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Chapter 1

Program Summary

1.1 Introduction

This report summarizes the services periormed and the material

~ prepared and compiled by the Tactical Systems Group of the Instrumentation
Laboratory for the Elecironics Research Center of the National Aeronautics
and Space Administration under Contract NAS 12-614. The objective of

the etfort under this coniract has been to provide the Center with back-

ground information and conirol system design data to support the Center's

program for advanced avionics technology for V/STOL aircraft,

1.2 Scope of Effort

The work under this contract was carried out under the six tasks
described below, The descriptions presented here paraphrase the more

lengthy wording of the contractual work statement,

1. Conduct a series of helicopter flight control systefn Seminars

for ERC personnel including the following topics

a, Helicopter Dynamics
b. Helicopter Flight Control System Design and Simulation

¢, Tlight Test Equipment and Procedures.
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. Prepare data packages covering the following topics

a. Analysis Package to include eguations of motion,
trim parameters and stability derivatives for
- selected flight conditions, conirol linkage charac~
teristics, etc, for the YHC-1A helicopter serial

#85514.

b, Simulation Package to include equations of motion
and the simulator mechanization used by MIT/IL

in prior simulation work.

Assist ERC in developing a simulation of the YHC~1A
helicopter serial #85514 on the analog computer at ERC.

Perform an analytical design of a digital advanced flight
control system for the YHC-1A helicopter serial #85514.
Design to be based on prior work at MIT/IL under U, 5,
Arfny C}on;cract DA 44-177-TC-757. (This task was cancelled
after preliminary work including determination of Laplace,

z piane and w plane transforms had been completed,)

Assist ERC by planning the design of an experimental
guidance and coﬁtrol installation for the YHC-1A helicopter

serial #85514, (This task was cancelled after preliminary

.work dincluding general equipment block diagrams had been

completed.)

Assist ERC in the design and implementation of certain
interface eguipment for the ERC fixed base helicopter

cockpit simulator,



1.3 TUtilization of Effort

The approximate fractional utilization of the technical effort

for the above tasks was as follows:

Task 1 16%
Task 2 16%
Task 3 16%
Task 4 _ 13%-
Task 5 21%
Task 6 _18%

100%

1.4 Organization of Report

For.convenience of reference, the material of this report is.-.
..presented under four subjecti headings rather than in chrpnolo_gicalx .
order oi preparatién. Specific material of importance from the seminars
(Task 1) has been included under the subject headings as appropz_jiate.:
Aside from thié, the relation between the subject headings and the

contract tasks is as follows:

Tasks

Chla\‘%t-er Subject Included
2. Analytical System Design 2a, 4
3. Helicopter Simulation - 2b, 3
4, Experimental Guidance and
) Control Equipment 5

5. Simulation Interface E-quip ment 6



Since most of the detailed material .consists of equation derivations
data tabulatic;ns, block diagllams, and similar items, it appea:red
desira'ble.i:o place it in a s‘eries of :dppendic':es rather than 4n thé
main‘text; In-addition, the printout of the s-, z—, and w- transforms
computed for the YHC-1A was ph;g_sically too large for inclusion in the

present document, It is, therefore, supplied in the form of an addendum,



Chapter 2

Analytical System Design

2.1 Development of Linearized Equations of Motion

- The_-eéuations of motion which form the mathematical model
of the aircraft were the principal subject of the first seminar. At this
seminar, notes entitled "The Development of Linearized Equations of
Motion and Performance Functions for VTOL Aircraft" were distributed
to ERC- personnel, This material, which was adapted from previous

MIT/IL reports, is included in this report as Appendices A and B.

2.2 bevelopment of Linearized Performance Functions

A section of -the notes distributed at Seminar I was concerned
with the develdpment of linearized-performance functions. This

material is included as Appendix C.

Dig_ital compute'r programs available at MIT have been used io
calculate the Laplacé, z—- and w- transform performance functions for
the YHC~-1A for flight condition 1 (normal CG , 13,400 1b, gross
weight, zero rate of climb, sea level) at air speeds of 0, 40, 80, and
140 knots, The z- and w- transforms were computed for a samplina
rate of 20/second. These performance functions in the form of-a

computer print out are furnished as an addendum to this report.



2.3 Definition of Symbols

The symbols used in the equations of motion -are not the
conventional ones used by NASA, These symbols and their definitions
are tabulated in Appendix D. Where an equivalent NASA syrﬁbol .

exists, it is given.

2.4 Sequence Diagrams for the Analytical Design Process

A general sequence diagram for the flight control system design
process is shown in Figure 2~1. A more detailed sequence diagram
applicable to the analytical design of a longitudinal flight control

system is presented in Figure 2-2,

2.5 Helicopier Operating Limits

A representative helicopter flight envelope is shown in
Figure 2-3. The various factors that limit the maximum true a’irspeéd

at different altitudes are plotted on the figufe.

An example of the so-called "dead man;s" curve associated
“with engine failure in a helicopter is shown in Figure 2-4, TFlight in
the cross-hatched regions on this plot'is unsafe in that a-crash will

result if there is a total engine failure,
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Chapter 3

Helicopter Simulation

3.1 Summary.of the MIT/IL Simulation of the.CH-46C

In order ’co- assist ERC ir_1 achieving an early start on the
analog computer simulation of the helicopter, the details of the
MI’]_?/IL simulation of the CH~-46C were itransmitted to ERC as Addendum
£2 to the Monthly Technical Progress Report of February 1968, This
materi-al is presented in Tables I and II, Figure 3-1 and Appendix I,
Table I gives the equations of the airframe and the iransfer functions
6f the servos and of the aircraft's conirol system. Table II gives the
coordinate transformations involving the Euler angles (H, E, ¢) used
to describe the orientation of the aircraft. The airframe equations

were derived from Equations 86-91 in Appendix B.

The approacﬁ used in the development of the simulation is in
part similar to the conventional linearizatic;n procedure., However,
all important s-tability derivatives are varied with airspeed and pro-
wvisions fqr generating trim conditions have been made, The resulting
simulation thus accounts for the variation of airframe trim and dynamic
chara-cteristics with forward speed. Gross weight, C.G, position,

and altitude are treated as consjténts during any given computer run.
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‘The stability derivatives that are varied with airspeed are shown
in if'igure 3~1. These plots were obtained from the data tabulated il"1
Appendix G. Derivatives other than the eight shown in Figure 3-1 are
treated as constants in the simulation and their hover values ar-e used
over the entire spéed range. The mechanization of the equations of
motion on the MIT/IL Pace computer was accomplished according to the
connection diagrams in'Appendix 1. The computer component assignment

sheets including potentiometer settings are also included in Appendix 1.

The primary assumptions made in the variable airspeed simulation
are that the airspeed changes relatively slowly compared to the natural
periods and time constants of the airframe modes and that airspeed is the
only impertant ve;lriab'le in producing non-linear affects. These assumptions
lead to the quasi-linearized force e?cpressioris on the right side of the
equations in Table I. TUse of these equations leads to the generation of
trim values of E, § o and 62 in reasonable agreement with the correct

values of the NCH-46C aircraft.

3.2 Description of Alternate Simulation S8cheme for Generating Trim Values.

Although the initial ERC simulation was bésed on the same trim
mechanization used 'by MIT in order to facilitate a comparison of the
simulations, an alternate trim generating scheme was recox‘n'mended for
subsequent utilization. This alternate method, which was described in
Seminar II on 13 February 1968, is shown schématically in Figure 3-2.
The steady state flight path for the generalized perturbation analysis is
assumed to be straight and leyel with zéro sideslip. Thus the unperturbed
flight path is characterized by only a single non-zero guantity " namely

V(AM—A)XC'Thls guantity -is obtained by subtracting the wind velocity
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(1nclud1ng gusts), V from the aircraft velocity V to give

(E AM)
the vector airspeed v

(E-A)

A The horizontal component of airspeed

(AM-A) °
is then obtained by means %’the A- to C~ frame transformation (first

equation in Tab_le II). This quantity is the mdependent parameter from
which the trimmed control deflections 62 and 6e , the trimmed pitch
angle, EO, and selected stability derivatolves areocomputed. Since the
equations of motion are expressed in the A- frame, it is necessary to
resolve the steady state velocity into the A- frame corresponding to
the trimmed eondition. The difference between the output of this

—

resolution and the vector airspeed is the incremental velocity, AV(AM—A)

needed to compute force and moment 1ncrements in the perturbed eguations

of motion,

‘ Figure 3-3 shows the curves of 6 ' 52 . and E -as functions of
TAS that must be mechanized in the "Control Trlm“ and "Euler Angle Trim"
boxes respectively. Approximate empirical equations for Gz and E are
given. A constant value of 6e may be used in view of thejsomall variations
in the trim value relative to the total stiek travel, (ThJ.s assumption is
predicated on the use of the LCT schedule without Whlch the, 5 trim may

be quite large at high speeds)

The equations of motion of the helicopter needed to implement
the trim generating scheme of Figure 3-2 are slightly different from those
given in the previous simulation data package. A sample derivation of
one of the ‘equations is shown- in Figure 3-4 and the complete set of six
equations of motion for the helicopter are summarized in-Figure 3—5'.

Geometry and wind relations are presented- in Figure 3-6.
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Fig. 3-6 Geometry and Wind Equations
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LChapter 4

Experimental Guidance and Control Equipment

4,1 Intrcduction

This chapter describes the preliminary design of experimental
equipment necessary to permit in-flight evaluation of guidance and
. control systems m the Langley YHC-1A helicopter. This design was
developed under the following general guidelines: (a) the aircraft
would not be assigned full time to the program for which this equipment
was intended so that it would be desirable, if not actually-necessary
that the equipment be easily and quickly removable from the aircraft,
(b) operations might be conducted at a remote sight which would
require a mobile van to house all necessary GSE, engineering test and
software modification equipment émd the system equipment when not in
the aircraft and (c)-the' aix;borne equipment should be capable of im~
plementing multi axis control syétems ranging from the most elementary
type through the most sophisticated conceived to date. To satisfy this
last guideline the design is based on the use of a powerful eaéily pro-
- grammed digifal computer for the majority of the data processing re-
quired in the various systems to be studied. The aircraft experimental
installation and the ground support van installation are discussed in

section 4.2 and 4.3.
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4,2 Aircraft Experimental Installation

A block dia'gram of the aircraft experimental installation
indicating the interrelationship of the various units of equipment is
shown in Fig. 4~1, As can be seen from the diagram the equipment

is subdivided into the following major groupings:

1. Pallet Mounted Equipment
2, System A/C J-Box .

3. Obs\ervers Station

4, Cockpit Station

A pictorial diagram indicating the location envisioned for the major.
groupings of equipment in the Langley YHC-1A helicopter is shown

in Fig. 4-2. The pallet mounted equipment could be readily removed
.as an integral unit through the ramp exit, at the rear of the cabin aréa,
and installed in a ground support van {as discussed in section 4, 3)

for test purposes and when the aircraft is being utilized for other

research activities,

The system A/C J-box in Fig. 4-1 provides the interface between
the pallet mounted equipment and the remaining aircrait equipment,
The J-box is the focal point for the distribution of analeg and digital
éignals in the aircraft experimental installation. Analog signal .
distribution is-accomplished as shown in Fig. 4-3. Input/output signals
associated with the analog data source/receiver units and the data
cqnversion unit plus inputs o the recording control panel are available
at jacks located in the analog signal J-box. The desired interconnections
are made by means of patching cords, Digital signal distribution is

carried out as shown in Fig. 4-4, Digital signals from various aircraft
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equipment data sources are gated sequentially on to the number transfer
bus for transmission ’.co the input data bus of the pallet mounted equip-
ment. Digital data from the pallet mounted equipment is transmitted to

the aircraft mounted digital display units in a similar manner,

_The observers station would contain the equipment permitting
~an enginee;“ing flight observer to introduce test inputs to the system
under evaluation and to observe and/or record the responses of selected
system parameters to-the test input. Pilot control panels and displays
‘assqciated with the guidance and control system under test would be
located in the cockpit area (the displays on the.instrument panel) and

hence would be an integral part of the aircraft cockpit installaticon.

