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FOREWORD

This computer recommendation report i submitted in accordance with

* Contract NAS 12-615 with the NASA kKlectronics Research Center (ERC),

Cambridge, Massachusetts. Specifically, this report is intended to satisfy
item 7C2 of Phase II, Part II of the contract statement of work.

This report is published in two volumes:
Volume I - Computer Recommendations

Voiume II - Equations

Volume I contains an analysis of candidate computers for use in the
Automatic Approach and Landing System (AALS) plus a recommendation of
suitable computers. This volume defines a baseline AALS which is repre-
scentotive, in terms of complexity, of systems appropriate to the NASA-ERC
flight evaluation program. Review and agreement on these equations was
accomplished at NASA-ERC during a technical coordination meeting on 23,
24 May 1968,
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COMPUTER RECOMMENDATIONS I"OR AN
AUTOMATIC APPROACH AND LLANDING
SYSTEM FOR V/STOL AIRCRAFT

VOLUME II: EQUATIONS

By Harry T. Gaines, Robert J, Kell,
Avery A. Morgan, Leo J. Mueller,
James R. Peterson, Edward R. Rang,
J. Patrick Redmond and E, David Skelley

SUMMARY

A preliminary automatic approach and landing system (AALS) definition
has been completed. It is considered ‘o be a configuration typical of that
which would be suitabie for V/STOL use. It is designed specifically for the
designated flight test vehicle, the NASA/LRC YHC-1A helicopter, and is
intended to have sufficient flexibility to evaluate a variety of technology con-
cepts,

De2sign details and requirements are discussed. Included are functional
and mode requirements for navigation, guidance, control, and displays, and
an evaluation of analog attitude rate gyros for an alternate analog inner-loop

stabilization mechanization.

Results given are in terms of applicable equation and computation
requirements for each subsystem. Navigation computations are based on
the use of a strap-down inertial reference unit.

Attitude rate output from the single-axis gyros is in the form of pulse-
rate; accelerometer output is frequency modulated. Position update methods
are included. Linear control laws are used to obtain automatic control
equations., Tustin's method is used to obtain the difference equations to be
used in programming the digital computer. Several levels of operation or
modes are defined, including both attitude control and velocity command
control.

Guidance requirements are established and guidance laws are defined for
the generalized V/STOL approach situation. Numerical values selected for
each of the various parameters are based on the designated flight test
vehicle. Guidance equations include the derivation of velocity commands.
The baseline guidance subsystem is discussed relative to optimum path con-
trol, :
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Display requirements suitable to the baseline AALS also are defined,
Display nceds for both manual and automatic control are included,  Display
cquations defincd are suitable to a CRT -type display mechanivation, (Dis-
play generation such as symbols, etc,, was not part of the ta:k, )

A "down link'" (or telemetry system) is considered as part of the instru-

mentation, The discussion included herein is based entirely on information -

supplied by NASA/ERC. ,

Conclusions and recommendations are made as part of each subsystem
discussion, All are pertinent to continued AALS development, Particular
emphasis is placed on areas where simplifications might be made.




SYSTEM DESIGN AND FUNCTIONAL REQUIREMENTS

As treated herein, the V/STOL automatic approach and landing system
includes the functions of:
Navigation: Determination of aircraft position
Guidance: Computation of desired path to destination

Control: Closed-loop automatic flight control modes

Display: Gencration of typical AALS display functions

IFunctional requirements are limited to those specifically applicable to
the automatic approach and landing problem, Specific constraints on the
design and mechanization are:

Designed for the YHC-1A helicopter

Use of strapped-down sensors for navigation

Use of strapped-down gyros for stability augmentation
Use of available air data sensors

Use of existing electrical input servo system

Use of existing electric stick installation

Use of GSN-5 and Loran-C to update navigation subsystem
Use of display functions suitable to CRT-type display

Use of an all-digital mechanization

Inclusion of an alternate analog inner-loop stabilization system.

To obtain a system definition adequate for computer sizing purposes, a
specific baseline systemn design was established. Figure 1 is a functional

block diagram of the baseline system. In are provided by the naviga-
tional up-link receiver, strapped-down se . ', air data and radar sensors,
2lectric stick, rate gyros, and a pilot's s - 1 control panel (PSCP). Out-

puts from the system will be navigation ana s, stem control information on
the PSCP, guidance information and aircraft flight data to the display mech-
anization, and automatic flight control commands. Table 1 summarizes
system input/output signals,

Computation for navigation, guidance, control, and displays will be per-
formed in the central digital computer. Mechanization and signal flow is
shown in a simplified manner in Figure 2,

Additional mechanization needs are included in Figure 2. A radar alti-
meter (sensor block) is required for guidance. Both on-board and telemn etry
instrumentation are needed for flight test. An analog attitude rate gyro and
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TABLE 1
AUTOMATIC APPROACH AND LANDING SY3TEM
INPUT/OUTPUT SIGNAL DESCRIFPTION

in/ Remple Mi num -
verm ot Penac. plien tinste | Acruracy Renge Reeniution rote Ayramie Type taed hy/aomrre
por serond rengs
s —— == o - g m——
", € liearing ta aperif 4 Incation dog 180 ron' L3N 18 18on Migital (/A rriten e .
v, 1 Pio sslectad ghde angle dog 0.0 01020 o NA 3000 1D code eneate | guitence X
AN S ot O Clar potess 1o digital command system - . o : {24) 1 0 yae: puless na-igetion
fh O AlMude ceanmand error fn t200 R} ] AGH Argrial {13/ A) Siapleye
% ] arometric attitode 3 1000 to 15000 oné " 1RanN aratog (AN aar ooy
LI 1 l".v;'r:-ntl .vi"m'-'«. ) n [} NA 18000 e (Ar code wheels pPay
b, O Alitude rate command ft/oe- 180 61 I8 1200 digitat Ateplays
h', I Pl . nelrcted hower sititude ft - 1000, *10000 ] NA 11000 1) rovie wheolp Py ;
Puyis | @ Altttude from aititude senaing eystem n ©1000 10 18000 | 0§ 12 18000 Agital (DAY pitr s aotepriee |
h”v“ O Altrtude rate from sititude sansing Ntisec *80, -IN0 [} 32 1400 digital LDIA) e h 3.0 piloA ‘
ayatern
- — - —— .- v — . . _._._.._*‘
Pnav ) Ajtitude above sen lovel fn 16/1. 8 -1000 1o 15000 1 32 18000 Hgie? nevigetiom \
PuAY I Pilot eetting of initial sititude n NA HOD code whesis Aavigat.on :
0
hyav I Puer astting of checkpoint aititude n - AT ¢ nde wheole AevigRtion i
cp
1
buav i Pilet aniting of landing site gltitude fnt B () ¢ tete wheale Aev igatinn !
: L H
hy I Redar aitimeter sltitude n -20 te *200 0 12 . 440 . anslog ssrmars )
[ «  Redar altimeter sititude rate n/oee 160 0.1 12 1200 snslng aenenre 1
1. 0 Longitude deog F] 0 ) dec Ae 1 68000 Agitel ARvigation !
1. ] Pilst setting of initis! longitude deg NA KO cone wheole navigation !
o
l.. 1 Pilot astting of rheckpoint longitude deg NA BCD eode wneols nevigation ]
p
L' I Pilot setting of landing site longitude deg . HED code wheele | nevigation !
L
o [ S, . - e |
Ly O Lestitude 1] digite} navigation
l'lo i Pilet setting of initia) lstitude Aeg NA MO code whaele navigation
L' ! Plioct setting of checkpoim Jetitede deg NA BC 1) rorde wheale Aavigalion
p
by 1 Pilot setting of landing site latHude deg " NA " HCD corde wheets navigation
L y
Mode Jogic] 1 From pliot' 9 sysiem control panel cee .. see nee I8 diecroteas PP
(rscry
R“ O Renge to turn ft 210 9 to 130000 ] ] 24000 digital (D/A) gutdance
o
LM O Horizomal renge fn 210 0 to 120000 L] L 24000 digital (D/A} guidence
t I Time sec 0.01 a4 0.03 esch vpdate . digitei nevigatinn
‘G O  Time to turn see (N} 0 to 2000 0.3 18 230000 digital (D/A) guidance
n
M I Bum of incrementel changes in n-asis n/eee -100, +300 0.1 1024 4000 digitel cte navigation
veloeity
AP 1 Puot eetting of sirepeed commaend it/ eec 0.1 NA 4000 PSCP
-':D O Forward velocitly commend nt/eec ! a4 [} 900 diguntel (D/A) displaye
v I Sum of Incremental ehanges In y-aste R/ sec 1100 @3 iyve 2000 dightal etr nevigstion
velocity
Y O Ground speed A/see ] 0 te 300 L [] 3000 digitel (D/A) nevigation
»




TABLE I -
AUTOMATIC APPROACH AND.LANDING SYSTEM . . . —
INPUT /OUTPUT SIGNAL DESCRIPTION (CONCLUDED)

™ Sample Minimum
Torm ol Dencription Unite | Atcuracy Range Resnlution rate dynamic Type Used by/source
. v per second range
—— |
VM\i 1 indic atad atr apeed t/erc 0 to 300 0.1 32 aoco analog (A/D} pitch autoptiot ;
Vo O | Local wind apeed ft/sec 0to100 0.2 (] 800 digital (D/A) displays * y
W ! Sum of incremental changen in 2-axin n/ anc 100, 100 0.1 1024 1600 digital ctr. navigation X
veloc ity '
X ! Update downrange dintance to landing f 18/2¢ 12000 10 160000 | 10 8 15000 digital navigation l
point } { } { } {
XQ Q| Predicted downrange position ft 10/1% 0tn 12000 1 18 12000 digial {D/A) diaplays )
t
Y 1 Updnte cross-range dinterie to innding n 16/2% $14000 to £18000 2 8 } { 15000 digita) navigation
point
YQ O | Predicted croen-range ponition f 1w 010212000 1 } { 18 24000 } { digital \)/A) displayn
Yn O | Lateral volocity command ft/nec 1100 0.1 18 1000 digital (D/A) diapiays ’
Z 1 Update slititude ahove landing point (] H 0 to 7809 i 8 7500 digital navigetion )
Vr 1 | Grownd wind speed ft/seu . 0to 100 0,3 NA 500 digital navigstion .i
N ! Vehieln nhlr;l‘m angle dey £h0 0.1 32 300 analog (A/D) pitch sutopilot '
Yy I | Ground wind direction deg 360 con't, 0.1 NA, 3600 digital navigation
y 1 Deatred landing approach angle w, r. ¢, deg 1 360 con't 0.1 NA 36800 digita? navigation
true north
"rp 1 Pilot- aelectod checkpnint bearing deg 360 con't 0.} NA 3800 RCD ¢ade wheels psCp
LI O | Total longitudinal differentisl collective | in, 2.0 0, 0007 k1] 4060 digital (D/ A} pitch autopilot :
Olw 0O [ Cyclie yaw commaund in, 2 0, 0008 k7] 4000 Higital (DJA) lateral mtopilot )
O 0 |Cyelie roll command n. 3 0, 0008 4000 digital (D/A) lateral autopilot i
oL 1 Electric eollective stick in, 1.8 0.0 ¢ 1000 analog (A/D) collective autopilot
o, 1 Elictric atich tnput- -pitech n. £6.1 0.03 1000 analog (A/1)) pitch autopilat !
R 1 Elretric pedal input--yaw n, £2.6 0, 00% 1000 analog (A/D} lateral autoptlot '
g 1 [ Electric stick input- -roll in, 0.7 0.013 32 1000 analog (A/D) lateral sutopiiot
[} 1 | Sum of incremental changes in pitch deg 248 §o¢ 12 §ec 1024 [ digital ctr. navigation
L] O | Vehieln elevation angle w, r. ¢, local deg 0.8 £38 0,06 k1] 1170 digital (N/A) navigation ]
horizontal :
%oL 0 | Colicctive command in, 3.3 0, 0009 a 4000 digital (D/A) collective autopiiot
< 3
P I {Sum of incremental changes in roll deg ) £0, wed 18 dec 1024 [] digital ctr, navigation L
] O | Vehicle roll angle dog 0,0t £50 0,08 1] 1870 digitst (D/A) navigation &
v I | Sum of incremental changes in yaw dog 148 dec 13 §e0 1024 [} digital ctr, navigation
Y O | Vehicle heading w, r.t, true north deg 1 360 con' t 0.1 16 Jsoo digital navigstion
Y, O | Checkpoint heading error deg 20 2.0 16 2000 digital guidance '
Ye ’ Silot-aelected heading deg 380 cun't 0.1 NA p L1 BCD code wheela  PSCP
A% O | Heading command deg 360 con't 0.1 [ 3800 digital (D7A) displays
Made loglc | ] S5tick force awitches .ee aee .es .o o=s e 8 discretes electric stick
Mode logic | Beep trim aue .= e - na “ee 4 discretes ealectric stick i
i
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analog compensation is included for the alternate inner-loop stabilization
mechanization. (Appendix A contains an analog rate gyro recommendation, ) |
Since both the strapped-down gyros and accelerotieters output a pulse rate
signal form, a method of converting to a whole word digital format is needed;
this is labeled a "preprocessor'. A "signal condiiioner'" is included to pro-
vide clectrical signal matching between system i put (sensor output, etc.)
and computer subsystem input,

|
Complete in-flight control is provided by the PSCP. The baseline system l
definition includes the following functions in the panel: i

° Navigation

Alignment start \
Navigation engaged , '
Automatic update on/off |
Initial position input (latitude, longitude, altitude) l
Manual update input (latitude, longitude, altitude) ;,
Automatic update (GSN-5/Loran-C)

Landing location input (latitide, longitude, altitude)
Readout of current position or any input

e Guidance
Guidance mode selection

s —

Input of pilot selectable quantities

Readout of selected input

e Control
Electric stick on/off
Stability augmentation on/off
Attitude hold engage
Velocity command engage
Automatic guidance engage
Mode status |

e System Status

Power on

Instrumentation N

On-board on
Telemetry on
Computer ready
Servos aligned

i
|
§
i
!
i




Bascline panel functions are defined as a result of subsystem require-
ments (input, control, and status indication).

Because of the need for safety-of-flight assurance, system design is
based on use of a safety pilot, The YHC-1A is normally dual-control, The
righ: side has an electric stick installed for AALS evaluation pilot use,
Normal controls exist on the left side for use by the safety pilot. Whenever
the electric stick is activated (or automatic control modes are engaged), the
left hand stick will follow all control motions, The safety pilot will be able
to use the motion of his stick as a primary indication of safe automatic con-
trol system performance, Emergency electric stick and automatic control
disengagement is provided to both pilots with switches mounted on each stick.
Electric stick status (on/off) presented to the safety pilot will help provide

control coordination between the pilots,

Baseline AALS requirements are given as part of each subsystem dis-
cussion in the sections that follow. Prior to further development, firm
system requirements should be established interms of both performance

and mechanization,

Ground support concepts and equipment requirements also must be estab-
lished to assure a compatible system mechanization.

ST TR WD ik e s et e o - et




NAVIGATION

This section describes inertial navigation equations., Navigation simply
means maintaining a knowledge of vehicle position, velocity, and attitude
based on the output of the inertial sensors, accelerometers and gyros, and
altimeter. These equations were adapted largely {rom material supplied by
NASA-ERC. Although useful to the baseline definition, considerable simpli-
fication can probably be made for flight test use.

The navigation equations are divided into 19 computation sections. Iach
section describes the equations and the frequency and precision with which
they should be evaluated, and lists explanatory and critical remarks where
appropriate. An attempt is niade to keep the notation consistant with the
material supplied by NASA-"SRC, insofar as possible.

