant
Program Variable
Program Variable

Input Variable
Input variable
Input Conestant
Program Variable

Program Variable

Input Variable

Program Variable

- Input Variable
Program Variable

,Input Conetant

'Prbsrem Variable

Input Conetant

* Input Constant

.Input Constant

Input Constant

‘ "Progreur variable .
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DESCRIPTION TYPE

Maximum acceptable horizontal Input Constant
ANF velocity at Hover

Forvard velocity in ANF Input Variable
Lateral velocity in ANF Input Variable
Vertical velocity in ANF Input Variable
Maximum acceptable vertical Input Constant
ANF velocity at hover

Desired vertical velocity Input Constant
for landing

 Desired vertical acceleration Input Constant

during landing

Forward velocity in vertical Input Variable
heading frame (VHF)

A forward velocity used for Progrém Variable
switching purposes (either ‘
h

Ve oF Vx) '

Commanded forward velocity ‘Program Variable
n ‘ EFE EFP

(either Vgx.or vﬂ*) | .

A forward velocity limit on  Program Variable

the maximum lateral velocity At

cqmmand

Commanded lateral velocity ° Program Variable

Desired down range incre-  Input COnéﬁént
Maximum acceptable ANF © Input cOnitanff .

Forward velocity error in ANF Program Variable

‘Report ﬁo.g6206-933012 T R e R R L AT 1 T
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DESCRIPTTCN

Lateral velocity error in ANF

Jorward velocity error in VHF

Discontinuity in VHF forward
velocity cerror cue to gwitch
in transformatlion used

Flrst value of VHF fbrward

velocity error from trans-
formations used after switch

Lagt value of VHF forward
veloclty error from trans-
formation used before switeh

Washed out VHF forward -
velocity error discontinuity

Lateral &elocity‘error in VHF

Discontinuity in VHF lateral
velocity error due to switch

in transformation used

First value of VHF lateral
velocity error from trans-
formation used after switeh

 Last ‘value of VHF lateral
veloclty error from trans-
- formatlon used before switch

Washed out VHF lateral velo-
clity error discontinuity

. Vertrcal velocity error in VHF
ﬂﬁ“Switching threshold of v"'“

| Maximum acceptable Euler
roll attitude at hover

PPN

. -,

TYPE

Program Variable

Output Variabdble
Program Variable

- Program Vériable

Program Variable

Program Variable

Output Variable

Program Variable

JProgram Varlable

Ka
P
R

- Program Variable

*

»
£

Z~ﬁfbgrém(Variéb1evh
Output Variable-
':’Input COnstant"
“::.Input COnstant; '
,;fInput Variablef'
:i‘Input COnstanfkl “
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DESCRIPTION

Airspeed filter time constant

Fuler yaw attitude

Maximum desired heading change
for obtaining centerline at
high speed

Input Conestant

Input Variable

Input Constant
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) INTRCDUCTION,

The guidance rection of the IMgital Flight Control and
Landing System for the CH-46C helicopter will have three modee
of operation: (1) Disengage, (2) Guidance I, and (3) Guidance
II, The guldance laws for the Guidance II mode of operation
have been developed by Bell Aerospace Company under NASA/ERC
Contract NAS 12-2074, This document describes the software
required to mechanlze only the Guidance II lawe on ah airborne
digital computer and 1s submitted in compliance with Item 2 (b)
of this contract, The majority of thie deceription is
pregented in the form of detalled engineering equatiohs and
functional block diagrams 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 deseription will give the airborne
computer programmer a better understanding of the system 1n§olvcd‘.
and will enable him to develop the most efficient digital program

for the alrborne computer that is selected,

II. FUNCTIONAL DESCRIPTION 02 GUIDANCE LAW .
A, Modes, J
, " The Guidance II laws are for thc landtng nicaion or
thc CH-46C helicopter and have been dcctgned to opcratc in
conjunction with a digital flight control cyatcn.thch hac ;

several manual modes and an automatlc modc or opcrotton. Thorc'

'.‘, IS ‘e . *.. . P e
M\ & TS PREER

Lt ¢ o S T P St RESY 3L
e s : R X N 5 “.(
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* generate hover commands until acceptable conditions are met.
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are two nodes of operation of thesa laws: (1) an Acquisition
to Hover Modc, and (2) a Landing Mode, - In each mode, they :
generate »e “ocity error commande for the flight control syctem,
In the manual modes of flight control, these errors arec used
by the flight conirol cystem to gcnerate command errors for dicplay
and the pilot manually controls the helicopter based on these
dieplays, 1In the automatic mode of rlight.control, these errors
are uged by the flight control system to generate autohatic
commands to control the hellcopter,,

