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I LA T e

A faii-operational Autmmatic Flight Control System (AFCS) was
developecd for the U.S. Army Heavy Lift Helicopter to enable
that arreraft to perform rapid and precise external load oper-
ations in all weather conditi s, The AFCS provides both full-
time .tability and control au mmentation {SCAS), as well as
pilot-selectable modes for altitude hold, hover hold, load-
controlling crewman precision hover control, external load
stabilization and navigation/guidance ccupling. The heart of
the svstem consists of triplex digital computers which process
redurlant sensor inputs to generate differeatial and parallel
~ommesd outjputs,

A developmentar version of the AFCS has been designed, built,
and tontoed under the HLH Advanced Technoloygy Components Pro-
gram, This developmental system utilizes serial incremental
digital computers with cress channel bit-by-bit synchroniza-
tion; redian signal select for senscr inputs; failure monitor-
ing with auto shutdown at the system, axis, and control mode
levels: and off-line Built-In Test Eguipment {BITE).

The f£light test of the SCAS concept on the Boeing Vertol Model
347 heiicopter indicated good-to~excellent performance. The
most =rani ficant results vere:

® ‘ontrol response was crisp a3l maneuverability was good
in all axes. Good trim coordination was demcnstrated in
qapld roll reversals up to +45 degrees of bank.

e Ground referenced velocity feedback below 40 kncts IAS
»iijnificantly improved both stabhility and trimmability
in hover mancuvering,

® Airspeed hold was excellent in cruisc flight with max-
1mum deviations of + 2 to 4 knots in noderate to heavy
turbulence and in turns up to 30/35 degrees.

¢ A positive lateral control yreitient "security blanket"
voncept provided good recove sy to wings-level trim from
torward flight banked turns. This feature significantly
reduces pilot workload in making heading changes,
especially under IMC.

Selectable imode response characterisgtics were very satisfact-
ory and adequately demonstrated the practicality of the
respective concepts. 1n those few instances where deficien-
cies were found, these wecre accountable to the developmental
state of several of the sensing devices.




Altitude hold accuracy was +20 feet in cruise flight, Radar
altitude hold in hover flight was accurate to +6 inches
following the tailoring of a complementary filter to remove
the effects of radar spikes over grass,

The high-gain stapility loops of the hover hold mode provided
excellent gust rejection and maintained the selected hover
condition witn minimum drift using inertial velocity feedbacks.
Hover hold accuracy using position teedbacks from a precision
hover sensor (PHS), with all controls fixed, demonstrated a
circular error probability of 4.0 inches and 6.8 inches with
winds gusting up to 13 knots and 24 knots, respectively, for a
2~-minute run. PHS performance over a high contrast ground
was satisfactory; however, it did not lock on over grass or
other low contrast scenes. Although this deficiency could not
be corrected in the ATC equipment, it did not negate the
evaluation of the control laws and their signal processing.

The load-controlling crewman, operating through the hover hold
mode, demonstrated an impressive capability to provide vernier
response to move the aircraft or external load into precise
positions. Also, load handling experience revealed that load
shuttle over short distances under control of the LCC was a
very practical capability.

Rapid suspension cable/load hookup was easily performed by a
ground crewman as a result of the LCC's ability to precisely
position the helicopter. MILVAN acquisition in less than one
minute without ground crewman assistance was demonstrated by
pesitioning a top~lift adapter on the MILVAN. Frecise place-
ment of a MILVAN onto the transporter lockpins was demonstra-
ted but required a fair amount of hover maneuvering time on
the part of the LCC. With flared guide vanes installed on
the transporter, it became possible to deposit the MILVAN on
the locking pins - within the +1.0 inch-~accuracy required -
in one minute or less.

Flight training requirements for a load controlling crewman
woula be ininimal. Load operations were performed by two
Army pilots after 30 minutes of no-load flight familiariza-
tion. Followinc the completion of developmental testing, 54
hours of demonstrations were conducted in which 163 pilots
and non-pilots flew from the LCC station. Control of the
alrcraft without a load was quickly acquired with less than
5 minutes of familiarization.

The load stabilization system (LSS) provided a significant
increase in 1oad damping, both in hover and forward flight.

The greatest need for damping augmentation is during an attempt
to precisely position a load on long cables {(load natural
damping decreases with increasing cable length). The concept

’
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utilizad cable feedbacks into the AFCS and although effective,
was judged to be inferior to the active pendant concepts.

The automatic approach to hover mode was configured to demon-
strate the feasibility to manually (foilowing flight director

commands) or automatically fly the aircraft down an approach
path terminating in a stabilized hover, Both manual and

automatic approaches were performed very satisfactorily.




INTRODUCTION

HLH ATZ (Advanced Technoclogy Component) program elements
associated with develepment of the flight control system are
divided into four separete tasks in the sOW, with Task T
having two parts. The initial work performed under the first
task (Task 1, Parv 1) was accomplished during the second half
of 1971. Objectives werc to sclect candidate FCS concepts
for the 4YLH to determine the necessity for é~veloping a side-
arm controller, and to identify high risk areas and critical
components requiring further develcpment. Results of Task I,
part 1, were documented completely in Reference 1, and will
be summarized later in this section.

The purpose of this repcrt is to review ATC flight control
work performed subseguent to Task I, Pavt 1, and dircected
toward definition of the AFCS for the 347 Flight Research
Vehicle. Summarized in this document are results cf the
following phases of the program:

® Task I, Part 2 - Analytical design of the AFPCS and veri-
fication through large moving bhase
simulation.

e Task I1I - Development ¢:-1 test of AFCS computer
and sensor ha.aware.

® Task TIIT - precision hover and load stabilization
demonstration (including integration
testing and flight demonstration of
the basic AFCS and selectable control
modes) .

® Task TV - controller Gevelopment

Task IV controller development i: confined to the Load Con-
trclling Crewman's Controller (r¢cc), and its interrelationship
with the low speed AFCS selectable control modes. Other

Task IV activities, including design and test of the HLH
ceckpit Primary £lectrical Controal System (PECS), Prodgrammable
Forc=2-Feel Unit (PFFU), and Coclpit Control Driver Actuators are
discussed in Volume II of this report.

Volume II covers all work associated with the Primary Flight Con-
trol System (PFCS) for the 347 Flight Vehicle. A major portion
of the report deals with the Direct Electrical Linkage System
(LELS) , which couples cockpit control inputs and AFCS commands

to the swashplate electromechanical actuators. DELS woerk was
accomnhlished under FCS ATC Task II.




A third rFcs decument, vVolume 7, defines the recomrmended
fiight control system for the HLH aircratt, based upun results
of the ATC program as substantiaced in vVolumes If and 1II.

AFCS DEVELOPMENT

A significant numbev of FCS analy .ical design, fzhrication,

and test activities were in progr2ss at the came Lime dviring
the ATC precgram. AFCS work was orijented generally into two

areas of activity:

® Software development, including znalysis to derine con-
trol jaws and logic, simulation, and fiight test 2valua-
tiovin, and

® Hardware development, encompassing desian, fabrication
(or procurement), and test of system compolents.