The calculations described by these equations begin (logically) after
introduction into the computer of all initial conditions, constants, inertial
sensor pulse counts, and the altimeter output. They carry the calculations
through the point of computing the values of the position, velocity, and
attitude variables.

1. Accelerometer Bias and Scale Factor Computation

Koij = Kpgi + 0Kp; ot
K1i e Kli + AKliAt
Input: KOi = accelerometer bias
Kli = accelerometer scale factor

Constants: AKOi (DRKO)i bias rate (constant)

scale factor rate (constant)

AK,. = |DR
1 AKIK
Oﬁ'tput: KOi = accelerometer bias
Kli = accelerometer scale factor

Frequency: Very slow; At could be as largg as several seconds

Precision: 20e«bit accuracy

10
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2. Accelerometer Bias and Scale Factor Compensation

C = COi/Kli - K

0i 0i

where i = 1, 2, 3,
Input: COi i=1, 2, 3 = uncompensated acceleration

Koi i=1, 2, 3 = bias (from 1)

Kli i=1, 2, 3 = scale factor (from 1)
Output: C'Oi i=1, 2, 3 = compensated acceleration
Frequency: 128 times per second
Precision: 20-bit accuracy

f 3. Accelerometer Cross-Axis Compensation
= / - / - ~ 7
Q * Clor = Kg1C 02 = K61 C o3

Q, = “KgyC'gy +C’

14
62 € 01 02 ~ K42 C 03

/

- - !/ - /
Qg = K 3C g1 - Kg3Clgg + Clyg

Input: c’ ; i=1,2,3 uncompensated acceleration (from 2)

0

Constants: K4i’ K6i cross-axis compensation constants

Output: Qi i=1,2,3 compensated acceleration

Frequency: 128 times per second

Precision: 20-bit accuracy. Since the K's are small, single-precision
products should suffice.

11




4. Accelerometer Nonlinearity Compensation
= - ’
avy = Q; [1-Q,(K,, + Q, K3,)] At

where i =1, 2, 3.

Input: Qi i=1, 2,3 = uncompensated acceleration (from 3)
Constants: K21 i=1, 2, 3 = nonlinear compensation constants

K3'i= K31'2K22i = nonlinear compensation constants
Output: Av, = incremental velocity (accelerometer axis

components)
Frequency: 128 times per second

Precision: 20 bits. Since both constants are small, single-precision
products should suffice.

5. Angular Environmental Compensation

Av,, = Av, - (86, 48, p, - (8B%, + 48%,)p, - 2B 4D, pyl/At
+ Aw2 Pg + Aw3 Poy
AV, = Av, - [A§3 Aéz pg + A@I Aéz P, - (A523 + Aézl)pzjlm
*Bwg Py +Aw; Py
Avoy = Avy - [88 Abyp, +AB, Ab, b, - (A6 + 2% )p,lat
- Awl Py + sz Py
Input: Av, i=1,2,3 = uncompensated velocity increment (from 4)

A6, i=1,2,3 angular increment (from 7)

L Aw, i=1,2,3 angular velocity increment (from 7)

Constants: P; i=1,2,3 accelerometer offset constants 1

Output: Avci i=1, 2,3

compensated velocity increments

Frequency: 128 times per second

12




Precision: 20 bits. Since compensation will be small, single-precision

Remarks:

Input:

constants;

Output:

Frequency:

Precision:

Remarks:

products should suffice.

These are the equations supplied by ERC, If all three acceler-
ometers are assumed offset from the vehicle-fixed reference
point, then nine constants should be used; P+ Porrg of the first

equation describing the location of the first accelerometer;
P2 PgsPg of the second equation describing the location of the

second acccelerometer; Py PgsDg of the third equation describing

the location of the third accelerometer. Since selection of the
reference peint is entirely arbitrary, one of the equations can be
completely eliminated by choosing it to be the c. g. of the sensi-
tive element of one of the accelerometers. Depending on the
relative location of the accelerometers in the block and the
orientation of the block relative to the body axes, up to four of
the remaining six constants may be eliminated by judicious
choice,

6. Accelerometer-to-Body Axis Transformation

B BA A
Avc =T Avc
Ach = Avcl s velocity increment in accelerometer
axes (from 5)
Av
c2
_Avc3 |
BM M, A
BA A A" M .
T =T T = accelerometer-to-body axis
transformation matrix
- vy
AVCB = AvclB = velocity increment in body axes
B
/::ch
AV
c3
L

128 times per second
20 bits

Assuming the accelerometer axes to be nominally aligned with
the body axes, -equations of the form of section 3 may be used.
In point of fact, these calculations could be accomplished in
section 3 by suitably redefiring the constants used there and
this section completely eliminated.

13




7. Angular Increment, Rate and Acceleration Computation

8
a6, = Z (A40.)k
k =1
8
w.(t) = }: W, (a8)k
k=1
8

wi(t+At) = 2_‘ WZk(AOi)k
k=1

Aw; = wi(t+At) - wi(t)

Input: (Aei)k k=1,2,...8 = angular increment over 1/1024 sec
Constants: wlk' w2k’ k=1,2,...8 = rate filter weights (constants)
Output: Aéi = angular increments over 1/128 sec

wi(t), wi(t+At) = angular rate at beginning and end of 1/128-sec
interval

Aw, = angular acceleration over 1/128-sec interval (times At)
Frequency: 128 times per second
Precision: 24 bits for w. Only about 8 bits for A#.

Remarks: It is felt that calculation of the rates is not only unnecessary
but error producing. See section 11,

14




8. Gyro Drift Computation

e B T o N~
Dl | By By "By, By ||C 0
- - 4
Dol 5| Ry * | Bgy Byp-Bgyl(Cpgyl
4
D4 RsJ Bys Bzz B3| |C 03
b - e bomr = i —
') [} " i ¥} 11 ] [
0 -M. MYy, Af’l S Bw,
M'22 0 -M'32 86,| +|0 J‘2 0 Dy | +
[ '} ° ’
M’,, M. 0 A6, 0 0 J', |Au,
L. -t - b o b -
™ 1 - - - N -
/ 2 / !
Cip "G5 O C o1 Cor 0 Cui1 1€ 02C 03
/ 2 |~ [
0 12 C32] |[C02 | *1-C4a Co2 O Coz Co1| *
'] 2 ) ~ /
0 Cg3 Cigl (€03 Cq3 O Cssl [Co1 € 02 |
_ .J L - e < L .
- I - L : |
4 '4 ~ 2 Y PS A .
Q' Q5 © A6, 0 0 -Q, | |40, a0, ! .
’ ) A 2 O’ ~ ~ g ‘
0 QY5 Q3y] |40 T1Qyy 00 Av, 06, b
’ ’ ~ 2 ’ ~ A ’
0 Q'ys Q| [063 Q'y3 0 O Ab, 2D, E ;
e J . J e .J . J 1 )
.
Input: %1 = acceleration (from 2) j
Aéi = angular increment (from 7) !
Buw; = angular acceleration (from 7)
/
c . = 4 =
Constants: B, ., BZi‘ B3i‘ M2i MZiIAt’ M 3i M3i/At |
' ) - 2
J' = 3308t €y Cop Cyp Copp Q74 = Qy/At ;]
' 2 ¢ 2
Q35 = Qz;/At% Q74 = Qyy/at
Output: Di i=1,2,3 = gyro drift rate **

Frequency: 128 times per second

Precision: 10 bits
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9, Gyro Drift Compensation

Uci(t) = wi(t) - D.l

w (t+At) = w.(t+At) - D,
ci i i

where i=1,2, 3,

Input:

Output:

Frequency:

Precision:

Remarks:

Input:

16

wi(t), w.l(t+At) = uncompensated angular velocity (from 7)
D, = gyrodrift rate (from 8)

wc.l(t) = compensated angular velocity

128 times per second

24 bits

It is felt that gyro drift compensation could be performed at
1/4 to 1/8 of the above frequency with no loss of a:~uracy.
This is based onl’ on the assumption of gross rates of no more
than 60 deg/sec and vibra'ion that causes reasonable drift
rates (say 10 deg/hr). The pulse counts and their products on
which the compensation is based can be accumulated over a
longer period than indicated above and the compensation can
be calculated and applied at the angular level rather than the
angular rate level.

10. Gyro-to-Body Axis Transformation

BG

_u_)B(t+At) = T uG(t+At)

W) = fu 0] )

“’cz‘”

w.3(t)
— ~ > angular velocity in gyro input axis
frame

Ltrat) = [o o (trat ) |

wcz(t+At)

We (t+at )_‘




Corstants; '1‘30 = gyro axis-to-body axis transformation matrix
Cutput: uﬁ(t) = wi
Y2
“3
8 ] angular velocity in body axes
wB(HAt) = W !
A
Y2
W l
3
Precision: 24 bits
Remarks: Assuming the gyro axes are nominally aligned with the body

axes, this function can be accomplished by suitably redefining
the constants in the third term of the equation of section 8, and
this calculation eliminated eatirely.

11. Attitude Mairix Algorithm

[ ' ‘ _ I} p / 7]
At[w2w2 * WaWg ] (w3 tw, )f Atwyw, (w2 + W, ) + Atw.,w,
" &= ! ’ ’ ’ - ’ /
TEMP (w3 + W, ) + Atw, v, -At[wawa Y ww, ] (wl +w )+ Atwugw,
- ' ' / . I ’ - , / I-‘
i (u2 * W, ) + Atwlw3 (wl *w ) + Dtwyw, At[""lwl Fwyy ] |
TEMP « -21- at TIB(TEMP)
TIB <« 1IB L TEMP
Input: TIB = body-to-inertial transformation matrix, last
value (from 11 or 12)
| yf_gt) =W, )
Wa
W3
Pangular velocity at beginning and end of
- - .
_w_}i(t*i-At) - wll interval (from 10) )
’

Y2
W, g
. 3 -‘/

17




Output: TIB = body-to-inertial transformation matrix, new value

Frequency:. 128 times per second
Precision: 24 bits

Remarks: It is strongly felt that basing the attitude algorithm on numeri-
' cal integration of the numerically differentiated output of
integrating devices (pulse rebalanced gyros) 1s not only unnec- |
essarily complicated but a potential source of serious error,
The basic truncation error of this algorithm is no better (and f
is in fact slightly worse) than that of the conventional second- |
order attitude algorithm described by

TeT+T[a® -1/2 A®2],

0 -A6, A6
T 3 272
! AR = A" = |. 0 -AGI
0

This algorithm has, in addition, the ineviiable error associated [
with differentiating quantized data by whatever method, Rate ,
errors that are acceptable for compensation or control can ‘ |
easily be accumulated into attitude errors that are entirely

unacceptable, The more severe the angular eanvironment, the '
more serious the problem. The derivation of rates is pot ‘,
necessary for main*iining attitude reference and is therefore ;
not desirable for i1at purpose.

|

s 12, Attitude Matrix Orthonormalization

o L

_
[.IB ..IB IB
TEMP, Toga Tgz = Ty T

IB- |
32 |

TEMP ,| = TiB pIB | 1IB ,IB -

2 | 23 " 31 21 33 :r ]

rewe | |7 B . 2 .
7‘ ey Bl em
TEMP,,| = (T3 T - T® T\ | ‘i
TEMP,g|  |Tg] Ti3 - Ty T

|
i
|
H
2
!
!
i
!

o —edd — -
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B 7 .8 ..IB IB 1B
TEMPg, Ti2 Taz - . Ti3 Ty
_|.IB ..IB IB ..IB

TEMP32 - .T13 T21 - T11 T23'
IB ..IB IB ..IB

| TEMPg31  |Tin Tz - Ty2 Ty

TEMP = 1/2 [T!B + TEMP)

- - — - ~
T TEMP, TEMPHT
tB| - |rEMP. |+ 1/2 1-TEMP, 2 - TEMP,, 2 - TEMP, 2).| TEMP,

i2 i2 il i2 i3 i2
1Bl |TEMP, TEMP,
i3 i3 i3
L - - [ ..
where i=1, 2, 3,
Input: TIB - body-to-inertial transformation matrix (from 11)

~ Output: TIB . body-to-inertial transformation matrix (from 11)
Frequency: 16 times per second
Precision; 24 bits
Remarks: Since the second term of the last equation is a small correction,

single-precision products will suffice for that equation,

The frequency of 16 times per second is much higher than
necessary. Orthonormalization once every several seconds
should be entirely sufficient.

The final equation above results from replacing the inverse of
a square root of a quantity nominally unity by the first-order

Taylor series of this function, Use of a first-order expansion
is justified by the fact that the orthonormalization algorithm
itself is first order. It is of interest to note that all three

rows have the same scale factor error (to within first-order
terms). '

T I— i TIPS | | Y sy,




Input:

Output:

20

It can be shown that any nonsingular matrix T can be expressed

as

T = (I+ %R

where ¢is symmetric and R is a rotation matrix, the one
closest to T in the sense of least squares. Applying the first
three equations of this orthonormalization algorithm to T
produces

TEMP =[1+1/2tr(3)JR +1/4 YR

where Y is a symmetric matrix depending on ¢ only and second-
order in &, It is given in tensor notation by

Yij * %imn €:jrs er q’ns
so that, for example,
Y,. _ oL 2
11 = 2(8y, 845 - 85,°)
and
¥,5,° 2({>23 ¢19 - @21 633)
13. Velocity Increment Resolution
_é.y.I = 7B avP
B _[. Bl o ,
Av- =| Av cl = velocity increment in body axes (from 6)
B
Avc2
B
Avc3
_ J
TiB - body-to-inertial transformation matrix (from 11
or 12)
I _[ T e s Lo
Ay = Av1 = velocity increment in inertial axes
I
sz
I
Y |

L e o e P o Sy e+ m T aw 5 0w

S TE e, erm g g
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Frequency:
Precision;

Remarks:

128 times per second
20 bits

Better error characteristics result if the tinie intervals over

which éxB is accumulated and TIB is updated are staggered.
In that way, the incremental velocity is transformed by the
matrix associated with the midpoint of the interval over which
it was accumulated.

14, Inertial Position, Velocity Computation

ry er; %t 1/2 at v,

I

Vs =Vi+AtGi+Avi

r, =ri+ 1/2 At v

where i=], 2, 3

Input:

Output:

Frequency:
Precision:

Remarks:

r = inertial cartesian components of position
vy = inertial cartesian components of inertial velocity
G, = components of gravitaticnal acceleration (from 15)
Ain = inertial components of incremental velocity (from 13)
r.

i
v

64 times per second
30 to 32 bits

Updating position twice with first-order formulas is equivalent
to updating it with second-order formulas.

Performing basic navigation in inertial coordinates has the
disadvantage of a large dynamic range for the state variables
and more complicated output transformations. Navigating

in local vertical coordinates should be considered as an
alternative,

21
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15. Gravity Computations

r, = r, + (ree) (S2)
rG = ro + ha

RI = 1/rG

RI2 = (RI) (RI)

RI3 = (RI2) (RD)
(G) (RI3)
(KJ) (RI2)

U
n

>
"

(5) (S2)

L
o
]

o e e e - e

1L+ (1 - “o)
ny + (2) (xo)
(Po) (ny) | ‘
1 (Temp) (rl)

Q 3 9
o
8
T

I I

Q
n

9 (Temp) (r,)
G = (Po) (Pz) (r3)

Input: r inertial position (from 14)

=3
L]

altitude above geoid (from altimeter)

»n
N
n

square of sine of latitude (from 17)

Constants: r = equatorial radius

&
n

geoid flattening parameter

“
~
[
n

gravitational parameters

Catput: G, = gravitational acceleration components
r = local earth radius . ‘ .
| r; = gravitational radius (based on position and altimeter)

, Frequency: 16 times per second




Precision:

Remarks:

19 to 24 bits

These equations embody one approach to the problem of
altitude divergence control. By basing gravity on the altlmeter
value of altitude rather than the inertial value of altitude, the
vertical channel is given the same characteristics as the hori-
zontal channels, that is, conditional stability and the Schuler
frequency.