4.3 Ground Support Van Installation

A_block diagram of the grouz}d_ support van installation is shown
in Tig. 4-5. A pictorial diagram of the layout of equipment in the ground
support van is shown in Fig. 4-6, The s-ystern van ]—bo:;c provides the
interface between the pallet mounted equipment and the van test equip-
ment, The A/C equipment test jig would be used to simulated the load
and signal sources of equipment not removed from the airs:raft installation.
The same jig would also permit inte-rfacing aircraft equip;rnent with the

rest of the van installation for test and calibration purposes,

Othér items of van equipment would include a digital computer
(possibly the same as the pallet mounted computer) with paper tape
handling equipment and a typewriter. Experience at MITIL with an air-
borne installation of the type discussed in section 4,2 has shown that

this type of ground equipment is adequate for field support.



PG, 48 EXPECIHELTAL SYS1Em fwx?czoé Se6pL SISTEIBCTIO N

} i
! DATA PALLEF :
! CONVERSION MOURTES !
: UNIT E QL1 BmIE AT \
N ' :
\ 3
e e e e e ——— — — — —— —— — — — e —_— — — —-l
e T
AC BRRLOE |
E PaTCcH  CPANEL | Seyne J-BGox 't
i - &
! j
; f
I !
i E
l PATCH PATCH I PAtew pPaTeH PATCH ;
; PANEL PANEL pangl PANEL PANEL ;
S L R R S —— 4
: {
7 Ty T T T - T R A T T
b i
i RECOR DING HANALos DATA . HMPLos L29TH ANALOS LATH AN s 04?7/:} E
i ConTROL Souﬁré/é’é'cau&?_ V| SOURCE/PECEVES|  |SOURCE/LECEIVER] | SOURCE/BECSIVER |
% Ps‘}’d}é?e'___ 7, et #z oy §
‘ a
} AlC MovwrED i
]

EQUIPHEDT

IMITI. 16 AP R

A A



i SEL EC oM, DECOHE
i RO STEBL LOBIL.

A PRLLET MOLMTED |
EGUIPMEMT

PR I T T T T . B N L I S I

I—__m__—__m#”“—_ﬂ“m“m m——u—-——-—.—-—--ﬂh-_-—mmm—_-—m——-——-l

Currvr DRTH Svs

. et weem e e — o e—— —— et e e e | = b = | mm s o | | e m—e— e e aee e e e e e s s e — o e mer vma—

NOMBER ey WOREER oy o A DIG 2T AL 1
TRRYS FER BUS L TRANSFER BUS SI8 Niid T-Box |

t 1T | | |

!
x i . v__ . ¥ o
l ; J — . . LanE - LI E LiAME :

g
- _4__.__...._..._._._.

i Sare Gars GavE eI VER DRI VER ORI VER
| X L A )

1
: i
S AU R S SR OO T I S —_— .
- ﬂ/c mown»a_g
! © EQuiPmENT |

el L LT
E | | |
z ? L . - !
k Digsras Br8ITHL Oe8rTHe b G AE, eare e gpTeE |
{ LA7R Spr Bars DG 1P DIG AL DrCerne
i DISPLp Y DISPLNF D1SPAY }
23 - ~

L jsovkeET Fousesv2 | SPORE Ty il Y Ir 2 opir Fen
i |
Lﬂ e it aeim e Aete -o--:- —— e T T e I L S T B B - g D N e it i e ——;

FrG Gl EXPECINEAIINE SKSTEN  D/6177L  SIEMAL 33/57‘ DrSer A/

MITIL  JE ARPRILEs



iu.n muﬂwmawmu—uw-ms-—-u_:&n‘

PALLET. MOUNTED EQUIP.

i F;» PRELR FoR PRt BRUD,

r K ;-

i Nk | L |

l BAT, [t fanrRoL
J__T

Ppy e
ANt

it

T —

P —— s bt o o ]

TR i e iaju--d A el el KU sdmius M -.—-.wc:)m B bt mima papisy b

1 TARE
- boMen/

GeRlpHEERL
[ | RERDER

5401,

l“'&?(—’fﬂ’éj :

el

[

e I e R il e B Mwmnwu‘mr%-&m

Vel TAT
DIGITAL 3-1: PROCEJSUR

CoRPTER VCM‘W

) SR n_,.. y—

NN osl TR o SOOIV
L (/o G rron.

.-.Lrl S g e TSy e aer e o LJ""M"'“'."“ k17

o et

ComigoL ,

i

i
¢
_J

i

P

Phigtl, |
{

T |

BATA l !

Unyir

S J-........_-’.t-....-

| fla ’
el U i F’.'
Conversioty ’ ' e "'Gl iy

*'r'm*wt

LY

r“,':-—*—“-' T e e e T T T T T I T e

2 ?QZ’;;“ SWSTEM - ANALOG 1.
BIST, VT, : St6HAL

E[ J-BOY AN ZE0K d~BOX J- B{?X -

174 e oy '-L‘LJLJ\
.—1._..,;._M‘H——-u—*~vwww-d~'w-'m —--ll\m--n...-—.-—- Ao de

i
RUIRUUNIT : WORIT? A W
0y

L L b ML) WA Sman Mem e Vevmad ST el et S o
™, .

e { et s mbaa

)
rh i

e e b e

|
L

T2

H

i

l

e L,

l Vi
JLEAS

Cotippor

l
-
lj E XPILER

| PSS,

Alc EQUIFIAZIT TeEaT i
L .

| IEEE—————

At e

e et

[ Pt
Ec‘m it “)’
L

...-.-..-- =

E
ﬁ
i
é
f

i

F

|
»

g

i

!ﬁm._

ls F‘\’\J‘ﬂ IS 4



AN COAOTER

TheL Re-mm/ POBICH -
+ TOPEWTER .
i / OBSERIERS §TATION

PALLET
——e /

\

N ' .M
Ele. Y, EAPECRIMENTAL S4Y5TEM SoPpeRT VAN 1§ :;»:'ug

..08_



~31-

Chapter 5

Simulation Interface Equipment

5.1. Description of Effort

In order io ad\}ance the opemtional date of ERC's fixed bhase
cockpit simulator, MIT/IL assisted in the design and implementatio
of the interface unit between the cockpit flight instruments and the
analog computer, At a joint meeting of ERC and MIT personnel, it
" was decided to use the Link Trainer attitude and turn-bank indicators
with their associated electronics driven by analog computer eleqtronic
multipliers acting as 60 cvcle signal modulators, Altitude, rate of
climb, and indicated air speed were to be displayed on long scale
(2500 arc) 3 inch DC meter movements d‘riven in response to the DC
outputs of the analog computer, Th_e assembly of applicable Link
Trainer components and fabrication of DC meter instrumen;c dials was
completed by MIT. After a laboratory checkout, the unit was delivered
to the ERC Analog Computing Facility on 23 April 1\'9 68. An extended
range altimeter display unit (0 - 7000 ft) was assembled frqm Link
Trainer componenis as a replacement for the DC m-eter movement
display. This unit w&;s delivered to ERC on 1 July 1968, The schematic
diagrams for these units , which were delivered as addenda to the
monthly te;:hnical progress reports, are included in this report in

Appendix J.



APPENDIX A

REFERENCE COORDINATE FRAMES AND NOTATION

A, 1 Iniroduction

The equations describing the motion of an aircraft are derived from
Newton's second law, which relates the forces applied to the vehicle fo the
acceleration of the vehicle with respect to an inertial coordinate frame. It
is generally convenient to sum the components of the applied force and
momenis in a reference frame fixed to the aircraft and heace rotating with
respect to the inertial frame. The aerodynamic forces applied to the air-
craft, on the oiher hand, depend upon the motion of the aircraft with respect
1o the air mass, Additionally, the motion which is frequently of greatest
interest is that of the aircraft with respect 1o the Earth. - Thus, several
reference coordinate frames are necessary for the complete and accurate
description of the forces applied to the aircraft, the resulting motions, and
the physical quantities measured by the flight control system sensors.

The coordinate frames and notation used in the flight control studies
are defined in sections A. 2 and A. 3 respectively. Insofar as possible, the
axis systems have been selected so that the senses of rotation and trans-
lation are similar when small angles are used. When itreated as vector
quantities, positive force, moment, and motion components are defined to
be in the posiiive sense of the-axis. In general, notation using seli-defining
symbols is employed io facilitate distinguishing similar guantities in the
various eoordinate frames. “Where applicable, ithe symbols ar& consistent
with those in common usage in the gridance and control fielcs and with
those used by NASA for aircrazfi stability and conirol work.

-

A.2 Defini:ion of Coordinate Zrames

The priacipal reference frames needed for the analysis of VTOL air-
craft and flight control systems dynamics are described below. Figure 99
. shows the inertial, Earth-centered, Earth geocentric-veriical, and Earth

lccal-vertical coordinate frames. Figure 100 shows the re:x.ionships be-
tween the Earth local-vert.czl, Barth-aircraft conireol, and _rerafi body
axes frames. Figure 101 z. >ws the relation between the vilocity of the
_aircraft with respect 10 the Jarih, the velocity of the air mass with re-
spect 1o the Earth, and the velocity of the aircraft with respect to the air
mass. .
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EARTH GEOCENTRIC-
VERTICAL FRAME

Z
=< G{GRAVITY)

==
—_—
-~ T

INERTIAL FRAME
Xi, Yy, Z)

X 'EQUATOR
LOCAL
Wi At H - MERIDIAN

EARTH CENTERED FRAME,
FIXED TO THE EARTH

Figure 99. Reference Coordinate Frames — lneriial (1), Earth-Centered (E), Earth
Local-Vertical {L.), ond Ecrth Geocentsic-Vertical (G).