To provide a clear understanding of how the AFCS ATC Program
was structured, activity phasing charts wvere prepared
identifving what was done and when. Tables 1 and 2 annotate
all major tasks accomplished within the ATC after completion
of the Task I, Part 1 phase. Work associated with software
development is shown on Table 1, and in Table 2, nardware
nriented tasks are listed.

s R s s i < 8%
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TASK_ i, PART 1 SUMMARY

1971 HLIT FCS concept selection trade studies proceeded simul-—~
taneously along two major patbs. The first was a small per-
tu sation moving base flight simulation in which math modeling
techniques permitted variation «f aircraft control response
characteristics. Accouutability for winds, gusts, and exter-
nal sling-load dynamics was included in the simulator
evaluation.

The second major path dealt with mechanization of the HLH
£fl11ght control system from cockpit controllers to the svash--
plate actuators. 7This effort proceeded by first defining two
basic fly-by-wire schemes at the functional block diagram
level., Subcontractcecrs were then selected on a competiive
basis to study the hardware impact of the two basic schemes
at various redundancy levels.

Simulatiop Studies

Three types of maneuvers were performed in the simulator to
evaluate eight candidate control augmentation concepts. The
maneuvers included final approach to hover from a point sev-
eral hundred fect Lchind, co the side oi, and above a target:
manual hover over a spot; and steep approach from cruising
ilight. Results of the simulatisn indicated that precision
hcver and low-speed maneuvers were accomplished best while
using a low sensitivity linear velocity system. This type of
control mode was recommended for use by both the pilot and
load controlling crew memper for all hover hold and low-speed
manenvering.,

For steep angle approcach applications, the linear ground
velocity system was again found to be the best choice,
followed by rate - attitude response. Based upon related
flight experience for full envelope operation, linear velocity
responses were once again tfound to be desirable in bkoth the
longitudinal and latecral axes. A viable alternative for the
lateral AFCS was a rate—attitude system.

Recommended implenentation of the velocity control concept
included use of linear ground-speed reference in low-speed
flight, blending to an air mass reference in forward flight.

Mechanization Studies

The two control system mechanizations evaluated in the Task 1,
part | study are show: schematically in FPigure 1.

Scheme A contains & «dlrect link which 1s an electrical
signalling path equivalent to the usual mechanical flight
contrcl system.  The stability and control augmentation

10
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systom (5CAS) signals are fed to the direct link difieren--
tially through authority limits. A navigation/auidance

coupler drives the cockpit controls in parallel with the
pilot's inputs. fTypical HLI inputs to the coupler include:
precision hover sensor signals, and ILS or navigation infor-
mation. An importent distinmuishing feature of Scheme A is
that while the pilot's control commands full swashplate
authority, the 8cas, on the uther hand, is authority limited
to that necessary to achieve the desired handling gualities.
Authority limiting allows flexibility in redundancy levels
everywhere excert in the direct link.

In Scheme B, a direct link is also provided. However, in
Scheme B, it is a backup. A distinguishing [ecature of B is
that, by concept, the pilot controls the swashplate (100-percent
authority) through the flight control computer. fTherefore,
hardover protection must be achieved by the redundancy level,
fault isolation, voting, and switching capability of the
computer.

On the basis of relative cost and flight safety reliability,
the differences between Schemes N and B were not found to be
significant. A subjective evaluation of the two mechaniza-
tions dealing with operation, performance, flexibility and
growti, technical risk, environmental factors, and maintaina-
bility, significantly favored Scheme A, however.

The preferred Scheme A mechanization includes a 2-Fail
Operative (2r0) direct link, and single Fail Operative (SI'O)
SCAS or navigation/guidance coupled modes. The reasoning for
the sinale fail operative preference is as follows:

a. TI'light safety reliability is provided by the direct
electrical link and is not a functio:x of AFCS
redundancy level,

b. The mission reliability for the defined basel ine
mission 1s essentially equivalent for a dual or SKFO
AFCS,

c. Mission safety was examined for more realistic and
demanding HLH mission requirements where precision
cargo operation is required and natural or induced 1FR
(blowing snow, sand or dust) could be present. Load
and aircraft motions induced by transients associated
with dual system failures were judged too severe for
these missions.

12
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sub-l.evel Trade studies

Mechanization studies included sub-tevel trades which
lead to the configuraticn recommendations sunmarized
below.

Actuators

1t was concluded that the HLH actuators should be inte-
grated, with combined servo control and powa2r actuation.

computers

For the scAS functicons, analog, special purpose digital,
general purpose digital, and combinations of these were
studied. It was concluded that general purpose digital
was the bhetter choice.

Inertial Reference Unit .

1t was concluded that strap-down inertial references are
the best choice. A skewed pentad conficuration was
recommended.

pirect Link

1t vlas the choice of the study that the direct link be
an active on-line,in-line monitored system. pual fail-
operate redundancy level is provided by triple channels,
cach with a model.

Sidearm Controller Study

Conventicnal and uuccnventinral controllers for the
cockpit were studied. The configurations evaluated
rangec from 4-axis sidearm to the ccmmon mechenically
svnchronized helicopter control sticks.

rinal study recommendations included use of an improved

cyclic stick, thrust lever, and pedal combination for
the JHLH vehicle.

13
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.0 PROGRAM OVERVIEW AND RESULTS

1.1 BACKGROUND

1.1.1 ATC Program

The HLH {Heavy Lift Helicopter) was a new aircraft being de=
veloped by the U.S. Army under contract to the Boeing Vertol
Compary. Preliminary design activities culminated in June
1971 when the Army selected the tandem rotor design for the
HLH, o..d awarded Boeing an Advanced Technology Components
(ATC) c<ountract for development and integration testing oF
items .‘ritical to HLH success. This contract was moditied in
Janua:_ 1973 to include development of a prototype HLH fiight
article (the XCH-62), which was scheduled to fly in 1976.

The program was terminated in 1975,

The ATC program, cunducted between June 197) and October 1974,
was comprised of five separate projects, including a four -
task flight control effort to design the FCS (Flight Control
Systen) for the HLH, The design consists of analysis and
hardware development required to demonstrate critical FCS
elements, using a modified CH-47 test aircraft designated the
347 Flight Research Vehicle. Critical control system elements
demons! rated i.. the ATC flight program include: the Primary
Flight Control sSystem (PFCS), Automatic Flight Control System
(AFCS) contrcl laws, and assoclated redundancy management
technigues.

The purpose of this report is to present a final summary of
ATC tlight control activities directed toward development and
demonstration of the HLH Automatic Flight Control System on
the 347 Flight Research Vehicle. Information presented in
this docvmen. rerves as technical substantiation for the rec-—
ommrnded HILH A™CS described in Volume I,

1.1.2 L4 Mission

The principal mission of the Heavy Lift Helicopter involves
airborne transfer of external payloads (up to 35 tons in
welcght), between various sites in VFR and IFR weather, day or
night. Dictates of +the mission require precision load handling
capability for efficient acquisition and deposit of container-
ized cargo within confined areas, including moving ships. To
facilitate this type of operation, the HLH aircraft is con-
figured with & rear-facing crew station occuried by a Load
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Controlling Crowman (LCC). The LCC has an unobstructed view
of the load, and scparate aircraft controls optimized for pre-
cise mancuvaering and trim hold functions required for cargo
transfor,

1.1.3 Flight Control System Concept and Regulroments

The real key to HLII success lies in high efficiency load
acquisition and placement. Existing transport helicopters
handle roelatively large external loads, but not within con-
fined arcas in instrument weather. Rapid load acquisition
requires that ground-referenced linear velocity control
responscs be provided to the load crewman. The necessity for
controlling the aircraft relative to ground velocity at low
specd arises because the primary task is to transier the load
with rospect to ground coordinates, and not air mass references,
forward flight, on the other hand, requires the use of air-
mass velocity reference to match the vehicle control task.