In the Acquisition to Hcver Mode, the lawa generate
) velocity error commands to bring the helicopter from the
acquisition conditions to a hover condition over the pad, In
the Land Mode, the lawe generate velocity crror commands to bring
the helicopter from hover to touchdown. In the Land Mode, the
laws check to determine if the hover conditiona are acceptable
before startirg o generate commands f'or landing. If the hover
. eonditions are not acceptable for landing, the laﬁa continue to’

t“‘) -

‘B, -Guldance lLawe, D R A L W r

1. Qeneral Deserdption, . &, . Lo
The Guidance II lawe Senerate velocity erpops

14between 4 velocity landing profile and the sensed helicopter

b velocitiee. The profile that ie ueed ie a constant speed glide

o ;*a1ong this profue 1is: divided into-\the follom:l.ng phases-

““type as ghown in Figure 1.' Ae ehown in thie figure, the flight “

‘] Report No. 6200-933012
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(1) acquisition, (2) level flight deceleration, (3) glide
acquisitiog, (4) glide transition, (5) glide, (6) flare, (7)
hover, and (8) land, 1In each phase, reparate longitudinal guidance
laws are used to gencrate tota) forward and vertical velocity
commande along the profile, A gingle lateral guldance law 1ig
uced to generate a total lateral velocity command, These total
velocity commands are then differenced with the sensed hellcopter
velocities and trancformed into velocity errors in the vertical
heading frame, These errors form the cormand inputs to the
flignt control system,

2. Longitudinal nduidance II laws,

a, Initial Acquieition Phase,

The commands during the initial acquisition
phase are those required to hold the aircraft gt the

acquisition forward velocity and altitude.

] i
Vex ™ Vxo

n an
rgz " 20

; :
ng "y

b. Level Flight Deceleration Phase,

The éqmmands during the level flight de~
celeration phase are those for decelerating the aircrart'é forward
gepeed to a specified glide value (nominally 42 kﬁpte) before |
intercepting the glide elope. ‘ s ik

Report No, 6200-933012 Ui e e, i




_ forward glide velocity until 1t 1s time to transition to the
" glide slope, o ey
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L] 2
an
Vox = Jévxd (Ipx l - xslf) + (Vg ) .

<4

where de 18 the desgired deceleration rate

Piglf is the down range at which the deceleration phase 1is
' to be compleled and the constant speed level flight

to glide glope interception phase is to be started

ng 1c the desired forward glide veloclty
1
an _ _an |
Tez = Tzo '
n _
ng =0 o

¢, Glide Slqpe Acqulsition Phacse,

The commands for this phase are those

required to hold the aircraft in level flight at the desired

ex = Vxg

_ .an _ _an

Tez T Tzo .
‘qvan'.___o

d, Glide Transition Phase.

The commands for this phase are those required
to accelerate the aircraft downward until the desired g;ide slope. ‘ i ;:g

is 1ntercepted at- the required vertical rate of de«cent

[ v, « . R
. : U . K K St , A

. . _— f . . » W gk S WA s (G

B - D Pt B A . . B B X 5 * : |
(4 ) ., . O » Y .t LA v RS S
e “w Ll I3 2 > -
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- ' =
\'CX vxg

xst : x
V., = : v, tan?
cz L Ar,an xg [

whe re ri?t is the down range at which the transition phaee is
"7 to be started

Argg is the down range from the glide interception point
over which the tranegition ie to be performed

‘yg & the decgired glide path angle,
e, Glide Phase,

The commands during the glide phase are thoce
required to fly down che desired glide slope,
b m
ch ng
an an| i
Pez = "Irx l = xsf) tan'7 f x'ztsf

where ragr i the down range at which the rlare phaee 13
to be started

rggf 18 the altitude at which the flare phase 1s to be
gtarted
n :
4V2z = ng tan'yé /

f. Flare Phase,

' The commands during the flare phaee are uhoae

required to decelerate the aircraft's rorward speed to a

specified value for starting the hover phase (nominaily 10 knote)

',l' I; '

'b"'

Report No, 6200-933012 f o : g b f
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and to brake the aircrartta vertical rate of descent to

zZero by

the time the dasired hover altitude is reachad,

\
|
|
‘
; : X |
- an an
vc*'=/4;&d (,rx I " Txen) * (Vyen) ‘

an

i e Vyg tan )é (Vci =y zh

)2
Xeh
b o - )

cZ

-y

Vyd (ng = Vesn)