An alternative approach which should be considered is to treat
the altimeter data as augmentation in the same way that radar
or Loran data is treated. Gravity is based on the inertial
position, but the altimeter altitude and the inertial altitude are
compared. The discrepancy is fed back at the acceleration
level for restoring and at the velocity level for damping. This
approach has the advantage that a stable filter can be designed
which takes altimeter error characteristics into conmderatlon.

16. Geographic Computer

R2 Xy = rl2 + r22

Ty e 1/2 (rxy + szy/rxy)
tan \ = rzlr1

tan Lg = r3/rxy

D = (2e) ra rxy/Rz

A\ = tan”!(tan \)

Lg = tan"!(tan Lg)

Lt = I..g + D

1 = \+ "o -w,t

h =r-rj

'y = (r, vy =Ty Vv, )IR2xy

i = k-0,

v = (r, vy try vy travglr
I..g = (Vslrxy) - (v/r) (tan Lg)

23
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Constants:

Output:

Frequency:
Precision;

Remarks:;

. U.
n

(2e) 1Lg[1 - 2 (S2)]
L =L + D

t g
h = v
r = inertial position (from 14)
vy = inertial velocity (from 14)
r = magnitude of position vector (from 17)

b,
¥
"

square of r (from 17)

2 2
Xy '\/ r, o+ r (from 16)

2}
]

S2 = square of sine of latittde (from 17)
t = time

(2e) = geoid flattening parameter

W = earth angular velocity

1, = reference longitude

rxy

2/ = longitude

Lt = geodetic latitude

inertial altitude from geoid
= altitude rate

h
h
L = geocentric latitude
L

g ¢
) . r
g =  geocentric latitude rate
<
Lt = geodetic latitude rate

16 times per second
requirements unknown ‘ | i

Precision requirements are governed principally by resolution
requirements of guidance and display functions.




The second equation embodies a method of bypassing the
extraction of a square root,

R2 =
r =
W, =
i
S2 =
cosL =
vi =
U. =
i
. =
"

cos 0 siny

cos 6 cos ¥

Input: r
TIB

cosL =

17. Euler Angle Computation

3
Z 2

Ty
i=1

R2
1/2 (r + T

ri/ r, where i=1,2, 3

2

Wi

1 - S2
1/2 (cosL + m)

Wi/cos L, where i=1, 2
W3 Vi, where i=1, 2

'riljB W, where i=1,2,3 and j=1,2,3

By ,q IBy

T 2 * Ty

1

1B IB

21

IB

-T11 U1 - T U2 +T31 cos L,

sin'1 (“1) -90° < @ <€ +9(0°

n
tan"! |~

'ﬂs |
tan'l ( cos O sin ¥

-90° < ¢ < +90°

cos 6 cos ¥ 0=y < 360°

inertial position (from- 14)

attitude matrix (from 11)

. magnitude of position vector (from 17)

cosine of {geocentric) latitude (from 17)

o
ey —gra vy

GARSREE S o e R S
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Output: 0 = elevation angle
¢ = roll angle
v = azimuth angle
S2 = square of sine of latitude
R2 = square of r
r = magnitude of position vector

cos L = cosine of latitude

Frequency: Roll, elevation, 32 times per second
Azimuth, 16 times per second

Precision: 16 to 18 bits

Remarks: The second equation bypasses the extraction of a square root,
Similarly, the fifth equation calculates a cosine as the square
root of the square of the cosine.

If navigation were performed in local vertical coordinates, the
attitude algorithm would be arranged to produce the body-to-
local vertical transformation which would then contain all the
desired attitude information.

18. Preflight Attitude Alignment

The alignment scheme outlined here is self-contained. A scheme using
optical input for azimuth alignment would entail a more complicated inter-
face with the computer and would involve somewhat more calculation, It
would, however, reduce alignment error and probably require less time
to accomplish. In spite of these facts, the scheme below is recommended
for the first stages of AALS development.

The scheme consists of two parts, an initial alignment and a final align-
ment. During the initial alignment, body motion is ignored and sensor data
is collected on which a body-to-local vertical transformation is based.
During the final alignment, body motion is accounted for by attempting to
maintain attitude reference to the local vertical. Level error is detected by.
measuring the acceleration in the nominally, level channels, and azimuth
error is detected by measuring the vehicle's secular rotation rate about the
nominally east direction, the strap-down form of gyro compassing,

vt e e



-

Initial alignment. -

1) Sum A6's and AV's over time tlz

v.e v +av®
vt i=1,2,3
B
0, 0, + A6,
2) When complete, compute
g = vi/tl
i=1,2,3
w; = ()i/t1
3) Compute direction cosine matrix, T:
= - 1 :21
Ty, k, g | i=1,2,3
Tai = ir1) Tagiv2) - “iv2) Ta(iv1) i=1,2,3
T2i - ku TZi i=1,2,3

Tii = Toi+1) Tacir2) - Tagiv2) Ta(i+1)  i=1,2,3

Orthonoralize T, - This procedure is described in section 12,

Final alignment. -

1) Initialize k=0,
2) Update T with gyros as when navigating,
3) Maintain local vertical over a At time by computing

27



OE = 0
BN = Wy At
GD = UD At
b ﬁ $ = CDD 0 ‘Q‘JN
{ -®¥x; @® 0
| | N _
LT e T -38T

t 4) Sum AV's in local vertical

- B
(VN = VN+ZT1jAVJ.
J

p <

28

B
| Vg vaLZ'rszvj ,
j .

5) Every t, seconds compute:

1)
td

u
™

-
&

-
<.

L]
=
+
—




6) When k=n, compute:

op = kp, lkpy Yy - ¥))
(Pp = ky; (kyp Y, -Y3)
oy = kyj (kyg Yg - ¥g)

1-.

7) Correct the alignment
TeT - T

8) Convert to space stable

Iv

TeT T

9) Initialize position, velocity, orthonormalize and navigate.

Remarks: The equations involving the running index k, k=1, 2, - n, produce ! |
the least-squares estimate of the (assumed constant) horizontal
acceleration and angular rate about East. [

TLV is the precalculated local vertical-to-inertial transformation
based on the vehicle position.

19, Guidance Input Calculations o

S &= SIE + At ‘f’e CIE

1E

Cip « Cg - At w, S

! =
™

vy! = -Spr; +Cipry

D .

CIE r; + siE r,




Input:

A
EA = T Ar2
UD Ara
le = v1 + “e "2
VR2 = V2 "YW I
VrR1' * CIE YR1* SiE VR2
VRz' ° SiEVR1*CIEVR2
u Vi’
G R1
- | RA, E ,
Vo | © T YR2
UD VR3'

-2 - .21
] =_é_[v+(ug)v+(vg)]

/

= sine (inertial-to-earth-fixed equatorial coordinate system

angle)

cosine (inertial-to-earth-fixed equatorial coordinate system
angle)

inertial position coérdinates

i

inertial veiocity coordinates

e —

e e Bhaa E

e




w. = earth angular velocity

$ = radar position in earth-fixed coordinates

= Transformation from earth-fixed equatorial to radar local
T vertical north, and down-range coordinate systems

Output: N

\'4 = ground speed

Frequency : 2 times per second
Precision: 12 to 30 bits

Remarks; The first two equations are used to bypass calculation of high
precision sin/cos and should occasionally be replaced by actual
sin/cos calculations. Similarly, the last equation bypasses the
extraction of a square root.

Desacription of Variables for Radar Input

)
m \
X
my } = radar position :mmeasurements
m L
Z }
ro = local earth radius
t = time associated with radar measurement




]
Constants: | | !

C ,
R = cosine and sine of azimuth of radar coordinates
SR
1t = radar latitude )
r '
L = initial longitude |
g, |
!
\
mP
x
mg P = previous radar position measurements J
p
m, }
tg s time of previous radar measurement
Lr = vehicle latitude derived from radar -
1 g = vehicle longitude derived from radar
r

e
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Bl

radar receiver,

UPDATE

Preliminary interface data for VORTAC, GSN-S; Loran-C, and DECCA
.navigation aids are given in Appendix B,

In addition to the data itself, the computer needs an indication of when
valid data is available.

Radar Position Calculation

h‘1:"mx

(my) C, + (m,) S,

(mz) C, - (my) S,

I"r = Ltr + Yr/ro

Lr = Zr/ro

= +
rr ro hr

rK =0, cos Lr

Lgr N I-'gO + LI‘ + “’etr

r., * ' sin Lgr

r.g = Iy cos Lgr

rr3 = rr sin Lr

This section contains preliminary equations for updating the inertial navi-
gator by means of external data. Two sets of equations are presenied as
typical of the kind of external data which might be available, The {irst set is
based on the recepticn of position data of the form available from a GSN-5
The second set is based on the reception of time difference
data of the form available from a Loran receiver.
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m. m,r,t

Input: m_, y 2’ Tor b

Output: r. Tror Tr3

Constants: C,, Sr’ Ltr, Lgo, We

Timing: 1 per second
Radar position extrapolation. - &
At = t-tP f
= - P
Amx = mg m_
Am_ = m_ - mP
y M M
= - P
Amz m, m,
If 2
(lam_| + lAmyI + lam,| <¢%)
tP = ¢t
: P
My = My
P .
m =
» Y my
i o
m," = m,
Arr = Amx

AY

(Amy) C. + (&m,) S

AZ

(Amz) C,. - '(Amy) S,

. Ar:wm.,‘“,‘;%‘w,\, e
e ]

AL, = AY /r, oo

-

A'Lgr = we(At) + Azr/ro

A cos Lr5 = -ALr sin Lr . o

A sin er = OL,cos L,




v

g

Input: m_, m

A cos g, = -Atgr sin 4g

A sintg, = Alg, cos ig,

ArK Arr (cos Lr) +tr, (A cos Lr)

r.g e r, t arg (sin Lgr).+ ry (A sin lgr)

r.g e« g + Org(costg) + rp (& cos tg )

r
r.3 .; r.g t Aar, (sin Lr) +r, (A sin Lr)
sin Lr « sin Lr + A sin L'r
cos Lr « COS Lr + A cos Lr
sinlg, = sinfg, + A sin {«gr
cos Lgr = COS l.gr + A cos 'Cgr
rK < rK + ArK

r r

+
Y &« I Arr

P P P P ;
¥’ mz, T t, mx, my, m, ", t%, ser. cos Lr‘

sin £gr, cos Cgr, Lo Tgo Tops Trge Trg

: . - P .. P . P P ;
Output: r.1s Fpge Tpge M, » M5, m5, t*, r. Ty sin Lr’ cos Lr'

y z
sin -Lgr, con Lgr
Constants: Cr’ Sr’ &tr, ,Lgo. W

Timing: 16 per second

Radar and inertial combining, =

e R T L T Y

e TE - T L T




If }
z |ar,| < ¢2 |

i=1, 2, 3 ‘

Atrp = tr - trp }

. - - p a

*pi = Py - Tyl Atrp ;

L - [ ] - L R

Ar; = r ri r. i

i i
L] [ ] . P ‘
i « Iy + kr Ari :
. . . P .
Inputs. ri. ri. rri‘ rri’ t. tr’ trp’ rri » kr. kr

Outputs: r., r,

Constants: ¢

Radar and inertial combining definitions, -

e e e oz 8 23 £ e e 34 3 P Ty e, 3 7 247 3 8

t = present time

z:f_‘ t, = time at which radar data was obtained

r. = components of radar-derived position in inertial

I coordinates

5‘ tr D = time of previous radar data.

i rx?i = components of previous radar position
- x
o . . . i "
N k o k e = combining gains either constant or slowly varying ;
= constants (generation equations are unknown) D

Loran Computation

R, = R, = Ref(Ug) (Uy) | | |




AU;; = U; - Uy

TEMP = Ui AUli

sin®0, = TEMP (2 - TEMP)

. 1 . . 2 .
sing, « 3 (sin o, + sin allsm °1)

o .2 L, .2 13, (115} .2
0‘1 = s.mtr1 [1 + s8in 01 3 + sin 01[4—6-0- (3—3-3 sin 01])]
A1 = U3+U13
A -

g = Uz = Uy

Alg = (A)(A) i

Agy = (A (Ay)

A3 = 0, *+ sin0o, {

3 «, Ag = 0y - sing, |

\ ‘t | Ag = 1 + cos 0, | |

: Ag = .1 = cos g, l

Ay = (g A, |
Ay = (A (Ay))

= L) (- -
b0, = [g] CAging - Aglag

- | h
R1 = Re(cr1 + 601) + 30

Repeat bracketed equations for second station, obtaining R2. sin 0,5, R3
. and sin 03, ' S g




c2 Kcl (R

pq
|

2 - Ry) + Ky

Teg = kg3 (Rg - R)) + K4

>
=
(1)
]
e
0
()
'
=

td
i
]
B
w
0
P
=]
Q
7]
-
"
[—
-
N
(V]

TEMP = UTB, + UTB2 + UTB3

1
UTB;, « UTB,/TEMP i=2, 3 ,

BS, = B, +Bia+Bi3 i=1, 2,3

i il
D = By - BS;UTB;, i=1,23 j=23 5
| E, = K,AT; i=2,3 i
AUi=DijEj. i=1,23 j=23 |
ﬁi e-Ui+AUi !
v -y u

TN . TP S s,

* A(%)=%(1-U2)

1 ' ;
Ui"Ui"'A(T))Ui P
' ) . roe
¢ -p Ue(t tpr)
ﬁtpr = t ;i
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sin® = sin¢ + ¢'cos¢
cos® = cosd - ¢’ sing

v, © Ulcos¢ + Uzsirw

Vg = Uzcos¢ - Ulsin¢ |
L1 T e "1 a
T2 * 'g V2 5
T3 = g Us

The Loran position can now be combined with the inertial position as in ‘*
the radar description.

Input: h, T T

m2 'm3 'G
Oqtputs:‘ reie TLoe L3

Constants: station-dependent (Uij’ mij' Kcl' K 2’ K 3’ Kc4)

ncnstation-dependent (Reo. R.¢o K o’ £/4)

Loran Computation Definitions

Ui = direction cosines of vehicle in earth-fixed
cartesian frame referred to here as the Loran f
frame ?
U. = direction cosines of the ith station in the

e L.

N Loran frame, where station 1 is the master

and stations 2 and 3 are the slaves
L o; = the spherical range angles to the three stations
Ri = the ranges to the stations
R, = earth radius corrected for flattening
f = flatteni~ g correction coefficient in the oblateness
compensation equations -
K cl’ K¢3 = coefficients 10 convert range to time

39




K c2° K c4 coefficients to account for fixed time delays '
A
Ko = coefficient to convert time to range angle
RIi. = elements of matrix which is inverse of matrix
J whose elements are Uij‘ These elements are
station-dependent stored constants. '
rpi = Loran-derived position components in the inertial

frame
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GUIDANCE

Requirements

Definition of guidance laws appropriate to the NASA/ELRC AALS mus:
recognize many factors. These factors include aircraft flight capability,
pilot manual control capability, environmental constraints such as imposed
by geography, air traffic, buildings, etc., and operational needs such as
minimizing flight time and fuel required.

There is probably no area that requires more pilot judgement than the
landing phase. The word judgement implies an intelligent choice andassumes
an optimum response. When the same functiors are proposed in an automatic
control system, the terms are often misused.

Any automatic control system that is to duplicate pilot functions must do
so in a reasonably optimum marner. But what is an optimum manner? A
pilot weighs many factors and then acts in the most optimum manner. A
control system only weighs the factors that are built into the system and then
only in a fixed manner. There is no judgement as such in a control system
and the result is always predictable.

Optimum must be built in, and every possible choice must be included.
The only reason systems can be called automatic now is that the choices
have been greatly reduced and the weighting factor is constant. Most of the
time this is adequate.