1. Inertial Ccordinate Frame (I) X YI’ ZI

This frame is nonrotating with respect to inertial space. The origin
is the center of the Earth, wnh the Zj axis coincident with the rotatlonal
" axis of the Earth, The Xy and Y. axe.:, ihen lie in the equatorial plane.
This placement of the axis sys tein assumes that the linear and angular'
accelerations of the Earth with respect to inertial space in its orbit about
the sun are negllglble

2. Farth-Centered Coordinate Frame (E) XE’ YE,
This frame is fixed with réspect to the Earth, with its origin at the

center of the Earih and with the ZE axis coincident with the ZI axis and
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the Earth's rotational axis. The Xp and Yy axes lie in the eqguatorial
plane, intersecting the surface of the Earth at convenient points. The E-
frame may be chosen to coincide with the I-frame at a particular instant
of time. o

AIRCRAFT
X, Za PLANE
(PLANE OF SYMMETRY)

VERTICAL PLANE
CONTAINING X

AIRCRAFT
Xa Ya PLANE

PLANE
CONTAlNiNG\

HEADING ANGLE (H),

ANGLE OF SIDESLIP (5)

O,

VELCCITY WITH
RESPECT TO AIR MASS

ANGLE Yam - al
YA () X
EARTH-AIRCRAFT
: X-AXIS
Zy
ic

LOCAL-VERTICAL

Figure 100. Coordinate Frames for Describing Motion of the Aircraft With Respect
io the Earth.

3. Earth J.ocal-Vertical Frame (L) Xy, YL, Zy,

The Earth local-vertical frame (L) is a local geographic frame. The
origin of this frame is at the center of mass of the aircraft, with Z; along
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the vertical defined by the local gravity vector (positive downward), XL
parallel to geographic North (positive to the North), and Y, parallel to
geographic East (positive to the East). "The L-frame is instrumented by
the stable element of the experimental inertial velocity measuring system
{IVMS). -

VELOCITY OF
AIRCRAFT
¥ITH RESPECT-
TO THE EARTH

Yoy VE-AM
" VELOCITY OF
THE AIR MASS
ELOCITY OF THE AIRCRAFT = WITH RESPECT
VELOWH"?:: RESPECT TO TO THE EARTH

THE AIR MASS

Figure 10, Aircraft Velocities With Respect to the Ecrth and the Air Mass.

4. Farth Geoceniric-Vertical Frame G)X., Y

o Yo %

The Earth geecentric-vertical frame (G) is a geoceniric latitude-
longitude reference frame whose origin is at the center of mass of the air-
crafi, with Z . (positive toward the Earth's center) in coincidence with a
radius from the centier of the Earth to the origin of the G~frame, X~ and
Yo Torm an orthogonal axis set with Xg and Y in directions similar-to
the North and East orientations of the X; and ¥y, axes. The difference.
between the G- and L~frames arises from the difference in the .direction
of the local gravity vector (which is approximately normal to the reference
ellipscid) and the direction of the geoceniric radius vector.

5. adrcraft Body Coordinate Frame (A) X4, YA:’ Z’A

The aircraft body coordinate frame is centered at the cenier of mass
of the aircraft., The A-frame is fixed to the aircraft and rotates and trans-
lates with the aircraft. The X, axis is chosen in a convenient forward
direciion in the plane of symmetry, the Y 5 axis normal to the plane of
symmeiry (positive to the right), and the Z, axis in the plane of symmetry
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A-5

(positive down) forming an orthogonal right-hand sysiem. The alignment
used for the X, axis of the tandem-rotor helicopter is a "waterline" axis
approximately parallel to the floor. The exact alignment is shown i~ ‘
Appendix C with the development of the stability derivatives.

8. Earth-Aircraft Conirol Coordinate Frame (C) XC', YC’ ZC-

The earth-aircraft conirol coordinate {rame 1s centered at the center
of mass of the aircrafi. The Z axis is along the local gravity vector
(positive downward) and is coincident with the Z; axis. The X~ axis is
the intersection of the horizontal plane with the Vertical plane containing
ine Xp axis. The Y axis.forms a right-hand system. The C-frame 1s
the intermediate frame for the definition.of the Euler angles describing
.the relationship between the Earth local-vertical frame and the aircraft
body axes frame. In théir order of rotation, the Euler angles are defined
as: -

1. Heading (H) - angle of rotation about Zp from Xj 0 X~
= A -V
H=Arx, -xdz,
2. Elevation (E) — angle of rotaiion about Y from X~ to Xp
E=Ary —x
[Xe.mXxlYc
3. Roll (¢) — angle of rotation about X, from Y to YA

d=Aly v, 0%,

7. Other Coordinate Frames

For the description of the measurements by pariicular insirumenis or
for the derivation of aerodynamic effects, it is sometimes convenient to
define additioaal coordinate frames. When necessary, these other frames
are described in the applicable scctions; in general, the resulis are then
referred to one of the reference frames described above.

A.3 Definition of Symbols

The generzl notation for the axis systems and the angle, angular veloc-
ity, acceleration, and velocity components in these various reference -
frames is defined as follows: : )

(r ey
Areg)( )

X LY Z Axes of the ( ) frame

()
sngular rotation from a reference frame (r) to
nother frame (f) about the ( ) axis
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http:definition.of

Wien)( )
(ef]( )
3ref]( )

8

Component about the { ) axis of the angular
velocity of frame (f) with respect to the reference
irame (r)

Component along the { ) axis of-the linear velocity
of the frame (f) with respect to the reference ‘
frame (r)

Component along the ( ) axis of the linear acce-
leration of the frame (f) with respect to the refer-
ence frame (r} * :

Displacement of the ( ) primary-flight control or
the ( ) pilot's manual conirol

This complete self-defining notation is used in Appendix B for the
derivation of the equations of motion in order to facilitate distinguishing.
similar quantilies in the various coordinate frames. The results are,
in genefal reduced to the working, shorthand notation for the most used -
components of forces, moments, and motions in the three principal axis -
systems that is presenteq in Table VIII.
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TABLE il

SUMMARY OF, NOTATION FOR THE COMPONENTS OF FORCES AND MOTIONS
IN THE VARIOUS COORDINATE FRAMES

Quantily Aurcrft Body Frame Earlh Refeience Frame Earth-Aircralt Frame
Coordinate Frame Axes Xa Ypa Zp X YL Zy Xe Ye "ZC
Airceaft Body Atis Moments L M N
Applied Forces F}C_ .FY Fo FXL FYL FZL Fxc FYC cm
Alrcraft Angular Velocity with . 'wx Wy W,
respect to Incrzial Space . Wiray A TATA
Aircraft Acceleration with re— . a a an
. - X, 3y, %z,
spect to Inertial Space A1a)
Atrcraft Velocsity with re— _ VXA VYA VZA
spect to laertial Space Viaa) . g
Atrcraft Acceleration with _ ay ay ay e Yo PZc
respect to the Earth AEA) L L L
Alrcraft Velocity with re— v v v . v v V-
. - ’ X Y Z X ¢ Z
spect to the Earth V(EA) ' L L \C. Ye <
Toci Y : U y -
Velocity of Air Mass with _ V(E—AM)X V(E-—AM)Y V{E-—AM)ZL
respect to the Earth VE—AM) L L
Velocity of Alrcraft with v v ' v
respect to the Air Mass Vi AM~4) LI S
I-.Ieacling A[XL__ XC]ZL H
Euler Elevation A¢ . E
Angles (xXe=-x,]Ye
Roll A - -
HAly.-v,Ix, ¢
i &
Moment Pitch €
Control - Roli 3,
Displacements Yaw 5,

LY
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APPENDIX Bi

GEI\@RAI;IZED KINEMATIC EQUATIONS OF MOTIONS

The generalized body axis equations of motion and the coordinate

transformaiions needed to relate the components of forces.and motions
in the various reference coordinate frames are presented in this appendix.
Also discussed are some of the approximations which have been used to
make the analysis using thesé equations more tractable. Because of the
capability of VTOL aircraft for hover, iresnsition, and slow steep ap-
proaches where winds may produce a large difference between the air-

rafiis velocity with respeci to the ground and with respect to the air
mass, considerable emphasis is placed upeoa distinguishing between these
iwo velocities. : T

B.1 Generalized Equations of Motion in Aircraft Axes-(A-Frame)

The generalized equations -of motion are obtained by equating the
forces and moments applied to the vehicle with the rates of change of the
linear and angular momentum of the aircraft with respect to inertial space.
Since the aircraft axis equations are written for an axis system thal is
rotating with respect to inertial space, the following two equations must
be used: . )

S [y < Vo] Y

C ] L[] LW x
M_[ t-]i:"[di]ATw(_'A)XH (62)
wheie H = Aireraft anguler momentum

These equations of motion are completely rigorous. However, the
quantities in these equations relaied to the inertial coordinate frame-
{(i-frame) are not easily determined in the practical sense. Fortunately,
for most stability and control analyses, it is sufficiently accurate to con-
sider the rotating Earth to be an inertial frame, thus permitting the
substitution of ) '
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W(EA) for W(l A) Gn‘d V(EA) for V(EA)

Except where noted otherwise, this assumotlon is baszc to all analytlcal
design work described in this report.