=
4an vxg tan }’g (vcx
Cz -

vxd (Vx

vishz

)

g = Vxsn)

where righ is the down range at whic

completed and the hover p

h the flare phase 1s
hase 1s etarted ‘

vksh is the degt

red forward Speed at the start of the
hover phase

2h is the desired hover phase altitude,

8. Hover Phace,

sy
‘

The commands during this phase h:p those ra-

Quired to bring the vehicle to and hold it at a hover condition

ovér the paaq, : = '
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h., Landing Mode,

- The commands for this mode are those required
to accelerate downward to a desired vertical sink rate and then |

hold thig e£ink rate until touchdown,

dts zil

3. Lateral Guidance Law,

The lateral guidance law for all phases is,

an
vV!=k, 6 r
cy Iy y

whére k. .=k - k

l’y I“yo Pyr I

k K, €k
: rymin Iy rymax

The lateral velocity command 1= 1imited as follows to’
prevent orbiting.

i 2 U e
Vexy B0 Mgy < Ve < Vexa #1n Moy 15 <

. | ! =
where: Vo, |v°;(|, 12 V.SV o

cX -

Report No. 6200-9370i2 : i _ ' e 8
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».

ey = maximun degired heading change for obtaining center-

line at high speed,

« 4, Transformation to Veloeity Errors,

At high espeeds, (high Vé), the commanded forward
and lateral velocitice are trancformed directly into velocity

errors In the vertical heading frame as follows:

- S
AV, = V.. Vy

h = i = h -~
&y =N V. =in ) 4

At low speeds (low v;), the commanded forward and lateral
velocities are first converted to velocity errors in the approach
navigation frame and then transformed to velocity errors in the

vertical heading frame as follows:
n e
AVi » Vax Vi
n_ o ol
Ay E Nl N W
AV: - A\I‘;n cos ¥+ AV2D sin ¥
) y
AV? -_-Avin gin ¥ + Av;" cos ¥V

‘To eliminate the finite discontinuities which will result
' in the velocity errors when a switch is made from one transformation
to the other, washout terms must bz added to velocity errors,

These terms are defined as:

Report No. 6200-933012 R e S S e g
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h h
BVyy = AV kw
h _ h
where Avgd and AV?d are the velocity error discontinulties
kw is the washout gain,
The velocity error discontinuities are defined gs:
h h h
AV . = AV - AV
xd Xty_q Xt g
. h h - h
.Avyd AVytE_1 AVyte
where AVQt and AV vE are the last veiocity errors resulting
| s=-1 g~ 1 from the transformation used befOre
a switch occurs . -
= AVQt and AVht are the first velocity‘errors resultihg
‘ s Y% rrom the transformation ‘used after a
sw1tch occurs.
‘The washout gain is defined as .
iy = (2w (6 8g)]
‘where--t is the time when the switch occurs. d ‘

.The vertical veloclty error in all phase° of the'

Acquisition to Hover Mode is defined as follows.ﬂ, -

an _ .an,
(f'cz X

(van va“) 4 k.,

’ : . e e [ Vit WL SRR 3
- d Y 4 N Fw ba, ) [ Lo ¥ a
4 N A . Sl v e D - B RS o .
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h

h
AVyy = 8Vyq Ky,

h h |
AVy, = AVyq Ky, |

where AVh and Av?d are the velocity error discontinuities

xd

kw is the washout gain,

The veloecity error dicscontinuities are defined gs:

h h h
AV, 4 = AV - AV
xd Xto_q Xty

h h h
AV, 4 = AV « &Y
ya Vg1 AT

where Avxt and Avht are the last velocity errors resulting
g-1 YYe-1 from the transformation used befoie
a switch occurs - ﬁ
AVht and Avht are the first velo«ity errors resulting
Y's from the tranerormation uged after a
switch occurs,

The washout gain is defined as
Ky = [2 -y (6 - ts)].
where: t_ 1s the time when the'switch oééurs.

, The vertical veloclity error in all phasee of the
Acquisition to Hover Mode is derined ae rollowa. i

(Vi - % v R el - mn i I

cz

Report No, 6200-933012 | TP S b
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For the Landing Mode, the command ig defined as followe:

(A2 - %

N

The velocity, Vé, which 18 used to determine the method cf
generating the incremental forward and lateral velocity commands,

ie defined ase,

h h
Vs iy
=V TR
3 A < g X
: _ Va
e Tar R Ty
- a

- C. Mode Control,

The Acquisition to Hover Mode and the Land Mode of
operation of the Guidance II laws are controlled directly by the
pilot In thn Acquisition to Hover Mode, the f‘ight phase

is baeed solely on the down range to the touchdeown point as

follows,
DOWNRANGE e  PHASE :
el |P:n ;»rigd Acquigitian‘
. §§1r< o B i L.ev§1.Fiight .peceiérgtlifo'},
ryet < |*x | S Txeir : g 1140 Acd“,i,sﬁ"ti'oﬁ o

