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I INTRODUCTION

On Februaiy 27, 1969, NASA/ERC, Cambridge, Mass , awarded Contiact No  12-2074
to Bell Aerospace Company to perform an analytical and hybrnid simulation study of a Digital
Fhght Control and Landing System (DFCLS) for the CH-46 Helicopter Tlus study was to be
prelnnnary to the testing and demonstration of such a system aboaid the CH-46 C helicopter
at NASA/Langley Research Center In June 1969, BAC was awarded a second coatract by
NASA/ERC to perform the system mtegration and hardware assembly required to perform the
testing and demonstration of the flight control and landing system Both of these programs
were part of NASA’s V/STOL program designed to demonstrate the technologies required for
the navigation, guidance and control of V/STOL vehicles

This report 1s on the first of these study programs The principal output of this study was
to be a flight control system design including specifications on mput data, output data and dis-
play requuements and with a defimtion of the control laws over the flight regime The flight
control system was to be a flexible, multi-mode, experimental system suitable for evaluation

" by fhight testing of control, display and guidance concepts related to landings of V/STOL under
mimimum vistbility conditions The flight control system was to include a number of manual
modes and their displays to investigate velocity, attitude and attitude rate controls as well as a
fully automatic mode

It was an objective, to demonstrate the flight control system in automatic approach and
landing I[n this connection, 1t was a secondary objective of the program to define and evaluate
by smmulation the guidance laws required to perform this approach and landing Included 1n
this task was the requirement to supply displayed information sustable for the pilot to perform

- the landing it each of the manual flight control modes

NASA/ERC defined a base line system which included a central digital airborne computer,

- a strapdown navigation system, a ground based GSN-5 radar and a digital telemetry link These
equupments were to be combined to form an integrated approach and landing system using the
central digttal computer to perform all computations However, the flight control and guidance
laws developed in this study, are valid, independently of this hardware definition since these laws
are specified 1n terms of input and output data requirements These data requirements formed

. the basis for specifying the hardware of the baseline system but can be used to define the hard-
ware requirements of other possible configurations :

The study was divided into tasks as follows
Item 1 Establish Data Base
The characteristics of the helicopter and is onboard flight control elements were
compiled, the error models of the subsystems of the baseline system were formulated and the

wind model was defined The Data Base was used to provide the data required for the re-
maining tasks This report discusses the Data Base in Section [V

Report No 6200-933013
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Item'Z Flight Contiol Laws

A set of control laws were defined for a digital approach and landing flight control -
subsystem The {light control subsystem includes six manual modes with varying degiees of
pilot assistance and a fully automatic mode A detailed description of these digital flight con-
trol laws 15 contained in BAC Report No 6200-933011  “Final Flight Contio! Software
Package.” The flight control system 1s discussed 1n Section 111-B. of thus scport

lem 3 Guidance Laws

Guidance laws suitable for flight demonstration of the flight conirol system 1 an
approach and landing under minimal visibihity conditions were formulated A detailed de-
cription of these digital gurdance laws 15 contained in BAC Report No 6200-933012 “Fmal
Guidance Software Package ” The guidance laws are discussed 1n Section II1-C of this report

Item 4 Simulation and Evaluation

A real fime simulation using a piloted cockpit was developed as described 1n Section
IV of this report The flight control and gwdance laws were mechamzed on an IBM 7090
computer i a manner sumilar to that in which they could be mechanized on an airborne
computer Performance criterta were established and automatic and pilot runs were made
These results are discussed i Section IV of this report

Hem 5. System Design

A gmidance and control configuration was established Subsystem requirements and
interfaces were defined to the device level A system signal flow diagram was developed These
resulfs are reported in BAC Report No 6200-933033 “Systems Peiformance/Design Requure-
ments Specification ” ’ ’

Item 6 Equipment Specification

Equipments required to mechanize the system were 1dentified as “existing™ or ““to be
developed” in BAC Report No 6200-933032 “Hardware Identification ” The “to be developed”
“items were specified 1n the systems performance/design requirements specification

Item 7 Technical Presentations

Presentations were made as required by the contract at facilities and dates set by
agreement between BAC and NASA/ERC

Report No 6200-933013 I-2
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II SUMMARY AND CONCLUSIONS

A SUMMARY DESCRIPTION OF THE DFCLS

The Digital Flight Control and Landing System (DFCLS) may be depicted 1n a stmplified diagram
as shown m Figure -1 This 1s an abstraction of the onginal baseline system proposed by NASA/ERC
which is illustrated 1n Figure [11-1 of Section 111

In the gmded modes, position data of the vehicle 1s obtained with respect to an orthogonat co-
ordinate system ANF defined with a horizontal axis along the desied approach heading, a second axis
along the local vertical and the origin at the desired touchdown point  In Figure 11-1, the position
vector X = X, ¥, Z, 18 the position coordinate of the helicopter witlt respect to this coordinate system
This data may be obtamed by inertial means, radar measurements, combinations of these or by any
method which gives the position with the accuracy required This mformation 1s processed by the
arrborne digital computer using the guidance laws For the experimental system, two sets of laws
have been specified, one set developed during the course of this study and a second set to be developed
independently for purposes of comparison In the figure these are 1dentified as Guid 1 and Guid 2

Ir the gurded modes, using appropriate update algorithms and optimal filtering techniques, 1f
requared for precision, the position information (rate of change of this information) 1s used to update
and refine the vehicle velocity coordinates The vehicle velocity again may be obtamed by any sensing
technique which has the required accuracy

The velocity data (to be used 1n both guided modes and 1n ungmided modes where velocity control
modes have been selected) constitute a set of mputs to the Flight Control Computations The vehicle
attitude and atfitude rate data is another set of inputs The vector 8 shown 1n the figure represents the
velucles Euler angles ¢, 8, ¢, and the vector grepresents the vehicles body axisrates p, g, These may
be obtamed from inerlial sensors but, for flight control purposes, standard flight control system rate,
heading, and vertical gyros are sufficiently accurate

The fhght control system takes these mputs plus the inputs from the pilot’s controls and depending
on the mode selected, computes commands to the basic helicopter controls In the figure, A§g 18 the
vector of ncremental commands to the pitch collective, roll cyclic, yaw cyclic and collective controls
of the helicopter

In addltion the fhght control system sends out a set of command displays, Adq , for the pilot’s
direction. These are appropnate for the flight control mode which has been selected

In the unguided modes, there 1s no position mformation but the vehicle 1s controllable with
the same modes as available for gwided flights except for AUTO (automatic) A more detailed
description of these fhght control and guidance laws follows

Report No 6200933013 11
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B FLIGHT CONTROL

1 Modes

Theie are eight pilot selectable modes of operation of the flight contiol laws (1) Disengage,
(2) SAS, (3) Attitude I, (4) Attitude 11, (5) Velocity I, (6) Velocity I, (7) Velocity 11T, and (8) Auto-
matic In the first of these modes the sysiem 1s inactive except for mode sampling and 1n1tiahzation
activities The next six modes are manual modes of operation where command errors are normally
displayed to the pilot on flight director needles and the pilot nulls these errors by mputfing commands
to the flight control laws thiough the electric stick or sidearm controlier, rudder pedals, and collective
stick The last mode of operation 1s a completely automatic mode where incremental velocity error
mputs to the fhight control laws are obtained from the guidance laws In this mode, actual velocity
errors are displayed on the flight director needles for momtoring purposes The types of control, the
form and source of the cornmands, and the form of the displays for each of these modes, except the
Disengage mode, arc hsted 1n Table I1I-4 shown m the next section of this repoit

All of the manual modes and the automatic modes of operation of the flight control laws are
designed to be used i conjunction with erther the Guid I or Guid Il modes The manual flight control
modes can also be used when the guidance 1s in the Disengage mode although no command errors will be

.available on the flight director needles in this case The automatic flight control mode cannot be used

when the guidance 1s in the Disengage mode In addition, all of these possible modes of operation apply
1 both the fhight phase to hover and m the landing flight phase

2 Flight Contro! Laws

The flight control laws for the various modes of operation have been divided into com-
mand laws and control laws The command laws convert the pilot control inputs into command
mpuis to the flight control laws for the selected mode of operation There are separate command laws
for the SAS Mode, the Attitude Modes, and each of the Velocity Modes By doing this, 1t 15 only
necessary to include a single set of velocity control laws for the three Velocity Modes since the control

. inputs 1n each mode can be converted into velocity commands that are compatible with these

¥

The control laws generate the mncremental output commands to the electric hydraulic
control system Also, in conjunction with the command laws, they also generate the display nfor-
mation m each mode, therefore, no separate display laws are required The command laws have been
developed in a cascading manner where there are separate laws for the SAS, attitude, and velocity
loops Each of these control laws recetves 1ts input either from the corresponding command law or
next outer loop depending on the mode of operation This was done to eliminate the necessity of
duplicating the 1nner loops in the digital flight control program secttons for the higher order modes

This separation of the command and control laws also permuts the laws for the outer
loops to be updated at a slower rate than 1s used for those 1n the inner loops, therefore, the command
and control laws have been grouped 1nto fast and slow loop computations for efficiency in the air-
borne program In general, the fast loop computations contain the (1) SAS loop control laws,
(2) SAS command laws, and (3) attitude control laws The slow loop computations contain the
(1) attitude command laws, (2) velocity control laws, and (3) velocity command laws In some
cases, certain equations in the 1nner loops can be updated 1n the siow loop computations These will
be described in the report

Report No 6200-933013 T 113
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C GUIDANCE
i General

The guidance section of the Dhaital Flight Control and Landing System for the CH-46C
helicopter wili have three modes of operation (1) Disengage, (2) Guidance 1, and (3) Guidance [{
The guidance laws for the Guidance II mode of operation have been developed by Bell Ae: ospace
Company during this study The Guidance I laws are to be mdependently developed for comparison
purposes The guidance laws have outputs defined as velocity eirors in a coordinate system which is
the ANF coordinate system rotaied through the yaw Euler angle such that the X axis lies 1 the horizon-
tal plane (heading-vertical system) The flight control system will accept guidance commands in this
form from any proposed guidance laws

2 Modes

The Guidance II laws are for the landing mission of the CH-46C helicopter and have been
designed to operate 1n comunction with a digital flight contiol system which has several manual
modes and an automatic mode of operation as described above There are two modes of operation
of these laws (1) an Acqusition to Hover Mode, and (2) 2 Landing Mode In each mode, they
generate velocity error commands for the fiight control system In the manual modes of flighi
control, these errors are used by the flight control system to generate command errors for display
and the piiot manuaily controls the helicopter based on these displays In the automatic mode of
fhght control, these errors are used by the flight control system to generate automatic commands to
control the helicopter

In the Acqusition to Hover Mode, the laws generate velocity error commands to bring
the helicopter from Aquisition conditions to a hover condition over the pad In the Land Mode, the laws
generate velocity error commands to bring the helicopter from hover to touchdown. In the Land Mode,
the laws check to determine 1f the hover conditions are acceptable before starting to generate commands
for landing If the hover conditions are not acceptable for landing, the laws contmue to generate hover
commands until acceptable conditions are met

"3 Gudance Il Laws

The Guidance IT laws generate velocity errors between a velocity landing profile and the

sensed helicopter velocities The profile that 1s used 1s a constant speed glide type as shown 1n

Figure I[1-2  As shown 1n ths figure, the flight along this profile 1s divided mto the following phases

(1) acquisition, (2) level flight deceleration, (3) glide acquisition, (4) ghde transition, (5) ghde, (6) flare,
" (7) hover, and (8) land In each phase, separate longitudinal guidance laws are used o generate total

forward and vertical velocity comrmands along the profile A single lateral gurdance law 1s used to

generate a total lateral velocity command These total velocity commands are then differenced with

the sensed helicopter velocities and transformed mto velocity errors m the vertical heading frame

These errors form the command inputs to the flight control system
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D GENERAL CONCLUSIONS

I Command information using the command bars and glide slope deviation index ona
Flight Director Indicator display were developed suitabie for each of the manual modes
i1t was found that all modes could be flown to touchdown

2 The simple rate damping mode (SAS) described 1n tlus report 1s unsatistactory for flight
control because of the excessive pilot work load 1t 1s also unsatisfactory as a candidate
for a backup mode because the change 1n adaptation fiom a low work load to the SAS
mode, suddenly and in mud-flight, generally resulted in loss of misston The SAS mode
could be flown to touchdown 1f the nussion started 1in this mode and the piot did not
let the system “get away™ from hum .

3 Backup modes in an operational system will require the attitude hold feature

4  In terms of perfoimance measured by 1n fhght errors and vehicle rates and attitude angles
at touchdown ail manual modes except SAS were equivalent but the equivalence was
established at the expense of varying degrees of pilot’s work load Except for the sidearm
controlier the velocity modes were best with the attitude mode with velocity control in
the vertical axis (collective) judged next best Attitude control with raw collective followed
these modes in terms of pilot’s preference

5  Problems were encountered with the type and installation of sidearm: controller available
The results, however, justify the conclusion thatwelocity mode control with a proper,
human factors design of the sidearm controller would be a very acceptable mode

6  The fully automatic mode (AUTO) had significantly better overall performance in terms
of errors from the required flight profile However, the requirement to satisfy certain
condifions before the guidance would proceed with the LAND phase, made all systems
equivalent in terms of velocities, attitude angles and dispersion errors at hover Only

the length of time i hover before satisfying the necessary conditions to proceed with
the descent to touchdown were affected

7. The fhight control system performance with winds and gusts met the accuracy require-
ments for landing under muumal visibility conditions The principal dispersion at
toeuchdown was due to the errors 1n instrumentation assumed for the error models 1
measurement and not to the flight control system or the pilot’s ability to fly the com-
mand displays

With ideal measurements of position, the vertical impact velocity at touchdown averaged
about 3 8 ftfsec (4 ft/sec bemng the preprogrammed nominal) and had a standard deviation
of 0 78 ft/sec The average erfor from the touchdown point in the forward direction was
13 8 feet with a standard deviation of 4 ft This indicates some system bias was present
due to tolerance on LAND conditions The average error i the Y direction was 1 1 ft
with a standard deviation of 6 | ft These results were obtamed 1n averaging over 180 runs
piloted and automatic and including the undesirable SAS mode Each mode represents no
more than 1/6 of the cases averaged so that the results stated are not biased in favor of any
parficular configuration.

Report No 6200-933013 I1-6
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The averages stated were obtamned unde: combinations of wind conditions (15 knots steady,
2.5 ftfsec one stgma horizontal gusts, 0 75 ftfsec one sigma vertical gusts, headwind, tadwind,

. crosswind) ’
To these errors, whatevel position measurement errors are specified must be added statistically
This 1s a function of the measwiement system selected In the baseline system, 1t 15 a function
of the last GSN-5 update If the update is made while the helicopter 15 i1 hover phase while
awaiting the LAND signal, the addifional error can be negligible

8  The Flight Contro! System design did not require programmed gam changes o1 gain changes
as a function of flight condition except for the lateral guidance law gain

Report No 6200-933013 17
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I DETAILED DESCRIPTION OF SYSTEM

A. BASELINE SYSTEM

Figure I1I-1 depicts the basehine systein as origmally concerved 1n Bell's response to NASA/
ERC’s REP fo1 thus study It outlines the major haidware elements in block diagram form The four
helicopter controls,

0. yawcyclic

o roli cyclic

8, pitch collective
)

collective

are controlled by electrohydraulic servos, termed the EISS (Electric Input Servo System) The EISS
is part of the existing VSS (Variable Stabihity System) system aboard the NASA/LARC CH-46C heh-
copter The helicopter’s position 1s measured by the GSN-3, ground based precision radar, and the
position coordinates (x, v, z) i the ANF (Approach Navigation Frame) coordinate system are trans
mitted via the Gemini data hink to the helicopter

The ANF frame 1s defined as follows

Ongin Fixed to touchdown point

X-Axis Homzontal and parallel to the runway axis n the direction of approach
Z-Ax1s Vertical and Directed downward

Y-Axis Completes orthogonal triad

-

Aboard the CH-46C helicopter, a strapdown mertial sensing system {ISU) 1s updated by the GSN-3
measurements The updating and processing of the ISU outputs 1s accomplished by compuiations with
an airborne digital computer using appropriate algorithms

Using the velucles attitude angles, angular rates, position and velocity which are available from these
computations and the pilot’s inputs, the computer generates output commands to the EISS based on
flight control and guidance laws which have also been mechanized on the airborne digital computer.

The bastc purpose of the study was to provide a design for a flexible, multi-mode digital flight control
system for the CH-46C for flight research i V/STOL guidance and control Additionally, the guidance
laws were to be formulated which would be suitable for demonstrating the flight control system’s per-
formance 1n landing the helicopter under minmmum visibihty conditions The study and resulting design
was based on analysis and stmulation

‘Both manual and automatic modes of control, with displayed information approprnate for each
- mode, were requured These modes were imifally then to be

(1) disengaged
(2) rate damper (piot input)

Report No. 6200-933013 HI-1
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(3) attitudefattitude rate (piiot mput)

(4) transiational velocity command (pilot input, stick)

(5) translat.onal velocity command {pilot input, side arm controller)
(6) fully gutomatic

These modes evolved during the course of the study to the modes described in Section I11 B 3
Smce 1n this report il 1s convement to refer to the mode designations ultimately developed, the current
designations and then puncipal featuies are

SAS - The helicopter 1s controlled through the pilot’s stick, rudder pedals and the collective stick
Angular body rates in the three axes are fed back The collective stick control 1s the same as for the bare
helicopter .

ATT 1 - The pilot’s stick controls the piich and roll angles of the helicopter The rudder pedals
contiol the side shp angle above 35 knots and the heading angle below 35 knots The collective stick
conitol 1s the same as for the bare helicopter

ATT 2 - This mode 1s the same as ATT 1 except that the coliective stick control 1s converted o a
vertical velocity control

. VEL 1 - The pilot’s stick controls the forward acceleration 1n the Heading Vertical coordmate
system and either lateral acceleration in this coordmate system or the course rate depending on speed
The collective stick controls the vertical veloaity The Heading-Vertical coordmate system 1s defined

by
drigm At a defined point in the awcraft
X-Axis The orthogonal projection of the Body X axis onto the tocal horizontal plane
Z-Axas Vertical and directed downward s '
Y-Axis Completes orthogonal triad

Above 35 knots, the lateral cont;ol 1s accomphished by a course change and below 35 knots, by a side
shp The rudder pedals function as they do for ATT |

VEL.2 -~ The pilot’s stick controls the forward velocity in the Heading Vertical coordinate system
and either the lateral velocity in this coordinate system or course depending on speed Above 35 knots,
the lateral control 1s accomplished by a course change and below 35 knots, by a side shp.

The other controls remain as for VEL 1

VEL 3 - This mode s the same as VEL 2 except that a sidearm controller 1s used for forward and
lateral velocity control instead of the pilot’s control sfick and only velocity 1s controlled in the lateral

axis instead of either velocity or course

AUTO - This 1s a fully automatic mode where velocity errors in the Heading Vertical frame are
generated by guidance functions

The landing mission profile, described 1 detail m Section 111 3, 15 briefly summarnzed here to
facilitate the following discussion The profile requires that the helicopter
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(1
(2)
(3)
4)

5)
()

intercept the centerline at any airspeed

decelerate to 42 knots range rate

intercept a 6° ghde slope and descend

at approximately 1550 ft ground range and 150 {t alfitude, decelerate and flare to 50 ft
altitude and 10 knots range rate

at 200 ft ground range and 50 {1 altitude, decelerate to hover above the touchdown (I D.)
at 50 {t

descend to T D pomt vertically

. FLIGHT CONTROL LAWS

i

Design Philosophy and Assumptions

The total problem of dessgning a flight contrel system may be subdmvided into distmet phases

for each of which a definite philosophy must be adopted and assumptions made These phases, in ther
logical study sequence, are

the study

(1) definition of scope of design and purpose of the fhght control system
(2) defimtion of velucle and operational requirements

€3) configuration design

(4) detad design approach

£5) system evaluation and design modifications

This section describes the pont of view adopted for each of these phases for the purpose of

a. Definfron of Scope

As stated in Section III A, the flight control system design was based on the requirement

fora practlcal multimode digital flight control system to control the CH-46C helicopter at NASA/LARC. -

_ The purpose of the flight control system was to provide a flexible research tool for flight investigation of
control system, guidance and display requirements for V/STOL area navigations and landings under
mnimal vistbihty conditions

During the course of the program, it became apparent that a large number of vanables

could be considered n every aspect of the study For example, in the area of displays alone, a large
number of parameters suitable for investigation exist

€1) Conventional aircraft instruments versus nonconventional displays
(2) Situation versus command information
(3) Vanation of displayed data with flight control mode

" €4) Vanation of displayed data with pilot’s control element

(5) Scale factor or sensitivity of displayed information

{6) Possible shaping of data’to avoid PIO (Pilot Induced Oscillation) or pilot disorientation
(7) Influence of data displayed on pilot’s work load

(8) Influence of data displayed on system performance

{9} Backup displays for fight safety or possible misston compietion
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These arcas have been, and continue to be, fruntful sub;ects for investigation and taken in combina-
tions present a great many possibtlities

In addition, the other areas such as sensor blending, complexity of flight control
and guidance laws, digital programming considerations, flight control and guidance sensor specifi-
cations, sampling rate and quantizaiion studies and alternative nussion profiles cach involve a num-
ber of parameters which could be investigated

The necessary contraints of budget and schedule restricted the scope of the study
to a practical bound This implies that many useful 1deas could not be explored within the range
of this study The system design presented in this repori, therefore, represents one method of at-
tarmng the objectives descuibed at the beginning of this section

The flight control system was to mncorporate the modes listed in Section JIT A All
modes except AUTO are manual modes SAS was a denivative of the original rate damper mode,
ATT 1 and ATT 2 were denvatives of the orniginal attitude/attitude rate mode, VEL 1, VEL 2,
VEL 3 were dervatives of the oniginal velocity command modes

The SAS mode was to be regarded as the most primifive mode for which the FCS ob-
jectives could be met and 1ts inclusion was regarded primarily to investigate the possibility for a
backup flight safety mode for a future opeiational system

It was further decided that the displays would be based on the Flight Director Indi-
cator as defined by MIL-I-27193B(USA¥F) In the manual modes, longitudmal and lateral command
errois would be displayed on the honizontal and vertical command bars and the collective error on
the displacement index In these modes, the display would show the difference between where the
pilot has posttioned his control and collective sticks and where the automatic system would have pos-
itioned 1t In the AUTO mode, these indicators display the velocity error along each of three aves of
the Heading Vertical frame

The flight control system design was not required to mcorporate redundancy or to
provide automatic monitoring and switchover to the Safety Pilot in the event of maifunction Sys
tem safety was to be insured by monitoring of the conventional helicopter displays and visual cues
by the Safety Pilot who has the option of taking control of the vehicle at all times

b- Definition of Requirements
{1) General Requirements
The flight control system (FCS) was to have the basic modes histed i the pre-
vious paragraph modified as determined by the study to attain the objectives listed in that para-

graph These modes were to be pilot selectable by suitable cockpit switch functions with the selec-
tion clearly indicated Each mode was to be available by selecting the appropnate swifch irrespec-

. tive of the flight control mode which was operative prior to the selection There was to be no trans-

1ent mtroduced by the switching The Control stick posttion, the pedal position, side arm control-
ler (SAC) position and all instantaneous outputs of the attitude and velocity sansors at the mmstance
of mode switching were to become the reference values for the selected mode
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Mode selection was required to be suitably interfocked with the guidance sysiem
. and with the displays such that 1logical combinations were not possible  An example of an 1llogical
combination 1s the selection of an automatic landing mode without the presence of giudance mfor-
mation In fact; 1t was 1ecognized eaily that the AUTO mode of the FCS could not be clearly separ-
ated from the guidance requirements, and where clanty 1s served, arbitrary separation nto flight con-
trol and guidance 15 not adhered to m this discussion

Tnitially, the philosophy which was adapted with respect to automatic modes
of FCS operation was to permit piiot overrides or assists  This policy changed during the couise of
the study when 1t became apparent that, 11 a number of cases, this had the reverse effect and deter-
1orated the performance The requirement for transient fiee mode switching, furtheimore, made
this unnecessary since the pilot was capable of switching to a manual mode if he felt the need for
direct control.

The FCS was to be capable of controlling the helicopter over the entire speed
range of 0 to 140 knots Performance between 80 and 140 knots was to be considered secondary
to performance in the low speed regime Due to the large speed variation, the philosophy was adopted

" that the hehcopter-FCS combination should behave as an airplanc at lugh speeds and as a helicopter at
* low speeds It was logical to use the airspeed measured by the Pitot tube to separate these flight phases

and, further, to use the airspeed below whach the Pitot tube measurements becomes unreliable as the
dwviding line. Thus was taken to be an airspeed of 35 knots after filtering to remove gust effects

Durning the course of the study 1t became apparent that the FCS design was not

completely separable from the guudance function 1n that as touchdown 1s approached, the speed which

18 of mterest shifts from airspeed to groundspeed To tllustrate this poimnt, if a 30 knot headwind exists
"and the helicopter’s ground speed approaches zero under the direction of the guidance laws, the behavior
of the hehcopter FCS combmation would be that of the hagh speed flight phase down to a ground speed
of 5 knots This behavior with respect to such functions as turn coordination 1s not desirable so close

to the touchdown point where sideslip maneuvers are more efficient for small flight path corrections

For thisieason, the FCS switching functions which are speed dependant were to be based on an
.effective speed, V',, where

V'y = Vyp of Vgp < \}2

X » if Vaf > Vl}:
T " Va
: Vg = filtered awspeed = et —
- .I. + S ‘}'V
i ‘ a
'V, = Pitot measured arrspeed

a

TVa = awspeed filtering time constant

VQ = forward velocity 1n vertical heading frame
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For ali modes, except SAS, turn coordination when V§1> 35 knots was to be
assisied by feeding a suitably modified function of the roll angle control A® ., 1nto the yaw cyclic
control channel *

5y -

rd

For ajl modes, when Va> 35 knots, side ship was to be reduced by feeding a suit~
ably modlﬁed function of 3, the measured sideshp angle, iato the Yaw Cychc Control Channel

For the ATT 1, ATT 2, VEL 1, VEL 2 and VEL 3 modes, a heading hold with
pilot control was to be incorporated when Vé< 35 knots For the AUTO mode, when V ;1< 35 knots
and crosswinds were present, a blend of crab angle and roll angle was (o be used to mamtan the vehicle
on the demonstration Landing Profile described in Section 111 B Guidance Laws The blend required
that the helicopter head into the average relative wind such that the average roll angle required for
crosswind compensation would not exceed 5° This was based on pilot inputs that indicated 5° of
steady roll angle would be unacceptable

Compensation for loss of vertical lift due to helicopter bank was judged to be an
operational requirement wiich was to be satisfied by feeding a suitably modified function of the bank
angle 1nto the collective chiannel

The fhght control system was to incorporate coniro! stick, side arm controller
and pedal thresholds such that pilot :nduced oscillations (PIO) were mmlmlzed_ The thresholds were
not to exceed 5% of the total travel of the pilot’s control

Stick, pedal and sidearm controller commands were to be commands with respect
o the heading vertical coordmate system 1n the Velocity modes and Attitude modes and tie vehicle
body axis system 1n the SAS mode

“The flight control laws and flight control sensors were to be considered together
such that sensor noise did not result 1n faulty signals or exceed a I sigma noise of 0 I 1n 1 the coliec-
~ tive, pitch differential collective, roll cyclic or yaw cyclic channels of the EISS or result in saturation |
of these channels These requirements were based on the Data Base used (see Section IV A) which
indicated that the EISS hysteresis in each channel was to be takenas0 1 in

Further constramts unpesed on the FCS design by the EISS and helicopter control
boost system were that the pitch coliective, roll cyclic, yaw cyclic, and collective were related to the
commanded values of these controls by an approximate quadratic transfer functlon with natural fre-
quancy of 15 hertz and a damping factor of 0 6

To simphfy mechanization, it was a goal of the design that withun the constraints
imposed by performance requirements, the minimum number of control laws should include as much
of the flight profile and flight condifions as feasible However, these laws could be linear or nonlinear
and could differ for each operational mode 1f requured by performance specification or sensor constraints
The balance between simphicity and performance 1s a judgement factor

The FCS design had to be based on the existing EISS and pilot’s controls aboard
the CH-46C hehcopter The existing trim system would relieve stick and pedal forces but not reset
any stored references i1 the FCS The FCS would be self tnmmmg where necessary to meet the require-
ments

Report No 6200933013 oI-7
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y 1
14 characteristics of the existing Feel and Trim System were given as

T4 scale factors requured to convert inches of pilot controlsto velts input to the
LES getuators

Prey Axis, 392 1n jvolt

Colagtive Anss, 6 41 1 [volt

Bovaxs, 2 41 m fvolt

Yon Axas, 1 36 m fvolt

CE46 Electisc Stick Characteristics

Tha sfiek forces are force/displacement gradients and were given as
Pites; aifferential collective, 1 0 1b/in

R eyelie, 10 1b/in

In¢ ;25 measured at a radius of 25 1n

The pedal force 1s a force/displaccment gradient and was given as

Y29 Cyclic, 4 0 1b/m

The eollective force 1s a friction force which may be adjusted by the piot The

force was given as being /rable from essentially zero to at least 5 Ib measured at a radius of 18 0 1

The efectric stick has linear pois which vary on stick position and infinite resolu-

Piteli Axis, 0.4 volts/in
Collertive Axis, 0 33 volts/in
Roll Axss, 0 4 volts/m
Yay Axas, 0 8 volts/in

CH-J6C Trun System Characteristics

The foice trim system for pitch differential collective and roll cyclic operate

- from the “coolte hat” bu{ion on the stick Each axis has ifs own trim  The button activates a motor
which runs to relieve the {yece at 10 1 [sec

The tiym on the pedals 1s similar to that on the stick with the tnm button being

on the collective stick

Report No 6200-933013

Theye s no trim for the collective stick

The tdange and sensitivity of the sensors to be used were given as follows

stick, yitch +5.5 1 0 4 volis de/in
stick, voll %3 6 In 0 4 volts dc/in
peduts +2 3 in " 08 volts defin
colle tive stick O0to 128 0 33 volts de/m

II1-8



Bell Aercspace Company

Y
{

wy P orands %0 35 radians 9 8 volfs defradman :
Pitot tube 35 to 150 knois 0 08 volts de/knot