The above substitutions are empioyed in expanding equations 61 and
62 to obtain A-frame (body-axis) components of aircraft translational and
angular dcceleration with respect 1o the Earth, In this expansion, it is
assumed that the YA axis is a principal axis. In this manner, we have

Force Equations

Fx =magayx, = Vamyx, = Wy, Yoz, "Mz, Yanv, ] (69
Fy =magayy, == | Vaay, ¥ ¥z, Vaax, "W, Vanz, | (64
Fz =mouayz, =0 [Vaayz, * Wx, Vaary, v, Yaax, | (69)

Moment Equations

Rolling Moment:
L = lx WXA + (lz "EY) WYA WZA _JZX(WZA + WXA WYA) (66)
Pitching Moment:;
Mo=ly Wy + (Iy~17) Wy Wy =) ‘(‘}:2 ~ W ) (67)
y Wy, + Ux ~iz) Wz Wy, ~Jdzxi"z, 7 "X,
Yawing Moment:
N = iz WZ + (IY ";lx) WXA WY}; ﬂJZX(WX‘AuWYA WZA) . (88)

The forces{Fsg, Fy, Fr) and moments {L, M, N} are the A-frame com-
ponents of all external forces and moments applied to the aircraft. Before'
these forces are discussed further, however, the coordinate transfor-
mations that will be required in their development must be introduced.
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B.2 Euler Angle Coordinate Transformation

Frequent use must be made of the transformation which relates a
vector quantity in the A-frame to its components in the L~ or C-frame and
vice versa. In general, a vector R can be resolvea into its A~ lrame L~
frame, or C-frame components: -

R =Rk, ia *Ry, ja ¥Rz, ky
"Ry ic Ry _je *Rz ke

SRx LRy LRz R

. where i, j, k are unit vectors in the indicated frames. The L-, A-, and
C-frames are relaied by ithe Buler angles defined in Figure-100:

H = Heading Angle
E = Elevation Angle
¢ = Roll Angle

Accordingly, the A-frame components of R can be expressed in terms of
L-irame components as shown in equations 6% through 71:

‘ _ RXA = RXL (cds H cos E) +RYL {sin H cos E) +RZL (-sin E) (6-9)

_RYA = RXL {cos H sin E sin ¢~ sin H cos @) + RYL (sin ¢ sin E sin H +.cos ¢ cos H)

+ RZL {cos E sin @) (70)

RZA = RXL- (cos H sin E cos ¢ +sin H sin ¢) + RYL (sin H sin E cos ¢ ~cos H sin &)
+RZL {cos Ecos @) - (71)

Conversély, the L-frame component of any vector R can be expresst
in terms of A-frame componenis as shown in equations 72 through 74

RXL. = RXA (cos H (.:OS E) + RYA {cos H sin E sin ¢ — sin H cos @)
+ RZA (cos H sin E cos ¢ + sin H sin ¢) (72)
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R.YL = RX}\ gs.in Heos E) + RYA {cos H cos ¢ +sin H sin E sin ¢)
+ RZA (sin H sin E cos ¢ "co~s-H Sinlgb) (73) ‘
‘RZL = RXA (~sin Ej + RYA (cos E sin ¢) H‘QZA (Cos. [—_3'5:03 ) (74)

Expressions for A-framé components in terms of C-fr rame componants -
and vice versa can be readily obtained from the above sets of equations by
. setting H = 0 and replacing the subscript L by C. For example,

[

“XA_= Rxc‘cos E +R2.C (~sin.E)
and
RXC = RXA (cos E) +.R-YA {sin E sin ¢) 'i*BZA {sin E cos &)

A-frame components of the aircraft's angular velocity in terms of the
rates of change of Euler angles are ’ : '

W(EA)XA =-fsinE+é (75).
ar s H cos C sin ¢ + E cos qb ‘ (76}
.}HWW - i=HecosEcos - E sin ¢ (77)
4 (EA)Z
; As
' _TAl

Alternatively, the rates of change of the Euler angles may be expressed in )
terms of the A-~-frame componen’cs of the aircraft's angular velocity with
respect to the Earth,

T, _ 70 sind \ . cos ¢ (78

- H ‘."l!(E{\)EYAg( . ) *MENZ, ( cos E ) (e
£ = Wienyy, (cos ) ~Wigayz, (sin) (e
é = Weayx, AsinE - 80) -
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The angular velocities determined by equations 75 through 77 are those
of the aircraft with respect to the Earth. However, an angular velocity
with respect to the Earth may be approximated by the angular velocity
with respect to inertial space. Thus, the solution of the equations of
motion (equations 66, 67, and 68) may be used in the above equations to
obtain the Euler angles. ' '

B.3 Forces and Moments in Generalized Equations of Motion

.The A-frame forces (Fx, -Fy, Fz) and moments (L, M, N} of equations
63 through 68 represent all of the external forces and moments acting upon
the aircraft. These include forces and moments due to aerodynamic loads,
control and propulsion systems, and gravity.

Gravitation Forces — The gravity force is a vector guantity of magni-
tude mg* acting along the positive Zj, (or Z¢) axis. The A-frame com-
ponenis of this force can be obtained using equations 69 through 71 as

(Fx)g = ~mg sin E (81)

(Fy) =mg cos E sin'¢ (82)
. 5 .

(Fz) = mé cos E cos ¢ {83)

No moments are produced by the gravity force because the A-frame origin
is located at the aircraft'scenter of gravity.

Non-Gravitational Forces and Moments — The remaining forces and
moments are due primarily to aerodynamic, control, and propulsive
effects,

The aerodynamic forces, by definition, are those generated by
motions of the aircrafi jwith respect to the air mass. The motions —
translational and rotational — are

Veam-a) = Vie-a) =~ ViE-AM) (84)

*g jncludes the gravitational acceleration G plus the centrifugal acceler:
tion due to the Earth's rotation, )
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It is assumed herein that any rotational velocily of the air mass with re-
spect to the Earth can be neglected; thus,

Weassoa) = Wig.ay

Control and propulsive forces are generated by control surface de-
flections or power plant settings. The appropriate control inputs may be
represented in general by 51, -62, )

Non-gravitational forces and moments can therefore be expressed-
symbolically:

Fnan-gravify =F (V(A'M-A)' '\_"'(E-A)' Sy 8_2' s Sn) '

In general, the acrodynamic and control/propulsive forces cannot be
considered independently of one another. For example, the force and
moment produced by a command §. will be a function of flight condition as

hd : i } X7 1, .

aefined by V ,, , AV Conversely,” the aerodynamic forces and moments
generated by vehicle motion relative to the air mass will depend upon the”
vehicle configuration established by 61, 62, C e Gn, 5

£

B. £ Nonlinear Six-Degréenof-Freed_ozn Airirame-Equations

The expressions for ihe A-frame forces and moments can be inserted
in equations 63 through 68to obiain the nonlinear equations of motion for )
2 rigid aircrafi in terms of body-fixed axes with origin at the C. G. The
abbreviated notation ; : ;

VJ(E-A‘)XA V\IXA’ 53 C.y

Vig-ax, =Vy . ete.,

is used in the equations.

Force Equations

(86)

non-gravity

miVy +¥y V; - Wz, Vy, tasin B =(Fy)
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m[\'j\‘,A +WZ:A \./},(A —WXA VZA - g cos E sin ) = (Fy) (87)

non-gravity

m{VZA +WXA VYA ~'%_“'YA VXA ~g cos E cos ¢] ={F5) - : (88)

nona-gravity

Moment Equations

lX \'\’xj; +{l5 ..'{Y) WYA WZA _-Jz'x (WZA + wa YA) = (L)non_gmvhy. (89}

IY ‘E\JYA + (lx - !Z) ‘HZA WXA - JZX (WZ;‘? - ‘HXE) = (f\';')non-gravify (90)

EZ ‘?}"ZA ¥ (]‘Y —ix) 'HXA WYA "JZX (wXA - WYA WZA) = (N)n.on-gmvify (91)

These six equations are an almost exact description of the motions
of a rigid aircraft operating near the Earth's surface. They can be
developed further along any one of several paths depending on the
needs of the user, In this case they will be manipulated into the
form generally used for linearized aircraft stability and conirol studies.
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APPENDIX C

DEVELOPMENT OF LINEARIZED PERFORMANCE FUNCTIONS

C.1 Linearized Egquations of Motion for the CH-46C Helicopter

Equations 86 through 91 were linearized by expressing cach indepen-
dent variable as the sum of a sieady-siate value plus a small perturbation, .
expanding the nongravitational forces and momenis as Taylor's series
about the steady-siate operating point and dropping all but first-order -
terms, and introducing smali-angle approximations. The linearized eq
tions may be separated inio lateral and longitudinal seis by equating the
steady-siate longitudinal motions 10 zero when siudying ihe perturbed
lateral motions and vice versa. Sieady-state values are denoted by sub-
script zero, e. g., V:{A . perturbation guantities are prefixed by A, e. g.,

AVXA. The sum of the iwo quantities represents the fotal variable in each
casé.

in the equations, the abbreviaied notation
GXA = V(E-AM)XA; etc.
is used io represent A-frame wind velocities. Terms involving wind
velocities are retained on the right-hand side of the equations as forcing
Terms, ’

The Laplacian operator p replaces d/dt in the equations.-

Longitudinal

x-force:
. N K

I : _ (92)
[xSe] &Se + {XS,] ASZ ‘=‘ ["‘val AGXA + ["‘sz] AGZA

183



v by . o e 8 ke ™,
g o “

z-force:

F"ZVXJ AVXA -‘*‘.["_(VXAO +z.q)p]AE +[—Z.vz ‘i'p]AVZA =

(25,125, (25,185, 2y, JAC;, + 2y, 1687,

pitc‘nincr moment:
['n‘v ]AVx +[“ mg P P ]A" +[-my, JAVZ =

[ms, ]As t[ms_J4s +[ my ]AGX *[“mv 166Gz,
1 !
Lateral

y-iorce:

. [_yVY TP]AVYA 'i‘[—g—ypp}ﬁgb +[VXA -yr]AmZA.=

(-]

[vs,Jas, *[vs, 125, *[-yv 148Gy
rolling moment: ) '1| e, -

x|
-2y ]AVY}ET[ Epp—p ]Ac,b f ﬂi—&—"p]&wz;

[‘28 ]AB +Lé ]8 T[" V ]GYA

yawing moment;

i

I
. A ZX 12 .
E"I‘IVY]AVYA + {—np ."'—*—“‘[Z ]Aqf) +[ n +pJAcgz

s |As A - G
[n3 185 +[ng 185 + [y, 16y,

C.2 Stabili;cy and Control Derivatives

(93)

(94)

(93)

'96)

LY

(97)

Longitudinal and lateral stability and control derivatives are deflned

e e ot P o g e B

as follows:
XV , év , MV B Aircraft 1ong1tud1na1 force, vertical force,
X X X and pitching moment derivative with respect :
) to.aircraft longitudinal velocity.
XV , ZV , MV Aircraft longitudinal force, vertical force,
VA zZ - Z and pitching moment derivative with respect

to aircraft vertical velocity.
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X ,7Z , M Aircrafi longitudinal force, vertical force,
and pitching moment derivative with respect
to aircraft pitching velocity.

5 - Aircraft longitudinal force, vertical force, -
e e e and pitching moment derivative with respect
to longitudinal stick motion (6e positive aft).

5 2 . 5 Aircralt longitudinal force, vertical foree,
z Tz Z and pitching moment derivalive with respect
to collective stick motion (62 posltive upward).

, L., , N Aircraft lateral force, rolling moment, and .
V. Vv Vv . : i 2 : .
Y yawmff moment derivative with respect to air-
craft lateral velocity.

Y, Lp’ Np ] Aircraft lateral force, rolling moment, and
yawing moment derivative w1th respecL to
aircraft rolling velocity.

Y, L 6N Aircraft lateral force, rolling moment, and
yawing moment derivative with respect to
aircratit yawing velocity. -

Yo, Lg, Ng Aircraft lateral force, rolling moment, and
a a a yawing moment derivative with respect lo -
lateral stick motion (Ba positive 10 right).

) N6 Aircraft lateral force, rolling moment, and
r r yawing moment derivative with respect to
rudder pedal motion (6,) positive rlgnt pedal
forward).

i is noted that aerodynamic forces and moments experienced by the
alrcrafu resuli-from motion relative to the air mass. Thus, for example,
the derivative XVX should more properly be writien as XV(A‘VI AKXy

The slxorter notation is used nerem for convenience,.