An intecgrated "fly-by-wire" flight control system was con-
tractually specified by the Army for the HULH. To meet this
requirement, a control system concept was definea (during the
FCS ATC Task 1, Part 1), which incorporates a 100% authority
primary flight control path interfaced with a limited author-
ity automatic flight control system. Figure 2 illustrates
how the FCS concept is implemented in the HLH vehicle.

The primary flight control system, as shown at the top of the
diagram, is composed of cockpit contrcls and a direct electri-
cal linkage system (DELS). The DELS is a multi-redundant
electrical analogy of the pushrods, bellcranks, boosts, and
stabl ity augmentation actuator interfacing found in conven-
tional mechanical control systoms, It forms a direct path
between the cockpit controls and the rotors, and is character-
ized by functional simplicity resulting in very high relia-
bility. A complete description of this system is prescnted

in I'CS volume I71.

The AFCS 1s a limited-authority system providing stability

and control augmentation and autopilot-type capability. Tt

nas both dirtterential and parallel outputs in cach control
axlis, as shown in the lower part of the chart, and incorporates
sophisticated control law technology to effect the high level
of handling qualitics reguired for the HLH mission. Variations
in required handling gqualitices for different types of missions
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are met throngh the use of selectable AFCS modes. This
approach to control system implementation permits dosign
options which encompass different rodundancy levels, softwarc
mechanizations, and mission discharge prerequisites.

The selected contral system concept was chosen in lieu of a
tull=authority AFCS (with no primary control path) becausc:

e Ultimate fliaht safety 1s dependent on the primary fiight
control system. Since the direct path has the minimum
number of components, the highest flight safety is
achieved at the lowest cost.

® Missions not rogquiring an AFCS can be accomplished with
the AFCS inoperative since the airframe has been provided
with neutral stability through use of cavreful aerodynamic
design of the fusclage and delta three hinging on the
ferward rotor.

® APFCS optimization can be carried out independent of the
primary control systoem. This will be a particularly uso-
ful feature {or both the initial aircraft and growth
models, when new or improved AFCS modes are identified
by flight cxperience

@ The primary flight control system and AFCS can utilize
different redundancy levels and management techniques.

® The AFPTS can always be easily overridden by the pilot,
cnabling maximum vahicle usage to or beyond established
cnvelope extremes. TFor example, if it 1s necessary to
perform evaslive maneuvers, the AFCS loes not impese any
cnvelope constraint (as may happen with a 100-percent
withority systen).

1.2 AFCS DESIGN OBJECTIVES

Specific AFCS handling qualities design objectives for th
HLH woere established in the original ATC Statement of Work
(Reference 2), and were then amplified in the Reference 3
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Prime Ttem Description Document. Objectives oriented toward
handling qualities were to:

0 ® Simplify the piloting task

® Optimize vehicle handling qualities

s ® Minimize pilot switching modes of operation between

- flight regimes and eliminate transients introduced as a
result of mode switcihning or control transfer between
pilots.

Performance goals for the augmented aircraft included:

® Providing the pilot with a precision control capability
to position the helicopter (or load} within + 4 inches
vertically and horizontally and +2 degrees in azimuth
with respect to a selected reference within two minutes,
. starting from a point several hundred feet away from the
e target, under gusty conditions, with steady wind veloci-
R ties of up to 45 knots applied from any azimuth.

® Providing automatic positioning of the helicopter over a
load after cable attachment, and automatic load stabili-
zation, thus permitting IFR operations without requiring

r. pilot inputs for stabilizing the aircratt.

in additior to meeting the handling qualities and performance
objectives stated above, Refevence 3 stipulates that the

o requirements of MIL-~{1-8501A (Reference 4), and its approved
e Eriwy deviations, should also be adhered to in design of the
" HLH flight control system.

I Objectives related to AFCS redundancy management were set to
A meet mission reliability goals, and comprised the following
= tasks:

"y

S ® To provide single-fail-operational computatiwunazl AFCS
v capability.

® To interface the AFCS with the two-fail operative DELS,
without degrading the DELS.
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e
"' ® To couple simplex, duplex, and triplex sensors to the triple
S APCS computer complex.
. ® 0 eilminate time-critical switching te avoid false turnoff
= problems,
g 1.3 DESIGN APPROACH
To achieve the objectives just outlined, the [ollowing tech-
T nical approach was adopted:
&
"4 . . . . .
' 1. Implementation of o basic stability and control aug-

mentation mode for IFK flight operation, supplemented by
. additional piiot scloctable modes for special mission

o tasks, 1ncluding altitude hold, automatic approach to
hover, hover hold and load stabilization and positioning,
and hover trim.

2. Application of the concept of separate stability and

: mancuveralility optimization, through the use of care-
L6 fuily designed feedkack and feedforward networks and
W logiec. This approach avoids the usual compromise in
AFCS design where high levels of stability result in
poor mancuverability and vico versa.

3 Incorporation of a true transient-free switching capa-
bility into the AFCS software and hardware to eliminate
the effect of transitioning from groundspeed to airspeed
reference or from one flight mode to another.

Use of this design approach in the development of AFCS soft-
ware and hardware packages for the 347 Flight Research Air-
crait 1s discussed nex%:.

1.4 AFCS SOFTWARE IMPLEMENTATION - CONTROL LAWS AND LOGIC

The path followed in developing control laws ard logic for the
347 Research Vchicle AFCS started with extensive theoretical
analysis 2imed at defining preliminary block diagrams for each
v control axis., 1Initial ccntrol law mechanizations have been
' updated and modified over the past three years, through use
of linear and full envelope flight simulaticn techniques which
pravided both unpiloted and piloted evaluation cdata. These
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developmental simulaticns were carried out at Boeing Vertol,
and 1n the Northrop large amplitude and low speed rotational
simulators located in Hawthorne, California. Final AFCS
refincment was accomplished on the 347 aircraft during the
spring and summer of 1974, where changes in control laws and
logic were incorporated to produce the desired handling quali-~
ties for the flight evaluation.

The AFCS developed through this evolutionary process provides
augmentation in all four control axes. Functionally, there
are six differential AFCS output signals associated with air-
craft contrel. They include: longitudinal control
(generated through differential collective pitch, and longi-
tudinal cyclic pitch on both rotors at low speed); lateral
and directional control (provided by lateral cyclic pitch);
and vertical control introduced through changes in collective
pitch on both rotors simultaneously. Each control axis also
incorporates an output parallel command signal to backdrive
the cockpit controls for trim compensation, or guidance.

The AFCS control laws provide for 2 basic Stability and Control
Augmentation (SCAS) mode of cperation, and other selectable
modes engaged only for execution of special tasks. The
Stability and Contr.i Augmentation mode 1s summarized first.