. An additional ground rule with repect to the mterfacing of the E1SS and the FCS
output is illustrated in Figure 1§I-2 This figure, taken from Bell Report No 6200-933033, depicts the
requirements that the EISS 1n its disengaged mode 1s configured such that -

(1) The hydraulic actuators diving each of the four controls are bypassed

(2) All electrical inputs to the EISS are bewng cancelled

(3} The drve voliage to each hydiaulic control valve 1s displayed for piiot
montoring -

The EI8S 1s not engaged by the pilot unless the NULL METER ndicates that all
electrical inputs to the EISS have been cancelled This insures agamnst transients on EISS engagement

(2) Dynamc Performance Requirements

In searching for dynamic performance criteria, a number of factors were considered
and an approach formulated from which working critenia could be established The approach was
based on the followmg considerations '

Furst, the fundamental performance requurement was cansidered to be that the
FCS controls the helicopter to the profile defined by the mission The tolerance and constraints imposed
by this requurement are described m Section 111 C The mmplication of this viewpoint was that the ulfi-
mate justification of the flight control laws would be a satisfactory evaluation of the full system on the
simulator
- It was necessary to have requirements for the design of the subsystems before the
full simulation couid be evaluated These were defined on the basis of transient response because the
nonlineanties (hysterests, quantization, limiting) of the system made frequency response or pole-zero
criteria artificial and because transient response 1s conveniently observed 1n evaluation by sunulation
This viewpoint leads naturally towards considering the dynamuic response in terms of the residual oscil-
lations after transients have died out, response 1in the nominally linear range and to response to satura-
tion command signals

Consistant with the philosophy of trading off performance for simpheity, the
“view was adopted not to require uniform levels of performance or higher performance than necessary
in view of the full ssmulation evaluation which would be the ulhimate test Hagher performance was
desired during transition, hover and touchdown then when the vehicle was f1.ing high and fast

The FCS helicopter combination should also meet the requirements of MIL-H-8501A4,
. “Helicopter Flying and Ground Handling Qualities™ where this specificafron 2pplies

The requirements mn light of fhus approach were specified as in the {ollowing
paragraphs -

The FCS system was permitted residual oscillation due zo EISS nonlinearitics

sensor noise, sensol package hysteresis or quantizing of sensor information gr quantizing of commands
to the EISS This was not to exceed +1 0° or Qf:gj degrees, whichever 1s smalfier, about any aus and

Report No 6200-933013 1118
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0
ot | or——f—s— ft/sec aloug any anis, whichever 15 smaller where f1s the frequency m Hertz

For mput signals at least five times the largest threshold, hysteresis, signal quantum
or command quantum 1n a given channel, but not Iarge enough to cause signal, velocity or position satu-
ration of any element m that channel, the FCS requirements for each mode were specified Superpost-
tion of the residual oscillations on other response requirements was considered permissable

The SAS mode was simply to meet the requirements of MIL-H-8501A, relating to
rate damping Sincc fhis was to be evaluated as a possible backup mode, no mote than accepted hel-
copter handling characteristics weie to be requned

The ATT | mode by definition, was to have an unaugmented collective, hence, as
for SAS, the verfical control would required to meet specifications of MIL-H-8501A only

In response to a step change m attrtude angle command about any axis, the ATT |
mode would not be permitted to overshoot the final value by more than 15% of the total commanded
change, would attain 90% of the total commanded change m less than 1 Ssec after the step command
initiation and would remain at the final value withan 5% or less of the total commanded change within
5 sec after step command initiation

The ATT.2 mode would satisfy the same recimrements as the ATT 1 mode with
respect to atfitude angle commands since, by defimtion, the control laws were the same

The vertical control charactenstics of the ATT 2 mode would be such that the
response 1o a step velocity command would exhibit a maximum allowable overshoot of the final
velocity in accordance with

AVZO =006 AVZC for 0 < Va < 10 knots
=(-04+010V,) AVzc for 10 <V, <40 knots
Y =(40+02V,) Ay ' for V> 40 knots

_where AV7( 15 the maximum allowable overshoot, AVy~1s the magmtude of the step command and
V, 1s the forward airspeed m knots . T

The vertical velocity would attamn at least 90% of the total commanded change
within one second after the imitiation of the step command 1n vertical velocity command

The VEL 1, VEL 2 and VEL 3 modes would satisfy the same requirements as the
ATT 2 mode with respect to verfical control characteristics since, by defimtion, the vertical control
laws 1 these modes would be the same

The VEL 1, VEL 2 and VEL 3 modes would respond to a step change in forward
and lateral commands such that the maximum overshoot in response to a step command would be in
accordance with

Report No 6200-933013 IS
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AH{X,\') o - (005 +0004 APy, AH(X,Y} ¢ for O. <V, < 40 knois
=02 AH(X Y)C for Va > 40 knots

where AH XY)Q s the maximum aliowable overshoot, AH¢y vy ¢ 1§ the step command s1ze and
Vg 15 the agspeed m knots In VEL 2 and VEL 3, AH 1s an mcrémenta velocity In the VEL |
mode, AH 1s an incremental acceleration, 80% or more of the total commanded change would be
realized within five sec after the'imbation of the step command

For saturation command puts the FCS would constram the vehicle limits as
follows

In all FCS modes

Pitch angle rate < 25%/sec
Roll angle rate << 25°/sec
Yaw angle rate < 25°/sec

In all FCS modes except SAS

|Roll angle| < 45°
Yaw angle unlimited
{Pitch angle - nommal pitch angle] < 10°

Nonunal pitch angle 1s the pitch angle required to trim the helicopter for the
fhght condition bemng expenenced

In SAS, ATT 1, ATT 2 modes
Maximum angles would be Iimited by direct pilot control
¢ Configuration Design

The flight control laws for the various modes of operation were divided into comman
laws and control laws The command laws convert the pilot control inputs into command mputs to
the fhight control laws for the selected mode of operation There were separate command laws for
the SAS Mode, the Attitude Modes, and each of the Velocity Modes By domg this, it was only
necessary to mclude a single set of velocity control laws for the three Velocity Modes since the
control mputs in each mode could be converted into velocity commands that are compatible with
these .

The control laws were to the mcremental output commands to the EISS In addition
m conjunction with the command laws, they also were to generate the display mformation 1n each
mode As a result of thus, no separate display laws were required The command laws were to be
developed mn 2 cascading manner with separate laws for the SAS, attitude, and velocity loops Fach
of these control laws was to receive 1ts input either from the corresponding command law or next
outer loop depending on the mode of operation This was done to eliminate the necessity of dupl-
cating the inner loops in the digrtal flight control program sections for the higher order modes

Report No 6200-933013 iiI-12
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This separation of the command and control laws also would permut the laws for the
outer loops to be updated at a lower rate than for those 1n the mner loops As a result of this, the
command and control laws were grouped into fast and slow loop computations for efficiency 1n the
airborne program In general, the fast loop computations were to contain these laws (1) SAS
loop control, (2) SAS command, (3} attitude control The slow loop computations would contain
(1} attitude command, (2) velocity control, (3) velocity command laws

d  Design Approacﬁ

Assembhing valid data on which to base the study and a paper design using the data
provided in the RFP, weie parallel first items 1 the design approach In addition to the equihbrium
aerodynamic data on the CH~46C which was receved as part ‘'of the oniginal RFP, further data was
requested and recerved from Boeing Vertol as listed in Section IV B |

It was judged to be essential that nonequilibrium fhght conditions be simulated A
number of approaches toward simulating nonequilibrium data from the available equilibrium data
were explored These, and the technique selected are described in Section IV C

The second set of items required to complete the Data Base was the development
of the subsystem error models These subsystems were the strapdown navigational system, GSN-5
Radar and Gemuni Uplink, Radar Altimeter, Pitot Tube, Angle of Attack and Side Shp Vanes These
models were first developed n analog form and then recast in a form for optimum digital implemen-
fation These are discussed in Section IV

In parallel with the establishment of the Data Base, preliminary design of the flight
contzol system began using {he data contamned in the RFP Because of the large number of flight
conditions and the many loops involved (angular rate, angle, velocity and ultimately position) it
was decided to automate the procedure for selection of the gains

The philosophy which was adapted was to use the classic root locus method to de-
termine the coefficients of an assumed form of feedback law Where dynyc 18 the command to the
N centrol channel of the EISS and f 15 the principal vehicle parameter to be controlled in the
loop under analysis, then 1if the form

AS e X
—_ N 23
AQN KI + SK2 + S
is assumed for the feedback law, then the problem was to determine K. X5 and K5 The cnterton
. for selecting these coefficients was to hold the dominant pole on the 0 7 damping hine, and raise
its matural frequency until the required compensation became excessive When these had been de-
termined for one loop, they were held constant while the next loop was closed and the process re-
peated. The concept was to continue n this manner proceeding from the fastest inner loops, suc-
cessively fo the slowest ocuter loops .

This was programmed for digital computation and included the helicopter response
to control action, the transfer function of the control actuators, noise filters and simulated sampling

rate lags

Report No. 6200-933013 HI-13
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This procedure worked well for the short period centrol loops but-1f was not found
possible within schedule constraints to develop a generaf algonthm to express the selection logic for
successive {rals in the outer foops and although convergence was obtained over some ranges of »
flight conditions; others diverged defcating the design objective  Since at this pomnt in the study an
all digital check simulation of the muission became available which did provide the outer loop gamns,
the attempt to perfect the rootf locus program to give valid outer loop results was dropped However,
the mner loop coefticients which had been determined were valid staiting pomts for the FCS design
The all digital check program was then also used fo check the mner joop response to steps in accor-
dance with ihe requurement discussed previously

The design then proceeded to the hybrid simulation refinement phase where all of
the fast moving helicopter dynamics except for the stability derivatives were simulated on two AD4
and one PACE 231R analog computers and the control laws and stability derivatives were simulated

- on the IBM 7090 digital computer Due to the size of the analog simulation and typical analog
hardwaie problems, the reahability and repeatabihty of this simulation was poor and did not allow
for sufficient up time for evaluations

The availability of the all digital check program made 1t possible to consider shifting
more of the simulation to the digital computer The crucial pomnt was whether the simulation could
be run in real time This was ummportant for the AUTO mode but imperative in the manual modes
where a pilot would fly the system It was found possible to program the IBM 7090 such that real
time performance was atlamnable 1n all modes This resulted in shufting all but the cockpit interface

equipment and the wind model to the digital computer

The s domain laws were digitized using Tustin’s method n converting the laws
found by the preliminary analysis and in converting the helicopter simulation to the digital domamn

It was felt that strict adherence to flight control laws developed 1n the s domam
would not fully exploit the capability of the digital computer In this respect, 1t was found that the
limit cyclhing due to hysteresis in each channel of the EISS could be reduced further by a nonlinear
law. On the analog computer a conventional lead/lag hysteresis network had been used to reduce
the limat cycle amplitude Paper analysis using describing function techmques confirmed the analog
results A 20% reduction 1n the amplitude of the lumit cycle was attamned By using a digital variable
gamn compensation technique the lumit .cycle was reduced 70%

The necessity for varying the coefficients in the flight control laws as a function of
airspeed was explored It was found that the requirements previously discussed were attainable
with fixed gains, considerably simplifymg the FCS mechanization

e System Evaluation

As previously stated, performance on the full simulation was considered the ultimate
justification of the fhght control (and guidance) laws At this pomnt, performance measurement
criteria were required.

Ideally, performance evaluation should result in a single score Only in this way can
different systems be compared and ranked unambiguously However, 1t 15 frequently not possible to
set up criteria which satisfy this ideal when there are important factors wluch are entirely dissimilar
This was found to be the case 1n setting up the criteria for the snmulator tests

Report No. 6200-933013 1i-14



Bell Aerospace Company

First, 1t was desned to have a measurement of performance in terms of how well
the landing profile was bemg followed This measurement was termed the Pl (Performance Index)
and was based on the noimalized rms value of the altitude error, altitude rate errors, lateral error,
lateral 1ate error and forward velocity ernnor  The ielationship 1s shown in Table III-1  Note that the
normahzation procedure allowed for different values for the maximmum errors as the helicopter was
further away fiom touchdown The lower the PI the betier the performance wilh a Pl of umty (1)
meanmg that all errors held at ther maxaimum allowable throughout the fhght

Due to the averaging process taken over the whole flight, 1t 1s concervable that some
portion of the flight couid have large ewrors and stil the flight have an overall P1 which s Tow pro-
vided the time duration of the poor performance was low In general, this is urumportant sinee it
mplies large crrors for short periods of time, a sttuation wlich generally entsts only on nhation
of control However, if the cucumstances were such that the large errors occurred at, or near, touch-
down, this could result in a disasterous landing with a low PI  Therefore, the condifions at touch-
down are special and must be looked at independently of any possible overall PI  The radial error
from the nominal T D point s a second performance criterion Important and independent, the
mapact velocity at touchdown was considered to constitute a third measure of performance

Finally, 1t was recogmzed that equally good performance could be achieved mn terms
of PI and touchdown conditions by the different fhight control system modes bui that in some
modes this was attained at the expense of heavy pilot work load Thus, pilot opinion constituted
a fourth measurement which was requured For this purpose the rating scale of Table [11-2 was
used (from “The Use of Pilot Rating in the Evaluation of Ancraft Handling Quahties,” by G E
Cooper and R F Harper, Jr, NASA Techmical Note D-5153)

Report No 6200-933013 [I-15
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TABLE III-1
PERFORMANCE INDEX

T n By 2
Pl= "ITL / z _Z;—-—--—> it
n “max

where

Report No. 6200-933013

O i=1

Ax; = Ah, Ah, AX, AX,AY

Ah = hg - h,altitude error

Ah = L, - B,altitude rate error
AX = X.- X, forward velocity error

AY =Y, lateral error
AY =Y, lateral rate error

_ 180 . .,
Ahpax = 20 + (ggae) X < 1001t
Ah = 4 + 36 y X < 20 ftfsec
max 10,000
AX ax= 05 X <20 ftfsec
_ 900
AYpax = 100 + (75550 X
. Lo 180
A¥max = 20+ Gggeg X
T = Total flight time

If

n number of A%, considered (five)

Hi-16
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HANDLING QUALITIES RATING SCALE

" TABLE III-2

(COQPER-HARPER RATINGS)

'S

- Demands On The Piot
Adéquacy For Selected Task Or Aurcraft In Selected Task Or Pilot
Required Operation® Characteristics Required Operation® | Rating
Excellent Pitot compensation not
a factor for desired 1
Highly Desirable performance
. - Good Piot compensation not
a factor for desired 2
y Neghgible Deficiencies performance
Fair-Some Mudly Minimal pilot compen- 3
sation requured for
Unpleasant Deficiencies | deswred performance
Mmor But Annoying Desired performance
requires considerable 4
. . Yes Deficiencres pilot compensation
Is it No Deficiencies Moderately Objectionable Adequate performance
Satisfactory without  pr—=¥d Warrant — Deficiencies requires considerable 5
Improvement? Improvement pilot compensation
i Very Objectionable But Adequate performance
) requires extensive 6
v Tolerable Deficiencies pilot compensation
es -
) Magor Deficiencies Adequate performance
- not attainable with
. . - maxmum tolerable 7
. . pilot compensation
Is Ad ; Controliability not
§ Adequate m question
Performance No Dt}{ﬁcxencms 4
attainable i equie C
. . onsiderable pilot
With a Tolerable Improverent Major CompensatIOﬂplS re- 8
Pilot Workload? Deficiencies quired for control
Major Intense pilot com-
. pensation 15 required 9
Deficiencies to retan control
Yes
Control will be lost
Isat Ng Improvement | | Mayor during some portion 10
Controllable? Mandatory Deficiencaes of required operation
* Defimtion of required operstion volves designation of flight phase and/or
Pilot Decisions subphases with accompanying conditioas
Report No 6200-933013 111-17
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2 Fmal Flight Control Laws

The final flight control laws resulted 1 a design which 1s summarized m two companion
documents - :

-~

1 Systems Performance/Design Requirements Specification Bell Aerospace No 6200-933033
2 Final Fhght Control Softwave Package Bell Acrospace No 6200-933011

This portion of the final report necessarily draws heavily on these documents

a  Data Requirements

The Flight Control System has as 1ts inputs wne vouy axis angular rates (p, q, 1), the
EUlGT Angles (¥, 8, ¢), the ANF frame velocities (VED, Van, van), the Heading Vertical frame velocities

h ’Vh Vh) the pilot’s control stick and pedal commanars (& ep & ap- rp= 3 cp) the indicated airspeed
(Va) the 51deshp angle (8}, and the FCS and Gudance Law discretes

The. output of the FCS are the commands (8 o¢, 8 50, 8 ¢, 8 oc) to the EISS Table
I1I-3 hists the minimum requirements for the measured and output data

System noise 1n Table IE-3 1s defined as erroneous signals which may cause control
system movements or saturations but which do not result in perceptible hehcopter motions For
purposes of the study, noise 15 defined as those components of error signal whose power spectra hie
above 20 radians/sec Those components of error signal whose power spectra lie below 20 radians/sec

-are defined as errors -

b Control Modes

-

Table -4 summarnzes the flight control modes
¢ Pilot’s Interface with FCS

Table IH-5 Iists the control laws from the pilot’s control stick, collective stick, rudder
pedals, and side arm controller Table 1I1-6 1dentifies the commands displayed to the pilot on the
Flight Durector Indicator with Table 111-7 listing the command mdxcator (horizontal or vertical bar,
ghde slope index) senativities

d Fhght Control Laws

This section 1s abstracted from Bell Report No 6200-933011, Final Flight Control
Software Package Iigure II1-3 and 11I-4 are the block diagrams of the longitudinal and lateral flight

control laws,

Tables 111-8, 9, 10, and III-11 summarize the flight control laws for the pitch, roll,
yaw and collective channels respectively in each of the FCS modes The symbols used are defined
in the listed tables -

Report No 6200-933013 II-18
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TABLE 111-3
DATA REQUIREMENTS FOR FCS
. Murumum .
. | Sampling Rate Maximum o,
(Samples/ Maxonom Altowable Range of
Parameter Second) Quantzation Noue (rins) Maximum Enor Operation
Vertical 8 01 fifsec 02ftfsec | (004 VD + 025) fifsec | VI -50 10 +250 fifsec
Headmg where Vi} 1s (ftfsec) VR £50 fi/sec
Velocites - ¥
VIZ1 230 ftfsec
ANF 8 01 ftsec 02ftfsec | +(004V4025)ftjsec | VAR VAR 250 fifsec
Velocities Vgn 130 fifsec
Body Axis 32 02°/sec 05°/sec +{0 06+ 0005 p)°fscc *60°/sec
Angular , 5 P=p,qr
Rates - . A . ) .
Euler 32 01° 02° +02° £90° Pitch, Roll
Angles i ’ . : +180° Yaw
Indicated 8 05 fitfsec 5 ftfsec * 3% of actual for +30 to
Aurspeed arspeeds above 30 knots +250 fifsec
Siudeshp 32 002° 02° +03° . #0 35 radians
Angle . . . - ’ )
Commands 32 000510 005 m NA . See Table 111-5
to EISS ‘ - -
Pilots 32 for See Table NA NA .7 Sce Table 115
Commands SAS 111-7 and T
to FCS 8 for all Convert to ' . i
other 001 mch of ) . .
modes Command LT .
- Bar Displace- .
ment .
Report No. 6200-933013 11-19
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TABLE 11I-4

CONTROL MODE DEFINITIONS

Command and Source Type of Control
Dsff Duff
Mode Coll Cyche Coll. Cyche Duff Coll, Cyche Coll Duff Cyclic
SAS ES ES CS RP Piich Rate Roli Rate Direct Sudeshp hold, V, > 35 kis
Dampmng Damping Yaw Rate Dampmg,
V,' < 35kts
ATTI ES ES CS RP Pitch Attitude Roll Attitude Direct ’ Sideship Hold, V> 35 kts
(o) Hold Hold Heading Hold, v, <35 kts
ATT I ES ES CS RP Pitch Attitude Roll Attitude Vertical Velocity Sideshp Hold, V, > 35 kis
(Vo) Held Hold Hold Headmg Hold, V, <35 kts
VELI ES ES CS RP Forward Velocity Lateral Velocity Vertical Velocity Stdeshp Hold, V, > 35 kts
(¥e) Rate Hold Rate or Course Hold Heading Hold, V, <35 kts
Rate Hold
VELII ES ES Cs RP Forward Velocity Lateral Velocity Vertical Velocity Siudeshp Hold, V, > 35 ks
(ve) Hold or Course Hold Hold Heading Hold, ¥, <35 kis
VELII| SAC SAC CS RP ’ Forward Velocity Lateral Velocity Vertical Veloeity Sideshyp Hold, V, >> 35 kts
78] Hold Hold Hold Headmng Hold, V, <35 kts
AUTO GUID GUID GUID FCL Forward Velocity ’ Lateral Veloaty Vertical Velocity Stdeship Hold, V, > 35 kts
(¥e) Hold Hold Hold Heading Hold, V, <35 kts
to Hover
Yaw mto Wind, Hover
NOTE ES Electric Stick GUID Guidance
CS Collective Stick FCL | Flight Control Laws
RP Rudder Pedals Vg Effectve Speed
SAC  Side-arm Controller 1/ Yaw Rate Commaeand

Ausduios ooedscssy 128
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TABLE III-5

PILOT’S CONTROLS PARAMETERS

il Command Laws
"Control SAS (b, G, %, ATT1(0,, 9, V.
Control Travel degfsec) deg)
] ep 01 8ep 01
Longitudinal £55- |g.= 47(—7=—),8,,>01 |8 = 45(——),8,,>01
54 ep ¢ 54 ep
Suck (6 ep> 10 ) .
= 0,-01<66p,<01 = 0"0,1<5ep<01
5 5
a ept 01 < _ ept01 <
47(—-—-—-—-—54 ), Bep\-Ol 45('—"“"—'54"): aep\
§ ap 01 8 ap 01
Lateral £36 Po= 47655, 8301 | 6,7 60 (=), 5,20
Stick (6 ap> 1 )
= 0,-01<8ap<01 = 0,—01<83p<01
5§, +t01 5, +01
- ap _ ap )
= 47(——~§-5—-), 'o‘ap<-01 60(———--35 Y, Sap<01
8rp 01 arp 01
Pedalf 23 r,= 85¢ 55 3, Srp>OI b= 17¢ >3 ), SIP>DI
(Srp’ in) , :
= 0,-02<6rp<02 = 0"01<5rp<01
8 101 & 401
= NN . = P )
= 85¢ >3 ),Srp<01 17 (. 53 ),Srp<01
Collective Lever 128 Raw Collective as for bare Raw Collective as for bare
(‘Scp' 1) “! helicopter , hehicopter
Eongitudinal *10 Not Used Not Used X
Side Arm Controller ) S
Bep deg)
Eateral Side Arm +10 Not Used Not Used
(Sa , deg) ‘

Report No 6200-933013
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TABLEIIL-5 (CONT)

Command Laws
Conirol
Control Travel ATT?2 (V!éz ft/sec) VEL 1 {V ft/secfsec)
Longrtudinal Same as ATT 1 Vilx =9 (SeP.0 1), ‘3ep =01
Stick {Sep, m ) 55 54
'* =0,-01<8,,<0]
5ep +01
= A . = -
e 8ep <01
- ‘.[h aap 01
Lateral Same as ATT 1 oy = 6—_-—),8 ap 201
Stick (ﬁap’ m) 136 : 35
- - $F0,-01<8,,<01
- ) Sap+01
=g( 2P _ " <.
6 (55— 8yp <01
Pedals
(5rp' n) +2 3 Same as ATT 1 Same as ATT 1 .
é
Collective VEZ =40+ 80 4 ) Same as ATT 2
Levér(ﬁc ,m) 128 128 i
P .
Longitudinal Not Used Not Used
Side Arm Controller !
(] ep* deg) 10 - . -
L Lateral Side Arm Not Used Not Used
- (aap’ deg) x10 - .

Report No 6200-933013
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TABLE [II-5 (CONT)

- Command Laws
Control
Control Tiavel VEL 2 (V ftfsec) VEL 3 (V ftfsec)
V'h 6ep 01
Longtudinat . —36 ( 1, Cep >01 | Not Used
Stick (Sep,m) 55 X 54
‘=O,-01<Bep<01 s .
Sopt+ 01
= P <.
36 (2, 0gp <1 0
Sqp 01
Lateral V2470 5,301 | Not Used
Stick (5 £3 6 i 35 ‘
- apr 10 - = 0,-01<83p<01!
Sant G 1
=24 (_a_P_-_) 8yp <01 )
Pedals Same as ATT 1 Same as ATT 1
(ﬁrp, m) ®23
Collective Same as ATT 2 Same as ATT 2
Lever (Bcp, ) +12 8
20 Sen -2 0
Longitudinal Not Used =20¢ ep )4 f P dt,
Side Arm Controller
(Sep, deg) 10 ) Sep>2 0°
; =0,-20" <8, <20°
. bop* 20, [Bep+20
=20(. +4 f d
N “ T I A T
- Bop<20°
& Sap 2 0
Lateral Side Arm Mot Used ng =20 (=2 ) ¢ ap
(aap’ deg) £10
) 83p =20°
=0,-20 <53p<20
il ) 5 Bap -2
=202 ) f( 2220 4
30
£ -~ 8 p

Report No 6200-933013
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- TARLE II1-6
. COMMANDS DISPLAYED
- Display ARU-2B/A Flight Director Indicator
Verfical Collective Bug
Mode Horizontal Needle Needie {Ghde Slope Index)
SAS incremental differential collective Incremental cyclic roll Incremental collec-
pitch rate command rate command tive command
ATT ! Incremental differential collective Incrementai cyche roll Same as SAS
pitch attitude command command
ATT 2 Same as ATT 1 Same as ATT 1 Incremental verticaj
velocity command
VEL 1 Incremental forward velocity Incremental lateral veloc- Same as ATT 2
command in Heading Vertical ity command 1n
Frame Heading Vertical Frame
VEL?2 Same as VEL 1 Same as VEL 1 Same as ATT 2
VEL3 Same as VEL 1 Same as VEL 1 Same as ATT 2
AUTO Forward velocity error in Heading Lateral velocity error in Vertcal velocity
Vertical Frame Heading Vertical error
i Frame -

Report No 6200-933013
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TABLE 1117

. FDIDISPLAY SENSITIVITIES
Bifferential Collective Command Error 04w fin
Cychic Command Error 04 in
Collective Command Error 05mfin
Pitch Attitude Command Error 2 87 1n [rad
Roll Atfitude Command BEiror 143 1n [rad
Forward Velocity Command Error -0 05 1n [ftfsec
Lateral Veloaaty Command Error +0 025 1n /ftfsec
Vertical Velocity Command Error -0 1 m [fifsec

MNote- Units refer to 1mches of command bar displacement of the
ARU-2B/A Flight Director Indicator per unit (as appropriate) of
command error 0 01 inches 1s considered the mintmum discernable |
command bar displacement -

Report No. 6200-933013
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Ad

TABLE II1-8
PITCH DIFFERENTIAL COLLECTIVE FCS LAWS

02
Aﬁep—ﬁ 5q

2088,,-65q+ 135 (8, -0)

(02+U36 0034) Dby, =654+ 1350, -a)+02(1+—-) {vﬂ -vh)
s
35+ 0027) Bby,- 6594135 (0, #0201+ % (vh__vhy
324 032 .
(62+55 4558 A5, -6 5q+135(60—6)+02(1+—-§—) (vh vl

(02+———)Avh - 65q+135(8,-6)

Symbols (in order of appearence above)

A8,

Ko

Report No

- mcremental differential collective command (inches)

hysteresis compensation gan m pitch (see text)
incremental electric stick pitch mput (inches)
angular rate about the Y body axis (rad/sec)
mtial value of @ (radans)

Euler pitch attitude (radians)

mtsal value of Vi: (ftfsec) .
forward velocity m vertical headmg frame (ft/sec)
mcremental side arm controller pitch input (mex =0 5 nches)

forward velocaty error from guidance laws in vertical heading frame (ftfsec)

6200-933013 )

for SAS

for ATT1&2

for VEL |

for VEL 2

for VEL 3

for AUTO

HI-28



Bell Acrospace GCompany

ac

K¢H’

8aps‘.'