PR Jnp

LAY Y

Force derivatives may be normalized by dividing by aircraft mass;
moment derivatives, by dividing by the appropriate moment of inertia.
For example, )

' Xy 2
x_ ft/sec

Y T m fps
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C.3 Performance Functions

Per:.for:rnance functions are obtained from the simultaneous
solution of eqﬁatiorjis 92-94 (for longitudinal modes) and equations
§5~97 (for lateral modes). For a helicopter, performance functions

of interest are those relating the inputs and outputs shown in the

sketch:
| AIRFRAME -
3 I ) ) == E
LONGITUDINAL | V¥
5 ! DYNAMICS “ == Xa
z [ ] = Vg,
8y ] . ! = P
LATERAL :
[ DYNAMICS 1 = H
o= Vy,
A

192



- VUL TPUIL. Ay SN T Tt

' For example, the response of the helicopter in pitch (E) to a
differential collective stick input e ) is defined by the performance r.unctlon

. E ) ’
PFHrs ;e = (p) (98)

. o - )
Simultaneous solution of the-linearized longitudinal equations of section
C.1 for this performance funchion gives a ratio of polynomials in p:
e : : :

-NH [ Se;E] deg

PR ] = —— . 258 (99)
HLEE] Bxzy in :
where
- f ool 100
Nh[se;E] —[GO-{'GIP'(“:ZP T‘..][SG;E] ( )
A XZM = cncrac:e isiic equation of longitudinal modes at

a given forwerd veiocity

=[b, +byp ~b2p b3p thyp ] (101)

and the constanis ap and bn are funciions of the stablllu.y derivaiives. KEqua-
tion 98 can be written in {factored form as’

oF : (T +p/2X1 "’P/Zz)(")
E] = 2
H3 ;E] . (] $o/p 0 +p/p 01 *p/pCn) (102)
S [5_:E]
where
Z, = the nth zero of the performance function
P, = the nth pole of the performance funciion
K= ao/bo.
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- APPENDIX D

Comparison of NASA and MIT/IL Notation

MIT/IL NASA
Symbol . Meaning Symbol
A Angle - |
a * Acceleration
" CG Center of-gravity
D Drag
E- Elevation {pitch) angle.
EAS Equivalent aifspeed = TAS~ O
F Force vector
F( ) Component of F along the ( ) axis
G Gravitational acceleration
g( ) Wind component along { ) axis =V[E-AM]( )
g Acceleration due to graviity = G plus
centrifugal acceleration due.to Earth's
rotation
H Heading angle
a Angular momentum vector
h Altitude
h Rate of change of altitude
i( ) Unit vector along the X( ) axis
IAS Indicated airspeed = EAS plus measurement
inaccuracies
I}i'l ’Iz. Moment of inertia in roll,pitch,and yaw
Y respectively A,B,C

- Unit vector along the Y axis

()



MIT/IL
Symbol

Z

()

TAS

) NASA
Meaning Symbol
Product of inertia E

Unit vector along the Z () axis
Adrcraft rolling moment

Aircraft rolli.ng-moment derivative with respect
to () =dL/d( )

Normalized aircraft rélling moment derivative
with respect to ( ) = L( )/Ix

Aircraft pitching moment
Mass = W/g
Moment vector -

Aircraft pitching moment derivative with respect
to () =dM/d( )

Normalizeéd aircraft pitching moment derivative
with respect to ( ) = _M-( )/IY

Aircraft yawing moment

Aircraft yvawing moment'derivative with respect
to { ) =dN/4( )

Normalized.aircraft vawing moment derivative
with respect to ( ) = N( )/IZ

lLaplace operator

Frequency-dependent performance function of
the system element whose input is quantity a and .
whose output is quantity b

Displacement vector
Component of R along the { ) axis
True alrgpeed = V[AI\/I

-A]
Linear velocity



Meaning

Linear ,v-elocity along the X ,Y:, and 4, axes,
. A’TA A
respectively

Perturbations of VX ‘VY . and VZ' , re-
spectively A A A

Angular velocity

Weight

Angular velocity components along the XA’ YA'
ZA axes., respectivelv

Longitudinal Axis, force or displacement
(with subscript to denote axis system)

Aircraft longitudinal .force derivative with .
respect to ( ) =-dX/d( )

Normalized aircraft longitudinal force derivative
with respect to ( ) =-X( )/m

Lateral axis, force or displacement (with sub-
script to denote axis system)

Aircrait lateral force derivative with respect
to ( ) =ady/d({ )

Normallzed aircraft lateral force derivative Wlth

“respectto ( ) = Y( )/m

Vertical axis, force or displacement (with
subscript to denote axis system)

Aircraft vertical force derivative with respect
to { }y=dz/d( )

Normalized aircraft vertical force derivative with.

respect to { } = Z( )/m
Angle of attack
Sidesiip andgle

Incremental change in ( ) from a reference value

NASA

Symbol

P,Q.R



MIT/IL _NASA
.Symbol Meaning Symbol
& Control displacement (with subscript to

“identify control)

C Damping. ratio

p Atmospheric mass density

o Atmospheric mass density ratio =0 ’/bo

¢ Roll anglé .

W Frequency or angular velocity in radians
per second

Subscripts

A Aircraft body coordinate frame

a Rollihg moment ("ailerbn") control;
e.g., 6a

AM Air mass

C Earth-aircraft control coordinate frame

c,com Command or commanded

E Earth-centered coordinate frame

& Pitching }noment ‘("elevator'.‘)control

G Earth geocentric—\{ertical frame

g Due to gravity

1 Inertial coordinaie frame.

L - Earth local-vertical frame

o Trim vaiue; sea level value

p Aircraft roll rate

q Aircrafj: pitch rate

r Alrcraft yaw rate

‘ Yawing moment ("'rudder"_) control

=

Z Vertical centrol



FLIGHT CONDITIONS FOR WHICH YHC~1A STABILITY
AND TRIM DATA ARE TO BE REQUESTED

GW,1bs ﬁ CG Position jAltitude ,ff {Rate of Climb,fpm | Fwd Speed, knots

13400 E normal 0 .0 0,40,60,80,100,120,140
; most fwd 0 0 "
" ; most aft 0 J “_
" * normal 10000 0 1407, 60,80,100
" ; most aft 10000 0 "

15500 normal 0 V) 0,40,60,80,100,120,140
" most <::1fi; ‘ 0 0 - “

13400 normal 0 +1500 0,40,60,80
" § normal 0 ~1500"

Total number of flight conditions: 51
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APPENDIX F~

STABILITY DERIVATIVE DATA FOR THE LANGLEY
YHC-1A

The data in this appendix is a reproduction of the
tabulations by ERC personnel from the stability data

supplied by Boeing/Vertol,
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APPENDIX G

STABILITY DERIVATIVE DATA FOR THE MIT CH-46C
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY
DEPARTMENT OF AERONAUTICS AND ASTRONAUTICS
INSTRUMENTATION LABORATORY

CAMBRIDGE, MASS. 02139
€. 5 DRAPER

DIRECTOR

TO " R. B. Trueblood
FROM R. A, MacDonald
DATE 4 Tanuary 1965

SUBJECT Revised Stability Derivatives tor CH-46 Helicopter (Project 54-190)

-Attached is a tabulation of longitudinal and lateral stability derivatives
- for the CH-46 helicopter. These derivatives have been revised on the basis
of results from the new Vertol computer program transmitted to us as Jobs 6111-1
and 2 on 4 December 1964. For convenience, the derivatives are presented in
both dimensional and non-dimensional forms.

Derivatives for both the “normal” and “most aft” center of gravity positions’
are included. These positions are defined in the table:

WRT Centerline Fuselage Structural

between rotors ~ Station
"Normal ” CG position 13.5 in fwd 298.8 in
“Most Aft” CG position 16.0 in aft 327.2 in

Many derivatives do not change significantly with ¢, g. position. Therefore,
only those which change markedly are tabulated for the “most aft” c.g.
condition. The remaining ones are assumed to be invariant with ¢.g. position.

Cross-— coupled derivatives (e.g. M Yy, . etc.) are omitted from this
tabulation since investigation showed that al)f were of minor importance. These
derivatives are available,. however, in the event that they are required for
special-purpose studies.

The derivatives have been calculated for a gross weight of 18700 lbs.
Some derivatives are “worse” at higher or lower gross weights; however it is
felt that the effect of gross weight is small enough to warrant confining our
:analyses to this one weight only.

The derivatives have been calculated assuming that “longitudinal cyclic
trim” is used. (With LGT, the longitudinal tilt of the rear rotor is changed
linearly with speed between 70 and 110 knots from 0.5 -degrees aft to 4.0
forward.) Our flight control system does not use LCT. The effect on longitudinal
derivatives (and therefore on pitching stability) of removing LCT at speeds above
70 knots is not known, and therefore must be established. The derivatives pre-
sented herein at 90 and 140 knots are subject to this reservation.

RM/cm_ Encl.
cc, W.B.Bryant,TJ.7J. Cattel M,L,Todd

ADDRESS ALL REPLIES TO INSTRUMENTATION LADORATORY, 68 ALBANY STREET, CAMBRIDGE, MASSACHUSEYTS, 02139
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APPENDIX H

SUMMARY COMPARISON OF SELECTED PARAMETERS
FOR SEVERAL BOEING/VERTOL HELICOPTERS
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APPENDIX I

DETAILS OF THE ANALOG SIMUILATION OF THE CH-46C

1.1 Component assignment sheets and potentiomeier settings for the

simula{ion of the CH-46C

The component assignment sheets are included as pages

1-2 and I-3 and the potentiometer settings as pages 1-4 to I-7.

1.2 Computer Connection Diagrams

The computer connection diagrams are included as pages

I-8 to I-11.
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APPENDIX T

Flight Instrument-Analog Computer Interface Unit
for NASA/ERC
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Instrumentation Laboratory
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APPENDIX K

" \{ERS’I‘OL STABILITY AUGMENTATION SYSTEM DETAJLS"

This report has been reproduced with the permission

of Boeing/Vertol.



VERTOL STABILITY AUCMENTATION SYSTEM DETAILS

CONFERENCE ON CONTROL' RESPONSE OF MANNED VEHICLES
SEATTLE, MARCH 15-16, 1962

BRUCE B. BLAKE

MILTON I. GERSTINE



I. INTRODUCTION

tal Stability Augmentation System (hereafter called SAS)
qualities of the helicopter cquivalent to those of a
ireraft. Xt is mot an autopilof, since ii uses rate damping
tion signals 011y It will not hold heading, alcitude, or
ods, though it allows hands off flight for a minute or two.