1.4.1 Basic Stabilityv and Control AZugmentation Mode (SCAS)

Table 3 presents a summary of stability and maneuverability
characteristics with the SCAS mode engaged. Three axes of
augmentation are provided:; longitudinal, lateral and direc-
tional. A linear velocity demand response referenced to
ground speed was selected for the longitudinal and lateral
axes at low speed. In forward flight, (with airspeed > 45
knots) velocity control is maintained in the longitudinal

axis thrcugh airspeed, while lateral control becomes bank angle
or turn command. In the directional axis, turn rate response
is commanded at low speed and sideslip at high speed. Rate of
climb is maintained for vertical response at all speeds, and
this is obtained entirely through basic aircraft damping.

The software associated with each AFCS axis is comprised of
separate feedback and feedforward networks for effecting the
desired levels of stability and manueverability. All axes
utilize angular rate damping and attitude hold for stability
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along with the velocity Loops already wontioned., Feedfolwira
"quickening” functions arc provided i the lateral and dirvoee-
tionul axes along with feedback paths for turn compensation.
The lateral axis also Yeatures o limited bank attitude stick
gradient for IFR handling qual ties enhencoment.  As indicated
in Toble 3, 11 axos  xcept o ctical are provided with vernier
“beep” control capability.

Two rignificant concopts resulbting from the han ! g quali-
ties reguiremeonts arve cmbodio b i U dctaal ooty ol Do
stability crrteria o uno b cbee areenverab bl oo 1
ations unl o sawitching trom bow v oo voroard fligo Lo oo sponoe
charactoristics 1s o tant e one . oot omet e, and trarsit !

free.
1.4...1 St clrty no Manen ov thility

Feedbark -feedforwar! summing networks and logic switcliing
techriques arce usca to avoid the usual compromisces that must
be mode in establishing stability and maneuverability levels;:
i.c., hen atability oo high, mancuverability 1s too low or
vVice versa, summing mothods 1o appited where a control
gradiont requirement cists The suaming approach usoed in
the longitudiaal AFCS axis it illustrated 1o Figure 3, whercecin
pitch attitude and velocity feodbacks are summed with filtered
stick position. A 65-knot-por-inch stable Jongitudinal stick
gradient results. Speed stabiliity, controlled cxclusively by
the feedback ignals, is charucterized by a 1C-knot per-inch
equivalent stick gradiont.

For a longitudinal step input, the system rosponse will ini-
tiallv be pitch rate blending 1nto attitude. which caauses

alrcr it acceleration., As the veloclty approachoes that
commandaod by the stick, helicopter attitude adjusts to the

trim valuc (sce Figure 4}, The vehicle thus exhibits oxtremely
strong velocity hold characteristics. Feedback signals arc
used to optimize stability, and f odforward inputs arce then
determined solely on the basis of desired mancuvercebility

or control gradient.
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The low speed heading hold and yaw rate command control laws,
(shown in Figure 5}, are an cxample of use of logic technigques
to effect separate functional optimization within the AFCS.
Dircctionisl stability is provided by yaw rate and heading

signals. The heading signal is also processed through a
synchronizcr. pPilot maneuver initiation causes instant.aneous
heading synchronization (witl' the heading feedback going to

zero), and the result is a vaw rate response. At maneuver
~ompletion, synchronization ceases and a smooth return to the
h.-ading hold condition follows.

1.4 1.2 Low Speced to Forward PPlight Velocity Reference Change

The desired velocity reference 1is groundspeed for low speed
operations, and airspeed in forward flight (as shown in

Table 3). Winus create a differenrnce in the reference feed-
back signal which wculd tend to introduce transients on
switching if provisions were not made in the AFCS to correct
for the problem. To illustrate the point, an aircraft hovering
in a 40-knot wind would sece an airspeed of 40 knots, and the
groundspeed would be zero.

Transients resulting from switching between these two ref-
erences arc avoided with a velocity reference transfer switch,
which provides a bias signal to reposition the cecckplt stick
and cancel the disparity between the references. The bias
signal 1Is proporticnal to the amount the cockpit control is
offsct from its true groundspeed or airspeed position. Bias
is removed after force trimming the stick, by slowly parallel
backdriving the controls to their correct position without
disturbing the aircraft (sec Figure 4).

As pointed out earlier in Table 3, changes occur in lateral
and directional control functions between low anu figh speed
flight. 1In hover, heading 1is controlled by the directional
pedals and in forward flight by lateral stick motion. This
crossover 1s accomplished by using the same traasfer legic
described for the longitudinal axis, with the bias signal
representing the difference between lateral velorcity feedback
at low speed, and bank angle in forward flight.

Gt wereks 4

s . WO O S Lty




."‘
(.
mw
r' 1
DIRECTIONMAL - ROTOR/ |L
| PEOAL Ty L AIRFRAME £ e
b | DYNAMICS {
| L. J
)
Y ‘ (‘:t“‘—  YAWRATE
i N | i HEADING
. )
E I ;- SYNCHROMIZER - - -
[} N '
' , | — g ((’ ‘\’ :_“,_.__4
' * . ‘B
[ o _ |8 UPEN MWEADING ONLY
l ] | f || % CLOSED - YAW RATE ONLY
1 5 b L._.. !
} o
! |

—
N b 1,4 ! :A_.
R KEADING ! » ; :
b o e T ' :
. ; ' i
. ! ' i
o YAW RATE ' i '
/ ™ | | oee/sec
! ] ",
. S U :‘i‘;:r_
i : C
e | | i
Ve DIRECTIONAL :
. CONTROL : ; ‘
v ["""‘ o e T '*] '
L1 e

TIME ~—~

FIGURE 5
DIRECTIONAL STABILITY/MANEUVERABILITY

> (LOGIC TECHNIQUE)
pt 51

” we




1.4.2 Additional Selcectable AFCS Control Modes

1.4.2.1 Altitude Hold Mode

Altitude hold engagement results in automatic altitude main-
tenance over the full flight envclope. When the aircraft is
less than 200 feet above the g..ound, the system uses radar
refercnce. Above 200 feet, barometric reference is utilized.
Inertial damping is prcvided ut all altitudes, using a fil-
tered vertical acceleration signal on barometric referonce,
and radar altitude rate complemented with vertical accelera-
tion on radar referencec.

1.4.2.2 Hover Hold Mode

The precision hover accuracies specified for helicopter and/

or load control necessitate an automatic hover positioning

and hold system. With the helicopter hovering 50 feet above
the surface, humarn perception and reaction times are inadequate
for manual performance of the task without assistance.

To provide automatic precision hold capability, high gain
feedback loop clowures using cxtremely accurate ground velocity
and position information are incorporated into the AFCS con-
trol laws. A self-contained gyro-stabllized Precision Hover
Sensor (PHS). developed specifically for the HLH, generates
the required position and va2locity {eedbacks relative to the
scene observed beneath the helicopter. The sensor uses an
opticar position tracking scheme for peorceiving movement in
the horizontal plane, and a laser ranging device to establish
vertical motion. Design accuracies for the sensor rerf.ect a
+ 1 incl. or better position capability for all axes, and a
velocity telerance of +1 inch per seccond. Maximum velocities
are lirited to three fect per second. Horizontal range is

+ 4 fert and the altitude operating band lies between 25 and
125 feat,
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Estimated alircraft position hold capability as a function of
turbulence level is shown in Figqure 6. Note that the lateral
a.iis is most sansitive, with the +4-inch position hold objec-
tive achieved i turbulence having peak gusts up to 5 feet

per second. Flight test results with the 347 Research Vehicle
show these estimates to be reasonable.