The automatic guidance system devised as the AALS baseline is also
restricted. The choices have been reduced to the point wher .ney will fit

' physically (as logic statements) into a digital computer. The weighting
factors are constant for the most part and the results are predictable. By
providing suitable displays, we still rely on the pilot for judgement to reset
the automatic system. The pilot is still the most optimum controller.

Guidance laws are defined herein which are suitable for use in CRT-type
displays, as well as in closed-loop automatic modes. Detailed discussions
of the various computations required are included.

?

Approach Pattern

The guidance system as defined for the baseline AALS has the following
features:

e Rectangular approach pattern
e Automatic glideslope
e Standard turns

e Automatic flare
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A rectangular approach pattern was selected for the automutic guidance
system. The rectangular pattern is orientated so that the landings are made
into the wind. A bearing to the nearest checkpoint is computed after the
guidance system is activated and when the helicopter is within the radar
range. Altitude, position, speed, and heading are controlled to fly the
desired path. Suitable anticipation is provided to initiate turns prior to
reaching the checkpoints. Bank angles are limited to avoid stalling at the
low~r approach speeds.

Final approach is started at a distance of about two miles from the
landing site. Speed is reduced and a constant altitude (selected by pilot) is
maintained, The glideslope path (glide angle is selected by pilot) is computed
on the basis of relative wind and iypical helicopter performance. Speed is
gradually reduced after glide-path intercept, but sufficient airspeed is main-
tained to avoid control problems normally associated with helicopters at low

speeds.

The helicopter hegins a vertical descent at an altitude preselected by the
pilot. Radar altimeter signals are used during the final flare to provide the
precise control needed. The system is flexible enough so that only minor
changes are necessary to evaluate alternate approaches. The automatic sys-.
tem has been patterned after a typical pilot approach so that the entire system
can be maintained or interrupted by the pilot at any time. This feature should
also simplify the display system to make it more nearly like the actual flight
situation.

Several approach paths were considered for this system. A spiral path
in which the helicopter descends vertically in a circular path was one of
those considered. At first, this spiral descent looks promising because it
is conservative of airspace in the vicinity of the landing site. However, the
spiral path is extremely difficult to fly for a V/STOL since the V/STOL has
more cross coupling and flies closer to the stall point. The spiral descent
also involves precise control in all six degrees of freedom and would be
difficult to display. Extended flight in a spiral approach without visual
reference is also conducive to air sickness. ‘

A curvilinear path tangent to the straight-line final approach was also
considered. The curvilinear path can be described by a suitable mathemati-
cal expression and could be modified to provide numerous interception points.
This system was discarded because of the severe requirements on bank
angle. If an intercept is made close to the touchdown area, the curvilinear
path is too short and requires very high bank angles. The short distance
also requires high decelerations in order to enter the final glide path with
the proper speed.

The rectangular pattern offered the most flexibility, safety, and simpli~
city of all those considered. It even provides the opportunity for a straight-
in approach if .he vehicle is making an intercept in the proper area. This
approach is shown ia Figure 3, with hoth a left-hand and righi~hand approach
shown. The pattern is dimensioned such that the final and downwind legs are
12,000-foot segments. The (N, E) origin is at the landing site.
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- Figure 3. Rectangular Approach Patiern

The cross-course legs are 6000 feet, with the relative orientation in a

. north and east direction. The checkpoints at the corners are labeled, as
are the headings between checkpoints. These checkpoints retain this identi-
fication regardless of which wind orientation is used, Wind direction as |
referenced to north determines the orientation of the final approach, cross-
.course, and dowh-wind legs. These dimen«ions are defined to be compatible
with the test helicopter. The north and ea2st coordinate systemn was chosen
to conform to typical flight headings and navigation. Unfortunately. this is
contrary to the practice of trigonometry, where angles are measured
counterclockwise. The additional logic required to convert from one system
to another is small, and it is better to stay in a coordinate system familiar

to the pilot.
The coordinates are determined by the following equations:
e North coordinates in feet
N =0
N, = 12000 cos ¥
N, = [12000 cosy + 6000 sin v
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(1]

+ 6000 sin vy
(12000 cos ¥ - 6000 sin ¥ ]

Z
n

- 6000 sin ¥y

° East coordinates in feet

E, = 0

E, = 12000 sin ¥

E, = [12000 sin ¥ - 6000 cos ¥ ]
E3 = « 6000 cos ¥

E4 = (12000 sin y + 6000 cos ¥ ]
Eg = + 6000 cos ¥y

where wl = approach direction, and
y = ’/’1 + 180

These coordinates are stored in the computer and will be available for
heading computations and other functions.

A sine and cosine routine will be used in the computer. This routine
measures angles positive from a positive '"X''-axis in a counterclockwise
manner. The guidance system has angles measured clockwise from north.
The additional logic will take the form of:

If 0<y< 90 first quadrant
sine +
cosine +

90 < ¥ < 180 fourth quadrant
sine -
cosine +

18('). <y < 270 third quadrant
sire =
cosine =

270 < ¥ < 360 second quadrant
sine +
cosine -

The quau.ant identifies the sign of the term.
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The (y) angles must also be identified in a different manner:
first quadrant use 90 - ¥
fourth guadrant use (360 - ¥] + 90
third quadrant (360 - y] + 90 ' !
second quadrant use [360 - ¥] + 90 ‘

First Checkpoint

The helicopter's present location in terms of north and east coordinates +
from the landing site is designaied as Ny and EA' These coordinates are

available at all times from the navigation system.

A groundrule was established not to permit guidance engagement when
the helicopter is within five miles of touchdown point. This would prevent
unusual maneuvering to get on the desirea flight path, Again, should this
prove to be a problem, additional logic can be added to permit engagements
under five miles. The logic would direct the helicopter to a more distant
checkpnint to avoid large bank angles. With this five-mile limit, the pre-
sent location from the landing site is computed:

) ) 2
d -‘\/NA +E,

e : If this distance d is less than five miles, the system will not engage.
- The nearest checkpoint is determined by computing the distance to all
checkpoints in the rectangular pattern:

N _ ERRY P
: d -‘\[(NA Ng)? +(E, - E;)

* The checkpoint with the smallest distance is the closest checitpoint.
This checkpoint will then determine the desired course from the present |
location. All bearings are with respect to north and measured clockwise §

from north: g

E -E
AB =tan"! [N‘_NA
i"Na

where "i" refers to the nearest checkpoint. This bearing should be expres-
sed with respect to north for the display and for the guidance. To determine
the quadrant and bearing, the following logic is used:

i e —— o
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If Ei - EA is If N, - A is Then the bearing is:
+ T + AB;
+ - 180 - AB,
- - 180 + AB,
- + 360 - AB;

The heading from checkpoint to checkpoint i. als~ determined prior to
the first intercept. Since the direction f the wirid is xnown, the respective
headings are computed by:

y - 180

< <
w —
] ]

q[/l - 180

y - 90

< <
o o
n ]

V3

v + 90

<
)
"

Apgain, these are stored for future reference such as the bank-angle com-
mand. Prio: to the time the helicopter reaches the first intercept, some
logic must determine whether a left or a right bank is needed to pick up the
first heading:

If [ABi - ws_] is positive, use left bank
If l'.ABi - Y3] is negative, use right bank

It was assumed in these expressions that the heading vpa was the next
heading. If the helicopter had been approaching N, Ez. the heading would
have been c//2. and so on.

Time to Bank

Prior to arriving at the checkpoint, the helicopter must start a bank.
The distance to the checkpoint is continuously being computed. As the
helicopter approaches the checkpoint, the time to the landing pattc~n corner
is: : '
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R, LN - N® + (g - B?1 Y2

b
t= o Vg
whex;e Ri = range to checkpoint
VG = ground velocity
Ni = coordinate checkpoint
NA = present coordinate

The actual bank is initiated when the time computed previously is equal
to the time necessary to complete one half the turn (see following sketch):

B,

The heading change for one half the turn is:

v, - B,
Ay = ._.L.z__l.
Also .
X
Vg

R = g tan §

The bank angle ¢ is held constant at 20 degrees to avoid stalling the heli-

copter:
2nVe [, - B, \[ 1
g —— |
t (turn) gtane( ) ,(360)
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The turn is held for an equal period of time before control is relinquished
to the heading mode. To avoid abrupt bank angle commands, a two-second
first-order lag is added to the 20-degree bank command.

An alternate to '"time to turn' to initiate a turn to new course would be a
"distance to checkpoint'' computation.

The equation to accovn‘)lish this is easily obtained by using the previous
equation for ''time to turn" and combining with the present velocity:

21V (wl-Bi) 1

t{turn) = g tan ¢ 2 360
d = VGt
4V 2nV __w_l'BL\ 1
G\gwne|\ 2z 360

When the distance to the checkpoint is the same as the "distance to turn"
the bank will be initiated.

Off-Course Displacement

The off-course displacement is needed to hold proper ground track.
Below some airspeed between 30 and 80 knots, the transition speed, the
system controls to lateral velocity error. Under these conditions, the
off-course displacement must be converted to the required lateral velocity
-error. The desired and actual position are continually computed and may
be used to obtain the lateral displacement. First the equations of the
present ground track are completed.

N-N Ny, = N

where Nl’ El' and N2, E2 are end points on the track, This will result in
an equation of the form:

AE + BN +C = 0
Here,the A, B, and C are constants.
The perpendicular distance A Y to course is:

AY =
.t‘\/Az + B®
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where E,, NA are the present location.

The end points or checkpoints are selected on the basis of the present

helicopter location. After the helicopter has passed a checkpoint, an
"event marker' keeps a record of what leg is presently being flown.

Straight-In Approach

There are times where it may be expedient to have a straight-in approach.
This should only be possible if this is the shortest path to the landing site.
This is the same reasoning the pilot would use.

On this basis, consider Figure 4:

N
4

Figure 4. Straight-in Approach Pattern

By drawing a line from the landing site through checkpoints 2 and 4, a

feasible straight-in approach area is defined. " .. ‘ncluded angle is 53.12

degrees or +26. 56 from the final approach direction wl.

The actual heading at the time of interrogation is called ¢ A SO that the

difference between the true bearing to the landing site and the final approach
direction must be within £26. 56 degrees:

+26. 56 < wl - wA < -26, 56
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UnJler these conditions, the logic willi always cause the helicopter o fly to
checkpoint one (the final approach) even though it may be closer to check-
point 4 or 2. .

Vertical Control

The altitude control is used to provide the proper vertical guidance. The
control equation needed can be expressed as:

o [i] [0

where Ah = h - hc

o

&
"

present altitude

=2
fn

pilot-selected approach altitude

integrator time constant ’ |

+
"

8 ft/sec maximum descent rate (selected as a desirable
and comfortable descent rate)

H
(=]
"

The pilot may select the command altitude hc for the downwind ard crosse-
wind legs. | <
Altitude Select

A nominal 800 feet is held on the approach pattern. Since the pilot can
select the altitude, certain limits must be applied. ° |

. The "event marker' is used to identify the checkpoint that is being .
approached. The event marker determines the logic: ;

=

h (selected) < 1500 feet on downwind leg

oy ws

t ' h (selected) < 1000 feet on base leg
h (selected) < 800 feet on final apprecach

Once the pilot selects an altitude, the altitude is reduced on each leg until |
800 feet is reached on final approach. For example, assume the pilot e
selected 1500 feet on the downwind leg:

Ah = 1500 - 1000 i




The 1000 feet is the desired altitude on the base le{;. If the pilot had
ﬁelected 1000 f'?et. this altitude would be retained ui.til the base leg. The

1even(: marker’ also determines the descent rate to command the final
altitude.

Speed Control
It is assumed that a 100-knot speed is used on the downwind leg. This
is adequate for suitable control and within the capabilities of the helicopter.

If the helicopter is flying at a higher speed, the velocity is reduced through
the following equation:

N

K S o]
where Tx‘c = commanded airspeed
K = control gain

3.3 = constant deceleration

=1
"

pilot-selected speed

Final Approach

The final approach distance has been selected as 12,000 feet to be com- ,
patible with the helicopter characteristics of the flight test vehicle. This :
permits adequate distance for deceleration and also descent to 800 feet if the ‘
helicoptier is at some other altitude. After a short period of level flight, a
nominal six-degree glide path is intercepted and followed to the landing site.

Glide-path angle is selected by the pilot.

Various research agencies have conducted tests with slopes of 6, 9, and
12 degrees. The recommendations favor the 6- and 7-degree slopes. The ’
steeper angles (12 degrees and more) are very difficult to follow since for- |
ward speed and sink rate have to be adjusted rapidly. Also, depending on (
|
I
!

the forward speed, the steeper angles are too close to the autorotation
speed. To keep on these steep paths, the helicopter has to fly very near
| the autorotation speed or "vortex ring" speed. The vortex-ring speed is
| when the downwash velocity is equal to the descent rate. This region
creates severe roughness and wide variations in descent rate.

The rate of descent will vary as the helicopter flies the glide path.
Descent rates are limited by the vortex ring, autorotation, flare capabili-
ties and forward speed. Sufficient altitude must be available so that the

helicopter can flare to the final touchdown without exceeding the "g" limits,




During this descent the helicopter is operating near or in the region of
the back side of the power-required curve. This means that a decrease in
forward velocity means an increase in power required. This also means
the autopilot will control rate of descent almost entirely by power chunges.

The final approach is nominally started at an altitude of 800 feet and a
speed of 100 knots. The checkpoint on the final approach is 12,000 feet
from the landing site. The 800-foot altitude is maintained while the speed
is reduced to 50 knots. At a distance of about 8000 feet from the landing
site, ...e helicopter will intercept the six-degree glide path. It will descend
along the path as it decreases the speed to 25 knots. At an altitude of 100
feet it will continue to decrease the speed to almost zero. At a pilot-
selected altitude above the landing site (about six feet), the helicopter will
make » vertical descent to touchdown. This is summarized in Figure 5:

800+

\,\ 100 KTS

50 KTS

100

ALTITUDE, FEETY

25 KTS
DESCENT RATE 5 FT/SEC

e 8000 FT .L 4000 FT ____.l

Figure 5. Final Approach Flight Profile

Altitude less than 800 feet should not normally be considered for the
approach, since certain minimum altitudes are recommended over con-
gested areas. The 800 to 1000 feet altitudes are ideal from the standpoint
of the approach. With such an altitude there is some margin for small
variations in approach speed, overshoot on the initial entry to the glide
path, and some time for update of the inertial reference.

On the final approach, speed is reduced to 50 knots. The equation is
then: _

K -
K 'é-] (85 - nc]

3, = [[t3.3 ft[sec"’]][
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where 85 ft/sec = 50 knots. A switch must be made from airspeed to
inertial speed. It is assumed that inertial speed is introduced gradually
so that upon transfer there is no transient.

oo 15

In manual systems, pilots have had difficulty in capturing the glide
path. Generally, the overshoot is large since the pilst has insufficient
warning that the glideslope intercept is near. With the inertial system
some warning should be available so that a descent rai ccmmand can be
given prior to the intercept. The lead time will depend on tie glide path
chosen. The effective angle of the glide path in turn will depend on the
wind velocity.