The purpose of the Ve
is te wake the Flying
docile [ixed viang ailr
and tarn coordina
speed for lopg per

e

The f{irst 3AY was installed exﬁer‘mently on a test helicopter in 1957 and

subscquently was IZitted to the last nine Vertol 44's (military H-21) delivered
to foreign governments.

Its success was such that the preseat gencration of Vertol helicopters, the
107-IZ and the Army HC-1B, have a dual SAS installed as an inherent parc of
the basic aircrafec, and depend to a large extent on these units to provide

acceptable flying qualities,
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Eelicopi.r Instability

)

As a backhground to the following system description it is helpful to
cribe the dynamic characteristics of the basic helicopter.

ia hover, the dominant mode in both pitch and roll is an § to 20 sec
sscillation which at least doubles amplitude every half cycle. In
Torward Slight this degencrates to an zlmosi pure divergence in

piteh and in the coupled roll yovw wode, caused respectively by che
iongitudinal and directional static instability of the basic aireraft.

Pravious Approaches to Helicoptar Stabilization

“

These breakdown into three general classes - aerodynamic surfaces, large
mechaniczsl gyros, and autopilots.

Aerodynamic surfaces such as horizontal and verxrtical fins do notr stabilize
the aircraft in hover, but do however add considerable weight and drag at
211 times.

“arge cyros such as the Bell stabilizer baxr, are not adaptablc for optimum
stebility about all axes, gs well as having nlgh drag and welght partic-
wlarly for a tandem h;llcouter.

Verrol was the first manufacturer o install an avtopilot in a nhelicopter.
Since “ch we have continually worked with advanccd avnni Lol desigas.
Our experience has shown that helicopter autopilovs oo L-ilacively
cxpensivg, heavy and complex, ané are only wequivced for cexcain missions.
They are not in general suited to installation in every aircraft, nor.

can the” ve completely dualized within practical limitatioms. .

Experience with all of the se devices finally lead us to try the sxmple
electronic system to be described. A review of tandem helicopter basic
coantrols will, howgver, be helpful,

terodynanie Controls,

“he four basic controls are;

5. Roll - obtained by tilting both rotor discs (and hence thrust vectoxrs)
laterally in the same dirvection.

a

4, Yaw - ovtained by tilting the rotoxr discs oppositely.
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S¥eastanToe divdeaulic Control Syscom
Al rotar controls are power operated by dual hydraulic actuators at the
rotor eacs. Bdeh duzl actuator consists of two pisteons, arvuanpoed in
pir allel, supplicd from separace hydraulic systems, and controlled by
cinaen. nerve valve whica is aoved by mechanical linkage from tiae cocipl
" Ar the cockpit is a second, thoush much lower power set of hydraulie
sctuater units. Thesae serve a dual purpose., First, they preveni all
oiction, stetic weight, awd inertia forces rfrow the intermediate linwagos
; fele by the pilot. Second, they provide a positive backup Lo
< t foxces from the S4S cxtensible link actuators which “float™
in the incermediate controls without being tied to structure. The SAS
actiators onerate differentially with respect to the cockpit contzols
t taey move the rotor blades without moving the primary controls.

a
o

o ty, then, the authority of the actuators is limited to the
foliowing nominal values,. -

Zitch 20%
Roll 20%
Yaw  40%
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T MTCS IN DETAIL (Sew Figuve 1)

ed dyramics, the general system functions and signal

Before discussing the datall
saths will se described. As was previously mentioned, the SAS uses only rate
s

ibe a

gyroc for weuners, and side lip seacorsto obtain statilc directional stability
with ood ,q.n ecoxr dination.- Signals from these sensors are demodulated, filtered
xd, and used zs the input signal Lo & servo ¢mpllf*8r

Ly 5

hydraclic actuator ioop. This results in a mechanical control imput in either
the pitch, roll or yaw axis as requived,  This in ‘tuvrn is hydraulically boosted
and fod to the rotor, from which che appropriate corrective moments zre applied

A, Basiec Coatrol Dynamics in Dewail (Sce Figure Y )
The Dyncmic response common bo all three SAS axes consists of a series
of rvelazively high freguency lags. Values are shown for LH; 107-11
as being Uypical. Taken in oxder uhhy are:
o Ny .
1. Rotor dywamics simplified - 0.06 sec.
2. BAS liydraulic actuator. -
sevvo cmplifier loop - 0.05 sec,

3. Upper Conitrol Boost Actuzter - 0.0l seec,
B.. Picch axis {Sce Figure 3 )

sua ai 1 second lag time constaat were predicted by
analysis as giving good stability and ‘response in all flight regimes
i 2 £i y f£light tests. -

2. The 0.2 second lead was found necessary during flight test to eliminate
“"sorpoising" of the aircraft, particularly a: high airsveecds. Later
analysis showed that this lead compensates i - the critical frequency
range for the phase lag introduced by servo roop and rotor dynamics.

cr

3. The final lag was introduced on a cut and try basis to eiiminate a
rou ﬂ handling effect in which pitch motion of the aircraft on 1ts
H gear caused the longitudinal stick to move against its ™
feel spring. This in turn moved the controls and caused
craft pitch response. Since the natural frequency of the
aircraft on its gear is much higher than the predominant in-£light
mode, the SAS phase shift was such'that it aggrevated the landing
gcar - stick coupling to the point where it became unstable. Since
the ».lot could naturally stop any motion by holding the stick, the
whole problem was merely & nuisance which'was cleaned up during
test grQupH i 1

H
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Rall A vSee Figure & )
.. pure - Lltered roll dampey is suiflcient to provide dynamic stability
<. hover oad ho*wuld flighe., &11 wroiculated volbor helicopiers are,
Lhowdve - subject to a poteatially vielent mechanical instability known
st "Stee... resonance" involving the roll dynamics of the fuselage on
s lztanayg gear coupled with & center of gravity shift of the Tutox
:gs due o in plane blade motion. The troublesome natural Ireguency
wsually “:lls at about 2/3 of rocoor spead, oxr about 3 cps Zor che
iu7-11. During the normal “ground vesonance® testing, it was found
gzt the 3AS sometimes increased the tencency to ground instability.
The fiivczing shown eliminated the problem.

- Yzu Racte Damper (Sce Tigure 5

The widdle frequency damper gain is set by the requiremeni of
eliminating any yaw oscillation in forward flight.

fraquency washouat reduces the yaw rate signal to zero
teady turn. This prevents bottoming the yaw

2l actuator which might otherwise occur with its

o

€t loss in stabilicy,

The high freguency lag aittenuates undesirable vibration pick
up Zrom the gyrns dinto the control system.

%, Sicdeslip <{Bee Figure 6 )
Al current Vertol helicopters ave statically uastable with
T to yawing moment duc to sideslip. The sideslip sensor
corzinsaces for this, providing the static stability necessary
ow @asy high sPeLd flight, pedal fixed turn coordination,
ane .6 meet MIL spec requirements. )

Sensing is accemplished by means of a pair of static pressure

ports symmetrically located on the nose about 459 around from

the aircraft center lice. It has been found that the differential
pressure between these ports is a linear function of sideslip angle,
-approximating that predicted by potenatial flow cheory on 4an infinite
cy.ander in uniform flow. (&P = 40 B )

roiw. the above it. is apparent that the gain of the sideslip loop in
erms of inches of control per unit sideslip will increase with air-
p d squared. Bven though the airceraft iastability follows a ’
~ar trend in the negative divection, the net total has been
oun d to be too high at high aivspeods when set for good stability at
zrmediate speeds This can be exnlained as follows. The increase
. uet statie stebilicy with nirsnu;u can ba looked upon as an
nereasingly SLlJL spving restraint in the vaw axis.-Lo-diractional

5

[a !
r‘

f the motion increases. tue amping ratio (actual/eritical) drops.

t rbances. Since the damnlng is constant, and the natuval frequency
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ws . o 3 up a2 chavacteristic 3 to 5 sec perviocd fishtailiang wmotion
T GY o avoié this, the sidesllp gain is reduced at higher speeds by
v atso.;red signai. ;

2oth wldesily diflareniial pressurs and airspeed alectrical signals are
ovtain.d fiem Verto: designed pressure transducers.,

2Jails cross coupling signal was odded To the basic three axis damper in
codéer o miintain good ceordinatlon during rapid entries iante turns
vsing solck commands and with pedals fixed., The lag is chosen long
snough seoh that ic approwimetaly integrates the roll rate signal Tor
zaort »erliods. The result is 2 xoll angle signal which commands the
zeguired sow vate for smoota cturn entires.

fvo disadvancages caused by this crosscoupling are:
plral stabiiity of the airvcraft if the gzain
th an necessary.

Figure' §)

L& yaw Gomper reducaes the yaw countyol respounse of the aircraft to a
cegree wnich is undesirable in hover. To regain the original
controilability, a washed out pedal position signal is used to cancel
the yaw gyro inte the sexvo amplifier. The washout prevenits trim
pedal éisplecements from affecting the system.
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HARDWARE JONSIDHERATIONS

Contam:~a-“on

iic actuarors and scrvo valves are protected azainst contamination
L‘;ng., It was also found that the pnoumatic systcm uscé to measure
angle &lso "eouired some definite foreign partisie nrotection.
ports and lines pcscd no problem due to theirt relatively large
cransducer sipnal nickoff elowment was susce mgable co dLvi

1

—

Sitace tne commercial unit originally uszed could not be modified,

desizned, tesved, and ‘s now manufactu wing transaucers which
chis through their mechanical design.

For a differential

<o is such that full ousnut sisnal is obtained
tten for the alticude

]
.5 psi. 8Bince 2 usable signal can be gott
the floor to a desk tos, these units are al
tde seansors in the Vertol autopllot which is in ea

:I
Tl e
4,
(3
[
L
£
M
rh
(]

Ly development

f=r

deslgﬁ of thne amplifier aztuxony sowo lLoop hardware was such that o
nvérauiic servo valve was chosca viiieh hod o atrher sain than was required.,
~a normal operation, oaly a swail pavt of the value flow cavability 1is
voiilized, resulting 1ﬂ a magnification of the nonlinearities around the

calm aix, a long period low amplitude limit cycle oscillation
ticed in the pitch auis caused by excessive valve threshold.

"‘\d

4 null shift, resulting in a slight "engage error" has also been mnoted in
t ra

4 change o a low goin serve, valve, with appropriate circuit adiustments

Zi now in progress.