If the signals from the PHS sernsor are unavailable due to
poor scene contrast or excessive aircraft translational speed,
the hover hold system reverts to a tight velocity maintenance
system using groundspeed references from inertial and radar
sources,

The load-controlling crewmaan (LCC) operates through the

fover Hold system to precisely control the aircraft, using a
four-axis sidearm finger/ball contrcller to accomplish the
tagk (see Figure 7). The corttroller stic,” is manipulated
with the fingers and thumb of the right hard, while the
forearm and wrist are supported b’ an armrest. The left hand
is free for winch control operatiomn.

Fore-and-aft stick motion produces up to +15 feet per second
longitudinal groundspeed and right or left movement commands
up to +15 feet per second lateral velocity. Twisting the

ball results in up to +£ degrees per seccnd yaw rate; while
vertical motion commands as mcch as + 360 feet per minute

rate of elimb. By visualizing the ball as the aircraft

center of gravity, the LCC can easily relate his contrcl input
to movement of the aircraft.

velocity commands are non-lincar in all axes. As illustraced
in Figure 7, low magnitude inputs arcund trim result in very
small (creep) velocity changes. Larger inputs afford sub-
stantially greater (lean) velocity responses. With the pre-
cision hover sensor operating, LCC contrceller (beep) pulses
are used to produce aircraft displacements of +2 inches about
the precision sensor fix. This allows individual axis posi-
ticn tuning without the loss of position hold, which is
rarticularly important in turbulent conditions. Command
authorities are referenced to relative groundspeed, as noted
in the figure and are applicable with winds up t» 45 knots
from any direction. @2ero relative ground speed may be
referenced to either a fixed or moving target (such as a ship
steaming at sea).
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The tandem rotor hoelbicopier design affovos a unigue trans-
lational voleocity response charactevistic for LOC longitudinal
mancuvers, through use of longitudinal cyelic piteh or thrust
vector tilt,  Longitudinal translation is oifectod with mini-
mai fusclage pitch rotation, thereby climiaating the usual
lags in position rosponse assoclatoed with this byrne of
mancuver.

1.4.2.3 iLoad gtabilization Modo
The load stabilization systom (LSS) providas threo control

functions, all of which arce illustrated ia Figurs 8.  These
includes:

centered and held over a load until liftoff to prevent
load dragging.

Load Stabilization - providing rendular mode damping

enhancecment.,

Load Position Hold - which mainteins alrcraft position over
the lead during liftoff, and holds load position relative to
the ground when airborne.

Lightly danmpoed leow-frequency load pendulum modes cause two
significant problems relative to the HLH mission. First, the
task of placing the load ancurately 1y difficult and time
consuning, since load oscillations coreated by aircraft maneuver-
ing or turbulence reguire an exceptionally long time to decay.
Second, sustained low-frequency longitudinal helicopter
accelerations dus to load motion are discorienting and fatiquing
tc the pilot, and can lead to pilot-in-the-loop »scillations
during instrument flight.

1.4.2.4 Hover Trim Mode

To overcome the problem of establishing 7ero groundrsoveed in
low vigibility IFR conditione, a hover trim system was devel-
oped and evaluated., When the mede s selected, wircraft con-
trols are antomatically driven to a force trim refereunce
corresponding tc zero groundspeed.
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1.4.2.% Antomatic Approach to Hover Mode

The automatic approach Lo hover mode reguives navigation and
guidance processtng.  The navigation inforeation is reguired
for present position and destianation coovdinate references.
gulidance processing constasts of programming the vehicle to
follow a proedetermined transition to hever.  oOnly the gquidance
control laws required Lo woctorm the sctual transition, with
the pilot either in oy out of the loop, were covered in the
ATC program. The syston can then be coupled to various types
of navigation systems which provide the proper coordinate
referencoes,

1.4.3 Control Law Applicaubiiity to HLH

Due to acrodynamic similarity, the sct of control laws
developed for ¢ monstration oan the 347 Plight Rescarch Vehicle
will he directly applicable to the HLH AFCS. Unpiloted hybrid
simulation results indgicate that the HLH will have handl ing
gqualities similar to those exhibited by the 347, with only
minor changes in control systom gains, time constants, etc.,

required to achicve this capability.

1.5 AFCS HARDWARE IMPLEMENTATION

Hardware developed for feasibility demonstration of the HLH
AFCS ©on tne 347 Flight Rescarch vzhicle includes a set of
triplex incremental digital flight cortrol computers and
input/output processors (I0Ps), various sensors (including
the Precision Hover Sensor already discussed), and assocliated
control and diusplay panels.

AFCS computers, 10Ps, and special panels were develcped and
buiit by the Alrcraft Dquipment Division of the General Elec-
tric Comnany. The AFCS mechanization concept relating AFCS
Fardware cowmponents and the primary flight control systen is
illustrated in Ficoure 9. On the left are shown the different
contrcl input signals and mode selections passing into the
computers thirough analovg to Jdigital (A/D) converters and the
digcrete interface. Analog sensor signals for stability aug-
nentation are shown on the right,
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Control Law computations, scusor scolections, signal processing,
and redundancy management tasks are carried out within the
computer/10P network, along with required modal logic switch-
ing. Processed output commands pass through D/A converters

to the cockpit driver actuators or into the DELS.

A description of the majer AFCS hardware eluments and the
functional relationships existing between components follows.

1.5.1 Flight Control Computers and I0P Processors

Digital techniques were selected to perform the AFCS computa-
tions because of requirements for:

¢ Maximum trancsfer function flexibility

e Precision in axis transformation and integration of
functions while maintaining adequate stability margins
in the presence of high-gain loops

e Close tracking of redundant signals to minimize failure
transients

& Built-in test capabilities which generally involve
software rather than hardware.

1.5.1.1 Computers

The three computers utilized for processing AFCS control laws
(see Figure 10) are identically programmed serial-incremental
machines. A time-shared incremental arithmetic unit (in each
computer) is a mechanization of a special algorithm which is
specifically designed for efficient solution of algebraic and
differential equations. Processing operations performed by
the arithmetic unit are specified by software program instruc-
tions for each algorithm function. Individual computers have
processing capability for 256 algorithms with branching
available for an additional 256. Computations utilize 16-bit
etffective word/lengths corresponding to +32,767 machine units,

The basic computer system bandwidth is established by the slew
rate limit, input filters, and sampling rate. Slew rate limits
define the peak rate at which internal variables can change in
incremental type computers. The largest variable increment
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INPUT/OUTPUT PROCESSORS

INCREMENTAL DIGITAL COMPUTERS

L awe

PARAMETER CONTROL MODE SELECT TEST FUNCTION FAILURE STATUS
& DISPLAY UNIT PANEL PANEL DISPLAY

DISCRETE SIGNAL BITE
STATUS DISPLAY

FIGURE |0.