TABLEIFS -
ROLL CYCLIC FCS LAWS
- 2 L
K:;H (1 +0—s)p ) .
48,,~7 5p
4588,,-75p+150(3,-9)
.,04 004 01
(O3 +5] +57) A8, -T5p+150(0,-¢) +023(1 ) ol - vi‘,)
Vv, 01 .
023 +~Qs'i+%) o 8B, T 5pH150(8,-6)+ 023 (1+ 5) (Vi -ViD)
045 003 01
(5+757+53) \Alfidpﬂ 5p+150(9,=6) +023 (1 +757) (ViV}
01 ,
(15+°%5+Q§—3)—3%A5ap—7 5p+150(8,-9)+023(1+75) (V- vy

16 001 01
(54475 +75) Abpo-T5p+150(8-9)+023(1+7) (Vo Vy)

0231+ &) V-7 5p 4150 (95-9)

Symbols (in order of appearance above)

mneremental roll cyclic command (nches)

hysterests compensatton gamn n roll (see text)
mecrementat electnic stick roll input (inches)}

anpular rate about X body wus (radiansfsec)

mmtral value of ¢ (radians)

Euler roll attitude (radmns)“

wntsal value ofVI; (£t/sec)

lateral velocity m vertical heading frame (ftfsec)
effective speed (ftfsec)

arctan (V' ;‘,“N ™, course (radians)

lateral velocity 1n approach navigation frame (ftfsec)
forward velocity mn approach navigation frame (ftfsec)

mcremental sde arm controller roll wnput (max £1 23 inches)

Report No 6200-933013

for SAS

forATT 1&2

for VEL 1,V <35 knots
for VEL 1, V, > 35 knots
for VEL 2, V;( 35 knots
for VEL 2, V> 35 knots
for VEL 3

for AUTO
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TABLE 1I-10
YAW CYCLICFCS LAWS
Abge = Xy 1+ @s - 151) _ forSAS,V, <35 knots
= o2 198 r N
= KyDH Q+77) (A8 P 15r - IWSS) for SAS, Y, >35 knots
02, .18
= K\"JH (1+3) [—?Aérp +14 (g -9)+19 Aarp - 15t} forall ATT and YEL medes
and V; <35 knots
= Kyy (1 +Q"2) [19A5 - 15T - 198 } for all ATT and VEL modes
VH s P 1+035s \
' and V, > 35 knots
02
+23 (14539 ¢,
02 .
= Ky 0450 (14~ ¥) - 151 ] for AUTO, V, <35 knots
02, .14
Koy (1+5) I‘{,‘r? 1f—ss 9, + 14Qho- ¥)- 15T ] for AUTO 1n HOVER and LAND
-, 02 19 02 ’
Kgp (1+75) (- 151 - ITSLSS) +23(1+29) ¢, for AUTO, V/, > 35 knots

Symbols (in otder of appearance above)

Ab.., wneremental differential cychic command (inches})
KE,}H, hysteresis compensation gamn 1n yaw (see text)
ABrp, meremental rudder pedal input (1nches)

vy effective speed (ftfsec)

r, anpular rate about Z body ans (radians/sec)

B, side ship angle (radians)

Vo nitial value of Y (radians)

¥, Euler yaw attitude (radians)

P rolf attitude command (radians)

Report No 6200-933013 11-30
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TABLEIII-11
COLLECTIVE FCS LAWS

For SAS
A8 = Ab
For ATY 2, VEL 1,VEL 2, VEL 3 Modes,
- L uh h -
B8, = =02 (1+2) (V3 ~VE +62545,,) +3(1- cos @)
For AUTO Mode ,
1
85, = -02 (1+-S-)AV£‘ +3 (1 -cos ¢)

Symbols (1n order of appearance above)
A8 ., incremental collective command (inches)
V;’o, imitial value of VE (ftfsec)
Vg, vertical veloaty in Vertical Heading Frame (ft/sec)
AS cp? mcremental collective stick mput {inches)
@, Euler rolf attitude (radians)

A V?, vertical velocity error from guidance (ft/sec)

Report No 6200-933013 ill-31
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In these laws, reference 1s made to Kg 1, K¢, Ky H, hysteresis gam compensations
With the level of hysteresss assumed for the EISS and power boost, the hmut cycle amplitude (as *
lugh as + 1 5 degrees of pitch in the differential collective channel) was unacceptable Figure II-5
shows the pitch attitude loop without hysteresis compensation being stepped by successive * 2°
steps The 140 knot condition 1s illustrated to bring out the effect smce 1t 15 more pronouncea al
higher air speed

To 1educe the amplitude of the lumit cycle, a Tustin method difference equation for
a conventional lead/lag hysteresis compensator of the form, (0 0625s+ 1) /(001255 + 1), was
developed and included in the simulation However, 1t was found that the diffeience equation
for this compensator had underdamped characteistics at all samphing rates below about 80 updates/
sec  As a result of this when a run was made at an update rate of 32 times/sec, this compensator
actually mcreased the amphtude of the limit cycle

Since 1t was not desired to increase the required sampling rate for the airborne system,
other forms of difference equations were investigated It was found that by using a first backwards
difference method, a difference equation for the leadflag compensator could be developed that was
not underdamped at update rates of 32 tumes/sec However, when tlis difference equation was
programmed i the simulation and a run was made, 1t was found that only a2 20% reduction 1n the
amplitude of the limit cycle was oybtamed and this was still unacceptabje

At this point, conventional leadflag compensators were abandoned and a look was
taken at variable gain compensation techniques Basically, these techniques are ones where the gain

15 mncreased as required fo overcome the deadzone that 1s causing the hysteresis

Theoretically, the gain required to compensate for pure hysteresis s,

Ky - (A8 4 AS Y ‘
|AG .t -
where A8 . = command mput

AS = half the width of the hysteresis deadzone

However, in order to obtain exact compensation with this technique, there must be
no system lags between the compensation and the hysteresis and the hysteresis must be pure hysteresis
Since this 1s never the case i real physical systems, the gain must be lirited to prevent stability
problems In the simulation, this type of gain was mechanized on the incremental pitch command
(proportional part of proportional plus integral term) and was limited to a maximum value of two

v

148 ol + A8 o1y

= "7 <20
e/t A5, 2

kg

A run was then made with this vanable gamn hysteresis compensator and 1t was found
that 1t significantly reduced the amplitude of the limit cycle as shown tn Figure I11-6 which repeats
the conditions of Figure 1I1-5 with the compensator To insure that an exact knowledge of the actual
hysteresis in the vehicle 1s not required with this technique, additional tests were made, one with the
hysteresis i the vehicle set to zero and one with it set to double the expected value No deleternious
effects to imperfect compensation resulted and the technique was incorporated into the FCS laws

+
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In these tables, reference 1s made to Va', the effective speed Va'is defined ux:

¥

= :
Vy = Vat if Vaf§ V)}
= vh, if Ve VI
Va
where vaf = 1755

. The pitch attitude commands are limted m all modes except SAS This 1s 1equth d,
n?t ity by safety considerations, but because siep changes in [orward velocity resulted i unac opig! s
Pl fiansients  The patch angle command was limited to + 0 174 radians about the tnm piteh ’
dattitikde  The pitch trim altitude 1s approximated by,

= 01438, 1f V,p< 35 knots

.

Y trim

Vaf
236

1

0165-0297(

) V> 35 knots

-

i The FCS laws are expressed 1n the Tables I11-8, 9, 10, and III-11 1n terms ol
Laplacian operator, s Since difference equations are required for digital mechanization, Tustin's
methaod s employed In this method, the Laplacian operator, s, 1s approximated by a difference
eqisttion of the form -

T VAt 1+ AT

wlere At is the update interval and Ais the backwards difference operator This method was scloctod

?ccauqc its accuracy 1s more than adequate for that required in the flight control and guidance lawy,

1 15 easy to program, 1t 18 guaranteed to preserve stability and it has the cascading property T

last feture 1s important 1n the development of control laws since 1t permuts the difference equation oy

any functron 1 a loop to be modified independently of the difference equations for any other fuugtions
- that might exist 1 the loop -

Using thus method, difference equations were derived for the integrators, filters, nng
fead/iag networks in the flight control laws The resulting difference equations are as follows

(1) Integrator

A

& x

»

-
It

a4~ Yol TSAtGp R g)
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(2) Fuiter

y = X

s+ 1
Yy = [xn+xn_1 + (1 + b)yn_l]m +1)
where b = 27/At

(3) Lead/lag

y = (TleadS+ 1)
Tlag ST 1

w
=
1]

[(1 rayx, + (L-a)a g + G +b)yn_1] [ (1+b)
where  a = 21y,,4/At ‘

b=2 Tlag/At
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C. GUIDANCE LAWS

I Gudarice Requirements and Drzsizn Approach

a Generg]

As discussed m Section I, the primary emphadsis 1n this study was on the development
of flight control laws for a Dagital Flight Control and Landing System (DFCLS) The emphasis on the
development of giudance laws was secondary and the primary purpose of 3t was to obtamn laws which
would be adequate for evaluating the flight control laws on a typical landing mssion i both ground
based simulators and airborne flight tests. In the awrborne system, the laws developed n thys study
wifl be used in the Gudance I Mode of opzration of the DFCLS  For this purpose, the following
general requuirements for the giudance laws were established

(1) The guidance laws rmust be adequate to evaluate the flight control laws on a
- typical landing mission but need not be optimum  llowcever, the puidance pro-
file must be one from which a safe and satislactory landing of the hehicopter
_ ¢an be made
(2} The guidance laws must be compatible with the basehine system  They must
accept therr mputs from the radar updated strapdown system and output velocity
error commands to the flight control laws 1n the heading vettical frame (HVE)

)

]

Based on these requirements, the basic design approach was to develop a nominal pro-
fife guidance system, This approach wds selected over the more complex predictive guidance and
teraunal guidance approaches for the follow1ing reasons

(1) Nominal profiles of the constant speed zlide type arc the standard type currently
flown by helicopters to make safe and satistactory landings
(2) Nomunal profile gudance systems are simple to develop, generaily have small com-
-puter requurements relative to predictive and terminal guidance systers and are
adequate for evaluating flight control Laws during landing -

For the selected nonunal guidance system approach, 2 nommal gurdance profile type wa:
sefected and the detailed characteristics of this profile in the ANF were developed A method for gener
g the velocity error commands hetween the total ANF profile commands and the actual helicopter
fhght conditions were developed To obtain compatability with the flight control system transforma-
tions were also developed for converting the velocity command errors to the HVE A detailed descrip-
ton of the design approach in each of these areas 1s discussed 1n the following sections.

b Selection of Nomuinal Profile

A profile of the constant speed glide type was selected for the guidance laws since 1t 1s
the standard type flown by helicopters during landing and 15 adequate to evaluate flight control Jaws
For this profile, the following detailed requircments were cstablished

(1) The profile will begin at any acceptable conditions the helicopter 1s acquired at
and end at the touchdown point  The helicopter will not be required to fly to a

fixed acquisttion point
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)
(3)
(4)

The profile will not require the helicopter to fly up or down to 2 fixed ghde
slope mterception pomnt .

The profile will not require the helicopter to slow down prematurely such that
excessive tume and fuel 1s requned during the landing

There will be no discontinuties i the commands along the profile

The basic design appioach m developing a detailed characteristics of 2 nominal constant
speed ghde profile was to develop one that was continuous from acquusition to touchdown and not
fixed to any specific acquusition conditions To do this, the profile was divided into the following
phases in the ANF longitudinal plane (1) acquisition, (2) level flight deceleration, (3),ghde
acquusition, (4) ghde tiansition, (5) glide, (6) flare, (7) hove:r, and (8) Iand These phases are
iltustrated 11 Frgure [11-7 In thas [igure, the solid portions of the profile aie fixed and the dotted
portions float depending on the conditions the helicopter 1s acquired at  The desired profile characteris-
tics for all phases are listed 1n Table [1[-12 A descuiption of each phase and its purpose 1s as follows

(1)

&)

3)

A%

(5)

(6)

Land - The land phase profile is a straight vertical descent from hover to touchdown
For a given desired hover attitude and desired sink rate at touchdown, the piofile
for this phase 1s fixed The purpose of this phase 1s to smoothly accelerate the
helicopter from the zero hover smk rate to the desired sink rate for touchdown

and hold 1t at this rate until touchdown oceurs

Hover - The hover phase profile 1s a constant altitude forward deceleration flight
from the end of flare to stationary hover over the pad For a given hover attitude
and forward speed at the end of flare, this phase 1s fixed The purpose of this phase
15 to smoothly decelerate the helicopter from the specified range rate at the end of
flare to stationary hover over the pad and to provide time to satisfy acceptable
conditions for landing 1n the presence of disturbances

Flare - The flare phase profile 1s a constant forward and constant vertical decelera-

. tion flight from the desired forward speed and sink rate at the end of ghide to

the desired forward speed and zero sink rate at the end of flare  For given desired
cond:fions at the end of glide and end of flare, this phase 1s fixed The purpose of this”
phase is to smoothly brake the forward speed and sink rate of the helicopter at decelera-
tion rates that are acceptable to the piot

Glide - The ghde phase profile 1s a constant speed, constant ghde slope ghide from

the glide slope interception point to the beginning of flare The length of this

phase 1s not fixed smce its purpose 1s to bring the helicopter from the altitude at which
1t 1s acquurad to the beginning of flare at an acceptable ghde slope

Glide Transition - The glide transition phase profile 1s a constant speed, constant

. verfical acceleration flight from tevel flight at the acquisition altitude to the sink

rate for the desired ghde slope  For a given desired vertical acceleration, this phase
15 fixed relative to the floating glide interception pomnt The purpose of thas phase
18 to provide a smooth transition from level flight to ghde

Ghde Acquisition - The glhide acquisition phase profile 1s a constant speed, constant
altitude flight from-the end of the level flight deceleration phase to the ghde transi-
tion pomnt The length of this phase 1s fixed relative to the ghde transition point.
The purpose of this phase is to allow for a reasonable length of constant speed
flight prior to glide transition
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TABLEI-12
DESIRED NOMINAL PROFILE CHARACTERISTICS

- ) - . Nox;ina]
Charactenstic Description Value
Xslx Desired range at start of Lkover ) 200 {t
Xg Desired forward glide speed 71 ftfsec
Xen Desired forward speed at start of hover 71 ftfsec
5(‘51 Desired forwarg deceleration rate during level fhight deceleration and flare 2 ftfsec®
Axga Deswed range mcrenent for glide acquusition at ghide speed - 1000 ft
2y’ Desired hover altitude SOt
Z} Desired sink rate at touchdown 4 fifsec
'Z'.J Desired verfical acceleration duning landing 2 [ifsec?
Zy Destred vertical acceleration durmg glide transition 2 ftfsec®
'yg Destred ghide stope angle during ghde 6 deg
1114
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(7) Level Flight Deceleration - The lcvel flight decelcration phase profile 1sa
constant altitude, constant forward deceleration flight from the velocity at
acquisition to the speed destred for gide Since the velocity the helicopter -

- can be acquired at, 1s not fixed, the lengths of this phase 1s not fixed

(8) Acquisition - The acquusition phase fhght profile 1s a constant altitude, constant
speed fhght from the conditions at acquisition to the begmning of the level
flight deceleration phase Since the 1ange at acquisttion 1s not fixed, the
length of this phase 1s not fixed The purpose of this phase together with
the level flight deceleration and ghde transition phases s to prevent the hels-
copter from being slowed down prematurely at long distances puior to the
ghde transitton point

The desired profile in the ANF lateral plane was defined as simply a straight centerline
projected outward from the centerline of the 1unway '

¢  Development Nominal Command Generatron Method

In developing a method for generating the total ANF commands along the nomunal pro-
file as a function of ANF range, the basic design approach was to develop equations which could be used
to generzte the commands along the nommal profite in flight from the desired profile characteristics,
instead of developing stored fixed profile commands This approach was selected fo1 several reasons

(1) The m fhght computed profile approach enables the helicopter to be acquired at
any acceptable altitude and held at this altitude until the ghde slope 1s intercepted
It does not requare the helicopter to fly up or down from the acquisition altitude
to a fixed ghde slope interception point
(2) Thrsapproach also enables the helicopter to be acquured at any acceptable forward
. speed and range and to be decelerated at a deswed rate to a deswred ghide speed at
a fixed distance and fime prior to glide slope interception This insures that the
helicopter will not be decelerated prematurly to a slow speed which would result
in excessive time and fuel consumption during the landing
. (3) Thisapproach allows the desired nominal profile characteristics to be updated 1n
flight through the Manual Communication Umt This elinunates the need for reading
new profile programs mfo the axrborne computer when 1t 1s desired to change the
nomitnal profile characteristics as would be required with a stored fixed profile
approach

Although not an objective during this study, the in-flight computed profile approach 13
also readily adaptable to predictive guidance systems In such systems, the equations for computing the
nonunal profile commands from the desired profile characteristics could be readiy adapted to predict
best new profiles from the current helicopter flight conditions

The equations necessary to compute the nominal profile commands from the desired
profile characteristics were developed by first dertving the equations for computing the required range
and altitude at the start of each phase from the desired profile characteristics This was done by obtain-
g the closed form solutions to the integrals of the desired accelerations and/or velocities dunng each
phase These closed form solutions were then algebraically mantpulated to obtain new equations for
computing commands along the profile as a function of the current ANF range
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L3 For example, for a constanl forward deceleration flare along the ANF x axis, the range
along the flare 1s,

o

LAty Aty
K=_% 5 Xd dtdt

H

s 2 .
DSXd Atf +Xsh Atf + xsh

The time 1equired for flare is,
= (Xg ) Xsh)/ Xl:l

Substituting this into the range equation gives the following equation for computing the
range at the start of the flare as a function of the desired profile characteristics

().{g - Xsh)? + Xen (}.(g - Xsh)
X, = 058 250 Te A L%
sf Xd Xd sh

+ Algebraic manipulation of this equation gives the following equatxon for computmg the
forward velocity command during the flare as a function of the current range .

Xsh /Xsh>2 . _20K-Xgn)

Xd \Xd Xd
He-X = =
(Xc - Xgh) 1/%q o
= -Xsh '*'\/ﬁish2 +2Xd (X -Xsh)
S

=\/ Xsh® + 2Xd (X - Xsh)

The equations for the remaining phases of the nomunal profile were derived 1nt a similar
manner -

d. Development of Guidance Laws

Guidance laws were developed using a simple controi law of the following form

Axr = kx (XC-X) + ().(c-).()
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where

X¢ 18 a commanded ANF flight variable
X 1sacurrent ANF flight variable

For the forward ANF velocity law the first term was not necessary since the forward
ANTF range 1s used as the independent variable in generating the total ANF commands along the nominal
profile

Nonunal gains fo1 these guidance laws were selected based on Bell’s experience with
automatic landing systems and the response characteristics of the flight control laws These gains were
updated by stmulator evaluation runs On these runs it was found that the lateral gain required to meet
acceptable conditions for landing at hover resulted in unnecessarily large and rapid roll maneuvers for
correcting lateral errors at longer ranges As a result of this, this gain was made a function of range
All other gains remained constant

Since the commands along the nomunal profile in the ANF longitudinal plane are con-
finuous from the point of acquisition, no imits were required on the forward and vertical velocity
guidance laws since large errors will not develop under normal operating conditions However, in the
lateral ANF plane, the lateral position command is simple projection of the runway centerline and will
not intercept the helicopter when 1t 1s laterally offset at acqusitton  As a result of thus, this command
18 not continuous from acquisition and large errors can result To prevent large errors from resulting mn
an obiting situation, it was necessary to develop limits for imiting the magmitude of the lateral ANF
velocity error that can be commanded by the lateral position error term 1n the lateral guidance law
This was done by limiting the lateral ANF velocity command to a value equivalent to that for a 30°
heading at high speeds

To obtain compatability with the flight control system, transformations were developed
to transform the ANF velocity errors to HVF velocity errors  Although this could always be done sum-

- ply by resolving the ANF velocity errors through the heading angle, 1t was not deemed deswrable to do
this at high speed since 1t would make the commanded forward speed of the hehcopter in the HVF a
function of the heading required to correct for lateral errors and disturbances To prevent this, it was
decided to command the ANF velocity errors directly 1n the HVF coordinate system at high speeds
This causes the actual ANF velocities of the helicopter to be lower than the commanded velocities any

. tume that 1t 1s a heading relative to the runway centerline However, this does not affect the ability of
the helicopter to fly the range and altitude profile for each phase since 1t only increases the flight time
for each phase. An added advantage of this feature 1s that it lowers the forward deceleration rates re-
quired when the helicopter as at a heading relative to the centerline for correcting lateral errors

2 Detatled Description of Guidance
a. Nommnal Profile
When the helicopter 1s first ac-quu'ed, the acquisttion speed and altitude are saved
% = VX ¥ v

Zo= Z
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The mitial acquisiiion and desired profile characteristics are then used to compute the
required range and altitude at the start of each phase n the longitudinal plane of the profile that s
not defined by erther the desired characteristics or the acquisttion conditions The range and altitude
at the start of the flare are computed as

*
r

(Re-Xsh)?  + Xg (Xg-Xsh)
X =~ 058 ~OET AN = L + X
sf Ya %4 sh
Xg tanvg (Xg - Xsh)
Xa

il

Zsf Zh -05

-~

The range at the start of ghde 1s computed as
Xsg = Xsh - (Zo - Zgf) ftan g
The range at the start of the ghde transttion 1s computed as

igz tan Tg
Zt

Xst = ng +

The range at the start of ghide acqusition 15 computed as
nga = ,Xst + A Xga

The range af the start of the level flight deceleration phase is computed as

'Xsd = —035

L |

Xo-Xg* + X5 Xo - Xg
Xd

+ nga

The total forward velocity, altitude, and altrtude rate commands for the appronate flight
* phase 11 the longitudinal plane of the profile are then computed If the helicopter 1s iz the imtal ac-
quisttion phase (1 X 1> Xggd), the commands are,

Xe = Xo
Ze = Zo
Zc = 0

If the helicopter 1s 1 the level flight deceleration phase (Xsga < IX1< Xsd), the total
commands aie computed as
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mands are

computed as*

5:.(; = \/}-{gz + 2.X°d (|X| - nga}
Ze = g

Lo = 0

If the helicopter 15 in the ghde acquisition phase (X, < [X| < nga): the total com-

X, = X,
Ze = Z,
7, = 0

If the helicopter 1s 1n the ghide phase (Xsf<] X! < ng) The total commands are

o

Zo=Zgt(IX]-Xptans,

Zc=-Xg tanﬁg

If the helicopter 1s 1n the glide transifion phase (ng < X < Xst), the total com-

mands are computed as

-

X, = %, i
Zc = Zo ‘
. Xl - X .
Z, = - X sg Xg tan Ty
- Xi- X
st Sg

To be totally correct, the altitude command 1n this phase should be a parabolic fune-

tion of ime  However, since the purpose of this phase, which 1s to proved a smooth transition to the
ghde without discontinuities, can be accomplhished with just a linear altitude rate term, the altitude
command 1s left constant

compuied as

If the helicopter 1s 1n the flare phase Xy < IX| < X,¢), the total commands are

L

Xe = . [ Xsn? +2Xg (IX]-Xsp)

}.('tany (}'( -}‘ih]"
Zgy - 05 B L2 2

- Xg Kg - Xgp)

s 5(g tan7g Xe - Xsh)
Xa (Xg - Xsh)
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If the helicopter 1s 1 the hover phase ( IX < Xgh), the total commands e computes

- X -
X = o[ ——
° (Xsh> Ash

Ze = ZIj

as

ic = 0

If the piot selects the Land Mode and conditions are acceptable for landing, the total
commmands are generated as follows

. X .
Xe = -[—} Xsh
¢ <Xsh> S
. t e -
Ze = Zy dt < Z
c i, A 1
t
Ze = Ze dt + Z
c ffo ¢ h
where ty = tmeat point that land phase 1s started

The total lateral commands m all phases are of course; zero 1n the ANF system
Yo = O
Ye = O
b  Guidance Laws
The forward velocity gindance law is

AX= Xc-xl

where
X! = X0 iy HVF at hugh speed
- X atlow speed
The‘lateral velo mt}; guidance law 1s,
AY =  ky (Yo - Y) + (Yo - YY)
where
_ky = 03 -000002 IX]

01 < ky < 02
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Y' = X sy at high speed

Y at low speed

-

o

To prevent orbiting, the first term 1n the lateral law 15 hmited

-XKlsin digpgy € ky (Yo - Y) < }'{1 8N Ymax

where
-)‘{j = X , fXe > Xsh
o= Xgh : fXe< Xsh
Y max = maxnnum‘desued heading for cor;ect1ng lateral errors prior to lovel

{30° nominally)

Thus lunit Iimats the ANF lateral velocity command due to the first term to that
corresponding to a nominal heading of 30° prior to hover and to a fixed value of about 8 5 ft/sec during
the hover and land phases

The vertical velocity law 1s,
AZ= 02@Zc-2)+ (Ge-2) )

As mentioned previously, these velocity errors are commanded directly in the HVF at

high speed
s¥h = A%
AYR = Ay
Al = Az
'At lc;w speeds, these errors are fransformed into th;a HVF through the heading angle, ¢
axh = '"AX cos¢ + AY s ¢
Ai'}; = ’—A)'{ sin +AY cos ¥

Azl = Az .

The speed used to make this switch 1s total ground speed (VX? + Y? ) unless the
filtered awrspeed 1s less than this, in which case the filtered arspeed 1s used The speed at which the
switch 1s made 1s 35 knots Thus speed was selected since 1t s the same speed at which the flight control
laws in the Automatic Mode can start yawing the helicopter into the wind. 1n ths case, large heading
angles can develop and the ANF velocity errors must be transformed through the heading angles to 1n-
sure that the HVF velocity errors will correspond exactly to the ANF errors relative to the ANF profile
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To prevent discontimuties from occuring i the HVF velocity errors when a switch
oceurs, the differences between the direct and transformed HVF velocity errors at the time of switch
are washed out Thus 1s done by computing these differences at the point of switch and linearly wash-
ing these out to zero over a 10 second period after the switch

3. Guidance Implementation

The gindance equations for Guidance II Mode of the Digital Fhight Control and Landing Sys-

tem have been designed to be implemented i a duect manner on the airboine dagital computer A
general flow diagram of the implementation requned 1s shown in Figure [11-8 A description of the
implementation shown 1n this figure and 1ts operation 15 as follows The requured guidance inputs are
obtained fiom the radar updated strapdown navigational system A logical test on the gmidance mode 1s
then required to deteimine if the helicopter 1s first being acquired  If 1t 1s, the acquisition conditions
are stored and the ranges at the start of each profile phase are computed from these and the desired pro-
file characieristics A test on the helicopter range 1s then required to detetmine the phase that the hel-
copter 1s currently in  If 1t 1s 1n any phase prior to hover, the total commands along the profile are then
generated as a function of current range for the appropriate phase If the helicopter range s less than the
required value at the start of hover, further fests are required to determine if the fhight conditions are

“acceptable for gomng 1nto the land phase, if the helicopter is not already in the land phase The conds-

. tions that must be met for landing are as follows

L JXTE Y < 50f

iz -z < 5ft
VXE o+ Y2 < 4 fifsec
1z ) '€ 2 ftfsec
- I¢§” C é 25_dag
) 1l < - 2degfsec ‘

-

If these conditions are not met, a “Ready to Land” discrete which activates the “Ready to
“Land” hght in the cockpit 1s left off and the total hover commands are computed If the conditions
for landing are satisfied, this discrete 1s turned on to indicate to the pilot that the Land Mode can now
be selected A further test on the Land Mode discrete input 1s then required to determine 1if the pilot
wants to land If the Land Mode 1s not selected, the system continues to use the total hover commands
"If the Land Mode 1s selecled, the system computes the total commands for landing
- If the helicopter s already n the land phase when the range 15 less than the required value
at the start of hover, the system continues to compute the total commands for landing unless the pilot
disengages the Land Mode This prevents flight conditions which are temporanly outside of the
acceptable values during the landing from causing the gystem to “chatter” between the land and hover
commands

in all phases, the guidance laws are then used to generate velocity errors from the total
commands and the current helicopter flight conditions These errors are then converted 1nto velocity
errors in the HVF whach are the required system outputs

Report No 6200-933013 111-48



E10€€6-00T9 ON Modayg

&y-11

Lame s

Obtam
required
mputs from
navigation
system

Compute
ranges at
start of cach
Piofile
Phase

o

Prior to

Hover

Set “Ready
to Land”
Duscrete on

Guidance
Laws

Initial
X>X
sd Acqusition
Command
After Level
hover XSE&{I X QXSd o) Flight
IX15Xgp Deceleration

Commands

X< [X] sxsg N

Ghde

Acqusition
Commands

Glide
X | XX
Sg |X] st o Transition
Commands
< PRIX,
Xsf IX] 58 Glide
Commands
Xsti< IX[ <Xp Flare
Commuands
Leave “Ready
to Land” Hover
Discrete Commands
Off
Land
Command

Figure [11-8  Flow Diagram of Guidance I Laws

Conversion
to HVF
Velocity

Errors

B

huedweon sordsulay jog




Bell Aerospace Company

IV SIMULATION

-
A GENERAL

To evaluate the performance of the Digital Flight Control and Landing System a comprehensive
prloted hybrid simulation was developed The stmnlation contains a model of the CH-46C helicopter,
the digital flight control and guidance laws, error models for the [hight data systems, and a cockpit
simulator To develop this simulation, a data base was first established from data provided by NASA-
ERC and from data obtained and/or developed under this contract A deiailed description of this
data 1s contained i the following section of this report

- Based on this data and the simulation requirements, a hybrid simulation design was developed

and mechanized on hybrid computing equipment early in the study In this design, all of the equations
of motion for the helicopter were mechanized on analog computers since they are fast moving and 1t
appeared that they could not be sumulated in real tune on a digital computer The stability derivatives,
which are slow moving but complicated functions of flight conditions, were mechanized on the digital
computer The digital flight control and guidance laws weile mechamzed on the digital computer since
they were designed for mechanization on an airborne digital computer The flight data systems error
models were also mechanized on the digital computer

- Durmeg the study, an all digital simulation of the helicopter was also developed It was ongmally
ntended that this simulation would only be used to check the hybrid ssmulation and to make some
preliminary non-piloted evaluation studies on the digitized control laws However, in checking the hybrid
stmulation 1t was rapidly found that the reliabihity and repeatability of the digital simulation was so much
better than that for the hybrid version that it became desirable to use the digital version for all evaluation
studies To determuine 1if this could be done i real time, the Bell Aerospace Company Simulation

Analyzer Program was used to determine the largest integration intervals that could be used with

several numerical integration techmques whale maintaining fined bounds on roundoff, truncation, and

propagated errors

From thus 1t was found that the allowable integration mtervals with a second order Adams

mtegration method were large enough to permat the helicopter equations to be digitally solved in real
tune Asa resulf of this, the hybnid mechamzation of the helicopter equations in the hybnd simula-
tion was replaced by an all digital mechanization This form of hybnd simulation was then used for
all final evaluation studies A detailed description of the final mechamzation of this ssmulation is
contamned n Section IV C of this report

B DATA USED IN SIMULATION

4 Bare Helicopter

‘e

a. Equations of Motion
The equations of motions used to represent the bare helicopter were obtained by

modifying a set of linearized 6 DOF body axis equations provided by NASA-ERC A description of
the modified equations 1s contamned n the following paragraphs
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The equations are inearized about nomunals for the vehicle body axis velocites,
angular rates, attitudes, and control deflections at the rotor Of these, the vehicle longitudinal ana
vertieal body axis velocities (U and W), pitch attitude (§) and control deflections at the rotor (Ser,
8cps 8qps and 8.) vary over large ranges where their effects are nonlinear Since these nonlinearittes
would result 1 sizeable errors if the peiturbations in these variables became excessively large, the
nominals for these varables must be updated with changing fhight conditions to prevent this To allow
for this, these nominals a1e made variables 1n the equations of motion All other nonunals are constants

Winds aie included in the equations of motion They are mtroduced 1n the ANF
coordinate system and tiansformed to body axis winds through the Euler angles The body axis winds
are then added to the peirturbational body axis velocities to obtain perturbational hody axts airspeeds
These perturbational arspeeds are used to compute all aecrodyanmic and rotor forces and moments

Provisions are included for handling large Euler attitude angles 1n the following trans-
formations (1) gravity to components along body axis, (2) body angular rates to Euler attitude rates,
(3) body axis velocities to ANF velocities, and (4) ANF winds to body axis winds Thus 1s necessary
since the pitch trim attitude has a large range and since large roll and vaw attitudes are required for
correcting typical lateral errors .
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In the equations of motion, the following assumptions are made"

(1) All second order terms are zero except where large angles are mmvolved. *

(2) V0'=0 © AV =V R =0 ° &R=R
P0=0 ‘. AP=P ¢:0=0 oAy =y
Qozo ﬂQ:Q ¢0=0‘ A¢=¢i

With these assumptions, the body axis equations are,

AU=-WOQ—g(s1n § - sin 00)+XA/m
V=W?P-U R+gsm ¢ cos ¢ +YA/m

AW=UOQ+g{cos¢cos ¢ - cos 60)+ZA/m

P=(dy, R+ ALA)/IXX

Q= AMA/IYY

.
.