Unwantzd Signal P;c{up

Since tne first experimental SAS installation, all rate signals have had
intentional high frequency filtering, particularly to reject the pre-
cominant 13 cps vibration frequeacy. :

&g a mstt:v of ccnvenience, no filtering was included in the sideslip
systenm oI cthe 107-If SAS design since none had been found necessary for
pfevious :*rcraft. During test flying, pilots complained of a random
lateral "aick' which ocecurred SAS-on at high speeds. This proved 'to be
an interr ttant yaw oscillation which appeared to be a direct fuanction
cf side

slip sensor gain, fter some cut and try testing, a pair of one
gallon cans to serve as pnevmatic “ilvers were tried and eliminated

Lppaventiy the higher system gain required by higher speeds and poérer basic
ireraft stability was sufficient to show up the problem on the 107-II,

a
Stbsequent "experience on the IIC-1B, has shown that a simple filter-
rnetwork as is used for rate sionals, also solves the problen.

o used as barometric
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Suolie. den

7 ovder oo have fail safe - to maintain aiverafc stabili
o ltowing Sailule, Lwo ddertizil eomploete aad indepeadent SAS acre instal
i7 eaca awrerafc, This duaiization includes separate electric and hydra
power suppiies as well as bloek boxes and actuators. No single failuve
lose Dotk systems.

1

Xoraelly both 84S operate each at half gain. IF aydraulic or electric
0 fai N

power Lo one system fails the other automarically is switched to {ull
in. LZ some <rher failure ocours, Lhe pilol wmust manually switch

to che reusaining system,
Flight Tosts -

ALL posuilie systowm failures have bo
Tecovery cupabLlliity, aud to definc

ght to show

rly in .07 failuve testing it wvas determined that a loss-of- actuator-
cedback Izilure in which the actuator oscillated ar mayu mum velocity

eent 1ts limits, was so bad even in hover that a forwaréd £light
demonstrvation was inadvisable. After this experience, each individual
ioluator wad its feedback loop dualized.

throw is available in the cockpit so that the pilot
votor contwols to their limit stops following a full
AS actuator failure, This insures that there will be
labilicy resulL ng from & single system failure.
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APPENDIX I.

"HELICOPTER AUTOMATIC CONTROL THROUGH
INTEGRATION OF SEPARATE FUNCTIONAL UNITS"

This renart has been reoroduced with the permission

of Beoing/Vertol.
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- HELICOPTT

He T. Gorstinn
’ VYertol D
The Doelng

Summwany

zo trend in helleopter astesatic sinbdili-
a3 sluvavs bean to cosbine fusctfons of

on, tvir and filight gufdzace in & ein-
o] ge. Tais ovolwed 31 < the background of
ined wing autepilets which were Firgt zdapted to
zeile ez, The wcight,coet aﬂd reliability of
thiz spproceh has impeded operztional auitebility
gnt

gud brought sbout davelopzunt of a4 different
cencept,

asznt of providing cicellent ecta-

ion dicta:cs the usa of high Zreguency

nge actustovs and other eritical system cox-
8, without cozmpramising flight zafety or

reralt comtrol feel. Such functiors =& guid-

e and navigagionzl coupling of & stable air-

ft can b2 ascomplished by the instaliation of

i cmoTy unlt utilizing slow gciing Iow

T

The diffarsnces in duties

%]

e requirements leogically leads up

or 1
te & cemplete zeparstlion using different systems,

The concapt of separation of function used
in the 107-1I¥ leads to less cost, welght, and
complexity, snd grester relisbility than standzrd
systems,

Confusion has existed in the past as a re-
sult of adaptring finad ving cutopilots to heli-
copters. This hoas been veflectad not only in
terminology, but in the manzmer in whieh the fune-
tions have develeped in the devices themsclves,
The majoricy of fixed wing autopilots primsrily
nead to Bupply 2 long tera refevence to hold &
vasically stable sircrafit on a fized wpoad,

i ing and alvitude. If such o cystem is stiply
ted to helicopters, om the other hand, it
cust perfornm & fairly difficult etabilization
2sk, as.wel: as accomplishing flight guldance,
and this stgbilizing function must be sccomplished
vith no iose in the meneuvering capabilities or
daterioration in control feel. Considerzble
eiforc In attcmpcing to cope with thege diverse
requirements of stabilization and of guidancs
have resuviced in development of a mew approach to
the problenm of helicopter autematic flight, which
has been zpplied to the Boeing-Vertol 107-II
shova in Figure 1. Tne concept, details, and
perforiance of the new systems are desctibcd in
this paper.

re

IL. <Concent of Separation of Svstem Function

"The désign philosophy of.the helicopter is
to incorporate provisicns for two .types of auto-
matic. flight .contrel systems, These are:

ZRAUTC
WIZGRATION OF EZPARA

-3

]

v

C CORYROL TiROUGH
T TUNCTIONAL UTFLTS

. B, Blaka
zion
LEIPRRY

L

rd
1
c

1. A Btebilicy Lugmzatetion Syotes (5.4.8.)
waich 16 &n _1tcg‘h1 paret of the sf coottel
3‘%tc" in both function znd doma

]

2. Aetigede end Altitude Lock System which
e pupplowentary ecuirmant euplersd £3 an auto-

moitic pllet ond for sutomitic novieoctisn control
b 1]

andfor prosremmzed miazions. Fizura 2 exploina
thile prise 1*1@, choving o dazping leop simpocoad
of « dusk §,A.5, iustellation te give complately
relizcble stebility, and & trin function -leop for
long term reference or nevigaticn.

A, 8.A.8. Concept

The concept of the S.4.5. is bared oa the
nzad for good stability canractaris
apceds, without cemprosising the over
and weight of the alrcraft. These rcqu
epply, particularly, to low airsseeds aw
wment approaches ac oteep susles of dese
ince optimun decign-is defined by inste
of the sinplest moans oi obtaining geod
lization as stendard equipzmont inhevent
arrerait, then 1if good stability chorscrasisg
can be provided without the sophisticatica of
the antopilot, and {te consequent weight, cen
plication, expense and problems of maiato
and reliabilit}, it ¢ wondatory that tha sure-
pilot be relegetad to the role of optional
equipment.

w
0"‘
(Y] th

13
-]
A
&

The wany aercdynamic (fixcd surface
tzbility dovices which have been devsl
Lhe past have suffe od {rom several gdlezdean-
tages. Probably the most importanc wes itha
ineffectiveness at low airspeeds and in hover,
where stabilization is needed ag wuch, {f not
wore, then during forward flight,

Another stebilization system which has beoan
investigated vas the damped gyro stebilizer bar
wounted on the rotor hub. This zives rats dama~
ing similar to thar obtained with™a gyro. How-
ever, because the bar turnz at rotor spaed and
acts directly on blade piteh, it wmust be heavy
enough to generate sufficient control Sorce:z.

In additfon to this weight and the drag asso-
cizted with a large exposed bar, it suffers fiem
another deficiency. Since the gyro bar {s part
of the votating rotor system, there can be only
one stabilization gain for both roll s=md pitch
unless & complex mechanical linkage is used.
Since the requirements in these two axes zre
different, it follows that the gain satting 1s
always a compromise Lcsulting in sluggishness
for one axis, and insufficient stabiiity for the
other. ;
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After geveral yosrs cof intensive affort in
poobiilty cusmentatfon and putepllet development,
Tarzol zrrived at a S.A.8, baced en internslly
~ezted, high epeed, rate gyrescopes. Since the

rree (o an-inertial device, it provides the sowe
cremtlization for all £lipht conditlons. Fur-
sxor, being zmell end light and well suited to
ey airernft inctalletfon, it is feecible to use
ere thona onae teo (1) optinize charvacteristlics
coat sll control axes ond (2) dueplicete cystems
tme fallegefe featurac.  The cetput of the BU4,.8.
eftitoes linited quibs diffevontinl-type
surtrel zcetuators. Fh 2ans thet the stadility
=smrontotion cystem doea not move the pllot's
-exctrole.  In effect he (v flying 2 steble aix-
ot gnd thus rneeds only elow, fixed-wing type
reenoal motiene to gulde the hellcepter.

it
4
a

i

&a che original- 8,A,5, test progrom war
itg cloce, an Interesting characteristic

Instecsd of making normal helicopter-
¢ ;7o control motions during flight, the pillot
o2 gorely hoiding the stick fixed {n positionm
ot waking very soall, trim corrections at severel
e inpervals,  This cuggested that the addi-
trea of o cimple zutesatie PLALALLL systen would
eomrmiately teliove the pileot of control effort
£orins porodl cteady flight, Such a system wed
termotiseted move thoroughly, ond offers wony
cirmificant advantages for a relatively snsll
oo facreaca.

Sinea the automatic PLALALL. systen need
2y supply minor coerrection sigpals, 1t readily
inats ftself to a sizple and comcequently a ’
exzum cnd relicble mothod of instellation.
freave 3 shows ochematleally the leyout of the
eysien for either the lomgitudinal or latersl
czte, The dircctional axic {5 simllar except
ehat g directional gyro replaces the vertieal
gyvo. It cam be seen that the 5.A.5. operctes
{mdanendently of the PLALALL,, to insure relisble
ctcbilisation even fn the event of failure, The
P.AWALL oparates as follows: Any attitude exror
causee the vertical gyro to put out & voltage
proportional to the error, This oignel, after
tonlificaticon, drives the attitede trinm actunator
wviich chenges the zero force position of the pre-
locded contevring cprings. 13 cauges movenmenta
of the coatrol stick which in turn moves the cn~
tire contrel oystem, DBetails of the operation of
thae otiftude and alritude lock are described in
subsegquent sectiona of thiz paper.

111, Deperiptlon of S.ALS.

A, Bevelep=ont

The pregent 5.A,8. wos develeped following 2n
extenaive gnalytical and f£light test progrem.
Varicez posalble means of improving atability
were first invemtigated en on enalog cozputer, and
the =vat preniszing systems from this analysis were
then tested in en HiF-4 helicopter. Digplacement,
rate, acceleration and oldeslip were sll coneid-
ered es posaibla paramaters for sensing, and eny

comhinntion of thase could be fed into any axis

or ares with or without a signel cheping. Bight
of those oystems were acteally flight tested In
the HUP. 3By inntalling a wultiplicity of censing
devices and providing cuitable rapid cwitching and
tn-flight adjustoent of gele settinge, Lt wos
posgible zo obtoin a direct comparison of taz
ctzbilizing characteristies of these various

The system fimally celected forx the EUP-4 used
¢ lenped piteh rate damper in the leongitudinal
5 t P T T TS s - e - — pr—

1 systen, and & yaw rate damper in the direc-
nal systen. In eddition, roll rete was fed in-
the yow oxis to icprove dynamic ctebiliey an
iaternl otick turn czaablility., Juring the cource
of che BAU? flight test pregrem, the alreraft vas
frequently flown "honds of£" for perieds of four

to five minutes, In addition, the helicopter
succesefully flew for two minutes "asads off 4
n stendy partial power descent =t 750 feet/minute
at 30 knots sircpeed, o6 would ba reguired for
blind approsches. Thic test was limited to two
ainutes only by lock of altitude, ond the sta~

“bility would heve been adequate to continue for o

substantially longer period.