FLIGHT RESEARCH VEHICLE AUTOMATIC FLIGHT CONTROL
SYSTEM COMPONENTS
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uscd s G moachine unite (vter o onpeens o tody 10D Limes
per second) to prodoce oo bow e e o 8 G mac Tne

units per seconnd,

Fach computer contains oxtensive on-Dimne in‘arnal monitorinag,
Parity checks and timing monitors ave used bto provide a comp-
rehensive failure detection capability . 'unctions such as
integration have seoftware limiters proorammed (for overflow
protection.  Hardware monilLorirag s available to shut down an
aftected computer in the event of computational overtfiow.
Program control and bz oo anvipaet deaon, donsg warlh fLaed
paramcter data ave storved i tour readeondyv-menory (ROM)
circuit boards.  Shiit poglabers and candnam acecss memory
devices provide storage for whola word and inceremerntol vari-
ables.  Memory protection s o incorporaiad inteo the ROM dosign
s0 that power lcoss or clestirical trancionts will not alter
stored data,

The HIH prototype vehicle wi bl use the APCS computing hardware
demonstrated on the Plinght Rescorch Voluole with minor
reprogramming for (ILE poacame tors,

1.5.1.2 I0P Procossing

Fach ¢f the three [GPs {shown in Migare 11) perf{orms the

following operations in support of its associated computer:

® Sensor and discroie input soagnal conditioning:; i.e
demodulation, [i1lteving, and lev ] changing

e Input signal multipioxing and maic=to-dicital
conversion

@ Cross-channcl serial Jlaital dota communication

@ Input signal fallurce monitoring and signal selection
» System and axis level fail shutdown logic

& Hardwarce processing ob Plight control law modal logire

e Digital-to-wmualoy conversion and woanple hold for commancd
and drsplay oatputs

® Off-line BLIE, t.e¢,, control, seguencing, and monitoring
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Individual 10P processory accent 32 channels of differential
analog AC and DC aata, four channels of 400 Hz, AC synchrn, and
2 channels of serial-digital whole-word data, and 64 discrete
logic inputs. outputs include 16 channels of DC analog

B sample-hiold data and V110 discrete signals,

Y As depicted in Figure 11, sensor signals input to cach 1OP

'l . . . . . . . .

= are passed through signal-conditioning circunitry. The signals

are then crossfed among the three I0Ps followed by a median
sclection in the input p-ocessor. This insures that each
processor transmits the same data signal to its computer.
Concurrent with median selection is a failure nonitoring
o function to dectermine which signal, if any, cxcceds allowable
R tolerances. Correct identification of sensor tailure con-
stitutes the most difficult part of redundarcy management.

Supsequent to a first failure, the remainiag two signals are
averaged which minimizes any transient in the eovent of a
e second identical scensor or signal-conditioning failure. The
' AFCS, being single-fail operational, will continue to function
normally after first failurc, but will shut dewn after an
identical second failurce. The averagina will generally reduce
any transient associated with the signal zeroing after second
failure. The signals are majority voted within the computers.
This precludes a transmission line failure between the IOP
and computer which would cause a computer shutdown,

S The majority voting insures that the three computers all

e receive the same iaput signals so that each computer processes
’ data identical to the lezst significant bit. The three sig-
nals are again voted in the output stage of the input/output
processcor, then converted to analeog for transfer to the primary
flight control system, or to the various status ard control
panels, as appropriate,

Bullt~-in Test Equipment (BITE) functions are ap important par®
of the I0F design. The BITE system is semi-automatic and 1is
used to check system failure detection circuits. The concept
employed can determine durine pretl:ghit test that all failure
monitors are working properly, greatly reducing the probability
of an undetected in-flight failure. The BITE system can only
! pe armed when the engine throvitle levers are in the OFF posi-
. tiou; otherwise BITE is inhibited %o preclude inadvertent
< operation durinag flight which would cause AFCS failures.
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BN 1.5.2 Sensors and Contiol/Display panels
The continuous sensors utilized in the ARPCS include triple-,
dual-, and single-redundant sensors.
5 [

, e Triple-redundant scensors include pitenr and roll attitude;
heading; pitch, roll, and vaw rate gyros: load-sontrol-
ling crewman controller individual axis positions; side-
slip, and airspeed.

N ® Dual-redundant sensors include longitudinal and lateral

ground speed, reference barometric altitude, and vertical
acceleration.

® Single sensors «nclude a precision hover sensor to sense
three-axis incremental position and three-axis ground
reference velocity, a radar altimeter to =sense altitude
and altitude rate, forward and ait external load cable
angles, and torward and aft external load cable tensicns,

The AFCS also utilizes wvarious discrete sensors such as cock-
pit control detents and ground contact switches,

Control and display panels used in the AFCS flight demonstra-
tion are divided into two groups. The first covers those
paneis required for the production HLH configuration, including
mode select, two failure status depiction panels, and BITE.

-T A second group required to support flight testing of the
_ developmental system has a paramete: change/display unit, a
- system test function panel, and two discrete status paneis,.

The mode select pancl (shown in Figure 10) provides aormal
control of pilot selectable modes as well as BITE arm and

fault reset functions. The AFCS faillure status parel provides
LN a display of failures within the computers and 10P units, and
) a "second fail" display is also available. The BITE panel

N utilizes a rotary detent switch to select 2 channcl for testing,
and incorporaces a series of six lights to idertify the test
number in progress.




1.5.2 Redundancy Management Scheme

The combined sensor, 102, and compute: system depicted at the
= bottor of Figure 10 provides fail-operational/fai.-~safe per-
£ formance for triplex sensorgs, failevafe performance for dual

sensors, and fail-limited performance for singie sensors.

Fail operational is uscd for a system first [ailure. Fail
) cperational performance is defined as that condition where no
T systen performance degradation is experienced with a system
first "~ilure, Fail--safe is used when a system second failure
occurs. Fail-safe performance is defined as that conditicn
where any transienct control signal transmitted to the primary
flight control system uvvon a failure can be safely compensated
for by pilot action. TFail limited iz dafined as that condi-
tion where failure of o nonredundant sensor associated with a
selectable mode is iimited to a magnitude which permits the
pilot to override and/or switch off the affected mode.

The AFCS, althougn not considered essential to safety of

. flight, is categorized into three regimes regarding criticality
s and consequent functional capability foliowing loss or degrada-
N tion of ecquipment capabilitv:

o ® System ievel faililures are deemed most critical, requiring

total AFCS shutdown and reversion to unaugmented flicght.

® AP'CS axis Failures require the shutdown of individual
or multiple ceombinations of axes.

@ Seclectable mode failuras, decmed least critical, require
manual discngagement or pilot override of the selected
mode .,

e Majority Logic Voting/Failure Monitoring ~ As shown in Figure

' 11, the processed senscr signal is sent from each I0P to all

three computers, whereapon separatce input voters compare the

three inputs, (bit-by-bit), two at a time. The voter sutputs

a signal corresponding to two of its three inputs. If one

o input differs from the other two, a first failure output is

Tw generated, Subseguent to the first failure, a second failure

output ig generated when the remaining (and previously

R non~-failed) signals aiffer. vVoler and failure moni oring

' circuits are placed at strategic points thioughout the com-
puter and IOP network to assist in rapid fault detection.