To provide proper anticipation of the glide path, a high-passed descent
ratc command is used. This command is initiated about 1.5 seconds prior
to glide-path intercept. The exact time depends on system response,
magnitude of the step, the high-pass time constant, and other factors:

t = -‘-‘-B—
60V \
where R = radius of maneuver
2 4
R = X
n
‘ 2
A =0.1¢g = 3.2 ft/ sec

The descent rate is 8 ft/ sec nominal:

: . |=8fti_0s
input sec ||1 + 20S
At a time "t" a step input of 2 it/ 3ec through a 20-second high pass should
provide the proper anticipation for glidepath intercept and control. The
range is simply:
800

Tan B
an Bg

R =

where E g = glideslope angle,

To follow the glideslope, the system requires an appropriate altitude
rate as a command input:

* = E
h V tan g




where Eg = § degrees

V = true ground speed ‘
h = altitude rate (

After the glide=patn intercept, the speed is reduced to 25 knots by the
following command: '

3 . [_]'L:t 3,3 :‘(t/secz]_] [%_] (42 - U]

C

where 42 ft/sec = 25 knots. J

this point the rate of descent and forward speed have been reduced to small
values. The final 100 feet is sufficient to flare to a landing without :
exceeding any ''g'" limit and is reasonably comfortable for passengers. The
last 100 feet may also be used to correct for some deviation in fore and aft
position. It is definitely preferable to have a slight forward speed at touch-
down, since there is less chance for sideslip. (The helicopter has more

Flare .
The final flare is assumed to start at an altitude of about 100 feet. At 4
directional stability although very small.) i

At this time, the radar altimeter is used to provide the necessary
altitude (accurately). The required deceleration is 0. 25g if the speed is
25 knots at 100 feet. The descent rate is 6 ft/sec or less. The equation:

A

-ac = [‘12 ftKl gec ][%] [0 - -ﬁc]

will reduce forward speed to zero. At an altitude of about 6 feet, as measured
by the radar altimeter, the wings-level command is given. Altitude rate is

then commanded:
‘ (limited)

h, = -3 ft/ sec

Touchdown will nermally occur within two seconds after the time wings
level is commanded. The final touchdown command will not be given if: ‘

1
1

where <V = lateral speed w,.r.t. ground.

This will ensure that the sideload on the landing gear will not be
excessive,




Go=Around

An additional consideration is the need for an automatic "go-around",
A helicopter will have less need for a go-around than a conventional aircra‘*
With a helicopter, the approach speeds are much less, the deceleration
capabilities are greater,and the required landing area ia less, With a suft=
able presentation or display, the pilot should be able to perform instrument
go=-arounds.

The following information must be considered regardless of the method
used to accomplish the go-around.

It will be assumed that the go-around will be initiated only during the
approach, where the altitude will be 800 feet or less. The go=-around
maneuver should not apply to anything at an altitude more than the 800-foot
approach. If something is necessary at 800 feet or more, a 'loiter'" or
""standard turn" mode can be provided.

In the event of a go=-around, a safe exit heading must be provided. This
could take the form of "previously stored' obstructions with respect to the
landing site or a clear heading provided by the ground. If the go-around is
initiated because of some inertial difficulty, the location of obstructions
with respect to the landing site would remain doubtful. If heading is pro-
vided, with update from the ground, the system is more reliable. In the
go-around suggrsted, a safe exit heading is provided.

A safe climb angle must also be provided. This safe climb argle must
be within the physical capabilities of the helicopter and also provide terrain
clearance. It could he provided by the ground station at the same time as
the safe heading information.

If a display is provided, the safe heading and climb angle should be
shown with the present position of the helicopter. The pilot will be asked
to fly above the safe climb angle consistent with the vehicle's potential rate
of climb and forward speed. The amount of collective pitch required is
dependent on weight, wind velocity, altitude, temperature, and rate of
climb, Some of these parameters are related to the helicopter so that a
universal solution is out of the question, Applicable performance charts
are better stored in the computer with allowable rate of climb as the output,
Typically, these charts take the form shown in Figure 6,

The gross weight must be known to determine the allowable rate of
climb. Gross weight can be computed if the takeoff gross weight is recorded
in the computer and fuel consumption is monitored. The computer could
determine the performance via a table lookup or by direct solution of the
equations represented by these charts.

As a result of these considerations, no automatic go-around computa-=
tions are included as part of the baseline system definition. In addition,
since a manual go-around probably can be provided with very little added
system complexity, it is recommended that functional requirements be
defined and mechanization be accomplished during the flight test program.
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Figure 6, Typical Performance Chart

Block Diagrams

Some of the modes have been described in block diagram form (Figures
7 through 11.) These block diagrams are primarily used for sizing of the
digital computer. The shaping networks and time constants will have to be
determined from subsequent analysis., The block diagrams are intended to
command velocities as required by the automatic flight control system.
All of the functions shown in the block diagrams have been previously
described in the text.
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FLIGHT CONTROIL,

Scope

~ This section describes the baseline digital flight control systemn synthe-
sized for the computer sizing task of the NASA-ERC AALS program,

The equations and diagrams in Appendix C describe the software for the
baseline digital flight control system for the YHC-1A helicopter, This digital
control system was ''flown' on an SDS 0300/ PPACE 231 R hybrid computer in
&11;1 of its modes of operation., Results of typical flights are shown in Figures

and 13,

Underlying the synthesis of the digital controller was a concept of flexi-
bility., To obtain this flexibility, four modes of flight control were synthsized:
a rate damper, an attitude/heading hold, an aititude hold, and a velocity com-
mand or fully automatic guidance mode. Figures 14 and 15 show vehicle
response in each of these modes for a specific input (pilot's pedal/stick or
auto guidance command).

Additional studies were also performed in the areas of effects of quanti-
tization of scnsor output signals, filtering requirements, sampling rates and
multi-sample rate systems, and alternate mechanization of the system using
analog rate gyros and an analog inner-loop stabilization system. The results
of these studies are presented in the conclusions and recommendations and/or
described in the discussion paragraphs.

System Description

The overall goal of the program is to develop concepts for an automatic
approach and landing system for V/STOL aircraft which will utilize a strap-
down inertial navigator with radar update and a central digital computer to
perform digital flight control computations, ‘I'he guidance output will be in
the form of velocity commands to the flight control system.

The first task wus to synthesize a digital flight control system which would
enable the vehicle to respond to velocity commands and result in a plausible
computer requirements estimate. In addition, an attempt was made to incor-
porate the greatest possible flight control system flexibility so that system
development, ground checkout, and flight testing would be simplified. The
overall goul of the system was envisioned as applied research, and therefore
a need oxisted for a flight control system with wide capability,

Also, a goal was established that the automatic flight control system
would be operable over the entire flight envelope of the NASA/LRC YHC=-1A
test vehicles. :
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The flight control system which evolved from this study was "flown" on
the hybrid simulation, Figures 12 and 13 show typical vchicle responses for
the specified inputs, Two flight conditions are shown, although a 60-knot

, flight condition was also examined. Note that vehicle responye to commanded
inputs i1s smooth and overshoots are acceptable,

The system involves four modes of control: rate damping, altitude hold,
velocity command, and automatic guidance. Figures 14 and 15 show vehicle
response for cach of these modes for specified inputs, The rate damping
mode is a stability augmentation system and would not be normally used other
than to flight check the mest basic elements of the system. The attitude/
heading hold mode would normally be used for pitch control with or without
altitude hold wacnever the velocity command (or auiomatic guidance and navi-
gation) system is not used. A unique feature of the attitude/heading hold mode
is that, at hover, stick inputs result in a vechicle attitude, while, at cruise,
stick inputs result in a vehicle atftitude rate. This control feature has been
uscd in other IHoneywell VTOL systems, and test pilots have indicated that this
f type of response, particularly in gust conditions, is most desirable.

The altitude hold mode which is used in conjuntion with the attitude/
heading mode is self-explanatory. Stick inputs result in an altitude rate
through use of an input integrator. Altitude control is obtained entirely |
through collective pitch. No use is made of the cyclic stick for controlling
» vehicle attitude to obtain altitude changes. This is in keeping with previous
» Honeywell helicopter studies which indicate that altitude is best controlled by 4 !
' collective at speeds up to about 100 knots. If other types of vehicles which
| will have speeds in excess of 100 knots are to te studied, then a blending of |
" altitude to attitude control may need to be performed. However, this should } 4
not increcasc the complexity of the computations to any great degree.

The velocity command mode is used in conjunction with the attitude/

N hcading hold mode and the altitude hold mode. Guidance commands in the

: form of velocity commands are generated by the guidance equations and input
to the flight contrnl system. Also, stick inputs result in a velocity command
to the system. At the present time, stick liputs are superimposed upon
velocity commarnds from the guidance equations. However, it may be desir-
able to inhibit the guidance signals whenever the stick is activated. This
question of whether the stick signals should be superimposed upon or inhibit
the guidance inputs should be resolved early in future studies.

The method by which various vehicle responses are obtained for various |
commands ir obtained by logic equations and by adjusting certain gains.
These gains and logic equations are described in Appendix C, which is a com~
plete software description of the flight contrcl system.

T

Difference Equaiions §
!
The difference equations described in Appendix C were obtained through
Tustin's method (Ref. 1). This method was used since it provides the flexi-
bility desired in the system. With this method, the complete flight control
. system is divided into individual blocks. Difference equations are then !
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written for these individual blocks. The system can then be mathematically
reassembled in any desired order simply by cascading the appropriate dif-
ference equations, Hence, logic equations may then be written to exclude or
include those blocks which will give the desired response.

Sampling Frequency

The software description is based on sample rates of up to 30 samples/
scc. This was determined by hybrid simulation of the flight control system.
Vchicle attitude and attitude rate loops require 30 samples/sec. Ioneywell,
in the absence of vehicle bending dava, has considered the fundamental rotor
frequency (268 rpm) and the third harmonic (3 blade passages/revolution) to
possess significant residues in the S domain. This would place underdamped
poles at approximately 4.5 and 13 Iz, Since half the sampling frequency
should be greater than 13 Hz, the sampling frequency for the attitudce control
loops was chosen at 30 samples/sec.

The sampling rates of the altitude loop werce highly dependent on flight
condition. At hover, an altitude loop sample rate of 1 sample/sec would
suffice (but not be satisfactory), while at 100 knots a sample rate of 5 sam- .‘ ‘
ples/sec was required. Conscquently, a sample rate of 10 samples/sec for ; {
the altitude control loop was selected, :

For the velozity command loops, 1 sample/secc was adequate, but a l
smoother and more satisfactory performance was achieved with a sample 5 !
ratec of 2 samples/secc. In addition, it is envisioned, but not confirmed by |
computer results (the lateral guidance problem was not simialated), that
hecading guidance commands should be as high as 10 samples/sec since they ]
would form part of the attitude hold loop. All other velocity command sam-
ple rates, as well as the altitude and attitude control system have been
verified by hybrid computer simulation. Actual computer sizing was .on- -
ducted for sample rates which are powers of 2. Thus, a simulation sample
rate of 30/sec becomes 32/sec for the sizing model, 10/sec becomes 16/sec,
and 2/sec remains the same,

Bit Weight

The baseline system for this study has no rate gyro signal. Instead,
attitude rate is derived from the change of attitude signal by a first-past-
difference equation in the software. The computation of this rate signal {
from quantitized attitude signals has the same effect as that of resolution
in a rate gyro in that it introduces a limit cycle oscillation. The limit cycle
can be objectionable depending upon whether or not the pilot detects it. Pilot
detection of the oscillation is a function of many factors including vehicle
vibration, turbulence, frequency and amplitude of the oscillation and the
individual pilot himself. The amplitude of the oscillation obtained in this
hybrid study was on the borderline of being objectionable. As the bit weight
(attitude change per pulse) is increased, so is the amplitude of the limit
cycle. Currently, a bit weight of 0. 0035 deg/pulse is used, although a bit
weight of 0. 00875 degree/pulse is desired,

> .
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Other analog signals quantitized in this study were altitude, altitude rate,
and velocity fcedback, Bit weights of 0, 25 feet (0. 25 ft/sec) per pulse were |
uscd and performance was only acceptable, If the expected in-flight deter- < '
li)orgtio_n o;‘ these signals takes place, abit weight of 0. 1 feet (0. 1 ft/sec) would ‘

e desired, '

Alternate Tnner=Toop Stabilization 1

In licu of deriving an attitude rate signal, two wlternate mechanizations
were examined, These consist of using an analog rate gyro with a digital
inner-loop stabilization system and an analog rate gvro with an analog inne¢>- |
loop stabilization system. |

The inncr=loop stabilization system for the pitch and roll axes consists of

the attitude rate signals which arce shaped but do not pass through the inte-
grators. Il7or the yaw axis, the inner-loop stabilization system consists of
the yaw attitude rate signal, sideslip signal, and roll rate-to-yaw signal,
These signals are designated as OL » Og OR , OR , and OR on the

C1 Cl Cl C2 C3
block diagrams in Appendix B. The rate gyro with digital inner loop reduced ‘
limit cycle oscillation by approximately a factor of five but did not reduce the |
minimum sample rate, With an analog inner-loop stabilization system and 4
an analog rate gyro, the same improvement in limit cycle oscillation was
noted as well as a reduction in minimum sampling of 25 percent,

Filters

The neced for filtering was also examined., Previously it was stated that
Honeywell, in the absence of vehicle bending data, was assuming significant
residucs associated with the main rotor frequency and the third harmonic. |
Based on this assumption, a notch filter at the main rotor frequency was |
included in the software. A second-order roll-off filter one octave below the |
third harmonic frequency was also incorporated in the software. This will |
reduce the gain of the system at the frequency of the third harmonic by 12 dB ]
and in addition will serve as a noise filter.

Plant Dyna:nics

1
An examination of the analog portion of the plant was also conducted. |

This consisted of studying the math modeling of the servos and actuators on 1

the CH-46 aircraft. Previous velocity command studies considered the

actuators and the rotors as a 20-rad/sec lag plus a 14-rad/sec lag (see 1

Ref., 2).

Previous studies at Honeywell on the CH-46D resulted in an actuator y
and rotor model of greater lag and complexity. Reference 3 states that the
actuator/controls model is a 15-cycle, 0. 6-damped, second-order lag.
Since this value also seemed optimistic, it was agreed with NASA- ERC that
an adequate model for the actuators plus control linkage would be a 15-rad/ |
sec, 0,6-damped, second=-order lag and that the rotor could be modeled by ‘

66




a 27-rad/scec, 0,67-damped, second-order lag. This is the modecl which
was used in this study,

Optimal Control

In addition to the baseline system definition studies, an independent con-
trol system synthesis was performed using optimal control techniques.
This optimul control study is discussed in Appendix D.

Conclusions
As a result of the control study it was concluded that:

1) A digital autopilot can be synthesized for an unstable
vehicle such as the YHC-1A and can control the
vehicle for an automatic landing.

2) An analog rate gyro provides a necgligible reduction in
sample rate requirements. An analog inner-loop
stabilization system reduces sample rate require-
ments by approximately 25 perccent,

3) The coffects of quantitization of sensor output signals
results in th2 general deterioration of the system in
the form of introducing potentially objectionable limit
cycle oscillations,

4) Tustin's method of mechanizing difference equations
has been verified by induction.

Results obtained, however, should be treated as preliminary. Further
studies are necessary to define a flightworthy system. In particular, the
following should be done:

1) In leiu of reducing gyro and acceleromcter pulse
weight, methods of compensation suitable for software
implementation should be studied as a means of mini-
mizing limit cycles.

2) Filtering requirements are more stringent than ever
with a sample data system due to the frequency folding
(aliasing) phenomenon. Therefore, waalysis including
vehicle structural mode feedback is recommended.

3) It should be resolved whether, while in the velocity com-
mand mode, stick inputs should inhibit guidance command
signals or whether they should be superimposed.

4) Optimal control studies should be conducted and the re-
sulting control functions evaluated by simulation and flight

test.
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DISPLAYS |

Included in the total effort for the definition of the baseline ~utomatic
approach and landing system is the task of defining relevant navigation/
guidance/flight control parameters to be displayed to the aircraft crew.
This task requires specification of parameters to be supplied by the AALS
central computler to a display subsystem (display generator and displays).
The listing of recemmended parameters to be provided by the AALS central
computer is fairly long. This is because of the need to retain flexibility of
display design (which will depend upon final system design and operational
characteristics and which should be developed analytically) at this phase of
the AALS development program.