R = (-Igy P+ ANA)/IZZ

The aerodynamic and rotor forces and moments are,

A, =X _ AU, +X__ AW, +X Q+X8 Aaer+X A§

A T%y VA TRy VA TR 5. “fer
MY, =¥y V, +YPP+YRR+Yaa Asar+Ysr A%
AZ = A
Aly =2y AU, T2y WA+ZQQ+Zse ”efzsc asd .
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AL, =L_V +LPP+LRR+L83 Aﬁal'i'LS Ag

A vV A

AM, =M-_ AU, + M, AW, +M Q@+ M

A U A W A Q

=NV + +N_ R+ + I
AN N, ¥ NPP 1\R N‘Sa Aﬁar WS Ag

A vV A

where,

AVA =V - VW

AWA'= AW—WW

The Euler angle rates equations are,

¥ =cosB (Rcos ¢ +Q sin ¢ )
LA =Qcos ¢ -Rsm¢;

$=P+ ¢ smé

r‘r
T

A +M AS

er cr
§ c

rr

These Euler angles are used 1n two transformations The ANF axis winds to body axis

winds transformation 1s,

The body axis velociiies to ANT velocities transformation is,

e

1X | jcvce Cy56S¢ ~S¢Ce

Y {=1svce SYS6Sé +C¥Co

2 -88 Cosd

bw  ad

Report No 6200-933013
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Bell Aerospace Company

In the above equations, the perturbations for those flight variables whose nominals
change with flight conditions are defined as follows

U = [AUdt+U;

w o= g AW dt+ W

6 = [ Abdi+o;
. AU = U-U,

AW = W-W,

AG = B-8,

The control perturbations are defined as,

Abgr = bg = Berg
_A bor = ber= Ocro
Aby =850~ 8yp0
Aby = 8- 8y

The nominal values for the vehicle pitch attitude and the control trim positions are
determmed as functions of the flight conditions from the tables of stability derivatives and nominals.

The nomzinal values for the vehicle longitudinal and vertical body axis velocities are
then defined as, - - -
U, = VH/A cos 8, - fleq sin 6

o

Wo = Viyasmbg+ l‘leql cos 8

%

o)

b Stability Derivatives
. The lineartzed stability derivatives for the CH-46C helicopter were partly provided by
NASA-ERC and partly obtained from Boeimng Vertot under this contract These are presented in Tables
IV-1 through IV-14 The flight condifions for and the source of the data in each table are as follows
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£I0££6-0079 ON Moday

oAl

VELOCITY

XU/n
KH/N
XQ/H
XDE/M
XDC/sn
ZUsM
IW/M
IQ/M
IDE/HN
ZoC /M
MUZTYY
MR/ IYY
MQ7IYY
MDE/ LYY
MDC/IYY
THETA 0
DELTAE ©
DELTAC ©
YV /M
JYP/M
YR/M
YDA/M
YOR/H
LY/ IXX
LP/IXX
LR/ LXX
LDAZTXX
LOR/IXX
NYsIZZ
NP/IZZ
NRAIZZ
NDA/ZIZZ
NDR/1ZZ
DELTAA O
DELTAR O

0

"'0.025[}0
Da05449
0.60185
D.1T696
120482
0.06009

-0.36933

-D.T1511

—0.00407

-T+43006
D. 00656

—0. 00285

~0eTILTI
De35447

~0.04765
9.,30627
Ds66523
5.01959
~0.02664

—~0eT6514

—0.12517
099794
D. 14652

—0.00778 -

=0. 50730
~0.02297
0.46536
-D.12638
0400012
-0.01831
—D.05847
0.03001
0. 17534
0.12583
-Da 17764

20

-0.00181
0.06B18
G T4915
0« 13988
Qe 574067

~0. 12594

~0448399

~1s16872
0.21183
~7423138
0.00645
GaQ0878

—-0.96002
0.35364

~0. 04252
8. 19634

=0.06503
447346

~0. 05408

-0.955618

-0+ 18179
0. 92700
Qs 13634

-0s0%305

~0e57483

—0.04571
0.46558

-0.12036
0o OUO3T

=0.02076

-0, 05450
0.02923
0.17578
0.08462

=0s04701

WEIGHT

Cale

’

TABLE IV-1 DATA BASE

POSITION

RATE OF LCESCENT

ALTITUDE
*¥Extrapolated Data
40 60
—0.02155 ~0.03604
0.08255 0.0B8944
0.87508 0. 84957
0.12312 014237
0.B8T7T948 0.80253
-0.08296 -0.021%2
-0.6353¢ -0.B80152
~1laTTB&4 -1aB1l4CC
0.51943 D.5682¢C
~T7.65410 ~Be52446¢
—0.00587 —0.0067C
0.01620 001363
—~1le31158 —Le45956
Co401l44 0.45022
004556 0.06776
6462235 he 75227
—0.23516 Ds2888B¢E
3.73135 3.51111
-0, 07286 —0.11823
—-1.15981 ~1.24824
-0,20082 ~0.,12813
0.97673 026426
0s11652 010583
—-0,01338 *~0s01720
—06s 64045 —~0.65271
—0.05943 ~0.0227C
0,45954 0.45575
-0.13422 —0e13544
~3.00123 —0.00290
-0,02598 -} 03947
—0.04597 —0.05020C
D C2764 0.02663
0.,17261 ~ 0.17032
0.091%1 0.1346¢
~-0,08508 -0.337G%

13400 LB,
NORMAL
0 FPM
0 FTa
80 g0x

c—0aD4642 -0, 04622
0.08548 0.11451
0. 73079 1, 53696
04 16406 0. 06944
068335 1.02239
0.01356 Ca04049
~0,92055 -0.51867
—1«B81%86 ~2,19788
0.52527 0.50918
—-9.49005 ~9.,37251
-0« 00582 -0.00261
DaQL154 0.,01151
-1e52219 —1s 60359
040135 0.49124
0.06725 0.05112
2032294 4, 45882
O« 77817 —0.41839
3.084617 1.82271
-0s15121 -0.15528
—1+23341 -1. 15874
-0.05819 0.1C316
0,96955 0e94614
Ca05849 G, 10887
~0+02442 —-0.02059%
~0a. 62549 -0,59158
0.01172 0.06T46
0.45805 0.,44%38
—0e13910 -0,13077
000415 ~0,00553
~0.05344 -0,05699
—~0.05438 -0.04087
0.02633 0,G2630
0.17141 0.16698
0.17931 0.20322
~0.61293 —0a 46945

1

¥

100

—0.05579
Qs103423
1. 24372

~3.05165
0.68200
0.056077

-1.00063

~2422039
0e46341

=100 26600

—-0.00185
0.00956

~1.62003
0.31572
0.04T707
143287

~a0611°
4o 6TTTT

—~0s 18040

~1.02295
0. 1338C
0.97123
Q.11641

~3s03188
~0e522413
0.08531
0.1582C
~0.1325¢

—=0,00536

—0,06864

-0.05078
0.02696
0.17146
0.29754

-0.75397

120

=0 05456
0.08523
0. 77601

-0.03776
Ca 72040
0. 06545

~1.04552

=24 25955
G.41480

~11.08740
=-0.C0120
0eQ0T74

—1+59067
053335
0+03948

—2s 26671
0s L6392
604983

—0.19766

~0,76619
Cal2514
lo 01613
0.13883

—0s04724

~{}a 41134
0011659
0.4735%4

=G. 13248

=0.00377

~0.07787

~0. 06642
0.02857
0.,17933
C. 44154

—1.G4713

4

140

-0.07206
0,056€5
Co25183

—0.,C1954
0648341
0.C4980

~1.10815

“~2:4T793%
Ge356743

-11.71110

-3.,00089
0. COEDY
~1.51570Q
0.54565
0.03505
~6,63310
0034298
8.,02025
~0s23442
~0,29372
0.22125
1. 10225
0.15262
—0. 05080
~0. 23476
0419955
0.50528
=0014433
=0 00060
~0.074TL
~04 12617
0,€C2970
0619536
049785
“lel%123

¥
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£10£E6-00Z9 ON Hoday

LAf

VELOCITY

XU/K
XH/H
xQ/¥
XDE/M
XDC/M
UM
IH/M
ZQ/n
I0E/M
IDCsH
MUZIYY
MU/ IYY
HQsIYY
MDE/IYY
MDE/IYY
THETA ©
DELTAE ©
DELTAC Q
YV/IN
YP/M
YR/K
YDA/M
YOR/M
LV/1XK
Lesixx
LR/IXX
LOASIXX
LDOR/T XX
Nv/IiZZ
NP/I2Z
NR/IZZ
NDA/STZZ
NDR/IZZ
DELTAA O
DELTAR O

*

i
i

o

0.01143
0.04368
1.02536
0.16625
1.13928
=0.13435
—0.28748
—0.79039
0.00615
—T.452%7
0.01308
0.00368
—0.58241
034363
—-0.05591
8.58810
0.03060
3,89872
~0.08635
~1410440
~0:18435
0.98054
0+14250
—-0.00996
~0.630306
=0.05234
Q459013
—=0a12454
0.00122
=-0.02085
—0.04986
0.02925
0.17285
0.09255
—0.0791%

20

0.02237
0.05111
0.93902
0012347
0.94352
-0e2364C
~0.26321
030060
019996
~T«38250
0.01863
0.03420
-0.,8k810
0. 30612
~0e16472
3.138B67
~1.69234
3.25C38
~0.04068
-1.30270
~0.,10798
Ce9T047
0.11217
=0.00799
—0.7165%
~0.,02797
0s 45705
-0.13516
-0.00016
-3.01101
~0.,02575
0.02744
0.1T7149
0. 044%445
0.32928

HWEIGHT

CaGe

TABLE IV-2 DATA BASE

POSITIGN

RATE OF DESCENT

ALTITUCE

*Extrapolated Data

40

-0.01281
0.10637
1.55534
0.08223
C.82126

~0.12619

—CG.82254

~2.45731
0.94841

~6.35173

=0+ 00906
0.00228

~1.48310
G. 43861
0. 15368
6.99471

—0.56816
125071

~Da11126

=1.7854¢0

—0.30137
0.92561
C. 09751

~0.00448

~Ge 86876

-0.10977
Ce441T0

-0.13185

~0.002306

~Qe02424

-0.03287
0. 025840
016373
0.0140C4
G.06118

&0

-0.03178
0.1091%
145965
012593
0.88028

-0.02151

~0490575

—2.40556
0.77315

~84009C4

~0+006%6
0400465

—1.56552
0a4TL6E
Oall&20
5434340
011550
090347

~0.1517C

-108623C

0422815
0.59687
0.07301

-0.00371

~0.87455

~0.07677
043230
~0.13554

—0.00456

~0.0400C1

~0.03310
0.02385
0.159C6
0.05177
-0.19656

13400 1.B.
NORMAL
1500 FPM
T 0 FTa
8C BO®

-0.04306 =0+ 04600
0010653 0.12600
137043 2412500
0s14599 ~0.09250
Q.82702 L. 16550
0.01777 Ge C3650
-0.98052 ~0. 63400
~2.42975 —3.25950
0.71536 0.79550
~3.05358 ~8.78200
-0.00635 =0, 00150
0.00683 3.CC6&00
—1.62304 -1.75200
0.50338 052550
0. 10884 Col1650
3,21352 5.11780
Qe 605565 ~0e 76200
1. 15881 1. 24850
-0.18262 ~0.18950
~ls 73270 ~1e 64750
~0s19244 0.19300
0aBT675 Q. 85300
0.070C8 0.07400
-0.00284 0. CC450
-0.75734 -0, 78450
-0u05638 0.06650
042630 041650
~0.13256 -0.12700
-0.00706 =0.00700
-0.05921 ~-0.04500
—-0.03704 0.C2200
0.02313 0.£2100
0. 15540 0. 15050
0.095882 0. 10550
-0.43185 ~C. 10900

100%

~0. 05400
0211500
1.8970C

-0, 07000
L+ 08800
0.06100

=0.97200

~2.67400
0.5850¢
=10+ 14700
~0.00200
0.010090
~1472500
0.5380C
¢. 07500
2035420

—0.28500
1.94800

~0.21700

~1.5160C
0e14800
0.84800
0.C7300

-0.00200

~0,70200
0-Q6500
0.41700

—0.,12400

~-0.00900

-0.06800

-0.004C0
0. G220C
015000
Ce 18300

~0e49200

120%

-0.06100
Q0. 10900
1. 60800

~0.06100
0.9180Q
0.CT000

-1.07500

~2.50400
0.50300

—1l.11500

-G 00300
0.C03qQ0Q

=1.71600
0.55700
0.C5600

~1. 06300

—0. 05000
2.18800

~Q. 23900

~1. 30400

-0, 00900
0w 85900
0.09100

~0.C1600

~0.58400
0.03100
0.42G00
=0.,12000
=-0.01C00
~0.09400
~0:.05200
0.02300
G 15200
0.26060
~0e 54300

140%

~0as 07300
C.GB8100
C.78100

—0« 04200
Q. 62900
G+ 06500

—1.12100

—20446C0
0442000

=11.87700

—C.GOL00
3.020804

~1s63000
0.56800
0.C4600

-5, 78600
011600
5.42200

~Qe 22909

. —1.23200

0.38300
0.98700
0. £9700
—C.C5800
~G.54600
Q24500
0.466C0
~0. 14300
=0.C0700
-0.20600
—Go 11000
C.C2600
Qs 17400
C.£3400
=1.61300

3
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£10€€60079 ON Moday

$=Al

VELOCITY

KUFM
KH/M

XQ/M
KOE/H
XDC/¥
UM ,
Zu/M

2Q/H
IDE/M -
DC/M
HUZIYY
NWZIYY -
HGsIvY
MDE/EIYY
MDC/IYY
THETA ©
DELTAE 0
DELTAC 0
Yy/M

YP/H

YR/H
ypa/H -
YDR/M
LY/IXX
LPZIXX
LR/IXX
LDASIXX -
LORZIXX
Nv/I1ZZ
MP/IIZ
NRZIZZ
NOAZTZZ
NDR/1ZZ
BELTAA ©
DELTAR ©

. 0

~0.0200C
0.C4300
0.85400
0.17400
1 121400
0.0430C
~0.29000
~0.48300
-0, 00800
—~7.532000
0.01000
—0.00200
—-0. 60600
0. 34800
=0.04800
9.27300
06 £9500
423160C
0.13200
~0499900
. =0 14500
0.99400C
0414900
~0.00900
~0.58B80GC
'0-04000
0.46300
~0a 12400
0.0
~0s0230¢
=-0. 04800
. 03000
0.17400
0410200
—0.16000

20

0 01200
0.05700
0. 54300
0.127C0
0. 54500
~0,1970C
~0,35400
~0. 42300
0,2260¢C
~T.19800
0.01300
0.02400
-0. 89000
032700
~C. 09800
8,110C0
-0,98600
3.52300
—-0.04700
-1a 22400
=0.10100
0.55800
0. 12000
—0.01000
~0,68100
~0.02300
0.44200
~0,13300
0.0
—-0.01500
=0.03000
0.03000
0. 17200
C. 03000
0.16800

TABLE IV-3 DATA BASE

WEIGHT 13400 LB
CalGe POSITION ! NORMAL
‘  RATE OF CESCENY 1000 FPM
ALTITUDE 0 FT.
40 , 69 80 80

—0s01200 —=0.03300 ~0.304300 -0+ 04650
0.09400 0.099C0 0.0%000 0.12150
1.37200 l.320CC 1. 16500 1.8%700
0. 08200 0.12600 Do L5500 ~0,08%00
0.79500 0.82100 0,78000 1212650
=0a16200 =0.0360C0 0.00600 0.C2650
~0.72300 -0.,848CC ~0. 89800 -0+ 31450
=3.39800 —=2.7310C ~2.108200 ~2. 77750
1.02000 0.83300 0. 63100 C.6B750
. —6426000 -T.888CC =9.28€00 ~9. 5100
—-0.01200 ~0.00800 -0.C0700 -0, 00250
0.01100 0.01000 0.01300 0.C0900
=-1.51800 =1.58100 ~1,58600 -1.69100
0. 44400 0.47600 0045400 0.51300
0.15300 0.12600 0.09100 0. C9100
6.83400 5.108G0 2.88700 4e 52440
-0.8810C -0, 0270C 0.52100 ~Ca61750
228800 1.87500 2008700 210500
-0.,08800 -0.13000 ~0,16500 ~0.1T750
-1.51400 ~1462B00 ~1.5860C ~1.4T7050
«0.,27100 ~0.222C0 ~0.15100 Gs CLGOQ
0.94200 0.92000 0.90600 0. 88300
0« 1010C 0.08200 O« 07800 059500
~(.005600C -0.0050Q =-0.00700 =0. 00100
=0.77000Q —0.7930C —0,75100 ~0. 71430
-0 09500 ~0.07200 ~0. 03700 ¢.00500
Co24800 0.441CC 0. 43600 Ge%2800
—C.13400 -0.13600 -0.13500 =0a12450
-0.003060 -0.00500 ~0+00700 -0. 00700
~0.02400 =-0.037CC ~0.05500 ~«GaC5000
~0,03600 ~0,03700 —0.04100 -0.00850
Ce02600 0.02400 0.02400 0.02350
0. 16700 0. 16300 0.16100 C. L5550
0.03500C 0. 07500 Qe 12500 G.11100
0.19700 -0.17700 —0e476C0 ~0022G50

100

~0, 05500
0.11200
165700

~0.06700
1,01600
0.0610C

—0.98400

-2+ 48400
0.54700

~10, 19600
~0.,00200
0. 01000

~1. 68600
0453100
0.06600
2.03860

“0019400
Z2e 3640C

-0.20400

—1.35200
0.04100
“0. 88900
0.09600

~0.01100

~Qa 564100
0-03500
043000

~0.12500

—0.00860

—0.06900

~0.02800
0.02400
0. 15700
0.20500

=-0s5840C

120

~0.06200
0, 10200
1.32200
~0.05200
C. 83600
0,C6800
~1.,07300
~24 44600
0.456800
~11,08800
~0a00200
0.00%900
~-1e 6TLIO0
Co 54900
0.05100
=1+5200
0. 00500
% 1T000
~0.22200
~1le15700
0. 64000
Q. 91500
0.10200
~C. 02900
~0.53600
0.06000
Qe 43900
~0.12700
-0.,00800
~0+08900
~0.06300
002500
0e 16200
0.33500
~1a 01200

140

-0.CT200
0. 07400
Co 66700

~0.C3200
0.57200
0.C6100

—14 10400

~2.39500
0439600

~11.84300

-0.CCL00
€. 00800

~1a 60200
Ce56000
0.64400

=6¢ 11700
0419800
6029400

=0,22700

—-0.62900
Q0.23400
1.02000
0.12100

—0.C5600

=0.40000
Ce17700
047600

~0. 14000

=0, 0500

-0~10100

-0.10000
0, £2800
0. 18000

» 28400

~ 143800

S9R20sS048%T 18F
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£10££6-0079 ON Moday

6Al

VELOCITY

XU/M
AWM
XQ/HM
XDE/HK
XDC/M
ZU/H
iN/H
LQ/N
IDE/H
Z0C/M
MUSLYY
MHLIYY
MQIIYY
MDE/ LYY
MOC/LIYY
THETA O
DELTAE O
DELTAC ©
YV/M
YP/M
YR/H
YDA/M
YDR/M
LY/IXX
LPFIXX
LR/AIXX
LOAZIXX
LDR/IXX
NV/IZZ
NP/IZZ
NR/IZZ
NDA/IZZ
NDR/IZZ
DELTAA O
DELTAR O

¢

~0,02200
0.04800
0. 73400
0.1760C
1.20300
0,05000
=0.32700
-0.60100
~0.01200
~T+45300
0.00800
-0.00300
=0.67000
G.35000
-0. 04700
933500
0.73000
4463300
0a 18900
-0,51200
=-0.11700
0+99400
0.1550GC
~0. 00800
=04 5580C
-0.0250¢0
046300
~0.12100
0.0
~0.02500
-0.05200
0.0300C
0.17500
0.12000
-0.18800

3

. 20

, 0+ 00400
0.06200
0.8790C
G« 13300
0.96900
=0. 16200
-0.43200
~0.93000
0.22200
~7+153C0
0.,C0900
0.01500
~0.92600
0.324200
-0.06200
8, 18800
~0.41900
3.96000
~0.04900
—1.08100
-0.056130
0.98600
0.13200
-0.01100
-0,61900
~0.00300
0446200
~0,13100
0.0
~0.02100
~0.03300
0.02900
0. 17400
0.056500
0.04000

WEIGHT

TABLE V-4 DATA BASE

CeGe POSITION

RATE OF CESCENT

ALTITURE
*Extrapolated Data
40 &0

~0401700 ~0.034C0
0.,08200 0.0890¢C
1.070C0 1.067C0
D.11700 0.1390C0C
0.856600 0.8280C
~0+11900 -0.03500
-0.60800 -0.782CC
-1.87300 ~2.030CC
0.,560%00 0.63900
-T-35900 ~B.366CC
-0.00800 =-0.00800
0.,£2000 0.CLl500
=1434400 —1.5000CC
0. 40600 (45700
Q0+ 06400 0.0850C
4.T1900 4493400
—0057600 0« 10800
3.02200 2. 70000
-0.082C0 —0.1200C
~1+33300 ~1.440CC
—-0,22300 ~0s180C0
0.95400 Qe24200
0. 10400 0.,090060
~0a01000 =-0,01000
-{. 70300 ~0aT2400
-C,C7000 -0.05000
C.45400 0.448C0
~De13600 -0.13800
-0500200 "0.00400
-0« 02500 -0.03800
«~Ce 04200 —-0.042600
0.02700 ' QeC260CC
0.17000 0. 16700
0.05600 0.C91CO
0.0060C —-0.25400

13400 LB.
NORMAL
50C FPM
0 FTa
80 a0%

-0.04500 —-0.04700
0.08700 011700
0694400 1s 66900
0.16100 -0.CBS50
0,73100 1.C8750
0. 00500 0.03650
=0.90%00. -0.89500
~1.%3300 -2+ 29550
0.57400 0e57950
—~93.40C00 ~3. 32000
-0, 00600 -0.00350
0.01200 0.01200
-1.55500 ~1.630060
0.48700 050050
0.07500 0.06550
260200 4073100
Q468500 ~0.47300
2.96500 2.66150
-0.15700 ~0+ 16550
=1.4CT00Q —=1.29350
~0.10500 ~0.18100
Co 53500 0.51300
0.08400 0. 11600
-0.01500 ~0. 00650
—01 68700 "'0. &4450
=0.01400 -3.05650
0.,44600 0.,43650
—=00 13800 -0.12200
-0.00500 ~. 00700
~0.05400 -0.05500
—0: 045600 ~0+ 03500
0.02500C 0. 2600
016600 0. 16050
0.12100 0s 11650
-0.5376G0 -0.32200

100

—0.0560¢C
0.10900
1.41700

=0.06400
0.94400
0.06100

-0.9960C

~2+29400
G.50900

~10.24500

-=0.00200
001000

—1.64700
0.5240C
0.05700
1.7230¢C

—0.10300
3.78000

~0.19100

-1.18800

—0.0660C
0«33000
0.1130C

~0.0200C

~0s.5800C
0.0040C
0u4430C

-0.12600

=0.00700

-0, 07000

=0 05200
0,0260C
0a 1640C
0,2270C

~0.6760C

120

~0, 06300
0. 09500
1,03600

-0.04300
Ga 75400
Ca 6600

-1.07100

—-2038800
0o 43300

~11. 06100

-0.00100
0. 00900

—~L.62600
0454100
0. 04600

—1.56100
0. 06000
5, 15200

-0, 20500

=-1.01000
¢. CB300
0.9T100
04113060

—0.04200

=0.48800
0.08900
G. 45800

-0.13400

~0eG0600

~0. 08400

—0.07400
0.02700
0.17200
Cs %1800

=-1.08100

140

—C.07100
0.C6700Q
0.553C0

~G. 02200
051500
C.C5700

=1.C8706Q

=2,34400
0.37200
-=11.80¢900

-0,00100
0. 007060

-1. 57400
Ca35200
0., C4200

~6,44800
0. 28000
T+ 16600

=0.22%00

~00 42600
0. 08500
1.C5300
0. 14500

—0.05400

=0.25400
C. 10900
0.48600

~0. 13700

—C»00300

=C. 09600

~C. 09000
C.C3000
0.18600
0053400

-1.26300

fuedwes asedsodsy 182G




£10££6-00T9 ON Woday

01-Al

VELOCITY

Xu/M
Xu/M
XQr/¥
XDE/H
XDC/H
ZU/K
IW/IM ’
IQ/M
IDE/M
IOC/H
MU7ZIYY
MH/7IYY
MQ/IYY
MOE/IYY
MDCrsiIYY
THETA Q
DELTAE ©
DELTAC ¢
YV/H
YP/H
YR/H
YOA/M
YDR/P
LV/IXR
LP/IXX
LR/LIXX
LDAZEXX
LDR/AIXX
Nv/12Z
NP/IZZ
NRSAIZZ
NDAZIZZ
NDR/IZZ
DELTAA O
DELTAR O

¢

~0+02800
0. 06200
7 0e46600
0.18000
1.20800
D« G6800
—0«41500
-0 T4200
0.0
=T+ 44800
0.00500Q
-0.00200
~0.79500
0.3600C
~0.04800
9.3430C
D«66600
547900
-0.30700
—0. 569300
0.030040
1.01200
0.15700
~0=0060C
~0.48000
0.04600
0.47000
~0.E2500
0.0
~0.0240C
—-0. 04900
0.03000
0.17800
0.14000
—0.20600

20

=0.0038C0
0.07300
0.5930¢C
0.14700
0.99200
-0. 53000
—1s23600
0.20000
000400
0, 007C0
-0.98900
0. 36400
—0,03400
8,193Q0
0.15400
5.03100
-0.06100
~0. 81200
-0.13500
1.00700
0.13800
-0,C150¢C
-0.52300
-0.,02200
Ca47000Q
=-0.1310C
0.0
~0.02100
-0, 05300
0.C2900
0.17800
0.104C0
—-0.11200

‘ TABLEIV-5 DATA BASE

WEIGHT » 13400 LB.
CeGe POSITION NORMAL
RATE OF CESCEANT =500 FPM
, ALTITUDE \ Q FTe
.40 ' &0 80O ' oBOx
-0,02700 ~0,03900 . =0,04900 -0, 05050
0.08000 0.08400 0. 07800 0. 10450
0.66900 T 0.65200 0.48800 1.2%750
0.12900 0.14800 0. 16900 -0 06500
0.89700 0.79300 0. 65400 0. 99500
—0.05700 —0.007CC 002100 0. C5000
~0e 67400 ~0.80500C -0.91100 —0. 89800
~1.51200C ~1.64200 ~1.62200 -2.13200
0.45300 0.5046C 0. 48200 0. 47150
~7.86500C -8,74100C -9, 63200 ~9.51050
~0e 00400 -0+ 0060C -0, 00500 -0.,C0150
0.01200 0.01100 0.01000 0.00900
~1.27900 -1.42700 ~1. 48700 ~1.56150
0. 39900 Oe44500 0. 47600 0,48400
0.03400 0.056CC 0.05900 0.03950
6454000 | 4,53500 2.02700 4,14%00
Ce 04560 Ge42200 . 0483500 —0. 24100
ha 46200 %4+34300 4,71700 4474650
-0.08500 ~0e1160¢ ~04 14800 ~0.14550
-(.98B00 ~1,065C0 =1, 64200 -0.97500
~0.16400 -0.1120C 0.11100 , =~0.12700
0.29700 0.591C0 €. 95900 0. 58550
0.12700 0.116CC Oe 10D000 0.13700
—0.C1600 -D.D210C ~0.03000  -0.03050
-Ca58000 ~(+5930C ~0a 56400 -0.52800
~0.03400C -0.0100C D» 09100 -0.01750
0.46T00 0.456500 046900 0.46350
~0a 13400 ~0.13760 —04 14400 -0.12850
0.0 -0.00100 ~0.00200 ~0.00300
-CsC2500 ~0.03500 —0.04700 -0. 05500
~0,05600 -0.05700 * -0.65100 -0 06550
0.02800 0.02800 0.027060 0.02950
0. 17600 0417500 0.17700 0.17450
0.10800 0.1460C 0. 21000 0.25750
—Qal4200 ~04351C0 ~D4 64500 ~0.52600

100

—0a05900
0.09400
098400

=00 04700
0.85100
006400

—-0.98100

— 2414800
0.43700

—10,33400
~0,C0100Q
0.€0800

-1.58000
0.50%90C
0.033500
1.09500
0, 04100
545900C

~04 17206

~0.83300
¢. 03000
1.01400
0213600

-0.03800

—-0.46100G
0, 0650C
0.47300

~0, 13300

~0-00300

“0006300

—0,07500
0.0290C
0417900
023000

—D.7710C

120

=00 06600
0. CT900
G.5210C

~-0403200
G 694C0
Co 06400

~1. 04100

~2420000
0433000
—=11,02000
=0.00100
0,00700
~L1a 55700
G.52800
G.03500
= 250500
Ca 21200
£.90300
-0, 20200
-0, 57200
012100
1.05500
0. 15000
~0a G4 400
-0, 35600
0.12900
C«48800
~0e 13500
=0, 00200
—-0.06700
~0, 10000
0.02900
0. 18600
Co41100
—0.967T00

140

'—0sCT400
0.05200
~Ca 11700
-0, 00700
Qea6TCO
C. 04700
~1.11000
—2«35500
0.33400
=11, 63600
0.0
Ca 00600
—1+49300
0+53900
0.03500
-6« 64400
Cs37:00
8. 79600
-0. 23700
-1 03400
0022700
1. 15400
Ce 16300
—0.C0500
-0.15200
Ca 21000
Ca52500
~015000
-0.00100
-C.06800
~0413300
0. 63000
0. 20400
C+a7900
— 105800

fueduwion soedsodewy [8E




CT0EEE- M TN Y

11-Al

VELOCITY

KU/n
AWK
XQ/HM !
XDE/M
XDC/K
UM
ZH/IM
Za/H
IDEsH
IDC/M
MUZIYY
MR/IYY
MQALYY
MDE/IYY
NDC7IYY
THETA @
DELTAE ©
DELTAC O
YV/M
YP/H
YR/M
YDA/M
YOR/M
LY/1RX
LP/IXX
LR/ZIXX
LOAZTKX
LDR/IXX
NV/IZIZ
NP/LZZ
NR/IZZ
NODAFIZZ
NOR/ZIZZ
DELTAA ©
DELTAR Q@

0

~0.02649
0.07505
0.15633
0.17842
1.16992
0.04316
-D,52217
‘=1.07268
0.05444
—T.58650
0.00251
-0.93433
0.37472
-0.0457C
9.09615
0.56611
6.51301
”004024q
-0.04204
1.C3950
0.14982
-0.02127
—D.37496
0.02907
0.48113
—-(.13312
0.00108
-0.02133
~0,07653
0.,03076
0.18338
0.16567
-0.23381

20

~0.01935
0.08122
0. 20875
0.16228
1. 04008
~0402959
—-0.60121
-1.20010
0.16010
~T.64Ca1
0.00163
0.00327
~1.02020
037930
~0,03118
Be24561
Qe 45249
630131
~-0.08482
—-0.48157
0.04052
1.04228
0414802
~0s 01846
—~0.40345%
0.06798
0+48228
~0.13406
0.00098
~0.02122
—0.06348
0.03053
Q. 18355
0«15081
~0.21772

WEIGHT

TABLE 1V-6. DATA BASE |

CsGe POSITION

FLIE TF DTILENT

ALTITUDE

*Extrapolated Data
40 &0
~Ce. L3260 ~0.044%1
0.08209 D.Q0T521
0.26690 017058
Qe l4484 0.16227%
0.90570 0.78861
~0a 00971 0.C0T37
~0.7292% -0.85332
“1025010 “1.38662
0.36218 Ce%12%&
—-8.24770 ~8+95410
J.00321) ~0.00458
0.00726 + 0.C0765
—1.24040 ~1+37428
C.40095 | Ca43815
001909 ° 0.03637
6+51804 4.3468BC
0.3B8166 J.63183
5494168 5094845
~0.10455 ~}s 12256
~0.63817 —0.681432
-0.C692) + ~0.04084
1.04066 -« 1.04266
0.12894 0.11875
-0.01978 —0:022%4
~0.45470 -0.461318
0.02113 0,03740
Ja48271 0s48417
-0.14131 -0.14556
0.00044 0.00052
-0.02418 —0. 02754
~-0.07218 ~0s07450
0.02924 ° 0.02856
Cs 18366 0. 18425
0.14181 0415535
—0.28008 ~0.4258%

+

13400 LB
NORPMAL

~1900 Fre
0

FT.