66

soft - y ' ) T T e~ erp——ra s i 9+ S

,

e




1.5.4 DELS Interfacing for the AFCS

AFCS interfacing with the DELS consists of splitting the
differential signal into trim and dynamic compensation paths
as illustrated in Figure 12. The trim path provides long-~term
trim correction of a low-frequency nature, as typified by

the directional pedal offset with airspeed. High~frequency
compensation requirements like yaw rate damping are provided
by the dynamic path. Separate amplitude limits are included
tor each path. <Cross signaling from the static path contin-
ually recenters the dynamic path.

The network reduces smoothly to .ero after AFCS disengagement-
switch closure. This means that cockpit control sensitivity,
power, and margins are unaffected by AFCS hardover conditions.
Authorities and signal conditioning were selected to keep
short-term impulse-type disturbances after hardover, as well
as lona-term trim changes, within safe levels. Thus, the

AFCS can experience a hardover without impairing flight
safet.

1.6 FLIGHT EVALUATIONG

l.6.1 347 HLI/ATC Demonstrator Aircraft

he hoeing 347 Flight Research Alrcraft was used to demon-
trate HLH fly-by-wire feasilkility and handling quality con-
epts. Inherent stability and control characteristics of the
347 «re similar to the HLH.

ey
4

S

C

A retractable capsule was installed to simulate the HLH load-
controlling crewman station. The station was equipped with
the prototype finger/bzall ~controller and necessary mode select
panels. A two-point load suspension system is incorporated,
and a top lift adapter with remote LCC locking mechanism con-
trol was available for acqguisition of an 8x8x20-foot MILVAN
container.

The mechanical control runs between the cockout controls and
swashplate power actuators were discunnected and replaced by
a DELS fly-by-wire linkaqge (Volume II). The automatic control
system used triplex incremental digital computers with sep-
arate input/output processors containing mndal logic.
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1602 westing

Flioht development testing was conductod botween April and
October off 1974 with approximatoly 46 hours devoted to basic
SCAS. 46 hours to hover hold and 1L,CC operation without a
load, ana ¢4 hours with a load including load stabilization.

e

wo Ul Army preliminary evaluations were conducted.

AFCS flight testing was accomplished in a sceguential manner
veling four soltware program phases— (1) RBasic SCAS, (2) Basic
SCAS nd tover Hold, (3) Basio SCAS, lHover Hold, and Load
Staba tization, and (4) Basic JCAS and Automatic Approach to

Hover,

The prineipa) conclusions of Lhe ATC program reviewed in this
gsection reflect results of Lthe APPCS (light evaluations,

Recommendations are hasced on test ~cesults and address the feasi-
bilite of (L bandling qualitics concepts. Basic SCAS is
coverad tirst, followed by selcectable modes.

1.7 .1 Basic 8CAS

The basle SOAS operation was ovaluatoed throughout the flight
envelope and included assessments of dynamic and static
stabr Vivy, controllability, and velocity reference mode
switohing.

L7001 Dynamic stability

Dynamic ctability cveluations woere performed by injecting
pulscs and steps 1nto the Jlight contrals by means of Lhoe AFCS
test tunction pancl controls (differentinl pulses and parallel
steps), and also by manual inputs by the pilot. Dynamic
stability in all a@es was very good with a pilot qualitative
rating (PORS) of 1.5%. Danping augqmentation in the vertical
axis o owas found to boe unnecessary because of high inheoerent
damping of the basie asrframe.




1.7.1.2 statijs gtabrlity

Static longitndinal and lateca! /directioras tosts wore con-
dueted in Jovel flivght, turns, climbs, pactial power descents
and autorotation. Control Lrim gradients and groundspeed,
alrspoecd, bank angle and Leading hold charachtoristics wero
assessed,  Longltwlingl, lateral and directional ceatrol
aradiont augmentation performed very satisfactorily. Large
changes could bhe made 1n cither alrspoeed or vertical speed
with no nced for pilot trimming in any other axis,

Alrspecd hold above 100 knots was excellent (PORS A-1l) in
both stabilizod and manouwveriang flight, In turn mancuvers ot
slow Lo moderate specds {(50-20 knots), ailrspeed hold was poor,
ANirspeed inereoased 9 to 10 knots in vight turns and decreased
siightby 1n loft turns (A-4) .

Groundspeed Hold below 49 knots was ncoeptable for normal
hover and low spoeed mancuvering (A=3). The velooity gains
were too Tow, however, to cnable Che pilot to procisely
acquire and maintain a zero velocity trim for holding posi-
tiom auring coryo opceratrons (A-4). The higher hover hoad
ains (G SCAS Loevels) were neay opbimun for meceting these

yaaqultvements,

1
1

Bank ongle and heading hold stawility was satisfactory over

the compicote envelops (ALLH) .
L7000 contiollability

Aircrafl response Lo primary control and beep trim inputs was
evaluatoed during hover, transition,and Jorward flight. Avproach
and depoerture moneavers, ancluding roly-on landings and run-

ning wakcol s, wore conducted,

Beep tLrim was acceptable in longitudinal and lateral control
(Al to 1.9%), however, the desirability of a variable rate beep
trim control su liecu of fixed rate contreol wos indicated. The
proosent compromised gain 13 too high for voernier beep inputs

in hover, and teo low for "hecp and holde inputs uscd to change
specd or conduct turn mancuver ain cruise.  Directional beep
trim control opccoated accoptably. [L was judged to Le
unnecussary In the Model 347 aircvafl, duce to good poedal

N

control characteristios of D he cngunented alrora‘t,
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Mancuverability charactoeristics demonstrotoed in Jongicudinal
acceloerations and decolerations, poeded fixed coorainated
turns, and sideslips, cle., were excoelleons (AL to 1.5).
Duvring "hands off level flight rapid deceleoratiosn maneuvers,
using high nose up attitudes, AFCS/DELS Interface anthority
was bottomed at approximately U0 knots and regquired pilot
stabil ity inputs to complete Lhe mancuver. The limited bank
angle iateral stick gradient (sccuritv blanket) oftered
improved trimmability about zero kank angle, as well as a
contrnl free return to "wing level" trim,

The 347 helicopter was egquipped with o “{fixed” control iforce
feel system, considting of breakoul forces, 1incar gradients
and viscous dampineg. In ATC tlight toests covering oll arcas
of HLH flight opcretions, thore was no indicatcion of any
shortcoming in the fixed fovreo foel swvyetom: nor did thaoro
appear to be much potential for sigpificant improvemcit in
handling qualities with a programuable force feol system,

1.7.1.4 Velocity Mode Transfer Switching

The automatic transfer between ground refercenced IMU veloci-
ties below 4% knots, and airspeced reference (or visa versa)
was thoroughly checked by performing straight and turning
acceleration and deceleration mancuvers in different effec-
tive wind conditions.

For most mancuvers, velocity reference transfer was transient
free and bias elimination thirough contrel backdrive generally
went undetoected by the pilot (A2 Lo 2.5). During accelerations
wherein steep turns were initiated just prior to velocity
reference switchover, the lateral bias magnitude was suffi-
ciently large hto exceed available AFCS/DILLS autherity limits
making retrim difficult (U-7).