Design Considerations

Scveral system operational and design considerations influence the scope
and size of the recommendced set of parameters to be provided by the AALS
central computer to the display subsystem as part of the baseline system,
These considerations are discussed below,

Multi-regime operation of the aircraft, - The AALS is being developed
for ultimate use in a V/STOL~type aircraft, This type of aircraft will
operale in at least two different fiight regimes. In one, it will operate like
a conventional aircraft, with the aircraft/local-air-mass relationships being
of prime importance. In the other, it will operate as a V/STOL aircraft,
with the aircraft/ground relationships being of prime importance. In addi-
tion, there will be a transition zone in which the aircraft is changing from
one regime to the other,

This multi-regime operational capability requires the aircraft to operate
in differcnt reference systems at different times, 'The relevant parameters
for control will differ depending upon the current reference system. Since
parameters for display must be compatible with those, for control (if the dis-
plays are to be meaningful), they will also differ depending upon the current
reference system.

Multiple flight-phase operation, - In addition to operating within several
different reference frames for different flight regimes, the current refer-
ence frame will vary by flight phase. The total flight profile for the aircraft
will consist of several phases (e. g., take-off and departure from an initial
field, enroute navigation and flight management, initial approach into the
landing pattern, final approach, and terminal landing operations). As the
relevant reference frame changes, the appropriate parameters for display
will also change.,
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Multiple fHeht control method, = The flijr/ht control method and laws used
for the system could be of several types (e, g., command flight path, com-
mand attitude/airspceed, command velocity vector, cte,). Tor different met-
hods of flipght control, the resulting reference frame and appropriate params-
cters for display will vary,

Human operator funcetions, = Under nominal operating condifions, the
pilot’s functions may consist primarily of updiating and adjusting automatic
subsystems, sclecting automatic operating modes and functions, and
monitoring automatic system operation, IHowever, in the event of automatic
system failures or performance degradations, the pilot may be required to
assume manual control over one or more functions, In addition, the pilof
may desire to operate the system manually cven if fully automatic operation
is possible.  To permit the pilot to "get into the loop' for manual control,
hc must be provided with sufficient, relevant information regarding system
operation and its responses to his control inputs, This information will not
necessarily be the same as that he will need for monitoring automatic sys-
tem operations. IFor this reason, the capability to provide different displays
of information for the manual control and the monitoring of automatic
operation may be required, ,

Busic parameters, - In addition to the special navigation/guidance/flignt
control parameters which should be displayed for different flight regimes,
flight phases, flight control methods, and human operator functions, certain
parameters are considered basic by pilots and must be available for display
if the system is to be considered adequate,  Such parameters as attitude,
altitude, altitude rate, and heading fall into the "basic' category.

Special signal conditioning., - Depending upon the flight regime, flight
phuse, flight control method, human operator functions, and aircraft
‘dynamics existing at a particulor time, it may be necessary to provide
special conditioning of certain parameters prior to their presentation via
displays. Such special conditioning would.be required for quickened or pre-
dictor displays to provide a "lead" on system responses for the pilot. In
general, efficient manual control of high-order control systems is not pos-
sible without some "lead'. For example, for a V/STOL aircraft, the
commanded pitch rate may be proportional to fore-aft stick displacements, : y
I1 the pilot 1s attempting to control the aircraft X-position via a pitch
rate control, he is operating a fourth-order control system. Unless
certain related parameter derivatives (e. g. ;7 X, X, 0) are added to the dis-
play of position, it is unlikely that ihe pilot will be able to control aircraft ; 4
position. Thus, these parameter derivatives (which would perhaps never |
be displayed in their '"'raw'' form) need to be combined, with appropriate |
rclative gains, and added to position information,

A
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Display IFormats

Two example display formats are discussed below to illustrate the use
of quickened or predictor displays. i3oth displays are of o plan position
indicator (I?PI) form. IHHowever, related information could be presented
via vertical situation indicators or head-up displays,

IFigure 16 presents a PPI format referenced to aireraft heading, It
displays actual aircraft position (XA. YA) as a fixed symbol (triangle).

Quickened aircraft position (X, Y() is presented as a moving symbol
(asterisk).,  Actual landing site location (XO, Y()) is presented as a moving

symbol (dinmond)., Command track is presented as a moving symbol (line
interscceting the landing site in this case).  Points of interest on *he command
flight path (c. g., glideslope intercept) are presented as tic marks on the
command track., Altitude and altitude error can be presented on the lincar
scale and pointers at the left margin of the display, It should be noted that
the diamond, command track, and tic-mark symbols could represent ele-
ments of the approach landing pattern other than landing site location, final
approach command track and glideslope intercept location,

Equations for calculating the quickened aircraft position symbol param-
cters are given below the display drawing,

Figure 17 presents a PPI format which uses predicition. Again, the
fixed diamond symbol presents actual aircraft position. The ''string'' of dots
extending from the actual aircruft position represents the predicted X, Y
path for the aircraft under present pitch, roll, wind velocity and direction,
hecading and airspeed conditions. The solid line represents a selected com-
mand path (e. g., the base leg of the landing pattern). The display indicates
that an overshoot to command path acquisition will occur if aircraft {light
conditions remain unchanged,

The cquations under the figure define the terms used in calculations,
These equations are integrated ahead for differing amounts of time to pre-
sent the predicted path data on the display. The incremental prediction
interval 7T and the number of intervals n can be varied as a function of
range to the selected reference point, altitude, etc.

Helicopter dynamics are assumed in each display such that airspeed is
varicd vy pitch attitude variations and heading is varied by bank angle
changes.

Candidate Parameters
It is recommended that the following navigation/guidance/flight control

.paramesters be provided by the AALS central computer for display. This
preliminary selection of recommended parameters is based on the consid-
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LANDING SITE
GLIDE SLOPE POSITION

INTERCEPT 7\ (X, Y.)
¥ _COMMAND

TRACK(FOR
ALTITUDE FINAL APPROACH)

ERROR 1| _—QUICKENED

300 AIRCRAFT
ALTI TUDE POS ITION

o (Xq, Yo)
001 _— ACTUAL

» |
AIRCRAFT .
POSITION .

A o

(XA, Ya)
(FIXED SYmBOL)

xQ:xA+Ka(R>O+K6<R)9+K;e

YQ= YA +K9YA+K¢¢+K¢-¢

u= AIRCRAFT GROUND SPEED ALONG TRACK
# = AIRCRAFT PITCH ATTITUDE

¢ = AIRCRAFT ROLL ATTITUDE
Ky, KQ' ETC = GAINS SCHEDULED WITH RANGE TO LANDING SITE

x =
YA } POSITION OF AIRCRAFT W.R.T. LANDING SITE {
A =

Figure 16. FExample Quickened PPI Format
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GLIDL SLOPE
INTERCEPT

\

~. BASE LEG POSITION
AND DIRECTION
(COMMAND TRACK)

xp, YP ~] .
PREDICTED PATH - iy
POSITIONS NS .

(n PREDICTIONS e
AT r, 2T, Py
...r TIME .
INCREMENTS A
AHEAD) \

AN

\
ACTUAL AIRCRAFT
POSITION (X, Yp)

ASSUME SMALL ANGLES AND CONSTANT PITCH AND ROLL OVER THE PREDICTION TIME

U+ D=~y u= AIRCRAFT VELOCITY

¥ = gp/u D = AIRCRAFT DRAG

5 v 9= ACCELERATION OF GRAVIY /
Xp=urVy €08 = y) 5= PITCH ATTITUDE

Vp = . 8= ROLL ATTITUDE

Yp=ub¥ +V SINW -y)

WO = PRESENT AIRCRAFT HEADING
xA,YA < PRESENT AIRCRAFT POSITION

V,, = WIND VELOCITY
y = WIND DIRECTION

Figure 17, Example Predictor PPI Format
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crations discussced above and on the desire to roetain display desion flexibility
at this stace of the AALS development program, [Final decisions regarding
the appropriate parameters for display will depend upon actual system

s operational and design characteristics,

The candidate parameters are categorized by the sysiem functions 1o
which they relate:

1)  AALS operation parameters

a,  Output to cyclic and differential collective control scrvos

b, Output to collective thrust control servo

2) Ilight condition paramcters

a.  Heading

b, ILlevation angle
c. Roll angle

d. Altitude

¢. Altitude rate

f. Airspeced

3) Commuand error paramecters

a, Longitudinal velocity error in horizontal planc
b, Velocity error normal to command ground track
c. Altitude rate error

d. Heading error (w.r.t. command course)

4) Situation paramecters

a. Longitudinal velocity command

b, lLateral velocity command

c. lL.ateral velocity command (w. r.t. command course)
d. Command headiny

¢, Command altitude

f. Command altitude rate

g. Landing site location

h. Present aircraft Jocation

i, Command course intersection locations

jo Horizontal range to specified location
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k. Ground speed

1. DBearing to specified location

m. Local cross-track wind velocity
n. Final approach heading

o. Predicted aircraft position

"Fight-Ball'" Display

I'or carly AALS evaluation flights it is anticipated that an "eight-ball"
display he used to presend relevant navigation/guidance/flight control infor-
mation o the pilot, Tt is assumed that the "eight-ball” display used will be
the Gemini flight dircctor/attitude indicator. This indicator has the following
display elements:

° Threc-axis ball (used to display vehicle orientation Kuler
angles for Gemini)

° Roll ncedle (used to display vehicle roll angle for
Gemini)

° Two crogs=pointers (used to present pitch and yaw
attitude crrors or angular rates about the three
vehicle axes for Gernini)

At the present time, it is uncertain how the Gemini indicator will be con-
figured to display relevant AALS informaticn for various flight phases., Be-
cause of the limited number of display elements available on the Gemini
indicator, additional instruments may be required to display sufficient navi-
gation/guidance/flight control information for adequate performance moni-
toring or manual control.

Also, the particular physical location and orientation of the several dis-
play clements on the Gemini indicator, and their resultant directinon-of-
motion characteristics, may not be suitable for the display of certain param-
cters (c. g, , displaying altitude error on a horizontally moving cross-
pointer).

[For the reasons stated above, the Gemini indicator above may not be
fully adequate (or fully appropriate) as the display device to be used with the
AALS,

The preliminary suggested parameters for display for the initial ap-
proach, final approach, and terminal landing phases are presented below.
It should be not~d that, whereas basic parameters are listed, they may have
to be presented in combined, quickened, or predictor form to ensure good
performance with man-in-the-loop.
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The parameters lis ed are in addition to the following basic paramecters
which should be displaycd at all times (or be available for display at the
pilot's descretion):

Actual heading

Actual elevotion angle
Actual roll anrle
Actual altitude

Actual altitude rate

e & ¢ © o ¢

Actual airspeed

Initial approach phase. - IFor initial approach (i, e., all operations in-
cluding acquisition of the initial command track up to the turn onto the 7inal
approach), the following parameters should bhe displayed (or be available for
display at the pilot's discretion):

a, Xe-deviation from the selected command path
(e. g, downwind leg or base leg)

b, Y-deviation from the selected command path

¢, X=deviation rate

d, Y-deviation rate

C. lange to selected command path intersections

f.  Relative bearing to selected command path
intersections,

g, lHeading error
h., Altitude error
i. Altitudce rate error
["inal approach phase. - For final approach (i, 2., all operations from

the turi. unto the final approach to near touchdown), the following parameters
should be displayed (or be available for display at the pilot's discretion):

a, X-deviation fromr the commanded path
b, Y-deviation from the commanded path 1
c. X-deviation rate

d. Y-deviation rate

e. Range to "'glideslope'' intercept
f. Range to landing site

. Y N

g. Altitude error
h. Altitude rate error
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| i. Heading error

; jo  Local wind direction ‘
: - k. Local wind velocity T
| Terminal landing shase. - For terminal landing (i. e., operations just o |

| -- prior to touchdown) the following parameters should be displayed: m.

a, X-deviation from the commanded path

b. Y-deviation from the commanded path =~ h
c. X-deviation rate

t d. Y-deviation rate

‘ ¢. Rangc to landing site

f. Range rate to landing site

g. Altitude error '

h. Altitude rate error

i, Heading error . . -

jo Local wind direction '
k. Local wind velocity l

Baseline System

Baseline system display functions as defined are intended to be suitable
for use with an ""eight-ball"-type display, with expansion to a CRT situation-
'type diSplay as a goal. As such, all functions potentially useful to both the

eight-ball'' and the CRT display are defined. |

The form of each display function is estimated. Firm quantitative ex- 1
pressions require detail~d analysis which is not within the scope of the pre-
sent effort, It is assumed that normal flight condition information such as
airspeed, sideslip, servo command, etc., will be supplied to the pilot in con-
ventional displays. Airspeed, and other appropriate data, may also be in-
corporated in the CRT display. However, there will be no need for central
comjputer involvement in this type display function.

It is anticipated that all displays will require an analog signal. There-
fore, a digital-to-analog converter will be needed for display function out-
puts. In addition, a display generator (impedance matching, filtering for
smoothing sampling ripple, symbol generation for the CRT display, etc.) 1
will be required. The display functions which must be obtained from the =
central computer or computed digitally are discussed in Appendix E.




DOWN LINK

Instrumentatio. .rovisions include a "down link' (or telemetry system) to
the ground. NASA/ERC intends to use modified Gemini equipment for the
down link. A description of the equipment and a list of quantities for trans-

 mission has been provided by NASA/ERC, Appendix I' is based on NASA- - -

supplied information, It can be expected that the quantities transmitted-on |
the down link will change with the purpose of specific flights, The baseline
system definition includes the list given in Appendix E, However, instru-

. mentation needs are not specifically included in the design description such
as the AALS input/output signals description of Table I,

- .
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APPENDIX A
ANALOG RATE GYRO RECOMMENDATION

Mechanization of the alternate analog inner-loop -stabilization function
requires an analog output attitude rate gyro. The Gemini rate gyro package
(IIoncywell device GG246B) should be usable in the mechanization, Iowever,
there are two areas in which care must be used, They are range available
and vibration sensitivity,

Iull-scale gyro output occurs at 35 deg/sec minimum, This rate may be
marginal in roll and possibly in yaw, Effects should be apparent only when !
maneuvering at high attitude rates when in the stabilily augmentation mode,
It is not expected that full-scale output would be reached during automatic
guidance, 1f it does occur, it would mean only that some damping would be
momentarily lost in most cases. No problem exists for manual control
maneuvering, since the gyros can withstand 500-deg/ sec inputs,

Vibration tests made on the Gemini rate gyro package (RGP), which NASA-
EERC intends to use for instrumentation purposes, disclosed that the gyros
have reqonant points near the rotor frequencies, (See Honeywell report
20987-TR1, "CH- 46 Attitude Control System Design Recommendation and
Analysis Summary'" dated 20 March 1968.) When output traces from the
NASA/LRC YHC-1A test vehicle become available, they should be examined
for evidence of resonant responses. The required inner-lecop compensation
networks will need filters for the resonances if the resonances are present as
expected. The one-per-revolution frequency would be the most severe prob-
lem. A notch filter probably would be required. Roll-off filters would be : .
satisfactory for the higher frequencies. Whether or not the gyros are usable |
depends on the amplitude of peaking obtained (and degree of filtering required).
Whether or not it is practical to use the gyros will depend on the wear induced
by the resonant response and the added complexity needed in the inner-loop
compensation circuits,

Substitution of a different rate gyro is an alternate solution. Again, how-
‘ever, particular attention would have to be paid to vibration characteristics,
It would be well to impose a vibration acceptance test in the procurement of
a substitute gyro. This test should consist of base motion input vibration of
+0, 05 inch amplitude from 4. 0 to 20 Hz and +2 g's amplitude from 20 to 50U :
I1z. Input should be a 15-minute scan in each axis, No resonances should be 'E
permitted at rotor or blade frequencies or harmonics of the blade frequencies
or at helicopter structural frequencies. (It is assumed that any gyro pro-
cured would be qualified to MIL-£-5400 or equivalent. ) ?