Report No, 6200-933012 g A T e 5(:3:??.',f¥ ’: 11
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DOWNRANGE PHACE

an ran < ran

rxug < I X - "xet

Glide Transition |

td

an | .an| an
Coaf < ¥a | s-rxsg Glide
an an’ an : h
r 4
xsh < |[Tx | S Tyep Fiare
; .
an an
!Px i < Txsh Hover

The down ranges that control when each flight phase ctarts
are computed when the system 18 initialized as discussed in
Section II,D, |

When the syestem 18 in the Hover Phase of the Acquisition
to Hover Mode, a geries of tests are made to determine if the
alrcraft flight conditions are acceptable for landing, If they
are, a ready to land output signal is cet, This signal is to
be used to 1ight the "Ready to Land" indicator in the cockpit, s
If the pilot selects the ﬁanding Mode when this 1nd1caﬁor is 11t,
the lawe will generate cémmande for landing. However, if fhe
pilot selects the Landing Mode before this indicator is 1it,
the lawe will continue to generate commends to hold the aircraft
in hover until the flight conditions’ére‘accéétable for landing.
The flight conditions that must be.met af ho§er for landing are

as follows: Sy LAl ek i . :

\"'(r';n)f2 + (r;nF < r:gl’

Report No., 6200-933012 b b RS BT Y e B 12
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.=y SArgg

an an
s zh

J(van)¢f+ (‘f;n)é < hg

)’. 11 l
Yy < Vzn ‘
g < B
r < r.

D, Initialization,

Any time that the Guidance II Mode is engaged from
either the Disengage or Guidance I Modes, certain parameters in

the Guidance II laws must be initialized, These include the

initial acquisition flight conditions, the down ranges that control
the various flight phases in the Acquisition to Hover Mode, and
other initial conditions, The initial acquisition flight

"conditions are initialized as follows:

an an
fs0 " %%

S
Vxo = Vx

The down ranges that control when éﬁch flight phase starts
are computed based on the desired characterisiics of trie landing

- profile, They are computed as:

Report No. 6200-933012 LR e e el
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e

AN . an . Vxg (Vag = Vxen) _ +5(Vyg = Vyop)

xaf xeh 6 ; Q

xd xd
.5 V__ tan V.. =V :

ra = pah ’ X8 2% ( Xg xch)

zefl zh v :

xd

AR - Bh - A L
xeg = Txer (on ”af"tan 7. g
P8 =2 L v y tan 7./V

Xet Xeg Xg g "zt

. an an an
Pxslf = Txet * OTyy¢
) .)"2
v Voo =V DV =V

2N . p8n . x0 ( X0 xR’ ( X0 Xg

xed Xet : v v

xd P - R e
Qhere: righ ' 1r the desired downrange at which hover 18 started

-rgg i# the deegired hover altitude f
Veah i the desired forward velocity a' the start of hover

: . | | e
de is the desired deceleration rate
7; 1s the desired glide angle ?
ng is the desired glide velocity
V,, 18 the desired vertical acceleration during glide

transition Eoal : :
s ar,,p ie the desired down range 1ncrement for glide
: ' acquieition,: | | T DA
d : Although these down ranges could be précomputqd and 1nputted' . f \

into the airborne computer during pre-flight operations,
computing them in the guidance initialization section allows Al
for in flight updating of the desired landing'prorna |

Report No, 6200-933012 A s T 14
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characteristics from a Manual ““»- steations Unit which addrescer ’
the computer in flight,
In additlon to computinw . - down ranges, the previoue

inputs and'outputs of the intey - s4p difference equations used

in the Landing Mode guldance J:iv und the veloeity discontinulitice
(aV}, and AV?a) must all be &< .- zepo when the Guidance II lawe

are initialized,
In addition to initializition, the Guidance II laws are to
be locked in the Landing Mode < r;.pation whenever the Land Mode

1e egelected and the flight conc!ions first become acceptable

for Janding, Thie "lock" 18 tu by unlocked whenever the
Guidance I or Ditengage Mode of puidance is selected,
E. Inpute and Qutputs,

1, Inpute,
a, YVariable.