80 gO*
~-0,0527T ° ~C.05907
006568 0.06448
04GSTLT 0.81857
0. 18105 —~0.05612
062563 .« 0495222
0.02520 0.06503
-0.54171, —0.85666
~1s4T426 ~2.00024
0e414T2 0.39614
-9.70900 -9, 78649
—0.0046T 0.00073
0.00730 0.C0397
—1.42430 ~1e47731
0.46558 0a46932
0.04212 0.01626
1. 74707 3.44935
L.02115 0.11378
6.38B86 6055408
—0a 14642 | -0.12594
~0.63180 - =0.60751
0.01514 -0.58732
1.06287 1.07623
0.12938 0419326
-0.02866 ~0,05032
-0,42905 ~De40C83
0.07088 ~0.18742
0045124 Do 49174
~0e 14455 -0.123%6
0.00041 0.00206
-0.03693 * =0.05102
-C.CB262 -0.11476
0.02518 0.03589
0. 18730 0018954
042G065 036607
—0.£1865 -0.63910

100%

—0.06542
0.07514
Ga 46456

-0.C3770
0. 78900
0.07046

~0e341T4

=2400322
0.38418
—10.4700C
0.000T70
0.00488

_1049994
Ce 49556
0.02286
Q41726
Cu24538
Teftlah6

~0.16420

~0a45310C

=0 17760
1.09354
0.17518

~0aQ5024

—~0.33814
0.C0438
0.5026C

-0.13388
0.00172

-0a05172

~0. 12344
0.03308
0e 19208
039492

-0.80506

120%

-0.00888

0.06654
0.Cl098
=0.02048
0.64120
0.06108
=1.03196
~2. 08090
0.34040
=11.C9520
-0. 00060
0.00552
~1e489056
C.51730
0.02604
-2.98158
O, 30816
8,060%534
—0.21068
018362
0.11272
1.13274
0017234
-0.03752
—-0.24532
Q. 15382
0.51692
~0.14004
0.00154
~0.04506
-0.16716
0.02986
0.19934

0.324992"

—-C. 80674

' 140%

—-C. L7788
Ce4268
_0085466
G.01808
0243416
QeGAl40
~1s 11968
* =2.10630
Oe26714
=-11,48580
0, L0178
0.C0418
=1s44760
0.52570
0.0G3490
~6.66580
Qe 42704
10434750
~0.24216
0e4B8544
0. 23850
1.25750
018376
C.CBS6C
C.01352
0.23090
0a 56444
—0.16134
~0.00180
=-0.05458
—~0.14666
Ca 03060
0.22128
Ca%4130
~1.01154

fivedwon soedsoaay 18




£10£€6-0029 ON Modoy

TiAl

VELOCITY

XU/sH
XH/M
XQ/HM
XDE/H

XDC /N
ZU/H
ZW/ M
oM
IDE /M
ZDC/M
MUZIYY
MM LIYY
HQ/LYY
MDE/IYY
MDC/IYY
THETA 0 -
DELTAE ©
DELTAC 0
YV/M

N CY
YR/H
YDA/N
YDR #M
LY/ IXX
LPSIXX
LR/IXX
LDA/IXX
LOR/IRE
NV/I2Z
NP/IZZ
NR/TZZ
NDA/TZZ
NDR/IZZ
DELTAA ©
DELTAR C

+ 0

=0.02600
0.05100
0. 69800
0.16700
1.13900
0.05T00
=0e34900
~(e5750¢
~0. 00700
~T+C1900
0.00600
—0+0030C
-0.69700
0e3240C
~0a04500
9.30600
C-.T0400
531900
~0«26600
-0.85600
-0.16200
0+99900
0+ 14800
-0.00800
-0+ 55800
~0+04200
046600
-Q,12600
0.0
~0+C1900
~0e« 05800
0. 03000
0.17600
013100
~0a.18200

20 .

—0. 00300
0. 06300
0.85400
0.13400
0.91100

~Q0. 12100

—0s45500

-1, 00900
0018500

—6483700
0.00600
0.CO900

_0. 90’000
0.33200¢

~0.04100
8.16800

-0,G3300
4« 78800

~0.05300

—1.C5100

-0.02700
1. 00000
0.134G0

-0,01300

~D. 62700
0.01700
0. 46600

~0613200
De0

~0e 02200

~3« 03900
D.02900
0.17600
0. 08700

~0.052C0

' OHEIGHT

CuGo

TABLE IV-7 DATA BASE

POSITION

RATE OF DESCENT

* ALTITUDE

*Extrapolated Data

40

~0,02100
0.07500
+ 096900
0.11800
0.80300
-0.C8300C
—0.59100
—1.41500
0. 467C0
—T.21000
=0. 00500
0.01500
~1.22200
C.3730C
0. 03900
6.60700
~0.25900
4« 03600
=C.07700
=12257C0
—0. 19400
0. 97900
0.11500
~0.01400
~=0+69300
-0.05300C
0.46000
~0.13500
~0.00100
—-0.02700
-0« 049G0
C. 02800
Ce 17300
0. 08600
~0.07100

E

60

-0.03400
0.08000
0.972CC
0.136C¢
0. 715C0

~0.027CC

-0, 7450C

=1.630C0
0.51900Q

-T.981GC0

-0.00600
0.0130C

-1.368C0
0eH190CC
0,06200
4, 77306
0.2440C
3. 77100

~0.111CC

=1.346C0

-0.1520C
0.9656040
0.10000

-0.01700

~Q4706CC

~0.,034CC
0.45700
~0.13900

-0.003C0

-0.0400C

~0.05000
0.,02700
0.17100
Q«L34CC

~0.318C0

t

13400 LB,

NORMAL
0 FPM
2000 FT.
B0 BO*
~0+04400 =0.04400
0, 07600 Ca 10300
0, 84900 1. 71700
G.15800 —-0.06350
0.59200 C. 91400
0.00800 0.C3100
—0.8580C ~Q.85500
-1.64800 ~2+13550
0.48300 G. 48250
-8, 85C0C —8.76100
-0.00500 —-0.€0300
001000 0.G1100
~1.42700 =1.49300
0.44700 0.45800
006400 0,04750
244380C 459700
0.6G400 -0.,29900
4. C5600 4004600
~0. 14200 ~0e 14650
=1.34000 ~1.25850
—0, 07400 ~0. 13800
. 967060 0.95150
0, 10500 0.11000
—0,02400 ~0.01950
~0. 69000 ~0a64100
0.€050C ~0.09900
0.45800 0.45050
~0412900 ~-0.13500
—0.00400 —-0. 00500
~0.,051C0 ~0.06000
-0.05400 -0.04650
0. 02600 0.02700
0. 16900 0.16800
0. 17100 0.13200
~0, 58000 ~0. 42350

100

~0,0530C
0., 09230C
1.3530¢C
—0.04400
Q. 77800
0.05100
~0.93200
~2418900
0.43800
-9.5670C
~0.00200
000900
~1.5110C
0.48000
0,0460C
166800
~0.08200
4083500
~0. 17000
~1.1360C
~0.Q3800
0.97100
0.11500
=0.030C0
~0.5800C
~0.02000
0. 45800
~0.13200
-0.,005%00C
~0a.07100
-0.08100
0.02700
0.17100
0.28L00
—-0.7G200

120

~0.C6100
0. D7T700
. 86800
-0.02700
0.62900
0.C5600
-0 97300
=20 278Q0
0. 38500
~10.21000
~0. 00100
0.00800
~1o48800
0.49600
0.04100
-1 85500
~0. 09800
6012800
-0, 18600
~{, 89700
0. Q8400
1. 00900
0.,120G0
=0, 04400
=0.47400
0,09900
0s 47200
=0. 13900
=0.00400
—0.0C8200
~-0.,08600
0.02800
0. 17900
0442200
-0.59700

140

~Ce CO6TOQ
Ce 55400
019400
0.C1700
0e 41900
CaC4200
~1.C2200
—2:34200
029000
~1C. 50200
0eC
CoCCT700
~1s 43800
0.50200
Ca 03700
~64 03300
031300
T.58800
0421900
~Ce%3000
0« C7400
1.69100
0. 15700
=0 C4890Q
O« 32800
0.12200
0.50200
~C« 13800
0.0
—Ca L6500
-Co 11000
0.L2900
Ce 19100
Ca 41900
=1l C67L0

~

Auschuos esedsocsayy [0




£I0EE6-0029 ON Voday

£I-AT

VELOCITY 0
XU/K

XH /M

XQ/M

XDE/N

XDC/ M

ZU/M .
Z4/H

zQ7v

ZDE/M

zoc /M

MUsIYY

HHZIYY

HQZIYY

MDE/IYY

MDC/IYY .
THETA 0

DELTAE ©

DELTAC ©

YV /N

YP/H \
YR/M

YDA/M

YOR/M

LV/IXX

LP/ XX

LR/ IXX

LDA/IXX

LOR/IXX

NV/IZZ

NP/IZZ

NR/IZZ

NDA/IZZ

NDR/1ZZ

DELTAA O

DELTAR O

T 20

-0.00676
Q. 04884
1. 18274
Ca 11734
0. 73082

-0.10428

~00 37109

~0. 78808
0.11878

—5.67T725
0.0C596
0.CC5%90

~-0.T74532
0.273C8

~0,03340
8.00202
0. 05410
5.55C60
~0.05154
~1ea33193

-0.22077
1.00068
0. 1458€

—0.01407

-0.75%973

~0. 05877
0.46831

“Dell164€
0.00038

=0.02177

-0.,06558
0.02844
0.172717
0.08287

~0.0T7643

» TABLLIV-8 DATA BASE

HEIGHT
' CeGe PCSITION

RATE OF DESCENT

ALTITUDE
40 L 60
—~0.02061 “0-03070
0.05402 0.05647
la27562 1.32450
0.10497 0s11848
0.,60937 049185
-0,08311 ~0es 0410
~0s46T09 « ~0s57955
-C.96859 —le36562
C.32587 0.38735
~54 89510 , =6038311
—-C.00287 —0.004¢68
0.C1208 0.C10EC
-0.98093 —1.10L75
Ca29324 0.32647
C.02056 0.04453
64 46507 %e68920
—Ge34972 0.0602C
5414708 4479474
-0.06699 =0.09351
~1.55740 -1.66600C
—0a. 24355 —0.19212
0.98003 0.97069
0e10337 G.08B38
~0s01428 ~0.C1753
—~0.87323 ~(a.8948S
-0+ 06995 —-0.04734
0.46156 0.459C7
=0 14031 —0.14358
~0.00027 ~0.002C¢
-0.02632 -0.,C3826
-0.05846 —0.05641
0.027C7 0a.02597
0.17349 0.172C¢&
Q.08326 0.10213
-0.03872 "0-22665

13400 LB.
NORMAL -
0 FPM

10000 FTe

8¢ 80%

,~0.03842
0.052%4
1.14199
0.14261
0.28684

~0. 01031
-0.66699
‘1.54862
0.36668
~6457350
~0.00422
0.0092¢6
~1.13867
0.34753
0.05155
2. 57070
Q.53133
4.9450C
-0+ 11708
=1.£4435
-0.10401
0.96568
0.06590
=0.02225
-0,86718
-0.00437
0.45656
—0.15117
-0.002%5
~0.05C89
-0.06007
0.02512
0,17250
0.16207
-0.48305

100

—-Qa04362
0.,06963
1,34635

-0.01534
Ge55796
0.0265C

-0.72084

-2.,08103
0.33936

~Ta51348

-0.00138
0,00793

~1e 20757
0,.37460
0.03905
2026076

~-0.18811
5.50702

=0-13950
~0.09258
096484
0.10034

-0.02571

~0. 740651
0.00034
0.45649

=0.13794

=-0.,00412

—0.06622

~0.06532
0.02637
0.17075
0.2525%

—-0e54755

Aurdiuos soedsasay 188




£10££600T9 OoN t1oday

FI-AL

VELOCZITY

Xu/sH

X /M
KQ/H
XDE/M
XDC /¥
u/i
IM/M
IQIn
IDE/M
IBC/H
MUsIYY
MU/IYY
MQs1YY
HOESIYY
MDCAIYY
THETA ©
DELTAE Q
DELTAC 0
YY/¥
YPIN
YR/M
YDA/M
YOR/M
LV/IXX
LP/IXX
LR/LXX
LOA/IXX
LDR/IXX
NvrsI1Z2
NP/LZZ
NRATZZ
NDA/IZZ
NDR/ILZZ
DELTAA O
DELTAR 0O

-

A

»

I

' 0 N

-00U2612
Ua 05434
D.68123
0.18175
1.20560
0.06222

—~0.36895

—1+13730

~0.03599

~T.42201
0.00690
~0.005132

-0.73807
0.35342

—0.08891
G. 47577
1.,19853
5.,02881

—~0.02669

~0.76215

-0.1382¢
1.01280
0, 26744

~0.00775

—0.48155

_OQOLTLQ
QatG452

-0.08132
Q.00L145

=0.00348

—-0.C6500
0a02979
Qs 17455
0.18106

=0431640

2Q

~0.00238
0.06828
0.84128
04 13644
0. %8307
-0.12192
—0.48482
“«1e13629
0.18967
—T7.254865
0.C060%
0.00653
—0.,57108
0.325404
—-0.08332
8436015
0. 466611
4.48307
-0.,0540C4
—C.3T08C
—0.16429
1.0L08C
0. 25302
-0,01288
~0.56159
~0,03337
Oe4b6415
—~0.08649
0.0Q0058
-0.00324
-0.,05691
0.,02885
0. 17407
0. 1C4GC
=0.16163

TABLE IV-9, DATA BASE

WE IGHT ' 13400 LB
CoGe PCSITION . FORE
RATE OF DESGENT 0 FPH
ALTETUDE 0 FTa
40 60 80 80%
“0.02127  -0.03555  ~0.04563  ~0.04613
008185 0.08878  , 0,08500 0.11342
(98879 0.596C7 0.88251 - 1.94145
C.11150 0.12523 0.13583  -0.09885
088235 0.79909 0.68085 1.02612
~0,08184  —0,02401 0.01008 0.03930
~0.€3339  =0.79968  -0,S1843 ., =0.5$1459
~2,40L97  —2067851  —2,79395  -3.00238
0450720 0.57104 0.54374 0453420
—-T.69425 —B8.54711 -9,48941 ~-G437C40
~0.00546  -0,00648  ~0,0049%  -0.00222
0401248 0.00884 0400580 0.00573
~1.31682  —~1.,47048  -1,53122  -1.63341
0440329 0. 45335 0448472 0.49429
~0.00503 0401134 0.00485 ' =-0,01372
6479977 4486323 2.47042 4441293
0.21725 0.65370 - 1.16758  -0,02036
3.74980 3.54032 3,83774 3.90555
~0.08029  -0.11861  —0,15184  =0.15526
~1.15800 1426960 —1s24640 ~le 16699
~0.16955  —0.1297C  —-0.04881  ~0.20836
0.99098 0.9818C 0.98230 0.57032
0423252 |, 0420964 0421374 0,22768
-0401389  =0.C1713  —-0.02409  ~0.02112
~0:61826  —0.64573  —-0.61171  —-0.57490
-C.03813  -0,02075 0.01948  ~0.05763
045837 0045628 0.45531 C.45131
~0+09048  =0.09T45  -0,09563  ~0.08424
-0.00091 © =0.00225  -0.00339  -0,00459
~0403752  ~0.04536  ~0,06214  -0.06773
~0.05050  -0.05120  ~0,05602  —0.05764
Q02727 Ce02355 0.02602 002665
0.17093 0416971 0416970 0. 16894
0.11642 0.13118 0.20698 0.21011
~0.18246 -0.65216  -0.54707

=0.3968¢

3

< 100

~0,05574
0.10302
1.57142
~0.08439
0. 88900
0.0591¢
-0.99150
—3«143T1
0.43763
~10.2587G
~0.,00115
0.00309
”lt64405
0.51899
-0.02333
1e37417
0,32771
4,72892
-0,18081
~1.05610
“0.00243
0.,99101
0.23588
-0,03223
~0.51494
0.04699
0.45866
~-0.08616
_0000429
-0.07983
=0.06814
0. 02697
0, 17194
0.33670
—-0.8631C

120

—0006492
0.08599
Q.54491
-0.05606
0. 73308
0.C6479
~1.04458
~5.32893
0.45179
=11.£92200
~000050
0.00085
—1,60459
0a53702
~-0.03606
~2,31055
00 50998
6.07823
~-0.19867
-0 83751
0.34313
1.03190
0. 24818
~0.04749
-0 42903
0. 21651
0.47333
~-0,09182
-0.00259%
~-0.08725
~0.08431
0D.02755
0.1779%
0. 51408
~1. 19980

140

-0sCT7218
006243
0.36629

~0, 03277
C.52023
0.G4906

~1+10393

=3.55192
0.39978
~11.72320

-0,00023

~0.GG057

“1le 533458
0.54734

~0.C4637

-~6.65376
Qe T0454
8,£2943

~Ce2307]1

-0.215%91
C.45C10
111760
0.26719

-0505093

—0.21500
Co28767
G504 44

-0,10153
C- 00096

~0«CHLTS

-0.12644
C.02B8432
Ca 19374
0.59327

-1,33290

Aueduwios sardsosaiy 18T




€10££60079 ON Modoy

ST-Al

VELOCITY

AUrH
XH/H
xQ/H

"RDEM

XDC/M
ZU/M
Insn
Q/M
IDE/H
ZDC/M
MUESLYY
MRZIYY
HQFIYY
MDE/IYY
MDCZIYY
THETA ©
DELTAE O
DELTAC O
YV/H
Yprsu
YR/M
YDASM
YDR/M
Lv/IxXx%
LP/IRX
LRATXX
LODASIXX
LOR/IRX
Nv/r22
NP/1ZZ
NRALZE
NDAZIIZ
NOAFILZ
DELTAA O
DELTAR O

Il

0

~0.02493
0.05444
0.4T278
De 16867
1.19776
0.,05728
~0e36903
0.C1643
0.,05155
~T+42881
0.00589
0.00159
“04?3522
0.35489
0.03084
8.98247
~0e36082
$5.022T7
—0.,02666
~0,.76750
-0,17598
D9T2T4
“0.07735
~(3.00804
~04 55296
-0.05590
G.46883
—0s 21032
~0.00289
0.C1290
~0s05254
0.03011
0.17524
0,09501
0.07237

?0
~0.0CG110
0.06882
0.55272
Ue L4406
0.96257
~=Q0a 13227
~0.48373
~0.01657
025933
=Te LEITT
0.00715
0.01613
—0Du96234
0.35223
0.03478
T« 85991
~1.09382
by 44246
-0.05394
—0.95T46
“0.21630
0e 96771
—~0. 09021
~0,01329
~0,61900Q
-0.06586
0.46762
—~0s 21491
0. 00000
0.0062C
005195
0.02915
Ga 17461
Os 18597
0.,16972

HEIGHT

TABLE IV-10

ColGe POSITION

RATE OF CESCENT

ALTITUDE
40 60

-0,02275 ~0eG3752
0,08374 0.09073
0. 60550 . 0e56542
0.14875 °  0.18508
0.87920 080702
~Ca 08444 -0.018%92
~0.64000 -0 «B8050C
-0,16377 ~0.18063
£.52725 054601
~T«58999 ~B+488406
-0,.00660 ~3.00731
0. 02374 0202296
~1.3L160 —1e4744%
0.39700 0.44308
0.14221 0.17395
6.3038% 4e39564
-1.11713  ° —-0.54350
3,71503 3.53057
—~0.,08087 -0.1180C
-1.17144 ~1la24159
-0,09120 ~0a1421%
0. 95283 0e94157
"-0.10613 ~0.1255¢C
(. 01462 -0.01789
-]+ 68329 -0 68850
~0.01732 ~-0.03768
0.46306 046017
-0,21801 ~0s22321
~0.00200 -D.00405
-0.,00675 -0.02075
-0,03292 -0a04546
0.02T773 0.02634
g.17191 C.ET610
0.12051 QGel2314
0.05877 -0.20105

DATA BASE
13400

ART

20

~D+G4765
0.08680
Qe 1751
0e21903
0.69438
0.C1727
-Da92252 ~
C.07086
0.48526
46673
~0.00664
Qe 02246
~1e 53709
0.471375
00 18611
1. 95886
—-0.00194
3. 86946
~0415031
-1e183989
—0. 06046
0s54210
-0.13279
~0.02527
=0e 64093
0«00165
D.46062
~0s22555
~0.00566
~0.02427
~0.C4BB4
0.02584
O 16995
Qe 16061
~0e4T765%

LBs

FeM

FTe

BO%

~0aC4TTL
0411660
e 13276
—0e0L350
1. 03548
004298
~0e92290
-0.33864
0.48132
~9« 35842
~0.00360
002273
~1a 61597
0.48682
Qe L7165
4e 44258
=~1s09732
31.79599
~0s 15451
=l 17602
~0+ 13231
0923064
—-0.039158
~0.02076
=00 649014
—0.C3870
045209
=00 20645
—-0.00721
~0.03456
0o Q%448
002727
Ge 15675
De 24592
‘0032097

100

—0«05661
0.10450
Q.B8628C
0. 00654
0. B9060
QeQ6281

~1.00337

-0.20274
0e4125£

~[Q« 23280
~0.00308
0. 02199

—le 63302
0.5107C
0.18021
L« 39503

~0.73354
4.65598

—Qs L7948

~1.00044

—0.04396
0s 94483

~0,0920%

~0+03194
~(0+55556
C.01286
Qe 46011
~(J.21088

-Q.00735

-0a.04439

—0.05704
0.02769
0.17C6%
Qo0 30244

~0.57731

L20

—0.06428
0.08542
C.4707%
0.01268
0. 713247
0.06627

=L.04679

w0a. 18242
0+ 33578

=11.06330
~0.00270
0.02101
=~Le6045])
0.52775
018517
~2.30329
~0.54753
6. 03707

~3. 19624

-0. 70098
2. 05101
0e 58767

-0.08746

~0404693

=~0.%2797
0.07665
0.47570

021739

-0 00601

-0.05053

~0.07878
0.02902
0e17872
Cs 237202

-G;?HQSE

14Q

~0.072333
0.05598
~0aCliB2
CaC0927
Ca4T301
0.05181
-le10586
_OnZBTQQ
0.27515
—~11.69430
_0-00216
0.C2094%
—1.55425
0.54186
Ca19008
—-54.65586
-0.33376
B.01568
—Ce23220
~0.11992
0. 10331
LeCT454
-0.£5750
~0.05016
~0a21699
G.13713
050657
~0e22255
-0.00337
~0a 03555
~Cal11267
g.03251
0, 19453
0.33378
~{ e 14504

Ausdwosn 2opdsodey] ([0




E10E£6-0079 "ON 310day

91-Al

VELOCITY

XUsM
XHrsH
XQ/HK
XDE/H
XDC/¥™
U/
ZW/H
ZQ/H
ZDE/H
ICC/M
MUZIYY
MH/ZIYY
MQ/1ivy
MDE/IYY
MDC/IYY
THETA ©
DELTAE Q
DELTAC ¢
YV/H
YP/M
YR/H
YDA/M
¥YDR/HM
LY/ZIXX
LP/IXX
LR/ZTXX
LDA/IXX
LDR/IXX
Nv/[ZZ
NP/1ZZ
NR/IZL
NDA/IZZ
NDR/IZZ
DELTAA Q
DELTAR O

¥

20
~0.00610
Q.C4913
1l.04284
0.11609
0.72526
-0.10802
~0.37024
-0.00903
0. 15405
~5464627
G. 00682
0.01080
—~De 74592
G 27217
0.02632
T.65085
=1.3047T1
5054562
-0.05183
~1s34060
—~0.26074
0.97591
~0.11110
~0.01457
~0. 85066
~0.C8507
0.47209
~0s22497
0.00012
0.00456
-0.06240
0.G2838
0.17624
Oe 10679
0.19807

s

TABLE IV-11 DATA BASE -

WEIGHT 13400 L8.
C+Gs POSITION ART

RATE (OF DESCENT 0 FPM
ALTITUDE 10000 £T,

1

*¥Extrapolated Data

40 60 ge | 80
~0,02109  —-0.03204  —0.03844
0.05523 0.05732 0.05458
1.11325 1.14785 C.S7057
010943 0413364 0414429
G.61388 D.5028C C.40639
~0,08336  ~0.03657  —0,00687
~0,47079  ~0,58311  —0,66901
~0.01312 0.02822  -0.12241
0432489 0.34552 0.31281
-5.83849  —6.35464  —6,95E98
-0.00330  —0.005CC  —0.00465
0.01775 0.018C2 0.01751
-0.99950  ~1.12270  -1.15832
0.29113 0.32282 0434476
0,09502 0.13050 0014306
6413028 4.31979 2,24015
~1e55155  =1.0589¢  ~0.49757
5.12954 4481974 4,96928
~0.06713  =0.05342  —-0.11642
~1.54850  ~1465520  ~1,5831C
~0,26982  —0.20445  -0,12337
0.95652 0.95048 0.84507
-0.12006  -0.09533  =~0,14780
~0.01469  ~0.01815  —0.02304
~0.91129  -0.93257  -0.68172
~0.08967  —0.05864  ~0401904
0446529 0046415 0.46281
-0.22495  -0,20130  ~0.23222
-0.00073  ~0.00282  -0.00399
~0.00987  ~0.023C2  -0,03759
-0.05661  ~0.05572  -0.05834
0.02732 0402602 0.02537
0.17272 0. 16628 G 17064
0e11760 0414024 Co15C73
C.17090  -0.06965  —0,25560

100

~0.04405
0.06887
1.17891
=0-.00663
055074
0.02810
~0.73034
-0.61277
0.28235
~T7e49086
~1.00230
0.0L715
~10.21018
0.37154
0.13884
2.21889
~1.16982
5448120
~0.1388¢
—1.33490
~0a14663
0.93916
—Qa1174&
-0.,025%93
~0.T76654%
—-0.02907
0.45936
-0.21972
—-0.,00555
—0.04829
-0.06328
0.0264%
0.1698¢
0.23158
~0.27287

120

140

fusduiosn sordsossyy 198




£10EE6-0079 "oxd odey

L1-Al

VELOCITY

XUr/d
XH/H
XQ/M
XDE/H
XDC/H
UM
IH/IN
IQ/M
IDE/N
Z0C/M )
MusIYY
HRZIYY
HQrs1IYY
MOEZIYY
MDC/1YY
THETA O
DELTAE O
DELTAC O
YVIH
YP/H
YR/M
YDAZH
YDR/M
LY/ LXK
LP/TXX
LRZIXX
LDAZIXX
LDR/ XXX
NV/LIE
NPSIZZ
NR/TZZ
NDAZIZZ
NDR/IXZ
DELYAA O
DELTAR ©

) D

~0e02606
0e042T40°
0473514
0.15403
1.06019
0.05358
_0532575
T=0.5994%
~0.00163
-6054750
0.006T%
~0a00291
-0.75590
0.35863
—0+04965
9.30250
0.74095
5.69163
~0602655
—~0.88730
-0.13899
1.00031
0. 14443
~0e 00560
=0.60598
, ~0.02248
0e520606
~-0a14890
0.00012
-0.02138
—0407150
0.03429
0.20337
0.14008
~0,18958

"