As a result of the above considerations, it is recommended that:

i) The Gemini rate gyro package be flight tested on the NASA/LRC f
YHC-1A helicopter. Gyro output in all three axes should be

continuously monitored during start-up, take-off, cruise, )

maneuvering, let-down, hover, and shut-down, }

|

79

P




2) A preliminary analog inner-loop stabilization design be made
based on in-flight gyro output characteristics,

3) If a complex filter is needed, then the ability of alternate off-
the-shelf "autopilot grade'' rate gyros to meet the vibration
requirements should be established, (Most available rate
gyros will meet the functional requirements needed, )

4) If an acceptable alternate gyro(s) is found, then a decision
can be made for the preferred mechanization: complex
filtering versus new gyros, )
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APPENDIX B
NAVIGATION UPDATE INTERFACLES

VORTAC INTERFACE

The VORTAC radio navigation system is a combination of the VOR (Very
Iiigh I'requency Omnidirectional Range) system operating in the vhf band ’
(around 100 MIIz) and the TACAN (Tactical Air Navigation)system operating
in the uhf band (around 1000 MHz).

In the VORTAC system, a TACAN station is crected to supplement an
cxisting VOR station, The VOR station provides bearing information using a
phasc-difference technique, and the TACAN station provides distance informa-
tion using travel time of radio waves (propagation delay). This system, when
interfaced with a central airborne guidance computer, could provide range

. and bearing information of the aircraft from any of the many VCRTAC stations

iocated throughout the world, This will provide bearing information within
two degrees and range information to about 0, 1 nautical mile, This informa-
tion could be used either for updating position or application to overall guid-
ance for steering to the target station,

INTERFACE INFORMATION

The following information can be received from the VORTAC system:
° Range

° Bearing

e Station identification

Range information on the TACAN airborne system is displayed on a Veeder
counter. This is a motor-driven device,and a potentiometer, encoder, or
synchro could be added to the shaft to give analog, digital, or synchro infor-
mation to the computer.,

The present system has a variable resistor which might be used to provide
a variable dc signal to go into an A/D converter of the computer.

The bearing indicator is also a motor-driven output and could easily be
adapted to the outputs listed under the range information. The existing sys-
tem has a synchro output which could be put into a synchro-to-digital con-
verter of the computer. This would give 360-degree bearing information
through one rotation of the synchro. In addition, an output is available in the
form of a discrete level which tells whether the aircraft is heading away or
toward the VORTAC transmitter, If needed, this signal could be a discrete
input to the computer,
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Station identification is in international morse code transmitted along with
distance information, With special equipment, station identification could be
converted into an address code and interfaced with the computer, With this
input the entire system could be automated to provide nonambiguous position
information based on VORTAC inputs.

GSN-5 INTERIFACE

This scction is concerned mainly with the airborne digital command sys-
tem (DCS) interface with the system computer, There is no direct interface
of the GSN-5 with the computer; however, the GSN-5 interface with the over-
all system doces have a bearing on the computer interface, Therefore, in
this discussion those overall characteristics of the system interface which
affect the computer interface will be considered.

Inputs

DCS recady (DCS to computer), = This is a discrete signal which sets
"true" after the DCS receives a set of up-link data, The total duration will
not exceed 110 msec, If the computer fails to reply to this signal within the
first 100 msec, the DCS will automatically reset in preparation for receipt
of the next transmission,

If the computer does reply to this signal stimulation, the "true' state will
prevail for the subsequent transmission of data from DCS to computer.,
Th&refore, in this situation, the duration of '"'DCS ready' at the computer
interface is greater than 5 and less than 10 msec subsequent to receipt by the
DCS of the first data clock pulse from the computer.

Data input (DCS to computer). - Data from DCS to computer is trans-
mitted on a serial binary line, One serial word will consist of 24 bits in an
NRZ format. Frequency of transmission is 500 kHz, with a bit duration of
2 usec,

The data is transmitted only if a data clock is presenteg to the DCS.,
which event is contingent upon computer acceptance of the "DCS ready

discrete described above.

Outputs

Data_clock (computer to DCS). - If a "'DCS ready'' discrete is received
and accepted by the computer, the computer will issue 24 clocking pulses to
the DCS to allow clocking of data into the computer., The clock repetition
rate is 500 kI{z; pulse duration is 1. 0 ysec, The computer must Provide
the first clock pulse to the DCS within 100 msec after receipt of a "'DCS
ready, " or else the "DCS ready' will go low, and a new transmission from the
ground will occur,
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| LLORAN C INTERFACIS

This scction describes typical interface signals with a 1.oran C receiver,
) It is assumed that the receiver processes the rf input and provides to the

| computer the applicable data in a digital format, and that the computer pro-
. vides data and control to the receiver in a digital format, The signals and

| their associated characteristics are described below,

: Inputs

e+ ot e - e+ e e e g e

_ Time difference (from receiver), - The 10, 000-usec-to-0. 1 -usec time

f difference information is transmitted in a BCD code on 24 parallel wires,
The 0, 025 -usec time difference information is sent in a standard binary code
on two wires, IFormat is as follows:

10000 1000 100 10 1 0.1 0.025 (usec)
NP A A —

8|a|2{1(l4|2|1]8[4]2|1]8|4[2|1[8{4|2|1|s;4[2[1] [2']2°
This data is available to the computer for the "A" and '"B" slaves (as-

suming a Loran triad consisting of a master and two slaves) in accordance
. with the receiver-computer timing diagram, Figure B-1,

. S

Time difference identification (from receiver), - The "A Gate' and "B
Gate' waveforms are used to gate the time-difference information as shown
on the timing diagram, Figure B-1, These signals are pulse format and re-
quire two wires,

, Velocity advance (from receiver). - This is a trigger pulse which instructs
Y the computer to transmit the next word of velocity aid information to the re-
: ceiv.-r. The velocity aid information is transmitted sequentially in order:
Master, Slave A, Slave B, Timing is shown in Figure B-1, This signal re-
quires one wire,

e N

Supply initial M velocity (from receiver). - This discrete signal instructs
the computer to insert the M initial velocity information into the receiver,
When this data is desired, the signal will switch to the "true'' state, When
the signal returns tothe ''false' state, normal M acceleration data is supplied
to the receiver. This signal requires one wire,

. -y, | owwapr—— .

e

Loran status (from receiver). - Four alarm signals are generated in the :
~receiver to indicate Loran status, Typical status indications are:

o Transmitter malfunction
® Jammed receiver

° Ground wave available

] Receiver searching
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In the application with which we are familiar, each indication is trane-
mitted on an individual line, requiring a total of four wires, Ilowever, e
number of indications could be increased or the number of wires decreased
by coding the discretes, if desired,

Control inputs (from control pancl)., - Because of the variety of modes 1in
which the system is expected to be operated, and to allow versatility in sclec-
tion of T.oran station pairs, allowance should be made for control inputs from
the main system control point, These signals would most likely be m the
form of coded discrete levels which assume either a ''truce’ 'false' logic
state depending on operator preference, Acceptancc. of thesc dlscrctcs at the
computer could cfficiently be accomplished on the ''sense switch" inputs using
an ST - or SKS-type instruction, as typified in the ALERT and SIGN-III com-
putcrs, Approximately 10 to 15 input discretes should be reserved for these
functions. Among the functions to be handled by these discretes arc:

° PRR basic select

° PRR specific select

e Slave A or B coding delay select
° Search mode select

° Power control

Outputs

Basic ratec (computer to receiver). - Provision should be made to allow
selection of the basic PRR. Thesec are switched discrete outputs changing
under operator control. There are six basic rates possible; therefore, three
coded discrete output lines should be reserved for this purpose.

Spcecific rate (computer to receiver), - Provision should be made to allow
sclection of the specific PRR, Thesc are switched discrete outputs changing
under operator control, There are eight specific rates possible; therefore,
three coded discrete output lines should be reserved for this purpose.

Coding delay (computer to receiver), - The coding-delay information is
transferred to the receiver on 16 wires in a BCD code, These signals will
define the 10, 000-,sec and 1000-psec time difference for slaves A and B,
I.evels of these signals will be unchanging during the time that a particular
station group is being tracked.

Velocity aid (computer to receiver). - Three kinds of velocity aid informa-
tion are supplied to the receiver: slave time difference velocity aid, master
accelcration aid, and master initial velocity, The information is computed
from non-l.oran sensors and passed to the receiver on 12 parallel lines in a
binary code. The most significant bit is sign, true being positive and false
being negative,
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Normally, these signals are transmitted sequentially to the receiver ina
master acceleration aid, slave A velocity aid, and slave B velocity aid order
as instructed by the "velocity advance' waveform, During master lock-on,
the receiver will request the "master initial velocity' information (see
IMigure 3-1):

° Slave time difference velocity aid = The LSB (least signifi-
cant bit) will have dimension 0, 025 usec/(32) (PRR) with
accuracy to one bit,

° Master acceleration aid - The LSB will have dimensions
10 pseclsec/(1024)(128)(PRR) with accuracy of +5 percent,

e Masterinitiad velocity = The LLSI will be weighted at 0, 0008
ssec/see with accuracy of +5 percent, This information is
supplicd to the receiver when requested by the "supply
initial M velocity' signal,

Velocity identification (computer to receiver), - Velocity identification
information should be supplicd to the receiver indicating which velocity aid
information is being provided, This function could bc part of the parailel bus
output and would require two lines, Rate of occurrence would be in accord-
ance with the timing diagram of IFigure B-1,

Start scarch (computer to recciver), - Three discretes (output or two
coded output discrete lines) should be made available to allow the receiver
to initiate master, slave A, or slave B search,

Summary

The following summarizes the expected interface requirements for
Loran C:

e 26-bit parallel input bus

e 14-bit parallel output bus o
° 4 pulsed discretes (input)

o 20 switched discretes (input) 1
o 22 switched discretes (output) J

e 2 pulsed discretes (output) |
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| DIECCA INTERFACTE

! The DECCA radio navigation system uses hyperbolic 1,08 (lines of
b position) to determine position Hixes,  In certain respects, DIMCCA combines
| features of poin Loran and Omega; however, the application of these features
differs in the two cited systems,  Very little, if any, applications have been
made where DECCA was interfaced with automatic navigation, Normally,

e end outpul is cither threce visual indicators or a strip-chart-type flight
log. t'or the anplication under consideration the input from receiver will
) have to be buffered ' the input/output (I/0) to produce digital data for com-
s puter processing,

3

I inputs

)

| Phase difference, - ‘I'hese ac anputs will be processed in pairs, o .ce
L therce ace three pairs, a wotal of six wires will be required, The pairs are

, designated red, green, and purple, The difference in phase between two
wires of a pair represents the position within a lane, and is generated as a
result of compurison between transmissions from’the master and one of the
sluves; i, ¢., red, green, or purple, One line of each of the pairs is the
rclference for that pair,

Input frequencies are:

| o Green = 255 kllz
| © Red = 340 kkiz
° [P'urple = 425 klz

The phase difference will vary from 0 degree to 360 degrees for each ef
the pairs as a lance 1s traversed,

The [/O should be capable of converting this ac phase diffe-ence int.. a
digital signal for computer processing, The input to the computer centr.!
processor could then be either a serial or parallel binary interface.

[.anc identification, - Three input discretes from the receiver are re-
quirced for lane :dentification, These discretes occur at the rate of one per
minute in the following order (L. I, = lane identification):

o Red 1. 1. occurs every whole minute
o Green I.. 1, occurs 15 seconds after red L. 1.

& Purple 1..1. occurs 15 seconds after green L, I,
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Control inputs (from control panel), - Provision should be made for selec-
tion of mode of operation of DECCA. These would be in the form of coded
discretes and would operate in conjunction with the control inputs described
in the Loran C discussion, Among the functions of these discretes would be:

® Iintry into DECCA mode
° DISCCA test mode

o Reset DECCA oscillator

Outputs

Mode discretes, - These discretes are outputs to the receiver and are
used to control the DECCA receiver as necessary to conform with the input
controls described above,
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APPENDIX C
BASELINE AALS AUTOMATIC FLIGHT

CONTROL SYSTEM EQUATIONS
Initialization of the difference equations is implied.
Bookkeeping terms for the difference equations are implied.

Two fader subroutines are to be included:
s +1

a) s (28 + 1)
]
b) S5+

If a stick signal inhibits velocily commands from the guidance system,
two velecity synchronizers will be required.
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APPENDIX D

QUADRATIC OPTIMAL CONTROL FFOR TIR
NASA LRC YH~-1A HELICOPTER

SUMMARY '

(uadratic optimization methods were applied to synthesize a velocity cons
trol system for the YHCe1A helicopter, The resulting system wis found to he
tolerant of errors introduced by quantizing pitch angle and velocity signals
which simulate measurements from u strapped«down inertial platform with
pulse -rebalanced instruments,

Equations of Motion
 The computer program (RAOI’T) used to calculate the quadratic-optimal

feedback gainy accepts the equations of motion as a system of first=order
ecuations written in the form

X = FX+G U+Gy N (D-1)

The feedback control J is found to be linear in the state so that U » KX,
The program calculates the gain matrix K, The term GaN represents a

white-noise disturbance input. It is not used in the problem at hand so we put

.Gz = 0. The response of the system is defined to be

R« HX + DU (D-2)

The matrices H and D must be chosen to give proper meaning to the opti-
mization of the quadratic integral ‘

3 [ R'QRd (D-3)

with suitable choices for elements in the weighting matrix Q. (Note that we
may change H, D, and Qin ways which will not alter ths performance index

J.)

The simplest procedure is to consider the actuctors as integrators,and
hence their outputs are variables of the state of the system, The method then
puts feedbacks around these integrators and converts them into simple iags,
Whether the actual actuator dynamics alters the performance in ar essential
manner must then be determiried on the simulation.
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''he vectors for the system
were taken aus

" where
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state and the system recgponse for the helicopter

(D-4)

(D-5)

and GLF + OL A’ 9(‘:11‘ + ac A represaent the total feedbacks split into two parts

to isolate the contributions of the dynamical variables u, w, 0, 6 from those
of the actuator outputs GL and O In detail, the equations of motion are:
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k.,
The feedback«control vector is then ‘
6 ] 4 ' f
| . ‘l' LK , M] , |pv oW orp m‘} r . [P tm:] ob] (D=1) '
berl |%a TWotwotTo Ty 1oL t1e] |og |
The expressions DU, DW, DTD, etc,, are FORTRAN syinbols for the gain j}
constants computed by the optimization program, Matrices F and G 1 are i
displayed in equation (D-0), To get the response vector R, H, and D are taken fi
as ;
0 0 1 0 0 O [0 0]
i
0O 0 0o 1 0 O 0 0 }
1 6.0 0 0 0 0 o
i = 0 ’ D » !
0, -1 0O 0 0 O 0 o t
o 0 0 0 0 © 1 0 | i
o 06 o0 o0 0 0 L0 1A
bio -
b and then Q may be the diagonal matrix; i
QID 0
m h
QXD
QDL
L 0 Qe ﬂ
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Control Configuration:
'T'he resulting system is disgrammed in Figure D«1, Two notch filters of the
form

R N
82 + 2(0,3) 50 8 + (3002

wiare ad;led a8 shown to see if they reduced the system performance, (They
did not,

[
fror simplicity it was docided to command u and w rather than x and i
as called for in the response vector R, Thig introduced a small di<crepancy
and it should be removed on further study, IYeed-forward terms DWC and
TUC shown in Iigure D-1 were added to re-establish the proper steady-state
values, In spite of this, qualitative conclusions of the study are valid,

Optimal Gains:

Gains computed for various choices of the elements of the weighting matrix Q
are listed in Tuble D~1, If takes between 10 and 20 seconds for RAOPT to
compute a set of gains for this sixth-order system on the Honeywell H1800 .
computer,

The step size for the difference .juation corresponding to equation (D-1) was
taken as 0, 05 or 20 steps a second, 7The simulation was run at 30 steps a
second, 1t was found that the gains computed at 10, 20 and 50 steps did not
differ greatly, so this inconsistency is ignored,

The basic weighting of the variables, Cases 1, 9 and 12 in Table D~1,were
chosen from the analog scalings (Figui. D-2) which seemed to give uniform
signal levels in the anaiog zimulation, 7The gains of these cases were found
{0 be satisfactory, The assumption leading to this choice is that the opti.nal
gains :vigl make all terms of the performance index of the same order of
magnitude,

The Simulation:

The aireraft was simulated on an analog computer and the control computation
was performed on the SDS 9300, Figure D~2, Table D-2 and Fjgure D-3
record the analog diagram, potentiometer settings used, and the digital
FORTRAN progiram,

The pitch angle was quantized to 0, 0035 degree of are, horizontal and vertical
velocities to0 0, 25 feet per second, Pitch rate, when quantization on pitch was

uscd, was computed as the change in piteh divided by the time for a cycle., In

a separate study, Lagrangian polynomials of second, third and fourth orders
were used to calculate the derivative of pitch angle, The FORTRAN formulas
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AFORTRAN LS.GO.