The variable inputs required by the Guidance
II laws are listed in Table 1, :

b. Disercte. |
Only ohe disorate input is required to select
the mode of operation of the Gulance II laws, This discrete
will be externally coded into an input data word for the air-
borne computer and must be decodod 4n the airborne cdnputer. To
y - enable a coded bit pattern for thils word and the decoded modes
to be epecificd, 1t 1s assumed tlag, subjébt to final hardware
gpecification; (1) from right to left, the gtxth[ilbit of this

.

[nThe acsum=d use of the firut f{ve bits bf thig word «..2

discussed in the Final Fli:n: Control Software Package,
Reference 1. : ,

Report No, 6200-933012 : FaR 15
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input daca word will be used for the Guidance II Mode discrete
and (2) the coded pattern of this bit and the decoded mode will

be as 1llustrated below

TABLE 2
INPUT DATA W JRD CODE
. CODED PATTERN DECODED MODE |
S ¥
3 ' ~—
. L0 e O
w OcC N
® || 22
2‘: P EC)HO
« . wkoO
o, o] =
[75] -;
)
; 3 o
o Acquisition to Hover
Mode
1 Land }ode

¢, Counstant, |
The description and values of the constant

inputs required by the Guidance II laws are given in Table 2,

x 2. Outguts.
-a, Variable,
There are only three va_riable. outputs from the

Guidance II laws, These are the three velocity errors (Avﬂ, AVh.

. and AV?) in the vertical hééding frame and they are all in unit:
of ft/sec, ‘ ‘ Rkl Wiy
b, Discrete. . 4 o P (i e
~ The ‘ready td land sisnal4is the 6h1y.discrete
output of the Guidance II laws. This dzaéreye wiil‘bg coded intu
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I11I. DIGITAL DESCRIPTION OF GUIDANCE ITAWS.

A. General Requirements,

‘A main program muet be provlided to control entry to the

guldance subroutine and to generate certain inputs needed by the
guldance subroutine. The main program 1s responsible for

calling the guldance subroutine.at a recommended frequency of 8
times per second and for providing the value of time at each

entry. Time i1s needed iIn the difference equations. The main
program must read and decode an input discrete word containing the
the guidance mode and the Guidahce"II Flight Phase.Mode (Acquisition
to Hover or Land). If the Guidance IT mode is selected, the main

' program calls the Guidance II subroutine.' The main program also

ﬁust.encode and transmit an output discrete word containing the
guidance mode and the Guidance II Ready to Land Indicator bit,
B. pifference quations.

Whenever a transfer function in the Laplacian operator,
8, dqmain is encountered in the guidance laws, & difference equation

derived by Tustin's method should be used as described below.

1. Integrator.,

l-

' Report No. 6200-933012 F 15 “:Q» ' P ‘:' F 8
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where ¥q = current outrut of integrator
Vi3 ™ previous output of 1nLegra£or '
X, = current input to integrator
Xg.1 = previous input to integrator

Lt = e¢lapsed time between this update and previous

update (seconds)

2, Fllter,
F—-—- - -
Radaa il i S S (8-1) ¥4
7o+ 1 a + 1
where a = 27/At -
- = filter time constant (ceconds)
At = elapsed time (seconds)
yyq = current output of filter 4 ¥
Yy1. ™ previous output of filter | !
xy = current input to filter . . ey ‘
X471 = previous input to filter
C. Flow Diagrams,
f | . A flow diagram of the Guida<ce II Subroutine is shown

in Figure 2. The logic codes used in =his diagram are defined
in Table 3. |

Report No., 6200-933012 Coame RN
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TABLE &
DEFINITION CF SYMBOLS USED IN FLOW DIAGRAMS

-

7, ODE DEFINITION
7.1.AND
2 1 not,
ODE
Disengage, Guldance I, Guldance II,
IME
GTIME
guidanco subroutine
b A'.Pg
{

i S S WP S

baen met and land mode 18 engaged, 8Set to O

)

gal to 1 when acceptable landing conditions hav. ‘
|

Guldance Mode as deacoded from input discrete word,

Current value of timo provided by main program, i

' Time at the beginnin& or each entry to the ! SR

. Incremental time between successive updates of
the guldance subroutine, . i
’ ’ 4
\
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TABLE §

DEFINITION COF SYMBOLS USED IN FLOW DIAGRAME

o — ———.

,ODE DEFINITION
ZILAND 8at Lo 1 when acceptable landing conditions rave
: bz2en met and land mode 18 engaged, Set to O
| if not,
WODE Guidance Mode as dacoded from input discrete word,
: Disengage, Guldance I, Guldance II.
| IME Current value of tim: provided by main program,
GMME | Time at the beginning of each entry to the
guldance subroutine
]
| - 4T . Incremental time between succeseive updates of |
, & the guldance subroutine,
I

g
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