Toicial tests of the HUP-4 "bresdboard” sys-
tem on the VYartol Model 107 prototype revealed a
requirement for cove stebility in the yow anis
then that which can be obtainad without the addi-
tion of a sidesliip sensor. To aveld the Llostal-
iztion of 2 beam in front of the aireraft for
mounting a sideslin veas, o system was developed
which scnsed o cideslip by ueing a differential
precoure tramsducer fod frem a pair of static

‘ports cycmetrically disposcd on the front of the
P - P

forward pylon. This system gives & high dagrea
of static and dynamic stability on the Medel 107
in foruard flight and allows "stick” fuxns up to
maximum airspecd with excellent cocrdinstion.

The £irst threec-axis production systen was
designed ond produced for the YHC-1A, It em-
bodied the operational features of the Model 107
avotem but wos decigned a8 a single electronic
unit, with trensistor cmplifiers, printed wiring
and other features to insure 2 high degree of
reliability. ’

" B. Hardware Operntion

1. Servo loop - The serve loop &g the scme
for roll, piteh ond yaw end consiste of a tran-
sistor czplifier, the output of which is domod-
ulated and fed to the terquesotor of a differ-
ential hydraulic actuator. The actustor motion
{s pensed with a differential transformer eed a
proportional voltage is fed back to the smplifier.
This vesults in an sctuator displacement propor-
tional to the signal voltege applicd to the am-
plifier.

The differcntial actuator systen offars two
basic mdvantages. Flrat, it eliminstes usdesir-
sble” forces and ootions frém reaching the pllet's
controle and, recond, it permits the uze of lim-
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" fted authority go that the 5.A.5. can never move
the controls by more than a fixed percentage of
their total travel. This weoans that even in the
event of a malfunction resulting in 2 hardover

. siznal, sudden motlons of the aircraft are mini-
nmized, ond the plleot can easily override the
$.A.5. 1In zddition, the‘control pystem stops are
arranged on the output side of the 5.A.5. actua-
tors so that in the event of a hardover signal the
pileot s£ill has availsble his nmormal full control
pluc & sufficient overtravel to counteract the
full S.A.5. signal.

2. 8Stebilization Signels

Loll Axis ~ The signel applied to the
roll ampiifier 12 roll reate from 2 rate gyro.

Pitch Axis - The pitch axis is identieal
to the roll axis except for a network which per-
forms a lag-lesd on the demodulated rate gyro
signal, This particular shaping is optimm for
a2 tandem helicopter.

Yew Axig - Four signals feed the yow axis
eoplifier, One iz a yaw rate signal from a rate
gyro containad within the electrenie unit, Aan-
other is lagged roll rate from the roll axis.
Tais signal tends to cancel out any yow rote zig-
anl during turn eatry zo that turng may be well
coordinated. Since thic cencellation lacts only
during entry iato the turm, the yaw gyro cignal
is fod to the scrvo zmplifier through-a "wash out”
wihich elininntes any ctoady ctate yow gyro gignal.
The thirvd signal iz sideslip which is detected by
o differentizl prespere transducer -fed by a pair
of statiec portd, cyz»etrically placed on the-nose
of the airervaft.,  Tor optimm stebility at all
cirepoeds the galn of thia transducer ic pro-
grecmed ag o function of airspoed so that precise
zoordination iz obtained at all pirspeeds between
cpproximately 60 knots and Vngx. A second dif-
ferential pressure transducer gupplies the neceg-
gery elgnal to asccomplish this. TFor precise
coutrol in hover, a fourth signel is applied to
the vow oxie, A rudder pedal pickoff signal iz
csad to cancel the yow gyro signal in turns.

The following figures illustrate explanations
of this section. -

Figure 3 Boeing-Vertol 107 Control System
Schematic Showing Typical 5.A.S.

Inctallation

Filgure 4 Boeilng-Vertol 107 Electronic Block
Diagram
Boelng-Vertol 107 Complete Control

Figure 5
. System Schematic

C. Flight Records

Flight records made during-a YHC-1lA test pro-
grem are prezented to show the stable qualities of
the 5.A.85. equipped aircraft. Because of the sim-
Llaricy of basic airfremes, and: the fact that the
5.A.S. has puch more powerful effect on dynemie

response than alrcraft serodynamic cheracteristics
theae recovds are indicative of vhat is obtiined
on the 107-II, The following figures chow the
pertinent control input and resulting helicopier
regponse for the various axes in hover znd forwarzd
flight.

FPigure 6 Pizch Axls Pesponce - Hover

Figure 7 Boll Axis Pesponse ~ Mover

Figure 8 Yaw Auls Pespouce - Fover .
Fipure 9 Pitch Axis Response - Fovward Flight
Figure 10 Roll Yaw Response  ~ Forvard Tlizhg

D, Reliebility

The S.A.5. i3 designed such ctnac acxircraxe
stability is as reliable as any critical mechan-
ical component, This is accomplished in two ways:

1. Simplicity - A complete three (3) axis
5,A.8. contains only sbout 1/4 the number of er.
ticel components as a modern helicopter ASE.

2, Dualization - The installation in the
107-II includes two complete .and independent threx
(3) exis 5.A.5.'s. Both of these are nommzlly -»
at once, each supplying half the required contrui
motion for stabilization., Should a failure osswr.
either system can take over the full lozd, one
supply all stabiljzZtion. The two systemssars cun
from identical but separate electrical and hyd:au-
lic power supplies which are standard in the wic-
craft. There is no single failute (other thar
catestrophic mechapical) which can result io »
loss of both S.A.S.

IV. Dasgeription of_P.A.A.L.

A. Development

As described in the Introduction, the prin-
ciple of operation of the precise attitude zxd
sltitude lock, is based on flight test expevicnce
where it was noted that the pilot need meke eonhy
small, infrequent control corrections when Ily-
ing S.A.S. equipped aireraft. This can be dene
automatically using the scheme shown in Figure 3,
where 2 slow-speed stabilization-synchronizstien
unit repositions the stick as necessary by chawg-
ing the zero force position on the prelosded
centering springs which provide ertificial fesl to
the aircraft controls. This system has peveral
inherent adventages.

1. Since the system only trims the heli-
copter, there are no large rapid motions such eas
are associzted with stabilirzation., The syscten
moves the stick in the same way that the pilot
does, so that stick motion is unobjectionable
‘and most often even undetected by the pilot.

2, Maximum stick velocity necessary is only
about one inch per gecond., By making maximum
motor speed correspond to this velecity, a2 rapid
"hardover" imput is impessible, so that one ob-
jection to the usual “parallel" type of system fs
negated. Thus, the system may have 100% author-
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ity, eovercoming the need for the complex system
srcosoary to keep a limited suthority actuator
centerad,

3. 1In the event of & Failure, the pllot
eniy n2ed overceme .he normal centering apring

force to completely overpower the gystem,

B Envdware Cperation

ite heart of the gystem 1z the stabilization-
syoehronization uvnit, which is z2hown schematic-
ally 4n Figure 11. Tt replaces the magnetic
brale installation. The artificilal forea feel
contering spring is attached te the unit output
. Systen gain can be charnged conly by chang-
1ag grar or linkage ratios, and i3 not & function
of electronic adjustment, Figure 12 is 2 _photo-
gresk of the breadbozrd stabilization-syn-
chroprzetion unit connected toz control ©ockup
fer 1od> checlout purpoces.

iies of Opcrnt;on

2.ALA L. Off - The brake is engaged and
b the centering spring bolds the stick or
efale in & trimzed posltion, The clutch is
reencarned and the duplex clutch is in the OFF-
i pesition. In response to any chenges in the
wro signal the «molifier will drive the motor so
&8 to null the output of the eynchro. Synchro-
nisetfon will be rapid (about 120% per gecond)
gipce the goar reduction to the syachro will be
seall in thic oode of operation, The pilot can
ually retrim the stick or pedels by depressing
thc Ijg. Breke butten.

rn
s
-t
€
{; -

i ooy

U

2. PAAL, On (Stabilizins) - The brake is
drsengaged ond the elutch ip ensaged aso that the
motor will drive the output ara of the actuator.
The duplex clutch is in the S3TAB pozition and the
motor drives the gynchre through 2 somewhat
greater gear redection than in the OFF-SYRC posi-
tion, tho exact ratio being determined by the
gein {output rotation per degree of cynchro ro-
tation) required for helicopter stabilization,
The output arm is then rotated threugh an angle
proportional to the gyro error signal.

3. P.A A.L, On (¥nneuvering) - The pilot may
make temoorary coxmands in pitch and roll by
forcing the stick out of detent to chenge atti-
tude penually, With the stick out of detent in
either pitch or woll the power is removed from
the wmotor in that axis and no wotlon occurs with-
in the actustor. When the sticlh is released or
returned to detent the ectuator will return the
helicopter to its original attitude,

o4, ‘P.A.A.L. On (Synchronizing) - Permanent
attitude changes are made in piteh and roll by

depressing the M2z, Brake butfon. This tempo~
rarily rceturns the system to the ASE OFF state
in wvhich the aystem is allowed to reaynchronize,
Upon relesase of the buttom, the ayastem sgain ata-
bilizes. All hecading changes are permanent and
are initiated by & pedsl going out of datent in
hover and by devressing the HMag, Brake switch or
moving the stick out of leteral detent in foruvord
fiight.

V. TFeilure Consilderstions

A, S.A.S,

1. Actuators{See Figure 13) -~ The zuthority
of the 5,A.5, actuators is limited so that under
normal operation they cannot provide more control
trevel then + .90 inchez of lengitudinzl stick,
+ .52 inches ef lateral stick and + .78 inches of
rudder pedal.

If there is a loss of hydroulic pressure or
if the pillot wishes to turn one of the 5.A.S.
systems off, a spring loaded lock piston is drive
en dowun pzst the actuator output piston. The
lock piston is tapered so that it centers the
5.A.5. actuator end locks it in this position.

B. P,A.A.L.

- As shown schematically in Figure 3, this ~
function is hpplied to the pilot's controls
through the feel spring. Any normal functien
encountered therefore, could be overcome by
pilot effort with no more than 7.90 lb maximm
force in longitudinal stick, 4.53 1lb lateral
stick, 17.1 1b in rudder pedal end 16.1 1b in
collective pltch stick.

VI. Conclusions

1. A new concept of helicopter autematic
flight control has been developed, tested, and
applied to the Boeing-Vertol 107-11,

2, Stabilization requivements &are Dest sat-
isfied by & simple demper system, duzlized for
relizbility, acting through limited autherity
differential actuators,

3. Flight guidance of 2 stable aircraft can
best be done using large authority, slow-moving
control Inputs. OSince these are very similar Lo
pilot control motions, 1t is feasible to move the
basiec cockpit controls with parallel actuatorsz.te
accomplish this. Safety requirements are satis-
fied by putting in control movements through the
force feel spring, thereby positively limiting
the waximum control force,

4, Detailed znalysis and test experience has
shown .thet no single fallure cen result in a less
of aircrﬁft ccntrol or sta bility.
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