20

-0.00453
0405765
0.85L1%
0.12503
0. 8365C

-0.1129%1

~0. 42254

-0.91194
0o 16095

—643799C
Q. 007158
0, 00880

~0s 95462
0.35707

—0s04451
8.12154
0.02785
5.16045

~0.05222

=1 02770

—0.04739
0.69710
0. 13450

—0uQ01522

—0. 66759
0.0145¢C
052017

~0.15302
0.00045

-0 C1935

~0.04T73
0.03313
0. 20300
0.09373

=0.06631L

Ll

TABLE IV-12 DATA BASEC

WEIGHT 15500 LB.
Gs8 POSIYION NORMAL

RATE OF DESCENT 0 FPM
ALTITUDE 0 FTe

*Bxtrapolated Data

“

40 60 ’ 8C 80*
~0.02093 ~Q.03251 ~0.042C0 ~0.04183
0.06616 0,07052 De06535 0. 03089
0.92052 . Ce93829 C-85920 1o 46557
0.1106%6 0,12831 0.14787 ~0.04724
0.715%8 Da61425 0+486006 0.T76986
—~0,08226 -0.03288 Ca00C92 0.02335
~0.54306 —0.68247 ~0.78350 ~ ~0.78166
-1.20630 ~1l.48572 —1.515634 —~1e96210
0.41157 Goe#6557 Oe43829 0.430%50
~6. 70150 =Ta3535C —8+11797 —8.C0617
~1.00496 ~0.00649 -0.00580 ~-0.00248
Do 01621 0e 01402 0.01178 001179
-1.27610 ~Lad4447 ~l«50013 ~1.56926
0.39455 O.4a421¢€ 0.47122 0.48050
D.03618 0406291 Ca06596 0.04879
6.,55685 HaT4234 2849743 4a6T7390
-C0.26519 D.21841 0.655%1 =0.47903
4039169 4all274 4033541 4.32822
-0,0T345 —~0,10503 ~0.13333 -0, 13796
-1.2113¢C —1.29830C =1.29350 ~1.25531
~0.1850%9 —0.16205 Ca0T461 ~0o 25629
0.9T7654 0.9687C 0.96646 0.94911
0.11584 0.10177 0.10188 0.10575
~0e01622 -0.01959 ~0a 02632 ~0«C2109
~0.73596 -0.75278 —~0.72557 ~0.70695
~0e04562 -0,034628 0.07722 ~0.08592
0e51266 051017 00510687 050227
-0.15714 ~0.16177 ~0.15372 -0.15232
=-0.00091 ~0,00285 —0.,00413 ~0.00551
-0.02612 ~0.03938 —0.05223 ~-0.05827
~0.06054 —0,05867 -0.0461% ' —0.06299
0.03138 0.03044 0.02852 0.C2990
0. 19946 0419814 0.1949¢ 0.,19455
0.08581 0.12261 0.16838 0.172%6
~0.06037 -0,28616 =0+56343 -0.35308

100

-0 04984
0.08l48
1.20014

~0.03261
0.65938
0.04264

~0.85240

~1e 97566
0,39375

-BaT3415

-0.00186
0.00988

—1.5852C
0.50439
0.04817
1.85087

0414576
5.03437

—0. 15936

~1«13350

-0.07225
0.96343
0.108%4

-0 03242

~0463596
0.01507
Qe 50879

~0. 15260

-0.00555

—0.06875

-0.06901
0.02973
0.19652
0.269%89

-0.67T416

120

~0.05678
0.06782
G.74836
—0.02290
Qs 52661
0.G47T43
—0.89244
~le37216
Go34673
~F+ 42604
~0,00132
0,00829
~1.56141
0.52310
0.04288
~-1,43628
0.08319
4422400
017394
-0« 89458
0.05917
Ce 99430
0.1152}
~Q. 04836
-0.51719
C. 10356
0s 52112
-0.161721
~-0.00435
=0« 07637
-0.09353
C.0309)
0. 20360
041799
~0.55795

140Q

t—G.06212
0.052146
~0.C1630
0.01325
0439715
0.03835
~0.52858%
—Z+1319}
C.30778
-5,98020
-0, COLLY
c.C0712
~1.50602
Cs52557
0.G3912
~5,38638
C.28100
7.97623
~0.20344
~0431798
0.00712
1.65555
0.13537
~0.05232
=0.25436
0.05688
Do 54599
-0.16567
-0,00L50
~0.08705
~0e 10462
0.03302
Q. 21616
0,45688
~1.C3850
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—6455027
Q0.00614
D001
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Qe 35904
0.03115
9.00799
~0.41030
5.685T5
-0.02651
-0.86509
-0.18178
0.97234
-0.,00993
~0.64712
—0.05326
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"0.24435
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D 0L24T
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003452
0.20236
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0.08426
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Ml eda

0!

f ﬁf -

fy /J/?
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~0.421 L3
~0,05132
0,19703
-6.33758
0.00815
0.01532
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~0.05233
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0.03305
0420220
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TABLEIV-13 DATA BASE .
WEIGHT 15500 LB.
CoGa POSITION AFT
RATE OF BESCENT . o FPM
ALTITUCE 0 FTe
*Extrapolated Data
49 1] Bi Bo#
“Blis) 4y “Hak b es 2k 2ed g LA
':/,v‘ff///}’f beplel st Gptut it Golos sy
Fu Gl
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‘ l77 rﬁﬁ// [ # s i P
’n‘l 'ﬁ/}&’ ’jarlllﬂj" IJ’;C(,! F:J(u// #t
~0a 5478 ~0,68611 ~G,78497 ° -0.78%529
003559 ~0.02295 0.130322 -0.26841
Q0.41244 Qe42945 Q.37432 -0. 55066
-~5a 63904 ~T1230928 -8.08660 —Ta26648
~0400560 —0.0071¢ -0.0C64%4 ~0.0037%
Q. C?3646 0.02345 0.02328 0.02319
Le39110 0.43617 0.46456 0.47487
O.13519 017373 Gel9120 Qe 17344
6022388 4a40978 215831 4y 60549
~Lke31662 ~0.TET54 —0.22026 —~1436225
4436250 4,1029C1 4a35952 4,32010
~0.07348 —-0s 10462 -0s13268 ~Qe 13760
~1a21260 ~1.2906C ~1,25260 «1.22C084
-0.,20130 -0e 15669 -0.08640 ~DelTILS
0.95188 0.54199 0.94038 0.92918
—0,10843 +« ~—0,13149 ~0al3814 ~{e 11050
—0.01660 -0.0202¢C ~0.02736 —0.02152
-Ca 17872 -0.T792C1 =0 T4964 ~0.72823
~04C63C5 —0.04144 ~0.00306 ' ~0.06172
Qa51670 0.51356 0.51396 0.50706
~04254T0 -0.26285 ~0.26499 ~0.25039
-0.00151 ~0.00351 -0.,00558 —-0,€0708
~0a 00536 —0.01946 —0.02654 —0,04354
-0.05T12 -0.05511 ~0.05837 -0.04935
Q003147 O« 02969 0.02915 0.03061
0.19860 0.19681 OalG643 0419405
O L2754 0.14089 015969 Q.27022
0s10222 —0. 15547 ~0.42583 ~0.25T776

-0, 854588
~0,19933
0.03874
—8.70262
—0,00315
0.02258
—1.59824
0.4G842
0.1845%
1.831853
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5,03387
~0. 15866
-1.0698C
-0.09768
Ge94184
-0.10985
-0.03279
-0, 64377
-0.080718
0,51301
~0.25272
—0.00746
-0.05332
~Q0.06303
Ua 03067
0.19673
0426928
-0.,48124

~JuZRBET
=0s 21498
0.27272
~34 39757
-0,00263
0.02157
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0a.51.712
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~0.T3252
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—0.00525
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VELOCITY

Xu/s
XW/M
RO
XDE/M
XpC/H
ZusM

ZH /M
ZQsH
IDE/M
IDC/R
MUsIVY
M7 LYY
MQ/IYY
MDE/LYY
MDC/1YY
THETA Q
DELTAE O
BELTAC 0
YY/IHM
YP/HM
YR/M
YDA/M
YOR/H

LV IRXX
LPSIXX
LRZIXXK
LDA/IXR
LDR/IXX
NV/IXZ
NP/LIZZ
KR/1ZZ
NOAZIZZ
MOR/IZI
DELTAA O
DELTAR ©

H '

0

—~0.02300
004200
0. 74800
D.14500
1. 05500
0.04300

—0. 29100
0+ 07800
0.04400

~6He 56900
0.00800
0« 0010¢C

-0.69700
035500
0.03100
894100

=0 42300
%+ 31800
018900

=0+960600

~0. 18700
037000

~-0. 07900

-0n 01000

-0 68400

—0.,0580C
0.52200

—0.24500
0.00200
0. 0060C

~0. 06300
0.G340C
0.20200
0s 112600
0,05900

L

20

0, CO2CQ
0205400
0. 81500
0412500
0o 8160C
-0s148C0
~0e37800
0. 23800
0.21000
—64.25600
0,01200
0.0130C0
~0.92400
De 34500
0.01500
Te T49CC
-1.54500
4464700
-0.04TC0O
-1. 17600
—Q0a. 12200
0. 56200
~-0.10200
-0.01400
~04 78200
~0. 02900
0.5200¢C
-0.25500
0.0
0«00700
~0.04309
0e 033C0O
Ce 20000
0.097CC
0.24000

TABLE IV-14
WE IGHT
CsCe POSITICON

RATE OF CESCENT

ALTITUDE
1
40 &0
-0.Cl800 -0.03200
0a C6900 0.07200
Go883C0 0.882C0
0.12900 0o16300
070200 0.64100
—0.11400 ~0.04100
-0.5290Q0 ~-0.67300
—Ce 12800 ~0a19800
0.48400 0.49400
—~643%100 ~7.18000
~0.0080C —0.0080C0
Ca02800 0.025C¢
=1+33400 —1.49900
0+39500 Qu44l00
0.14900 0.18800
6430700 4.59300
~1.65900 —0.94306
3.65100 3.2890C
=0.C7400 ~0.1060C
—1le365600 ~1.459CC
—0.11700 -0.18300
093700 092100
=0.11600 -0.1384040
=0201400 =0.01400
~C. 83900 -0.858C0
-0,03400 ~0.05000
0.51100 0#50600
=0+25500 —=0a261C0
«0s00200 -0.00500
=C+01000 =0a.C250C
-0.03400 ~0.048CC
0.03100 , 04G29C0
0415600 0.19300
0a11400 0.11000
C.14300 ~04131C0

DATA BASE
" 15500
AFT

500

8¢

~0.042Q0
0.0690Q0
0. 7660C
Oe 19400
€.52900
0.0
=0.77300C
~00 04400
0.42500
~8,014060
=0, 00700
0. 02400
-1.5590¢C
Co4T100
0.2C200
2.467C0
=0, 26500
3448100
-0.13800
=10.43900
~0.12000
0451400
~-0. 13700
~0.01800
~0482300
-0+ 02500
0.50200
-0425%00
~0. 00700
=Q.C4200
~3.05200
0.02800
0. 19100
Oe 14200
-0.41800

LB.

FPM

FTa

0%

=0+ 04200
1. 05100
1.35250

~0. 00800
0, 82800
0.G2100

~0.76200

~0e3G600
Q.425Q0

~Te 54100

=0. 00350
0.02350

—=1.64500
048200
0. 18450
4. 89250

—=1s 45450
3. 38400

=0. 14650

—=1.35550

~0,08400
C. 88900

=0. 11850

—~0«C1100

-0, 78850

—-0,02200
0.49100

—Qe 24450

-0.00800

=0.C4050

-0.02600
0. 02550
0. 18550
Oa 14600

~0.17500

100

~0.,05000C
0.08500
1.13200
Q.01100
0.69900
0404400
—0.84900
—0,30600C
0n,3560C
—8.59800
~0,00300
0.02300
—1.65600
0.5060€
0,19300
2.17100
~1.0210C
44 0920C
—=0.16900
=1,244Q0
0.00700
0.50100
~Qe 12000
—0.02200
=-0.7T1800Q
0.03200
0.4960C
—0.2480C
-0.00%00
=-0.05300
—-0.0390¢C
Q.0290¢C
0.18800
0021400
~0.4480C

120

-0, L5600
0.07600
0. BOT00
0.01480¢0
0055300
CeC4900

~0. 91700

~0. 28000
0. 28TO0

—9.37800

=-0.00300
002300

—-1.61800
e 52409
0. 19600

—~le 14600

-G, 83200
Se31600

-0, 18200

=1 04100C
Ce22600
0.53200

=04124G0
=C.C4000
~0,61200
0.11500
0.51000
~0.253700

=04 00900

=0.086100

—-0.06100C
002900
Ce 15500
031800

-0.70700

140

“0006200
0.C5800
G.26500
C.C
Ce412G0
0.C42G0

—0.53200

—=0.27900
023300

=-1¢. 0500
~0.CQ2Q0
C.C2200
0.54000
0. 19800
=5.15100

~0e 57400
7+C3440

-0, 19800

=0.57600
0.C6800
Ce$8800

=0.€9700
=0.CS5T00

—0,49500
Ca 11000
0.53200

~(0-25800

~C.C0600
~Gs L5400

-0, 09600
C« 03200
e 20700
0.409Q0

~C+B1900
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-

Weight Rate of Descent R
Table b _cg Attitude fpm . Source
Iv-1 13,400 Normal Sea Level 0 NASA
-2 13,400 Normal Sea Level +1500 NASA
iv-3 13,400 Normal Sea Level 1000 Boemg
1v4 13,400 ! Normal Sea Level +500 Boeing
iv-5 13,400 Normal Sea Level -500 Boeing
iv-6 13,400 Normal Sea Level -1500 MNASA
V-7 -13,400 Normal 2,000 ft 0 Boeing
V-8 13,400 Normal 10,000 ft 0 NASA
V-9 13,400 Fore Sea Level 0 NASA
IvV-10 T 13,400 Aft Sea Level 0 -NASA
V-1 2 13,400 Aft . 10,000 ft 0 NASA
“IV-12 155500 Normal Sea Level 0 NASA
1v-13 15,500 Aft Sea Level 0 NASA
IV-14 15,500 Aft Sea Level +500 Boeng

The tables for the fore and aft cg locations are for a cg that 1s 13 inches ahead and
25 inches behind the nomunal cg location respectively For all of these tables, the vehicle nertias,
are as follows i

LS

1 = 9203 slug ft2 I = 71,786 slug ftz ‘

a3

XX ZZ

” 2 - 2
IYY = 75,914 slug ft ' JXZ 7114 _s:lug ft

Report No 6200-933013 1v-20
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The nomenclature and umits {or all of these tables 1s as follows.

XU/M
XW/M
XQ/M

XDE/M
XDC/M

ZU/M
ZW/M
ZQ/M

ZDE/M

_ZhC/M

MU/IY}{

MW/IYY

MQ/IYY

MDE/IYY
MDC/IYY

THETA O
DELTAE O

DELTAC O

[

XU/ m
X/ o
X Q/ m

X8 /m
e

My/lyy
Mo/lyy

MQ/IYY
M /I

§ YY

8e/o

8c/o

Report No 6200-933013

ft/secz/ft/sec
2
ft/sec” /ft/sec
2
ft/sec” /rad/sec

ft/sec2/1n
2
ft/sec” /in.

it/ secszt/ sec

2
ft/sec”/it/sec

2
ft/sec” /rad/sec

it/ seczf n.

ft/sec 2/ n

rad/ secz/ft/ sec
2
rad/sec /ft/sec

rad/ secz/ rad/sec

rad/ secz/ 1n.

ra,d/secz/m.

‘w

19
degrees

in

1i1.

YV/M

YP/M

YR/M

YDA/M
YDR/M

LV/IXX
LP/IXX
LR/IXX

LDA/IXX
LDR/1XX

NV/1Z2Z
NP/1ZZ
NR/I1Z%Z

NDA/1ZZ
NDR/I1ZZ

DELTAA O

L_/1

N_/1

N_/1

8a/o

DELTAR O 3
/o

ft/secszt/sec
.
ft/sec”/rad/sec
) 2
ft/sec”/rad/sec

ft/secz/m
2
ft/sec” /1in.

rad/ secz/ft/ sec
2

rad/sec” /rad/sec
2

rad/sec” /rad/sec

rad/secz/m.

rad/secz/m.

rad/secz/ft/sec

rad/secz/rad/sec
rad/sec?/rad/sec

rad/secz/m.
2
rad/sec”/1n.

m.

.
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The data at the velocity points marked with an astenisk m these tables is data that
was established from the basic data by curve fitting techmques The data at the 80* velocity poimnt
was extrapolated from the data at speeds greater than 80 knots, which reflects a rear rotor axis frum
change, to determuine the effect of thus trim change alone at 80 knots This was done by averaging the
slope of the data between the 60 and 80 knot pomts and the slope between the 100 and 120 knot
points and using this average slope to extrapolate fiom the 100 knot pownt, which reflects the rotor
axis trim change, back to the 80 knot point

The data at the 100*, 120, and 140~ veiocity points for the £1500 ft/min rate of
descent conditions was established by extrapolating data for other rates of descent of these velocity

points
2 Actuator and Rotot Dynamics

The functions used to represent the actuator and rotor dynamics 1n each channel of control
are shown n Figure IV-1  As shown in this figure, each channel 1s represented by a position imit on
the mput command, a second order EISS response, a rate imit on the ELSS response, hysteresis in the
mechanical linkage to the rotor, and a record order rotor response

3.  Wmd Model

The wind model was developed by Bell Aerospace Company under this contract from data

“obtained from AN/SPN-42 landing dispersions at Patuxent River, Maryland and from gust data taken
from towers and low flying arcraft, Refeience IV-1 Based on this data, the hornizontal wind spectrum
15 assumed to be of the form,

. 1
- 2
® . N 100 \2w? + 1 {?
V‘£’+10>

_ o [ 100
m W
Ve + 10

rms value of horizontal gusts

O' —
'Vg =  hornizontal velocity of helicopter along direction of average wind

It is assumed that the gusts are made up of a prunary component n the direction of the average
wind and a secondary component normal to the direction of the average wind The component 1n the
direction of the average wind 1s assumed to have an rms value that 1s a function of the average wind velocity

Report No. 6200-933013 Iv-22
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Channel min max @ a a max H “ T ﬁr

DIfferontal Colleet vy -5.5 1, 15,5 in |15 rad/scc 06 1{10m/fsec| 01 |27 rad/sec 062
Collective 0 in +12.8 in| 15 rad/sec 06 [10m/fsec] 01 m |27 radfsce 062
Cyche ; AT 36 +3 6 |15 rad/sec 06 10mnfsec | 01 m 127 rad/sec 062
Differential Cyclic - -23 1n +2.3 1n | 15 rad/sec 06 5 mfsec| 01 mm {27 rad/sce 062

Figure 1V-1, Actuator and Rotor Dynamics Modcl
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I

Oy 01V, =2 ftfsec
where Vw = average horizontal wind velocity

The component normal to the average wind 1s assumed to have an rms value of 10% of the
primary component

The honzontal velocity of the helicopter in the direction of the average wind 1s,

Vf = VjcosAf
where Vi = total honizontal ground speed of helicopter
{%Jiﬁ +Y? )
Af = angle between course of helicopter ground speed velocity vector and

direction of wind

By using these definitions and resolving the wind spectrum through the angle Af, the wind
spectrum along the aircraft x and y body axes are,

oy = (oxcos AE + oy sm Af)? 100 - 1
T (Vy, cos Af + 10) 100 Zw? + 1
X (Vh cos Af + 10)
® _ (- o, sin Af + oy, cos AE)? 100 ™ 1
y T (V}, cos AE +10) 100 dew? +1
(Vh cos AE+ 10)
The wind spectrum for vertical turbulence along the z body axis 1s assumed to be of the
form
o2 Z 1
%, = 2,.2
T Vh i s+ 1
- (Vh)
where o, =  rms value of verfical turbulence (nommally 1 5 ft/sec)

4  Strapdown Nawvigational System

The attitude and velocity sensor error models were supplied by NASA/ERC Both a general
defimtion of the gyro model and attitude equations and simplified definitions of the attitude and
velocity sensor errors for the purposes of simulation were provided The simulation model for the
velocity errors was developed from the ssmphfied defimtion However, since the general definition of
the pyro model and attitude equations contained more information on form of the errors that are
expected 1n the attitude data, 1t was used to develop the simulation model for the attitude errors
Therefore, for completeness, both the definitions supphed by NASA-ERC will be included here

Report No 6200-933013 V.24
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a2 - General Defimtion of Gyro Mode! and Attitude Equations

{1) Mathematical Model

L4

The mathematical model for the simulation gyro 15 given by

where

(Is? + Cs) A =H (W - W) + N

gyro float Qutput Axus (OA) moment of mnertia
gyro damping constant

Lapiace Transform operator

gyro float angle about QA

gyro spin angular momentum

Input Axis (IA) component of angular velocity vector W_
electrically generated torque about QA
an error torque embodying all gyro nonideal performance

(N =0 for ths study)

(2). Functional Model

The functional model for the simulation gyro is shown in Figure 1V-2 where the
following ldentlﬁcahons are made 1n terms of the gyro mathematical model

LA
W : - K A
A | % o
- + / ‘ s(rs+ 1)

Figure IV-2 Functional Model for the Simulation Gyro

K
T

We

= H/C
IjC
= N/

The functional model for the currently used GG334A rebalance loop 1s shown in

Figure 1V-3

Report No 6200-933013
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ng ‘ A
Zero Order i D T r—
Hold < 11 s
Al

Figure V-3 Functional Model for GG334A Rebalance Loop

AT = sampling interval

D = rebalance signal level

& = float angle threshold

A8 = output pulse weight (rad/pulse)

The voltage level W of the zero order hold 1s observed once between sampling
mstanis A + A8, O, ora-Af data puigse 18 transnntted to the digital computer 1f th +D, O, -D,
respectively

{(3) Performance Model
The simulation gyro 1s mntended to model the performance of the Honeywell
GG334A used i the V/STOL Phase Il Inertial Sensity Unit {ISUY In order to duplicate the GG334A’s

dynamic performance, the following relationships must be observed

Decide upon Wy 1 ax (Maxumum permissible Wy 4 )

Set D = Wis MAX

Decide upon A8 = (deswred resolution)
Solve for AT = Aﬂ/WI A, MAX
Solvefor 71 = 18AT

Solve for K such that 1f a unity feedback loop were closed 1 Figure IV-2, the
resultmg system would have a damping ratio of 0 2 Thus

Set § = KA

Then when [ Wjadt = A@, A has made an excursion equal to 8 (neglecting
float dynamics) . - ’
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(4) Durection Cosine Update Equations

In order to compute both angular velocity and attitude, the Af pulses from the

gyros are accumulated in the digital computer The direction cosine matrix 15 updated usmg a 2nd
order Runge-Kutta algorithm

ONB (110 = OB (t,) (1+ [0x] + 5 [0, %] [05 x]1 -5 [02%1 =3 10312 )

3
where CNB 15 the direction cosine matnx fiom the body to the navigational coordinate frame

. At = tpyp-ty
8, = ZAB over the st half of At
8, = ZAD over the second half of At
8 = 6,%6,
0 -9, Oy
-{8x] = 6, 0 -6y
A 6y O

The attitude drift rate Wy (degfsec) induced by thus particular choice of update
algorithm 1s given by -

i - 3
Wy = 37x10° -
f
c
where W is the magmtude of the angular velocity vector
‘ f.. is the frequency of the direction cosine matrx update

This equation is applicable in the case where W 1s essentially constant over the update interval At
(5) Body Rate Computation

The algorithm for exiracting body rates from the gyro data is

where P, Q, and R, are the x, v, and z axis body frame components respectively of angular velocity W,
8,,8,,and At are as defined above This procedure fits a straight line through the angular velocity
measured 1n the two halves of the interval At

]

) 3 ]
.QI +T.§2) At N

£

6) Euler Angle Computation

The Euler angles are extracted from the direction cosines

Report No. 6200-933013 Iv-27
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Since
cos @ cos \# sin @ sin @
oMB. | cos 8-31n¥9 gin @ sin ©
gin © COs
.cos @

cos @

and since from physical considerations

~T/2<4 8 <T/2
T Laqi/e<e < T2
o<¥<om

the Euler angles are computed as follows

2 Compusation
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b Sumplified Defimtion of Veloeity and Attitude Sensor Error Models

The simphfied velocity and attitude sensor error models are shown 1n Figures IV-4
and IV-5, respectively

5 Air Speed’Indicator With Pitot Head
The error model {or a typical airspeed sensor was developed by Bell Aerospace Company
under this contiact A discussion of the source and expected magnitudes of the errors in thus sensor

1s contained 1n the following paragraphs

For a typical aircraft moving forward with a speed V, the air speed 1s determined by
measurement of the static pressure of the undisturbed air p, and the total, or stagnation, pressure p;
1e, the pressure at a point on the vehicle which has been brought to rest, e g at the bellows of the
awr speed indicator, or at the measuring head :

The relationshup between the true air speed V and these piessures, assuming adiabatic
conditions in a compressible medium may be given as

5 o Y/ =1)
_ 1+(‘{-1) PV
pt—p 27 P

o

1)

where v  Is the coefficient of adabatic expansion
and p 15 the density of the au

-

American practice 1s to calibrate air speed indicators using this formula with v as a constant
and assuming International Commussion for Awr Navigation (ICAN) Standard Atmosphere values p,
« (for p) and p,, (for p) yielding the equation

o
¥

- . B s 1/2
27 p, {(po+ Al K 1/}" } /
- -1

L A I P,

where V. is the rectified air speed

Ap = (pt - P) -

Significant differences do not anse between these two formulae unti sonic speeds are
approached

An alternative to this equation is to directly expand equation (1) and neglecting all but the
first two terms to yield

) 2

A = e— +
p 2 Vr 1 2
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where ¢, 15 the velocity of sound in the Standard Atmospheie At low speeds the second term in this
equation may be neglected and the true aw speed and rectified air speed are then ielated by the expression
related by the enpression

I

“po Vi =pV?
Thus to a first approximation the air speed 15 proportional to the square root of the difference between
the pressure at the pilot head and the static pressure.

The manufacturing tolerances at normal temperatures for a typical low amr speed mdicator
witlt a range of 30 to 150 knots do not exceed =4 knots over the whole 1ange However, when used on
helicoplers the downwash from the rotors increases this error substantially as speeds typically below
50 knots

In addition to the instrumental errors, errors m the fotal and static pressures at the measuring
head, known as posifion errors, wilt occur These vary with the tape of awrcraft and the pressure head
installation, but with a carefully selected position, the average values can be reduced to about 3 to 4
knots

Hysteresis effects in the mstrument will also contribute errors, but these will i general
be small, of the order of 1 or 2 knots

Errors will also be mtroduced 1f the axis of the pidot tube does not comeide with direction of
air flow The magnitude of these errors will depend on the angle of incidence, ¥, of the pitot tube axis
and also upon the ratio d/D where d s the diameter of the pitot aperture, and D 1s the overall diameter
of the pitot tube For example for a ratio of d/D < 0 3 and angles not exceeding £10°, the error,
expressed as a percentage of the pressure difference Ap (not of the air speed) which 1s the operating
pressure for the airspeed indicator does not exceed 1 5%, although for angles up to #25° this error
may 1ncrease to about 10%

The pitot tube 15 connected to the air speed indicator by means of mefal tubing, usually
about 3/161n inside diameter The length of the tubing will vary with the installation, but lengths
exceeding 50 feet are not uncommon Due to this length, there will be a finite pressure drop between
the pitot head and the instrument bellows, and therefore the transient response of the system to
pressure changes at the head position will be an exponential motion with a finite time constant 7
Thus if the external pressure 1s suddenly decreased at time 7 at a umiform rate dp/dt, the instrument
pressures will, after the decay of any transtent conditions, change at a similar rate, but the pressures
will lag by an amount equal to 7 dp/dt where 7 1s the time constant of the system A typical value of
7 for a 50 foot length of 3/16 1n diameter tubing will be about 0 2 second

Thus the accuracy of the air speed indicator 15 not high, but 1t 1s generally adequate for the
piot’s use If this infoimation 1s to be used for navigation purposes then an order of improvement in
accuracy 1s required Thus 1s usually calculated when required, using cahibration information, etc.