1+ ¢ ERC*DIG OPY '
21 DIMENSION VIN(8). VOUT(4)
3¢ NANME LVST ‘
a. N= 30 ‘
5 M=
6 K= (
7. DUz .59
8 DW=, 23
o NDTOx=37,
10" DT=~42.
o pDLE=S,
190 DTCr-54. DaTA  TwpruT
133 TU=.018
14: TW= ,000
15" & Tip=-.6 {
16" TT-=1.5
17 TOL=-,056
1 &« TTCr=2,3
19 MF -} —
20" t CONTINVE
21 vee0, A
221 Wp=0,
23 Te:0.
. 24: OLBPr=0.

" ’ p .

S el Tumiuize

' 27: DLFP=0.
28" TCBPP=.
293 TceP=0.
30°¢ TCFpp=0.
31 TCFP=0, f
32 CALL ANALOGIC ST
33 WRITE(101»101)

345 10" FORMAT{STYPE [ATAS)

DATA MODIFICATION

‘ 35 INPUT (,04) — R -
3 BT TR 1 “
| kPR TX3§ . /AN . TiMminGg CALCULATION
! 387 INT:=TX% 10000, q
, 39: CALL CLOCK (INT,25,18) Sk Apbrd | foop
’ 40’ CéLL START -
; 413 o IF (SENSE SWITCH ;) s Rerven T B
L ’ 423 3 CALL Ab| (8, VIN) : |' JA Routy P“Tﬁ 4
3 43‘ U: V'N("I'o.
' e Tovingsr %00
57 SYIN . i
16‘ T=V|N(4§/,égg? \ﬁum.oa INPUT !
47! DL=VINIS) /00"
48! TC=VIN(6) /000
. 4918 UC=VIN(7)/ g :
& 541 WCSVIN(8) /0. +
54 GO TO (11210°)2213v10)M CHOOSE _ SENSOR, QuUANTIZATION
. 52° IO‘CT:(T'TPi'IE340' o T
hd 4 & eeams
Lfgi’, ég.,g: ’ ’ QuAnTIZE THETA

Figure D-3. Digital Program
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54 CT=CT/16370. l
€6 T=TP+0Y ,
571 10671 eAN CALeuLAT T THETA DoT
e BBE B0 TO ey 2dM
59 12 CU-(u=urie,.
6 Icu=an
6?! cusicy QuanTizeE U .
e 020 NmUPHRCU/ . * e e e
. 63 0 16 ‘lt'tlul:llsIB)" _ . - :
ﬁ:'..._“?{ TNTCWE W WP Y gl } - ) ' - T
R jCWaCW Ly
v LW QuanTiE W
(/%4 NWP+OW/ 4, ”
58 1 DLF=DUaU=UG) *DWa (WaWC) 4D\ DATD4DT T 1
gy TCERTUSLU=UC) +TWelWaWE) ¢TTORTDHTT ST,
7(.), L A= [H')L«I)LH)TC wTE C'N.-C-ULﬂTE., FEEDB“CKS
AR TCA=TDL*aDL+TTCeTE
7o GO YO (141 5INMF CHonSE  FIWWTEFRS  In) OF. O
L 15 DLB™, 06774 (DLAP-OLFPI+, 80658 (DLF4DLFPP) - %“.30*0"1.":%”3 P
748 DLOPP=DLAP
75 DLEP=DLB
76 DLFPP=DLFP ‘
77 DLFPeDLF
78 DLF=DLR NoTCH vF'u.'rEES
79 TCB=.96777(TCBP-TCFP)+.8365#(TCF+TCFPP)~,6|2,%TCBPP
8q TCBPP=TCHP
6‘1 TCAP=TCB
8yt TCFPP=TCFP
83 TCFP=TCF
8" TCF=TCHB
a8y 1 4 V()u‘.( )"'DLF“!O‘ ’
a6 VOUT (51 3TCF*y 000"
87: VOUT(3)=DLA® g OUTPUT TO ANNKLOG
88 VOUT(4)’TCA‘|000. \
89: %\LL DAglgsVaUT, ) + 1
G U
9?. WP W eﬁ‘r/; .-/0\ Sﬁr?‘
9, - TP-T of bybrid | foop
94 IF (SENSE syngpf! 3) 45 C‘Hoase OUTPUT 0O~ Line  FRINTER o
Yat S5 CALL _WAIT e AR
98, 4_CALL _ANALOGIC —~ .
_96: — KEKH, Co m-r NYMBE Q OUT PUT
97 OUTPUTUOB) N,K, DU.DWoDTD.DT;DDL;DTCpTUo ’ DL:'TEaM
983 G0 To ‘
59" END

Figure D-3, Digital Program (Concluded)
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compared were;

T = CT * QN (difference)
TD = (3, *CT - CTP) * AN/2, (second)
TD = (11, *« CT - 7, * CTP + 2, % CTPP) * AN/6. (third)

TD = (25, * CT - 23, * CTP + 12, * CTPP - 3. * CTPPP) *AN/12,
(fourth)

(CT, CTP, ete, represent changes in theta in the current and past cycles,
AN is the frequency in cycles per second, )

‘The higher-order formulas did not imprcve the performance of the
system,

Results:

Computer traces are shown in Figures D-4, D-5, and N-6, The system
with optimal gains from Casc 12 at hover is represented in Figure -4, 'The
effect of the quantization of all three signals and of tlie notch filters may be
seen by comparing the first and third traces with the second and fourth, ‘T'he
response to a step vertical gust is shown in the fifth trace, The optimal
gains of Case 1 were found to give satisfactory results at the 100-knot flight
condition, The corresponding traces are omitted,

In Figures D-5 and D-6, the performances of the system with the gainsg of
Case 16 at hover and with the gains of Case 15 at 100 knots are represented.
Again, the system without or with quantization and filters may be studicd,
These gains were found by slightly modifying the 100-knot optimal and then
trying to make the gains at hover as close as possible to the 10( .ot case,
As can be seen from the traces, the 100-knot case has been favoircd, Only
two gains change, These are DTC and TT. The change of DTC most likely
can be eliminated on another iteration of the study, and it is possible that
the change in T'T may be removed, also. However, the transient coupling of
the u- and w-commands is somewhat high, particularly at hover, and this
may be improved at the expense of more gain changing.

The system is tolerant to the effects of the signal quantization used in the

study. It may be too slow in its response to step commands,and a further
study with different Q-weightings may be necessary to achieve the system
desired. , 4
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Figure D-4. Optimal Control No, 12 at Hover
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Function:

APPENDIX E

BASELINE DISPLAY EQUATIONS 12

Displays

Math Descriptifn:

Quantities listed are obtained from navigation, guidance, or

AFCS computations,

Term Description Units ]Accuracy Range Resoluti%n Sample
Rate
&C /ohg/'é:ollwbldl/‘/"'{/ /(r\a'f,r f H»y
TP Y.

VC [dfcvo/ Ve/.u// @nm...d /c,,‘.f,

E’)}c Lat1. Vol errer wrt Course| ki ts

A. 4/ff/uo’¢ rate Command f*/uc_

¢,

/V,( Aircraft Pon h'ot\'l%"1 {ccf

En Arrerafd (o514 iom- Easr | feet \

e WNorth d East Coord . Feet

£, of Command Gourse

Interseetiond

1 . e .
Accuracy, range, and resolution are per navigation, guidance, and
control requirements,

2All outputs are read out at 64 Hz,
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Punction: Displays

Quantities listed are obtained from navigation, guidance, or

AFCS computations,

Term Description Units Accuucy# Range Loolut.iol'n Sample
G| Aetuct //w'f'“*g (/f(? ¢ Ha,
»"6:/ /./ﬂ’e Fren /0"*‘//(. f/'jf /6 H»y
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hf /?41 lelected horer o/t f“'?
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REPRODUCIBILITY OF THE ORIGINAL PAGE 15 POOR.

Function: Forward velocity error

Math Descriptidn:

(//" )". (-r"‘?"?")(!//-fh(/h/‘—‘b (-‘2.”2; ("“C-'j'l--l- -y -/“ ';‘:’.
' '/ - e

‘ 7-‘)4'

' (6’41 . Ou-'/ - (f-)t;) (Ad”u-o

i - |
T2 7T, |
|
Term Description Units |Accuracy| Range 'kuolutuln Sample
Rate
-C Com e sa d Vbccf' 47 /J/ke i "&
/ _(aluv [C Lh'oJ 4 \
r ¥<( ; |
A/ GKJT eu T— Ao e |
'f: @u:‘r.n <™ f<c¢ ,;
;) 2: CO“—‘ F‘AA—T— fee [
L i= . {
; v /d’wylmta' Vb/ol.!‘4 f%"- .'1
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| o AFcS (ph lete d’l/, \/
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Function: lateral velocity error
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Punction: Altitude rate error

Math Descriptidn:

g

rvsprer¥ 40 2 KT-anBh & N~ (rm)h,)
1"/ ~ S > :" r 4
N 2 - ;.p et
]
Term Description Units |Accuracy| Range ruolnu n S;:plo
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b | s Gd [ 1o by
i r‘l
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149



Function:

| Vias

t < (’fu.;h

:" Q" ,.-‘)

Math Descriptibn:

' D>u 5

e 5
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Heading error
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Punction: Range to course intersection/landing site

Math Descriptifn:

AAX = ”A'/V&'
/\A = A = A/VJV

Co
Ry = | @t + (o)™

Term Description Units |Accuracy| Range

AE b EA - E"
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Function: [Local wind

Math Descriptifn: ‘
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Function: Predicted position

Math Deascriptifn:
AR = +
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APPENDIX F
DOWN LINK DESCRIPTION

The baseline AALS is defined as using the Gemini PCM programmer as
the link with the computer subsystem, It has the capability for operating as
a self-contained data-handling unit, Internally it provides the functions of
analog data multiplexing, ansliog-to-digital conversion, and digital-data multi-
plexing, including the required timing to perform these functions. The outputs
of this programmer consist of two PCM data signals: 51, 2 kilobits/ second
(kbps) data in NRZ-C form and 5, 12 kbps data in RZ form, A frame of data
from the PCM programmer consists of the following channels;

No. of Type of Sample.rate. Bits per
channels signal samples/ sec sample
6 0-20 mV 640 8
6 0-20 mV 160 8
9 0-20 mV 80 8
3 0-5V 40 8
3 0-5V 20 8
6 0-5V 10 8
32 0-5V 1,25 8
40 (corr. to Bilevel 10 1

5 ea, 8- ‘
bit words)
24 Digital (computer) 0, 416 24
1 Time i0 | 8

The basic sample rate of the commutator is 40 samples per second, The

‘main frame consists of 160 word slots with 8 bits per word, Six of the 160

words are used for frame synchronization; thus 154 word slots are available
for data, The complete Gemini DTS system provided for over 300 input
channels by using low-speed subcommutation,

The airborne computer and time reference system (TRS) supply the
digital data inputs to the programmer, The Gemini computer output is 21
words of 24 bits length each, and the TRS output is 3 words of 24 bits each.
These digital data words are itransferred serially from the computer into a
bufier storage register internal to the programmer. This serial transfer is
accomplished as follows. At the proper time for sampling the computer data,
the PCM programmer sends a request pulse to the computer for a data word.
The computer provides 24 clock pulses to the programmer to transfer into
the buffer storage register the 24-bit computer data word available to the
programmer, The Gemini computer clocks this data into the programmer at
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a 500-kIlz rate The programmer unloads the buffer storage register in 8-
bit groups at a 51, 2-kbps rate, The programmer sends request pulses to the
computer for a 24-bit word every 75 milliseconds until 21 computer words
have been read into the programmer. The computer clock and data output
lines are isolated from the programmer by transformers located in the com-
puter.

The Gemini PCM programmer has some flexibility in the areas of in-
creasing the number of digital channels, increasing the frequency of sampling
the digital channels, or increasing the length of the digital words, There are
some basic constraints which are applicable t¢ any PCM system used in a vhf
transmit link, The most severe limitation is the bit rate for an NRZ code
which is 150 kbps maximum, This means the present frame format could be
increased by a factor of 3 either in number of word slots or in sampling
speed. If the length of the computer words is increased above 24 bits, then
the buffer storage register will require additional shift registers,and the
format will be changed to 32 bits per digital word (the next multiple of 8).

As an example, if the computer word were increased from 24 to 28 bits,

the number of computer words were increased from 21 to 40, and the sample
rate were increased from 0, 416 sample/sec to 40 samples/sec, the computer
data words alone would require 160 main frame word slots. This exceeds the
154 words available at 40 samples/sec in the present PCM system. Thus, it
is apparent that the number of words in a frame would have to be increased

or some other tradeoff between sample rate and the number of computer words
read out would be necessary. Another congideration in the computer/ PCM

' programmer interface is the rate at which the computer must clock data into

the programmer storage regisier. The present clock rate of 500 kHz can be
increased to 1, 0 MHz.

Based on data requirements known at this time (Table F~1), it does not
appear feasible to modify the existing Gemini PCM programmer to satisfy
these requiremerts, The digital and analog data requirements must be de-
fined in light of the constraints cited above, Consideration should be given
to supplying the digital data signals to the programmer in serial form rather
than parallel form, ,

158




ot UL

TR AT e

%

e, At SRR T L R S s SE P

: “%”"“‘mvw e

SR i

R it

DIGITAL SIGNAL%AFB&%EDFX'IEA TRANSMISSION
FROM CENTRAL COMPUTER
Signal | No. of words Tr::r;);::;%ns'
Direction cogine matrix 9 computation rate
Sum of XYZ accelerometer counts 3 1/At
Sum of XYZ gyro counts 3 1/At
Flight time 1 1/t
Computation cycle time | 1 computation rate
XYZ position and velocity (radar frame) 6 1
XYZ position and velocity (IMU frame) 6 1
XYZ position and velocity (estimator frame) 6 1
Latitude and longitude 2 1
Gyro scaling (bilevel) 1 1/at
Altimeter output 1 5
| XY area/navigation (Z sources) 4 1
Euler angles 3 5
Body-axis angular rates - 3 5
' Guidance velocity commands 3 5
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APPENDIX G
NEW TECHNOLOGY

After a diligent review of the work performed under this contract, no

new innovation, discovery, improvement, or invention was made,
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