A mathematical error model of the awspeed indicator and pitot tube 1s thus illustrated in
Figure 1V-6,
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6 Alph‘a and Beta Vanes

The error model for typical Alpha Bete Vimes was developed by Bell Aerospace Company
under fhis contraét A discussion of the sourc=s and expected magmitudes of the errors in these
vanes 1s contamed i the followmg paragraphs

The Alpha and Beta Vanes are simply 14z2 mounted on the arcraft, one 1n the hornzontal
axis, the other in the vertical anis, such that th=v are free to swivel and lie in the plane of the amrstream
The angles that these planes makes with the boZy axes are thus the measures of alpha, the angle of attack
and Beta, the sideshp angle Since they are bot: identical instruments, only one needs to be described
- The vane 1s mounted on the vehicle in theZorm of a “flag,’” 1its vertical “post™ beng free to turn
i fis mounting The angular position of the paxt relative to the body axis 1s measured through a
synchro (which does not significantly impede =2 movement of the post) and the angular information
tiansmtted back to the followup servo and por-ter mechanism  The mnstrument dynamics are such that
the pomter is almost eritically damped so as 1o .vo1d pointer chatter The vane 1tself, being virtually
free mounted 1s influenced by air turbulence a=Z other nowse effects as well as the primary aur flow,
but this noise component is largely filtered out :n the followup servo. -

- E]

A mathematical error model of a typical vzae may therefore be constructed as illustiated in

Figare IV-7. )
Vane and Synchro Follow~Up Servo
gorpg + )
B \ 4000 - 40 e @morfm
- (8 +31.85 +4000) (s +10, +40) . Not to be Used
™ for Speeds Below

) T 30 Knots

62 White o
poaye—mrt ! “—0,25 rms
(S +62) Noise

Figure IV-7. e,8 Vane Model

-
* L

In this figure the vane and synchro are represented by an underdamped second order transfer
function to szmulate a relatively free pivot  The second quadratic transfer function represents the
followup servo and the pomter mechanrsm which 1s much better damped and has a smaller bandwidth
The errors introduced into such an instrument arz usually constant at about £0 25° and this error may
‘be simulated by introducing a band limited nois2 signal as iflustrated in the figure
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At speeds below 30 knots (approsumately) the accuracy of this instrurz=.=r7 decreases considerably
In particular the natural frequency of the Vane and Synchro decreases ant 2 2amplitude of the noise
error mmcreases  Siee in practice the mstrument 1s switched out at low spexi=.. the errors mtroduced

below 30 knots need not be considered

7  (GSN-5 Radar Model

1

a  Generadl

The erro1 model for the Bell Aerospace Company GSN-3 ra.c—~ =ystem was develonad
by Bell under this contract A discussion of the source and expected magr=—=._-nws of the errors in this

system 1s contamed 1n the following paragraphs ‘

The GSN-5 radar system as illustrated i block diagram form. = Tigure [V-8, 154 K
band, conical stan type employing a parabolic antenna fo1 propagation arc m=rzx=mving of the radar
signal The range of the target is determned by the spacings between the === =murier and corresponding
reflected K | band pulses The 1adar antenna 1s mounted on a two axis guwier . wwnich contmuously
rotates as the 1adar automatically tracks the target A resolver umt, geare< == xe symbal, defermines
the aircraft’s position in rectangular coordinates Translation of the coorcirnz=s: system from antenna to
T D point 1s accomplished by analog summation Derivatives are also obtzz== by differentiation in
the analog computer The resulting analog mformation 15 finally multiplexs=. ==wough a 14 bit A-D
converter for transmission to the vehicle via the data link (13 bits of informcwnn)

B e o e . e 3,
GSN-5 0 Analog | v, ¥ Data >

- Y S e e Sl y

g ¢ Resolvers e
= Radar A ——21 Computers " Link (—= V¥
I.b ‘l!’c “« Z .._E—f...z_...-.:.;-.-.-. : ?
[OCS poe e - e s el 7
Noise

Figure IV-8 Block Diagram of the GSN-5 Radar System

Each of the blocks illustrated in Figure IV-8 wili be discussed.

b GSN-5 Radar

The radar fluminates the target and, due to 1ts scanning mechanism, forms a spin
error from the reflected signal  Thus error 1s electronically split into corresponding elevat.on and
azimuth error angles. Thus split 15 not, however, perfect, so that a 10% crosstalk 1s assumed to remain
It is assumed that no dynamic effects occur through the electronics, although a certain amount of nose
1s generated The resultant error signals then drive two positioning servo motor/gearbox combinations
with tachometer feedback, which physically move the antenna-such as to mnmmize these error angles
The two sen vy anvolved (one for each axis) may for ssmulation purposes be represented by the closed

loop transfer tunction,
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6o(5)  d(e) w
6e(83’ "’Je (Sz+2 dw_+w 2)
o 0

O

« 1

where 8 4 1s the elevation angle error, and ¢ 18 the azunuth angle error  The appropriate coefficients
have been expersmentally determined as Wo = 50 radgsfsec,8 =07 Various nonlinea effects such as
backlash, hysteresis etc , present in the posttion servos may safely be neglected (Thus 1s confirmed
by expenimentation’)

The range signal 15 not affected by any dynamucs, but 1s subject to electromc and
system noise The various noise levels, including electronic noise, backscatter, sciniillation effects,
etc have been found to be approximately 0 3 milliradian rms for the elevation and azumuth angles,
and 1s distributed umformily over the antenna servomechanism bandwidth of 50 radsfsec The radar
slant range noise content 1s 15 feet rms up to a range of 1500 feet and | percent of the range there-
after. These figures apply when the antenna 1s pointing fauly accurately towards the corner reflector
wlhich 18 posttioned mn the nose of the vehicle Under certain conditions, skin tracking predominates
and the rms content of the noise signals will mcrease substantially For example, if the vehicle’s
onentation with respect to the antenna varies by moie than approximately 15° in elevation or
approximately 20° 1 azumuth, the radar 1ecerved signal will be reduced by around 3 db so that the
noise level will increase by a stmilar amount Further 1f no corner reflector 1s mcorporated mnto the
vehicle, the noise level can increase by 10 or 12db  The noise figures given above will also deteriorate
with atmospheric conditions such as rain or snow, but at short range this effect 1s not considered to be
too mmportaitt compared to the other noise sources

. Taking all of these factors mto account, block diagram of the GSN-5 model may be
constructed as illustrated i Figure 1V-9

As far as the elevation and azimuth angles are concerned, the resulting noise spectrum
will be further shaped by the positioning dynamics to finally become the desired spectrum The vari-
able potentiometers representing the rms noise amphitude are varied according to vehicle orientation
and absence of corner reflector so that the variations in noise level due to these factors are accurately -
modeled g

BN
.

¢ The Resolvers
The resolver unt 15 geared to the gimbals and translates coordinates of the aircraft’s

_position from polar to rectangular axes There are no sigmficant dynamic effects present in this unit

and so they may be ignored. From experience, however, it has been found that since the radar unit

spends most of its lifetime looking at one particular “homing” window, the resolvers tend to become

a hittle noisier with age, especially at these particular angles This extra noise could be incorporated

mto the model by using logic to recognize when these offending angles are bemg tracked, subsequently
- adding tlis noise However, due to the other noise sources present 1n the system, this effect may be

safely neglected

»

- The resolution of the resolver umt ss such that a quantizing error of 0 4 milliradian
isintroduced. This is quite a significant error, but since this error 1s less than the quantizing error
produced by a 14-bit A-D converter. (13 bits information, one bit sign) this particular source of error
will be, for convenience, translated uuwnstream into the data link block (Figure IV-12)
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The resolve: unit may therefore be simply sanulated as illustrated 1 Figuer= 33410

Rc sin Gc
Rc O N 2 o 4
Resolver
R cosé R cosp sinv
¢ ¢ c o] c c .
o ——b 1 s o Y
- Resolver
s Rc cos gcco:‘s»c
f - -
‘r’c ol 2 i - X

Figure IV-10 Resolver Unit

d.  Analog Computer

The analog computer 1 the GSN-5 system 15 used to translate the X-Y-Z coordinate
system produced by the resolver umt to the appropriate runway axes This may be sumply accom-
plished by adding {or subtraciing) the required offsets Xg» Y, and Z, between the touchdown pont
and the antenna focus point It 18 normal practice to align the radar unit paraliel to the runway so as
1o eliminate any further angular translations X

The analog computer 1s also used to calculate the necessary derivatives in each axis
‘These are achieved 1n the usual manner with 1 second filtering on the X and Z axis, and 0 5 second
filtering on the Y axas It 1s not considered that the GSN-5 computer rates will be used but this in-
formation 1s included for completeness The resulting model 1s shown in Figure IV-11

e Data Link
" The resulting mformation 1s finally multiplexed through a 14 bit A-D converter for

-transmussion to the vehicle via the data ink The converter word contains 13 bits of information and a _
plus sign and s accurate to within 0 017, plus or minus one half the least significant bit In addi-

tion to this error, an error also cxists due to the time delay between conversions This error 18
equvalent to a lag of one half the sampling period The resulting block diagram of the data link

error model 15 shown in Figure IV-12, for any particular channel This configuration completes the
description of the GSN-5 radar unit model

"8. Radar Altimeter - Honeywell YG7091B

The error model for a typical radar altimeter was developed by Bell Aerospace Company
under this contract This model 1s based on specifications and flight tests on the Honeywell
YG7091B radar altimeter A discussion of these and the resulting error model 1s discussed 1n the
following paragraphs

The operation of the Honeywell Pulse Radar Altimeter 1s based upon the precise measure-

ment of time required for an electromagnetic energy pulse to travel from the awcraft to the ground
terrain, and return to the awrcraft
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The recewer detects the leading edge of the reflected signal  After “lock on” to this
signal, the receiver reecis all other signals until the next pulse 1s recertved Thus ensures that the
closest point of contact within the radar “window™ is detected The time of arnval of the pulse
18 compared with the time of pulse transmission, the resulting time difference bemg dnectly pro-
portional to the requued altitude -

Firom the specifications for the YG7091B, the nominal altitude response time for a
small change 1n altrtude 1s 0 1 second This 1s defined as the time taken to reach 920% of the final
- steady state value The shape of ths step response 1s indicated by flight tests taken over the flight
deck of an aircraft carrier From these results it may be concluded that a transfer function that
will reasonably satisfy the given data 1s

(848 - 19 05s)

G (s) 5
(848 +44 65 + 8)

which may be simplified to a first order lag with a2 0 1 sec time constant without too much 1n-
accuracy. The quoted accuracy of the radar system 1s {ignoring the pointer mechanism) | 5
feet + 0 5% of altitude to the one sigma point Any antenna parallax error is constdered to be
generally too small to be significant and 1s therefore ignored The spectrum of the error signal
1s not known and so is assumed to be Gaussian and distributed uniformly over a bandwidth of
10 Hz Ths 1s an arbitrary choice of bandwidih A model for the radar altimeter is therefore
tllustrated in Figure IV-13 .

848 ~ 19,05s M
(848 + 44.65 + 85 - ;

e=IMult

+ 1.5 ft max

i 82 White
T

(5 +62) Noise

Figure IV-13  Radar Altimeter
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Note that if the scale errors of the pointer mechanism are included, the total systsm errors
mcrease to approximately 2 O feet + Q 75% of altitude Thus 1s of significance for dispiay purposes
but the smaller error 15 valid for the automatic control functions  These error values will also change
depending upon the vehicle orientation For example, the YG7091B spec:fications state that the
above accuracy will hold for pitch and roll angles to approximately +25 degrees, and the sys-
tem will si1ll work but with decreased accuracy for pitch and roll angles to +45 degrees Tlus
feature can be simply built m to the model of Figure ITI-8 by recogmzing when the pitch and roll
angle of the vehucle exceeds 25 degrees and ncreasing the noise (or inaccuracy) levels by a factor
of five (say) and by a factoi of ten or more f the velucle attitude angles exceed £45 degrees These
multiplication factois are aibitranly chosen and may be modified
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C  SIMULATION MECHANIZATION
1 Genergl Description

The simulation 1s a modular hybrid type with modules for the CH-46C helicopter, the
flight data systems, the gwdance and flight control laws, and the cockpit The helicopter module
contains models for the actuator and rotor dynamucs, the linearized equations of motion for the
bare helicopter, the stability denivatives, and a wind model The flight data systems module coatams
error models for an inertial measurement umt, an awrspeed sensor, a Betavane, and the GSN-5 radar
update systemn The guidance and flight control law module contams the digital control laws for the
Digital Flight Control and Landing System The cockpit module contains the displays and controls
necessary to use all the modes of operation of the Digital Flight Control and Landing System In ad-
dition to these basic modules, the simulation also contains several control modules for operating
and control purposes

The simulation modules are mechanized on hybrid computing equipment shown m
Figure IV-14 As shown in this figure, all of the basic modules, except for the wind model and cock-
pit module, are mechanized on the IBM 7090 digital computer The wind model 1s mechanized on
a2 PACE231R analog computer This computer 1s also used fo mterface with the cockprt which 1s
mechanized on a modified X-22A cockpif ssmulator

The stmulation mput/output provisions are mechanized on both the analog and digital
computers For operating convenience, the simulation mode control and 1nitial condition inputs are
mechanized on the analog computer All other inputs are mechamzed on the digital computer since
they do not normally change from run to run The recording of all fhght vartables in the time domain
1s done on analog strip chart recorders However, digital print s used to record the initial conditions,
performance mndex, and touchdown conditions tor each run since it provides a concise record of the
system performance

The necessary interface between the analog and digital modules 1s mechanized on Bell inter-
face equipment. The variables and discretes which are transmitted over this equipment are also shown
in Figure IV-14

- In addition to the functional modules shown i Figure 1V-14, a mawn program control mod-
ule is also used to control the operation of the digital modules in real time This module 1s described
in the following paragraphs :

The helicopter simulation main program (Figure IV-15 and Table 1V-15) controls the opera-
tional aspects of the digital ssmulation modules  As shown in this fizure, the program loads input data
into core and performs all mitial computations which can be made outside of the main sumulation loop
Discrete data commands are then read from the analog These include flight control mode, guidance
mode, landing mode, analog mode and a group of function switches controliing input, output and
termination The analog mode 1s tested In the IC (Initial Condition) mode, trme 1s set to zero and
all mmitialization 1s performed In the Operate mode, a test 1s made to determine if the pilot commanded
a mode switch, in which case a fhight control mmitiahization procedure 1s performed The helicopter mod-
ule 1s then entered, after which tests are made to determine whether 1t 18 time to enter the Guidance or
Flight Control subroutines Guidance 1s normally entered 8 tumes per second while flight control
1s normally entered 32 times per second The program is set up so that both guidance and flight control
will be entered on the iteration at which a mode switch is detected Tlus insures that all imtiahization
wil occur at once In the Hold mode, all computational loops are bypassed
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Timing 13 accomplished by using a real time clock which inferrupis the program at a
determuned frequency, nonunally once every 0 003 second When an mterrupt 1s recetved, real time
1s updated in the operate mode The program then resumes at the pomt of mterruption At the end
of each iteration, real tune 15 compared with problem tume and the program halts until real time 1s
equal to the problem time simulated on the current iteration

-

Several forms of printed oulput are available The program automatically prints on-hne the
mitial conditions, performarce index, and landing conditions for each run At any time during the
run, an on-line print of key problem varnables may be obtamed A time history of these vanables may
also be recorded on fape for later offline printing In addition certain D/A outputs are always trans-
mitted to the analog for stiip chart recording and display indicators

A switch is provided to read data cards on-line if any corrections must be made while the

simulation 1s ranning A termmate switch on the analog side 1s provided to end the program

TABLE IV-15
DEFINITION OF SYMBOLS USED IN FLOW CHART

DTRUPT Incremental time between mterrupts in seconds ‘
IFC Number of iterations between calls to flight control subroutine
1IG Number of iterations between calls to guidance subroutine
N Tteration counter
NFC Jteration when next c;all to flight control subroutine 1s to be made
NG Iteration when next call to guidance subroutine 1s to be"made
RTIME _Real time in seconds as compute(‘i by counting interrupts from a real time
clock
. TIME Problem tune m seconds as computed 1n helicopter module.

.2 Helicopter Module
a  Flow Diagram

All of the helicopter module except for the wind model, 1s mechamzed as a subroutine
on the digital computer The digital flow diagram for this subroutine 15 1llustrated 1n Figure IV-16  As
shown 1n the figure, this subroutine 1s dinded into different sections which can be updated at differ-
ent rates In the order of the frequency (from highest to lowest) at which they are updated, these
sections are (1) actuator and rotor dynamuics, (2) body axis equations, and (3) ANF equations and
stability dervatives

Report No 6200-933013 1V-46



€10£€6-00C9 "ON Jodoy

Ly-Al

[ttalization

fe
y

Actuator and
Rotor Dynamics
Section

Read Body
Axis Winds
From Analog

NBA =
NBA + 1

-ANF Equation
Section

NANF = 1

NANF =
NANF + 1

{

Stahlity
Derivative
Section

{

Body Axis
Equation Secfron

NBA=1

NDT =

NDT+ 1}

NDT =1

?
( Return )

' F1gu1:e IV-16 Helicopter Module Subroutine

Notes

(1)
(2)
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b  Actuator and Rotor Dynamucs

All of the actuator and rotor dynamic equations presented in Section IV B 2 are
mechanized in the ssmulation. The position limifs on the stick mputs are mechanized i the follow-
mg form, -

B = 8108, <5, <5

M max

=8, 1 85 < 8

min? min

S max> H 8¢ > 8 ax

The second order actuator and rotor response transfer functions are mechanized by
difference equations of the following form "

& =a8x1+b6 1+c§ 2+d5 1+88

y1 Al- X1- yi- y1-2

where- a to e are difference equation coefficients

x denotes input of transfer function

y denotes oulput of transfer function

i denotes current value -
11 denotes value from first previous update
+~2 denotes value from second previous update

The difference equation coefficients are defined as

-

a =AtYf
b =2 A%/f
c  =AtYf

-

d - =@/w? -2 At)/f

e =4 LAt/w-4[w? -A?)/f

f - =4 Attt 4fw? + AP
where At =update period

tw - = natural frequency

£ 7 = damping ratio

-

- The rate Iimits on the actuator are mechamzed n the following form

8y =8y 1f 8y, 1 8 ALK, <8y + 8,y At

1

max max
. =3

-

At,1f 8, <8 At

yi-1° 8 1nax max

yi-

e =By g ey Atf 5y > By + 8y A

yi- max
whers 8 max 18 the maximum rate '
At 1s the update period
*  x denotes input to rate limit

y denotes output of rate it
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- 1]
The hysteresis in the mechanical linkages in each channel ae mechanized as shown n
Figure IV-17
; .

The nomenclature in this figure 1s as follows

Adyy 18 the half width of {he hysteresis
% denotes hysteresis mput
v denotes hysteresis output

¢, Body Axis Equations

The body axis equation section contains (1) the Imearnized 6 DOF equations for the
translational and angular body axis accelerations, (2) the mtegration of these to obtain translational
and angular body axis rates, (3) the transformation of the body axis angular rates to Euler attitude
rates, and (4) the integration of these to obtam Euler attitudes These equations are mechanized
directly n the form in which they are presented in Section IV B | A second order Adams numerical
mtegration formula 1s used for all integrations The form of this formula s,

< Y=Y, t15Y, 405y, 1 At

where y is the integration input
N y 1s the integration output
At 1s the update period

d  ANF Equations
The ANF Equation section contains the transformation of body axis velocities to
ANF velocities and the mtegration of these to obtain ANF positions These equations are mechanized
directly 1n the form m which they are presented 1n Section IV B 1 A second order Adams numerical
.1ntegration formula is again used for all integrations 1n this section

t

e. Stabihity Derivatives Routine

Thas section computes the stability derivatives, nomnals, and trims daturns for the
hehcopter as functions of the flight condrtions For any given helicopter weight and c g position, the
equiibrum fhight stability derivatives, are functions of the forward arspeed, and altitude rate, the
altitude, and the rear rotor axis tilt The stability derivatives that are computed are the partial deriva-
tives of the time derivatives of the body axis translational and angular accelerations with respect to the
body axis translational and angular velocities and the rotor deflections The nominals that are computed
-are the reference pomnts about which the linearized body axis equations are referenced The tnim datums

> that are computed are the equibibrium trim positions for the rotor collective, differential collective,

¢yclic, and differential cychic commands

Before this section was developed, 1t was first necessary to deternune how to use the
equihbrinm stability derivative data to simulate transient flight condifions since non-equilibrium data
could not be obtained Three methods of ssimulating non-equilibrium flight conditions were considered
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* Figure IV-17 Hysteresis Mechanization
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orresponding to the current flight conditions regardiess
+ (1) Usethe equlibrum€ <"y hrum conditions or not
of whether they are 27

Jetermnunyg the closest equlibrium conditions along a
* 7 (2) Develop aprocedurs™ * = uge the equilibrium data corresponding to nomunal
“stored nomnal fhght ¥~

conditions
(3) Develop a procedur™
current fhight condii” =

seterminng the closest equilibrium conditions to the

the sunplest, 1t can result n large errors, since the instan-

Although the first approzr 2t different from the equdibrium values for the same power

neous rate of descent and velocity may ©*
«*{ing and atitude. .
The second approach reqe * )

ttions for each pomt zlong a stored nom*”

s procedure for determirung the closest equiibrium con-
iLght However, stnce the nominal Fhght itself will involve

. 28, 1t becarne apparent that, once such a proceduse 18

nnequilibrium phases such as decelerat*” oA thght conditrons Thys 1s the third approach, and does

“mtermined it could also be apphed 1041 < , - iltoperating about a fixed nominal flight Asa result,
ot have any of the disadvantages assocs™ ™" rpative

e third approach was selected as the bos?

-ning the equiltbrium point closest to any gwven msta:n-
acant the one whose denivatives are most nearly egual to
sst at the mstantaneous pomt

. This approach requires def ’
Ymoous operating condition By “close%*; )
hose-(unknown) dervatives which actid

equilibrium pont 1s specified by specifying a forward
Using the equilibrium daf ¢ . deeffects) Fora given velocity, an equilibrivm climnb
/glgé,xty and a rate of descent {negleciing * , scctive power setlting or an angle-of-attack, the unspec-
#yte can be specified by specifying ethér 7 - / Sefined by the requirement for equilibrum

#od of these two quanttiies 1s then amph’ g )

-

, ¢ ple-ol-attack (or vertical velocity) will have a smaller
Investigations indicated o7 ’, ~iiaf) collective power setting  Hence, the approach
&#foct on the stability and control dernva''’ ) conditson to a gven nonequilibrium pornt 1s to use
selected for determinng the closest qul;‘r“"i ¢ adgusted for translational equilibrium at the instan-
!he one which would exst 1f angle-ol-d it

{aneous velocity and collectve power sef fin ‘

ofjanz of this subroutine 1s as follows The helicopter body

The mechanization and tsf 1) iy axes, and pitch attitude are used 1o compute the for-
#xis velogities, wind components along i fly axs

ward afrspeed, Vo H, 1 the plane of the *

. HoYsm g
. - VA}H = (U+Uw) cOs 1] i I ""” fjw

. . ™~

- W yii rear rotor axis trun change are used to compute the
‘the rotor collective power setting, altitl \ui |1 the rotor collective power setting  The manner 1n

pyuitbrium attitude rate, heg, correspylitt ; the procedure that 1s used for computing the stability
fghick this 15 done can best be descrbed 4 [ deseribed

Hesivatives, nominals, and trim datums Yiae

]

PR

i winals, and trim datums are then computed as functions of
The stabitty derrvalves, Wi - vorresponding 1o the current rotor collective power
forward airspeed, the equilibnium attiiiis .+ bt Hus, a two dimensional table lookup procedure with
tetting, attitude, and rear rotor axis Ll Jie stability dervatives, ete as functions of the current

lmear interpolation 1s fust used to deied™ .« yre corresponding to the current rotor collective power
forward arspeed and the equilibium aktn

setting, In general,
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H &

C' @ = 1V g /115 Beg):
where C’ (1) 1s a stability derivative, etc

A: one dimensional table lookup procedure with hinear interpolation 1s then used to
determune the effect of altitude on these detvatives as a function of forward amrspeed

aC (1)foh = f(VA/H)
ACh (3 =@CHOMBMNK

Smce the pilot normally retrims the rear rotor at speeds gieater than 80 krots, the effect
of this trim change on the derivatives, etc 1s also computed by looking up the effect of the trim change
on each dertvative, efc at 80 knots and multiplying it by the rear rotor axis filt, SRR, which 1s read from
the cockpit over an A/D conversion channel

ACRR (0= AC Wpyax BRRRR, max?

The altitude and rear rotor t1un change effects are then added to the denvatives, etc
- that were computed as functions of forward airspeed and equilibrium altitude rate to obtam the total
derivatives, efc

C(l) = C' (I) + ACh (l) + ACRR (1)

The stability denvatives, nomnals, and trim datums that are computed in this manner
are as follows, (1) stability dervatives  Xy/m, X5o/m, X§o/m, ZU/m, ZW/m, Z§ /m, Z§./m, MyU/lyY,
Mw/Iyy, MQ/IYy, Ms /vy, Mg /lyY, Yv/m, YP/m, LV/IXX, LP/IXX, LRAIXX, Ls,/IxX, Nv/IzZ,
Np/lzz, NR/IZz7, and Ng /177, (2) nommals 8¢, and (3) trim datums 8¢ro, Sero, Saro, and &rro

" In addition, the nomnal prich atfrtude computed by the above procedure 1s used along
with the current forward airspeed and the equilibrium altitude rate corresponding to the current rotor
collective power setting to compute the nommal body axis velocities along the x and z body axes

U

o = VA/H cos Bo + heq sin 60

*

Wo = VA/H sin Bo ‘heq cos 60

It 1s apparent at this point that the equuibrium trun datum for the rotor collective power
setting, dcro, 18 one of variables that 1s computed as a function of forward arspeed and equilibrium
altitude rate 1n the two dimensional table lookup procedure Because of this, it 1s possible, through a
reverse lookup procedure, to enter thus table with the current forward airspeed and collective power
setting and determine the equilibrium altitude rate that corresponds to that collective power setting

hoq = Vaym 8'cro)

However, before this can be done, the altitude and rear rotor trim change effect on the
rotor collective setting must be computed and subtracted from the current rotor collective setting since
the table being used 1s for sea level, no trim change conditions

.57
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3600/6311 =f (VA/H)

Aboofy = (86c,/0h) h

Abcy/rR = Adcq max(aRRl SRR max’

Yero = e bBcoyn - Abco/RR
This 1s the procedure that 15 used to compule the equilibrium altitude rate corresponding
to the cutrent rotor collective power setting in the stability derwative subroutine

3 Fhght Data Systems Module
‘a Strapdown System

Thus section describes the simulation models developed for the strapdown system from
data supplied by NASA-ERC on this systemm  These error models were used during the evaluation of the
Digital Flight Control and Landing System ’

. (1) Gyro Pulses

A prime error 1n the accumulated attitude pulses from the pulse rebalanced gyros

in the strapdown systerm 15 due to roundoff The magnmitude of this error 1s dependent on the quantiza-

tion level used and the rate at which the gyros are rebalanced If there were no other errors in these

pulses, the distnibution of this error would depend only on the actual magnitude and direction of change

of the attitude being measured and would be a sawtooth type function for a constant atfitude rate How-
« gver, since the pulses will contain other errors, due to such things as vibration, that will probably be of

the same order of magnitude as the roundoff error, the error after roundoff will probably be noisy and

somewhat random 1 nature Therefore, m the simulation, this error s simulated by an evenly distributed
~random error of the following form (piich axis used for example),

. ¢ _ { Qlow N
AG" = (W) (48D f Q< Qg

./ Qhigh .
= _]\_I(_;L) (A87)gD, f Q> Qo

.where Qiow = maximum measurable atfifude pulse rate at low scaling ]
Qpugn = maximum measurable attitude puise rate at high scaling
NG = gyro rebalance rate - .

(A8 1y = an evenly distributed random number with an amplitude of one

"(2) Body Axis Angular Rates
in the strapdown system, the accumulated atfiiude pulses are numerically dlfferen:
tiated to obtain the body axis angular rates A typical difference equation for performing this differen-
tiation was provided by NASA-ERC and 1s of the form (pitch axis used for example),

Report No 6200-933013 1v-53



Bell Aerospace Company

‘Q =[156,-050"12Nyp

where 0'y; = pulses accumulated over second half of update period
~ 8’, = pulses accumulated over first half of update period
N AR™ update rate of angula1 1ate computation

Fiom this difference equation, it can be seen that the noise error in the accumulated
gvro pulses will cause a nose error 1n the computed angular rates that will be of the following form

AQp= 11546, -05 A8",] 2N, g

- v

This error 1s computed m thus manne: in the simulation It 1s then added to the 'mgular rates to fom
the angular rates that are used in the flight control laws

PFC = P+ APN
Qpc= Q+AQN

(3) Euler Angles

In the strapdown navigational system, the accumulated gyro pulses are also integrated
to update the direction cosine matris for the Euler angles. The appropnate terms in this matr are then
mversely resolved to obtain the Fuler angles A typical numerical integration procedure (second order
Runge-Kutta) for updating the direction cosine matrix was provided by NASA-ERC and 1s of the
following foim ~

cMB = eNB aqe 14 slonx1l6%x]- 15 00%x1° 2151855 17%)
ntl n ) . "
where CI\UB = direction cosine matrix )

f0';x] = matnx summation of attitude pulses over first half of update period
[6°;x1 = matrix summation of attitude pulses during second half of update period

‘ o 4, ay']
0,1 =}o, o 4,
4, 0

x O

This integration procedure was analyzed for error propagation and 1t was found
that the rms value of the noise error propagated through all terms 1s only about 5% greater than that
propagated through the [8'x] term alone Therefore, for sumulation purposes, only this term is con-
sidered It was further found that the resulfing noise error in the direction costne matnx transforms
into a noise error in the Euler angles through the normal Euler rate transformation In the simulation,
this error 1s computed as,
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A =(A0 s ¢+ Ay cos ¢)/cos 8
LBy =A0'cospt+ AP smg
o APN =A¢'+A¢N sin @

In addition to the noise error 1n the Eunler angles, there s also a drif{ error wiich
results from the propagation of the errors in the accumulated attitude pulses and from etrors in the
ntegration procedure itself In the simulation, this error 1s computed as (pitch axis used for example)

where kp = drift constant,
NDC = update rate of direction cosmne matrix integration

The noise and drift errors are then added to the Euler angles to obtain the angles that
are used m the flight control laws

Vpc =V tAuntAUp

GFC =@ +A0N+A0D

¢FC = ¢) + AQBN + A¢D
{(4) Body Axis Accelerations

The error model for the accelerometers was provided by NASA-ERC and consists
of Gaussian white nose shaped through a 100 radian/sec filter In the simulation, this noise error 1s
being represented simply by a normally distributed :andom number of the following form (longitudinal

-acceleration used for example)

A[‘JN = 0N A[}!‘ND

where N = standard deviation

AI'J"ND= normally distributed random numl?er with mean of zero and standard
deviation of one

The 100 rad/sec filter 1s not included since this error 1s generated at a rate that excludes frequencies
greater than 100 rad/sec

-

(5) Body Axis Velocities

In the strapdown system, the sensed accelerations are integrated to obtamn the body
axis velocifies  For a typical trapezoidal numerical integration method, the noise error 1 the sensed
accelerations will be propagated through the mtegration into an error in the body axis velocities in the

. following manner (longitudinal velocity -ed for example)

AUN =05 (aUnjy +AUN/M. PNy +aUn/

where Nv = update rate of velocity integration
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A drift error 15 also computed as,
AUD = ZXGD/ s,
where - AUp  =dnftrate

The noise and drift errors are then added to the body axis velocities to obtain the
body axis velocifies that are used 1n the thght control laws

UFC =1}t QUN + AUD
Vpo =V+AVy+AVp

Wpo =WTAWN+AWp

(6} Inertial Velocities

i In the strapdown system, the body axis velocities are transformed into mertal
velocifies through an Euler resolution  Thus resolution 1s of the form

x| |cwce  cusess  cysoce| lu
SWCo +SUS

Y |=| swcs SY IS¢ SYSHCH v
+CyCo CySe

z | |-s6 SéCh COCs W

Frem this transformation, it can be seen that the errors in both the body axis
velocities and Euler angles will be propagated into errors in the nertial velocities For small angle
approxiumations on pitch and roll, the errors in the mertial velocities are of the form

AXp =CyAUg - SYAVE +(CYO + SP¢) AW
- (USY + VCy + W(SU8 - CY) Ay + WCPAGL + WSYASE

(Y

" AYp = SYAUR+ CYAVE +(Sy0 - CYg) AWE

. +(UCY - VSy + W(CY0 - SY¢) ) Ay + WSYASR - WCyAdg

o

e ~

e

AZg =-0AUR+¢AVE+AWE -UAfp+ VAsg

These errors are computed in this manner in the simulatton  They are then added
to the inertial velocities to obtamn the inertial velocities that are used in the flight control laws

XFC = 5( + A}.{E
Y.FC = “f + A‘PE

iFC =‘é + AZE
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{7} Ineitial Posttions

In the strapdown system, the inertial positions are obtamed by integrafing the
inertial velocities For a typical trapezoidal numernical integration method, the noise error 1n the mertial
veloctties will be propagated through ihe integration into noise errors n the inertial velocities in the
following manner (longitudinal position used for example) - -

AXy = 05 (AXN/n + AXN/II—I)/NP + AXN;’H-I
where Np = update rate of posihion mtegration

The drift error 1n the inertial velocities will also be propagated thiough the
mtegration mto drifi errors 1n the inertial positions 1n the followmg manner (longitudinal position used
. for example) i

AXD = AXD/]’I-I +05 (AXD/I’I + AXD/H-I)/NP

These equations are used to compute the noise and dnft eriors 1n the nertial
positions 1m the ssmulation These errors are then added to the inertial positions to obtain the positions
. that are used m the guidance laws

13

b Radar Update System
i In the airborne system, the mertial posttion data from the strapdown system 1s updated
by a precision GSN-5 radar system This reduces the errors in the updated positions to those in the
radar mformation at the update points This 1s stmulated by resetting the imtial conditions
(&Xp n-1+ AYD/n-1, and AZDfp-1) on the mertial position duft error mfegrators to the errors that
exist in the radar mformation at the update points A specified number of discrete updates per fhght
are simulated and these occur as a function of range Therefore, instead of computing the radar errors
on line m the sunulation, they are computed off line and stored 1 a table for several discrete range
pomnts Whenever the range, X!, in the simulation first becomes equal to or less than a stored update
value, the initial conditions on the nertial position drift error integrators are set equal to the stored
radar position errors

If XI< X,

AXpja 1 = AXp,

AVpjp = AYp
ALpiy = ALy,

The mtial conditions on the mtegrators are set only once when an update point occurs and then are
allowed to integraie up until the next update point 1s reached

In the arborne system, the radar information wiall gradually be blended with the strap-
down system information when an update occurs to prevent sharp discontinuities This 1s simulated by
rate hmufing the updated inerfial position errors from the mtegrators as foilows (longitudinal position
used for example) -
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AXD max AX}f’z’/ﬂ'i + Xinax 4t
%XD mm = A}(H; -l " Xnax At -
AXpy 2 AXqnrl if AXp mun S 8Xp/p-1 SAXD max

= G isman? ) AXD/IH > 8XD max

= Ah|j ! if J"}‘:’{D/n—l <AXD min

AXpyn-p = Akjl
¢ Arrspeed Pifyy pube

From the e1jg yyuhvl presented for the priot tube m Section IV B 5 , 1t can be seen
that the final noise error in {)ye gyt » ¢ dirspeed 1s always about 3 knots at speeds greater than about
50 knots regardiess of the nigauginh s 0! the individual errors that make up this final nosse error  Below
this speed, the final noise eiygp i ivaves due fo the downwash effect of the rotors but its magnitude 1s
primarily a function of forw g, ap~red  Asa result of this, the final noise error in the sensed forward
airspeed 1s computed 1 the 5 ,ylstwt. The equations used for thus are

AVa/N =g\ AV:{‘/ND , V,>50knots

b

= o\-g\t tkgy (50-Vy) AVIND: Va<30knots

where 0ya = {ariid deviation
k, v = ofie b of airspeed on standard deviation
AVY IND  =no Adlly distributed random number with zero mean and standard

dovyon of one

In the simibqon M8 ITOT 18 generated at a rate that approximates the 10 rad/fsec filter
shaping that 1s included in {3 ppt W0GEL

[
1

In addition, y hen ¢ helicopter 1s at an angle of attack or sideshp angle, a bias error
will exist m the sensed airspoaod woso e axis of the pitot tube will not be aligned with the velocity
vector In the simulation, Thy, pysL0T 18 computed as,

. AVa/'B =gt -cosT) Vg, ‘
where r = {ht‘t"‘\{d’l angle of mncidence between the pitot tube axis and the
velpaty Yector -

- 2

These eIToTy gre (3 ddded to the computed airspeed to obtamn the amrspeed that 1s used
1n the flight control laws

Vape =V, VaNtAVyp
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d  Sideship {f) Vane

From the error model thaf was developed for the “f” vane during the first quarter and
presented in the first quarterly report, it can be seen that the final noise error 1n the sensed sideslip 1s
always about £0 25° for speeds greater than about 30 knots Since this covers the range over which 1t 1s
planned to use the “§” vane m the fhight control laws, the sideship error in the simulation is represented
stmply by a normally distributed random number with a standard deviation of 0 25° Again, this erior
1s generated at a rate that approximates the 62 rad/sec filter shaping that 1s mcluded in the error model

. 4 Gudance and Flight Control Module

This section contains the guidance and fhght control laws described m Section [II These
are mechanzed 1 a form that 15 functionally identical to that presented in the Final Flight Control
and Gwdance Software documents and, therefore, will not be repeated here

5  Cockpit Module

A cockpit simulator is incorporated nto the total ssmulation of the helicopter The cockpit
panel display and control functions are patterned after the CH-46C helicopter

. The cockpit simulator consists of three units, the cockpit, the electronic cabinet, and the
hydraulic umt The cockpit stick and pedal controls have hydraulic force opposition There 18 piich
and roll trimming for the stick and yaw trimming for the pedals The hydraulic feel forces may be
varied from the control panel of the electronic cabmet A collective stick 1s provided that has a con-
troliable drag adjustment

The cockpit display layout 1s shown m Figure [V-18 The airspeed 1s shown 1n knots from
-40 to +160 The heading mdicator 1s 1n degrees from <180 to +180 The flight path angle 1s calibrated
from +40 to -20 degrees The angle of attack meter also ranges from +40 to -20 degrees The attitude
reference mdicator will show +60 to -60 degrees of pitch and +60 to -60 degrees of bank The turn
rate meter wil show a maximum of 1 minute turn The vertical and horizontal bars of the indicator
display command or velocity errors The scope display of the cockpit 1s used to display X, Y position
by a variable positioned dot The alfimeterisa standard aircraft instrument The vertical speed meter
1s scaled 1n feet per second : - . .-

~ A push button control display 1s attached to the nght side of the cockp:it panel There are
eight modes of operation selectable from the display. These are

" 1. SAS 5 VELZ2
2 ATTI 6§ VEL3
3. ATT2 7 AUTO
4 VELI1 8. LAND

A sidearm controller has been added to the cockpit for investigation of the velocity modes
The sidearm controller 1s a NASA 3-axis umit obtained from Houston for another NASA program
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Figure IV-18  Cockpit Displays
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V RESULTS OF EVALUATION

A GENERAL

o

The evaluation criferia used are discussed n Section III B 1 e  After optinmzation of the
pitot’s controls sensifivities and the scaling of the FDI display, a test procedure was set up Table
V-1 shows the mmtial conditions which were employed with all modes Table V-2 shows additional
imitial conditions used with the AUTO, VEL 1 and ATT 2 inodes These modes were singled out
for additional testing with 30 knot winds and the full amplhitude of wind gusts (sec Data Base
Section IV) because they were the most flyable modes

After indoctrination m the cockpit routine and mstrumentation, and several familiarization
runs by the pllot any small disciepancies noted by the pilot were corrected before the beglnmng
of the final or “official™ piloted runs

The pilot opeiated the simulator in each mode, subject to the initial offsets and wind
conditions histed 1n Tables V-1 and 2 The profile of the fixed path, which the pilot was directed
to fly 1s discussed in Section III C Each run was repeated twice and the results were averaged to
obtain a numerical value of the Performance Index (PI), touchdown velocity (Z1p)s forward
velocity (X ), lateral velocity (YTD) and radial error (R ) for the respective mode and init-
ral condltlon After each run, the pilot numencally rated the handling qualities during the
simulated flight, based on the Cooper rating scale discussed 1n Section Il B 1 e A sample com-
puter printout of mitial conditions, the operational mode, landing condrtions, and PI, obtamed
after each run, 18 shown mn Figure V-1

The simulator was operated in the AUTO mode with the pilot in the seat During the pre-
hminary optimizing, the pilot was directed to supply stick inputs during the AUTO runs, to eval-
uate the feasibility of pilot assists during AUTO landings Thas feature was deleted from the pro-
gram, after it appeared that the PI was being degraded by pilot inputs and the philosophy was
adopted that switching to a manual mode was preferable to mixing AUTO and manual iputs

B DATA COMPILED

Table V-3 lists the forward speed, XTD, lateral speed, YTD’ sink rate, ZTD’ radial offset
error, Rpp, and the roll angle, ¢, observed at touchdown Defining a good landing as IXTDI < 3
ftfsec, IYpl < 3ftfsec, Zpp < 5 ft/sec (note 3 ft/sec was programmed desired value),
¢l < 25°, Rpp < 30 ft, Table V-3 shows

I D.(TD[ > 3 fifsec

one case ATT1 Conc'imon 8
one case SAS Condition 8

2 IYTD[ > 3 ftfsec .
" two cases  SAS Condition 8, 14

( Continued on page V-5)
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TABLE V-1
FLIGHT TEST CONDITIONS — ALL MODES
Initial Conditions Winds
Run
Number Velocity
Condition Y W (knots) Direction
1 0 0 0 0
2 0 0 0 0
3 0 0 15 0°
4 0 0 15 90°
S 0 o 15 180°
[ 1000 0 0 4]
7 1000 0 15 0°
8 1000 0 15 90°
9 1000 0 15 180°
10 0 30° 0 0
11 0 30° 4] -0
12 0 30° 15 0°
13 0 30° 15 90°
14 0 30° 15 180°
. TABLE V-2
ADDITIONAL FLIGHT TEST CONDITIONS — AUTO, VEL 1, AND A¥¥-
[nitial Conditions Winds
Run
Number 3 Velocity
Condition Y v {knots) Brrection
15 0 30 0°
16 0 0 30 90°
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INITIAL CONDIT!IONS

TRETA =~ 20320 PH I - ~0.000 PSS - 0067

P o~ - 0.000 Q - 0007 R - 00000

U - 135,181 v - -0s159 W - Y 5a463

URIND - ° =0e177 VWIND = 00140 WWIND =~ -00159

X ~~10012.576 Y - 06000 Z - ~443,001

- XDOT - 135,292 ¥YDOT - 02000 ZH0T -~ -0e011
FLIGHT CONTROL MODE -~ SAS ~

’ v

- LANDING CONDITICNS

TIME - 158,066 © RTIME = 184,270

THETA - Se492 PHI - =-0e795 P51 - ~54953
P - Be&25 Q - 7 =2.423 R - Q474
U - _‘ Dal24 v - .7 =0.973 W - 44354
UwiND - —0e226 VWIND -~ 0.177 WWIND -~ -“0e171
X - ~5%,839 Y | - ~13.121 Z = = =134609
XDOT - - 0eT50 YDOT - -0,989 ZDOT - 46291

PERFORMANCE INDEX = 0.,0846

-

r - - 1
‘***7‘5*%-{:%*%%%%%*%**%%****%***%%*%*%**

- I4

Figure V-1 Sample Computer Qutput
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TABLL V-3
TQUCHDOWN CONDITION DATA

P’ " — " ;
Xm | Yo | Zmp Rip o ¥ 2 Yo | Zp | Ryp o
Maode {ftfsec) | (fifseey { (ftfscc) (f) {deg)} Mode {ftfsecy } #fifsec) | (ft/sec) {fy {deg)
AUTO 0944 001 389 171 014 AUTO 107 405 507 166 518
VEL i 033 0025 285 94 007 VEL 1 081 -107 627 164 09
1] vFL2 068 0t 312 154 006 ol vrL3 194 431 512 33 P
ATT2 031 088 115 32 030 ATT 2 040 473 545 118 P
ATT | 096 062 405 196 -1 89 ATT1 097 53 47 152 BTN
SAS 033 035 400 6s 000 $AS 2120 253 516 90+ | 4.
AUTO 15 003 188 1663 004 AUTO 132 Ao 409 1739 | 15
4| VEL1 o7 003 29 170 017 VEL 1 163 998 413 174 015
P ATT | 15 055 387 221 027 i0{ VLL3 122 026 16 123 aa
SAS 101 409 425 71 038 ATT2 125 663 415 174 L5
ATT | 182 088 342 181 G2g
AUTO 080 002 311 846 007 5AS 174 oi3 346 204 D4
VEL | 193 111 506 218 042
3t VEL3 1.18 -to 2725 996 037 AUTO 12 002 348 1499 | 005
ATT 2 119 0725 325 1308 009 VEL 1 095 049 35 s 046
AIT! 050 095 425 209 0s0 11| VEL3 118 028 352 139 013
815 22120 060 49 158 076 ATT2 20 D06 39 166 017
ATT 1 10 029 380 143 028
AUTO 129 ogQ2 268 212 004 SAS 133 016 434 12 073
VEL I 010 055 27 1019 180 - "
2} 4] VEL3 072 1723 237 136 070 ol [AUTO 104 013 305 1432 025
<l arrz 023 085 235 117 069 =t IvELL 20 053 el 181 018
2 ATT1 142 104 29 1405 100 E| |[VEL3 2.2 050 349 694 0i2
= SAS 009 233 463 188 007 Z|i2| ATT2 169 060 482 139 008
3 | larT1 164 038 353 218 023
= AUTO 154 07 369 66 01 Ol 18AS 110 032 369 129 637
& VEL ! 05 as 362 72 035 | fveLz 050 022 584 172 D12
5| VEL3 03s 065 36 133 003 =
ATT2 06d 061 336 138 035 AUTO 167 007 437 145 G0l
ATT | 153 033 44 97 018 VEL 1 1z 03! 383 155 105
SAS 042 043 47 904 025 VEL 3 145 086 381 175 076
13l atT2 098 021 359 1744 063
AUTO 102 003 40 306 Ho8 ATT ! 116 094 353 149 042
VEL I 040 039 275 179 043 SAS 139 022 377 184 066
" 6] VEL3 009 057 30 121 010 VEL 2 4 006 409 179 012
ATT2 064 055 35 12 017
ATT 1 119 602 39 181 00 AUTO 10+ 007 423 1704 006
SAS 055 0053 389 142 041 VEL ! 0463 0351 517 1603 049
J4| VEL3 140 033 2320 176 018
AUTO 102 012 320 337 010 ATT2 141 024 313 131 045
VEL | 005 060 375 72 003 ATT | 208 105 395 1155 048
7} VEL3 071 02 39 143 020 SAS 209 377 $68 155 032
ATT2 162 035 384 118 010
AYT 1 2125 015 463 180 003 AUTD 087 018 490 1705 012
SAS 094 053 444 185 081} 151 VEL 1 113 045 380 068 | 050
ATT 2 1493 030 525 106 022
AUTO P14 073 416 151 024
VEL 1 093 104 425 139 108 AUTO 179 064 434 751 039
8| VEL3 i.30 679 40 132 072 16| VEL | I 18] 40 2181 063
ATT 2 091 138 34 121 122 ATT2 040 213 57 185 234
ATT1 816 036 394 175 010
SAS 4087 | 2248 123 537 | -to41
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3 Z‘TD > 5 [tfsec

ONe case AUTO Condition 9
three cases VEL 1 Condition 3,9, 14
one case VEL 3 Condition 9
three cdses ATT 2 Condition 9, 15, 16
R (note 15, 16 are hagh gust, 30 knot wmds)
Oone case VEL 2 Condifion 12
4 ¢l > 25°
one cage SAS Condition 8

5 Ryp > 30ft

two cases AUTQ Condition 6, 7
one case SAS Condition 8

In reviewing these failures, all were marginal failures within the given definition of a good
landing, except ATT 1, Condition 8 where the forward speed was 8 2 ftfsec, VEL 1, Condition 9
where the sink speed was 6 3 ft/sec; and SAS Condition 8 which was very poor in almost all cate-
gomies The two cases of AUTO landing shghtly beyond 30 ft appear surpnsmg and suggests a 14
foot system bias existed {see Table V-4)

Table V-3 has been reduced to show the essential statistics of the data Table V-4 shows
the average value and the standard deviation (rms deviation from the average) of X, YTD and
ZTD Reviewing this tends to confirm the belief that a system bias of 14 ft 1n X exsisted due to
tolerances 1n forward speed for the LAND condition

Table V-5 lists the average and the rms value of the Performance Index (PI) under the varicas
flight conditions and for the different modes

Review of the results shown mn Tables V-3, 4, 5 indicates that the AUTQ mode is best and
SAS the poorest mn terms of performance The pilot was capable of adapting to all modes and the
" performance cnitenia indicate little to choose between any of the manual modes except SAS SAS
exhibited a tendency to get away from the pilot which was considered dangerous This point clear-
Iy showed up m the Cooper rating

Table V-6 hsts the consensus Cooper rating for the modes The velocity modes which used

the stick were preferred by the pilot with the ATT 2 mode following ATT 2, 1t should be remem-

bered, 1s still a velocity contro] on the collective stick VEL 3 was the mode using the side arm con-
" troller and some problems were expenienced The only available side arm controller was a bang-bang

design with a relatively heavy spring load The pilot had to hoid this off-center at an uncomiortable

elbow angle for prolonged penods while the VEL 3 velocity tnmming integrator caught up Though

hus performance was about as good as in the other velocity modes, the pilot’s discomfort led him to

give 1t a lower Cooper rating
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TABLE V4 )

MEAN TOUCHDOWN CONDITIONS
Mode Conditions avg rms avg 1ms avg rms
AUTO 1-14 141 47 04 1713 38 g6
VEL 1 1.14 132 45 21 35 39 10
VEL 3 1-14 11 4 34 22 42 34 03
ATT 2 I-14 126 36 02 t9 35 10
ATT 1 1-14 165 35 16 80 39 035
SAS 1.14 143 41 02 i2 43 07
VEL2 12-13 172 0.9 27 21 49 11
AUTO 15-16 60 14 717 89 46 02
VEL 1 15-16 162 56 17 02 39 01
ATT 2 15-16 145 39 01 03 54 02

TABLE V-5
PERFORMANCE INDEX MEANS
Run PI PI

Mode Conditions avg RMS

AUTO 1-14 004 0.01

VEL 1 1-14 008 003

VEL 3 1-14 0069 004

ATT2 1-14 009 a07

ATT1 1-14 009 006

SAS 1-14 012 005

VEL 2 1213 009 003

AUTO 15-16 005 002

VEL 1 15-16 010 005

ATT2 15-16 009 004
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TABLE V-6
COOPER RATING

Mode Rating

VEL 1
VEL2
ATT2
VEL 3
ATT 1
SAS

0o BB W po N

An observation with respect to the SAS mode must be noted Though the palot managed
to make numerous successful landings with SAS, hus Cooper rating of the mode was very low and
1t was evident that the pilot work load was very high The success in achieving landings suggested
that 1t mught serve as a backup emergency mode This hypothesis was tested and 1s false The
puot’s success depended on early adaption A number of tests were made wheie the pilot started
1n one of the other manual modes and the SAS mode was suddenly switched 1n  The drastic change
in work load (CR 2 to CR 8) resulted m an excessive readaptation time during which the pilot

essenhially lost the vehicle. It is concluded that SAS without attitude hold cannot be used as a
backup mode

The data presented in Tables V-3 through V-6 tested the control system and the pilot’s abil-
1ty to follow the displays They were essentially performed with idealized sensors simulated
The effect of errors was determined by 18 runs (2 each, 15 knot winds of Table V-1) 1n the AUTO
‘mode with the sensor error models sumulated This gives the additional errors which must be root-sum-
squared with the previous numbers to obtamn the composite system performance These are listed
m Table V-7 The pnincipal conclusion to be reached 1s that total performance 1s affected as follows

a  ModifiedPI = Y (P1* + (008y
where PI1s the “no mnstrumentation errors” PI
Note that in all cases the Modified PI is still very satisfactory

b Zppmno change

¢’ Total XTD error will be almost entirely due to instrumentation and not pilot

- or FCS. Since this number 1s large {45 ft), the error model indicates more frequent
update 18 requured

d  Total YTp, same comments as for ¢ above but with 2 magnitude less than
. one-half as large

-
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TABLE V-7
ERROR MODEL AUTO
PI avg ) 009 . ftfsec
Plrms 002 ft/sec
ZTp avg 38 {t/sec
Zpp Tms 062 ft/sec
X avg -45 ft
XTD rms 10 5 ft
Yo avg -19 ft
YTD rms 5 ft

Since the mstrumentation error 1esults are based on the error and update model, these results
could have been easily modified to attamn any degree of accuracy and, therefore, these resulls were
simply used to deteimine the mstrumentation accuracies required for FCS inputs

C SUMMARY OF EVALUATION CONCLUSIONS

1

Primitive SAS, defined as SAS with body rate feedback and no athitude hold, s
not swtable as a flight mode or as a backup mode

The velocity modes are the best manual modes

The side arm controller required human factors engineenng but did well encugh
to suggest that Conclusion 2 1s valid

Attitude control, with altitude hold, and velocity control on the collective, 1s approx-
imately equivalent to the velocity modes

T2

Command displays are capablé of enabling the pilot to fly the profile m any mode

The principal system error was excessive dispersion from the touchdown pomt due
almost entirely to instrumentation errors Thas 1s readily corrected by increased
update frequency and better hlending aigorithms and has no bearing on the FCS
design

Report No. 6200-933013 V-8



Bell Asrospace Company :

V1 RECOMMENDATIONS FOR FUTURE STUDIES

A GENERAL

The development of the hybnd stmulation has proven to be an excellent ool for the evaluation
of guidance and control laws applicable to V/STOL type vehicles Results have been obtained, as
has been discussed 1 previous sections of this report, which are now ready for further evaluation in
forthcomung flight test programs To supplement these {hight tests there are addrtional studies and
analyses which can and should be performed which would take advantage of the available sunulation
-and would provide continuing mputs for the tests with the CH-46C as well as inputs for fhight test
with ofher V/STOL’s such as the X-22A andfor XC-142 These studies represent areas of mvestiga-
tion which are a logical extension of the work accomplished and/or areas where time did not permut
full optimization under the present contract Conversely, the 1esults of the flight test program should
be used to upgrade the simulation to enhance its {idelity to the actual vehicle performance and, thereby,
permut contmued use of the simulator to evaluate new concepts The recommended studies are given
below and discussed in the following subsections -

Approach Profiles

Displays

Computation Simplification

Other Control Modes

Simulation of Other V/STOL Vehicles

Exammation and Evaluation of Performance Criteria

OTEYOW

B. APPROACH PROFILES

“ Inthe present contract a landing profile, as described in Section I C, was used to evaluate the
gumdance and control laws However, there may be other profiles which may be easier to fly, provide
better obstacle clearance, with better fuel economy For example, the {inal portion of the present
approach profile which calls for a hover at 50 ft prior to descent to the pad 1s very costly 1n fuel con-
sumption to a V/STOL type of airframe such as the XC-142 or the X-22A Some of the other types
of profiles which should be considered and evaluated are as follows

1. Fined Ghde Path to the Touchdown Pomnt

. For this type of ghde path the awcraft fhes level untsl ghide slope intercept and then flies
- “down the ghde slope” to touchdown Speed 1s reduced at a constant rate so as to attam zero ground
velocity at touchdown. In the lateral plane, guidance would be provided as in the present system 1n-
cluding turn into the wind The advantage of this profile 1s flying sumplicity, economy of fuel, guid-
ance law simplicity and guidance sensor simplicity  Glide slopes in the range of 6° to 30° could be
mcluded n the investigation ‘
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2 Segmented Glide Path ‘
As a modification to the above, a segmented glhide path could be used wherein the vehcle
would approach mitially on a hugh ghide in the range of 15-30° and then phase into a shallow ohdc
path on the order of 6° to a touchdown This would have the advantage of good obstacle avoidance
coupled with the good stability and ease of flying close to the ground associated with the shallower
ghde slope The range at which switchover occurs and the techmque for smoothly changing ghae
slopes would be part of the investigation

3 Esponential or Recomputing Fhght Path

The flight profiles described above are fixed 1n space with respect to the touchdown pomnt
Another type of profile which can be generated mnvolves the recomputation of an exponential fiight
path to touchdown based on the vehicle’s instantaneous states and the desired states at touchdown
This could have the advantage of ease of fiymg in a turbulent or high wind shear environment

4  Modifications to Present Flight Profile

, * There are modzfications to the present fhight path which could be made to enhance overall
performance These melude mcreasing the ghde slope from 6° to a higher value and decreasmg the
hover altitude from 50 fi to some lower value

It should be noted that some flight profiles may be more compatible with different fhght
control modes. Therefore, it may even be possible to optimize separately for each mode However,
performance critena n terms of such factors as pilot workload, fuel consumption and dispersion 1n
vehicle state at touchdown under the constraints of turbulence and wind shear have to be established

C DISPLAYS

The cockpit sirnulation used an ARU-2B/A flight director indicator in conjunction with a cath-
ode ray tube (CRT) situation presentation for the manual flymg and moniforing modes This is
essenfrally an extrapolation of what constitutes good control mnformation from fixed wing exper-
tence Repeated simulation and flight tests are required to reveal shortcomings 1 display layouts
or to the displayed information This could be quite time consuming On the other hand, the ap-
plication of display theory which has been developed in recent years in comjunction with the hybuid
simulation could lead to a more optimum arrangement

To obtain a good balance between pilot worklead and precision, a comprosmse 1s required
between purely director type or purely status type of displays Although directors have been
shown to improve flying precision, there is also a strong requirement for status information The
pilot needs this to assure himself that the primary system 1s working and for backup 1n case of direc-
tor system failure Therefore, situation and director display arrangements which will provide n-
formation for efficient control while mimimizing pilot’s scanning workload need to be investigated
The type of mformation and symbols to be used and methods for integrating situation and direc-
tors are included in the above
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.

The scope of the study would mclude but not be limited Lo the following

(1) Detailed study of required display parameters ’

(2) Use of standard mstruments supplemented with range-to-go mformation

(3) ILS display veisus CRT

(4) Investigation of other types of flight directors mcludimg hovering flight director
{5) Perspective type of presentations and/o: contact analog

It 18 rccommended that the analytical theory of displayfeontrol systems be used to synthesize
various arrangements as described above which aie apphicable to approach and landing and to utihize
the cockpit sunulation to evaluate pilot workload and peiformance

D COMPUTATION SIMPLIFICATION

The computation atgorithms and sampling rates as presented in the software package have
been shown to be satisfactory during the piloted simulation fiom a noise and display-{licker pomnt
of view To determune whethes the computational requiiements for the arborne digital computer

. can be further ieduced 1t 1s recommended that studies be conducted in two areas

+1  Samphng Rates

The SAS and attitude control laws use update rates of 32 tirnes/sec while the attitude command,

'veloaity command and velocity control laws use rates of 8 tumesfsec  An investigation through

additional analysis and simulation 1s suggested to determine whether the above rates can be sub-

stantially reduced without affecting control performance This 1s particularly the case for the man-

ual modes Included in the above are the rates at which mput vanables are sampled, control and

guidance laws computed, and 1ates at whaich data are outpuited to the displays In particular, with

regard to the display, there are other hardware techniques which can be utilized to reduce undesir-

able needle motion without imposing undue requirements on the digrtal computer The study would
include all the various guidance and control modes

2. ISU Updating

A relatively simple updating and/or blending algorithm was utihzed for the simulation
There may be othe: algorithms which may be more efficient erther from a computation poutt of
view or, from an update frequency point of view It 1s desirable that updates be accomplished on
an mfrequent basis so that a sensor such as the GSN-5 could provide service to many vehicles on
- final approach It 1s, therefore, recommended that a detailed study consisting of both analysis and
simulation to synthesize a more optimum filter be conducted The analysis would use digital-fitter
technology to formulate concepts for the update o: blending filter These would then be compared
using the hybrd simulation to select the best one

1

3

It 15 recognized that the update frequency and blending algorithms are heavily tied 1n with
the error model of the ISU or ifs equivalent and these must be studied together
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E  OTHER CONTROL MODES

The present stmulation has shown the inherent capability of the system to perform either man-
nal or automatic approaches to a touchdown on a landing pad However, under the stress of an ac-
tual approach and landing 1n 1FR conditions the pilot workload may be excessive for some of the man-
ual modes To relieve this condition a techmaue called split-axis control can be employed In this
sttuation the pilot manually controls one channel (such as piich), while an automatic system or
even the copilot controls the other The pilot’s display scanning and control activity are essentially
cut in half and his overall performance js expected to improve Such procedures are also benefical
from a fight safety pomt of view I permuits the need for only hmited pilot takeover when a par-
fial failure of the automatic {light control has ocourred

An mmportant consideration n the use of automatic flight control during approach and landmg
1s the question of pilot confidence ana acceptance In a technique called “force wheel steering” the
pilot is afforded the capability of introducing maneuvermg command mputs mto the autopilot in
the ccupled modes Tlus technique is accomplished by generating signals as a function of pilot ap-
phed forces and by introducing these force signals into the outer Icops of the flight control system
This techmique has been tested and evaluated by the Air Force for fixed wing aircraft with very
promising results It permits the pilot to become an integral part of an automatic flight control sys-
tem. The present study did not mndicate any benefits from mixing pilot inputs with the automatic
mode. The modifications required to enable a successful mix are recommended as a future study item

F. SIMULATION OF OTHER V/STOL VEHICLES

Although the gmdance and control technology being developed 1s applicable to V/STOL ve-
hicles, the present hybrid simulation was developed around the CH-46C parameters It 1s desirable
to determine whether the guidance and control laws are applicable with minor modifications to
V/STOL vehicles- It 1s, therefore, recommended that a study be performed to design a computer
model such that the charactenstics of the various V/STOL airframes can be switched from one to
another and to determine whether the present hybrid simulation can be modified to accommodate
this computer mode This would essentially give the hybnd sumulation a Variable Stabality System
capability Quick comparisons of vehicle types under automatic or manual flight control can then
casily be made Such a system would comphiment the flight test programs of such VSS aircraft as
the X-22A

G. EXAMINATION OF EVALUATION AND PERFORMANCE CRITERIA

As discussed 1n Section III B and demonstrated 1n Section V, the specification of performance
criteria 1s, to a large extent, an art This 1s particularly true of pilot opinton A mathematical model
combining performance and pilot opimion 1s required Idealy a combination of the two with a model
of the “standard” pilot 1s desired. In this way a large number of runs could be made 1 evaluating
systems by sumulator and arriving closer to the optimum before actually introducing a pilot to the
program
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