1.7.1.5% Basic SCAS Recommendat lons

All basic 3CAS functions are desirable for i oorporation in the
HIH A1'Cs vexcept for vertical damping augmentation. The
following ‘rprovements stiould be incorporated to cvercome the
deficicncies noted above.
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Airgpecd Pold in Turns (60 to 80 _knots) - Incorporate a bank

angle orossfecd into the lonaitudinal axis, scheduled with
alrapeed to compensite for aivepeed deviations.

pilot Controi in Hover Hold Mode - Provide the pilot a vernier
velocity control capability through stick beep trim when the
hover hold mode is engaged. In addition, incorporate a pilot
override capability of any individual axis when on hover hold.
This permits larger position change maneuvers on basic SCAS
without disengaging all hover hold axes.

Hands~-0ff Steep Flare Controllability - Incorporate a para-
Ilel stick backdrive command to provide additicnal attitude
stabilization when the AFCS/DELS interface is approaching
saturation.

Force Feel System - ¥Bliminate programmable force feel from

the HLU regquirements.

Velocity Mode Transfor Switch - Incorporate a limit on the
output ol the lateral velocity transfer switch to provide
ARCS control margin for damping. PRevise logic to inhibit
lateral velocity ncde Lransfer until bias magnitude is below
a praesclected value.

1.7.2 Altitude Kold
1.7.2.1 Baronotric kReforence

Reasonable altitude hold charvacteristics were realized on baro-
metric refereace (A-2). Small continuously changing collective
and power corrections to maintain altitude during cruise in
turbulent air were very undesirable. EBExcessive altitude
deviations {(+460-30 feet) occurred in steep banked turns at

slow alrspeeds.

Transmisslon overtorgue by automatic collective pitch drive
occurred when opoerating near torque limits (A-5). Test pilot
monitor and collective override maintained acceptable limits
in thoe ATC test program.
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1.7.,2.2 wradar Reference

Altitude hold in the hover region on radar reference was
acceptable when the sensor was performing satifactorily

(Al), but was substantially degraded during flight over grass
due to frequent sensor noise spikes. In addition, load
interference with th2 radar beam for 50-foot cables caused
heavy aircreft vertical deviations (U-8). 1In forward flight
below 200 feet altitude, sharp movements of the collective
were created in an attempt to follow the terrain contour.

1.7.2.3 Automatic Baro/Radar Reference Switching

Transitions through the 200-foot switch point were accomplished
with no apparent transients (A-2). Ailrcraft transients duc

to hardove:: failures of the single radar altitude reference

are unsafe and unacceptable during precision cargo operatiops
(u-8).

1.7.2.4 7zltitude Hoid Recommendations

Both radar and baro hnld functions are desirable for use in
the HLH with the following modifications.

Altitude Hold Control Laws

Provide barometric altitude hold in cruise through the longi-
tudinal AFCS by programming small attitude and airspeed cor-
rections, and retain collective pitch programming for long
term trimming only.

Provide tor7ue limiting to prevent dynamic system overtorque
in turn maneuvers and heavy load acquisition with altitude
hold on.

Provide an airspeed interlock for the automatic altitude hold

sensol’ 1ogic to inhibit automatic selection of radar altitude
above 50 knots.
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Radar Altimeter Signal Qualily

Noise¢ Spikes - incorporate software wmodifications to com-
pensate for signal deficiencies or improve existing sensor
or replace with new scnsor.

Extcernal Load Interfercence - incorporate baro signal selec~
tion capability on hover hold or reconfigure hardware.

Radar Altimecter Failure - incorporate vertical axis freg-
ency splitter and provide redundant sensor.

1.7.3 Hover Hold Meode and LCC  Operaticn
1.7.3.1 Hover iold/IMU - Radar

Hover hold stability and controllability characteristics
{(both with and without external loads) were evaluated by’
means of pilot and LCC step and pulse inputs, diffecrential
pulse inputs, alrcraft mancuvers iIn and out of ground effect,
and precision vositioning of loads. Gains set for this mode
were judged near optimum to enable the LCC to control and
stabilize the helicopter to zero relative velocity:; however,
pilot control was limited to the coverride only capability
described carlier.

Heading and velocity hold performance on iIMU reference was
rated as good to excecllent (A-1.5). Vertical hover hold
operations were also satisfactory when the radar altimeter
was functioning properly, but problems with this altitude
sensor causcd deterioration in altitude hold capability as
mentioned in 1.7.2,2.

Roll axis stability was degraded with external lcads attached

to the alrcraft,causing a tendancy for roll oscillations to
develop.
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1.,7.3.2 I0C Control

Longitudinal, directional, and vertical LCCC control response
and sconsitivity were very good (A-1.5), but further development
is reqguired in ihe lateral axis (A-4) to achieve precision load
positioning objectives. Good acceleration and velocity hold
characteristics woere demonstrated for shuttle maneuvers (A~2).
Additional LCC control authority was found to be desirable te
increase maximum translational velocity in the longitudinal

and lateral axes for rfurther load shuttle optimization.

The "drift clcar" functicn for removing IMU drift operated
acceptably (A-4), but requires improvement to reduce LCC
effort and c¢liminate transients and velocity errors. Trim
establishment fonllowing larce wind shifts or commanded heading
changes at zero groundspeed was not quick enough, and apprec-
iable drifting of the aircraft occurred. The problem was
associated primarily with lateral cockpit control backdriving
rate, which was too 3low.

Flight training requirements for the load controlling crewman
were minimal. Following development testing, 54 hours of
demonstrations at U.S. Army facilities were conducted in which
163 pilots and non-pilots flew from the capsule. Control of
the aircraft without a load was quickly mastered in 5 to 10
minutes, enabling precise positioning. Load operations were
performed by two Army pilots after 20 minutes of "no load"
familiarization.

1.7.3.3 Hover Hold/PHS

Excellent precision hold performance was demonstrated for the
Hover Hold/P!iS mode over a high contrast checkerboard target

grid (A-1). The PHS would not lock on to grass or
other low contrast ta.gets, however, and consistently exhibited
poor reliability during testing. For these reasons, the

sensor was no. considered operationally acceptable in its
current state of development.




When the IS «id operate as deslgned, b was very useful for
avtomatic drift clearing ot the TMU. 1! the aircraft was was
manreuvered over the target and the LCC relessed to detent,
the PHS drove the aircrafi to Zero velocity and cleared any
exvisting IMU drift,

Low velocity hover hold maneuvering while using the PHS
refercnce was hampered by frequent undesirable control tran-
sients, and was therefore downgraded in performance becausc
oi this fact (A-5). The "beep" position control, on the other
hand, performed well and was considered an excellent solution
for achieving hest accuracy.

1.7.3.4 cCargo Handling Characteristics

Cargo handling tasks including load hockup, shuttle, and
placement wirh 10-and 30-foot cables were performed. Execu-
tion of these maneuvers was evaluated without benefit of the
PHS due to the operational problems mentioned above.

Rapid load cable hockup by a ground crewman was performed
easily since the LCC could precisely position the helicopter.
MILVAN acquisition without ground crewman assistance was
accomplished by positioning a toplift adapter on the MILVAN,
Load maneuvering to moximum shuttle groundspeeds could be
performed routinely.

With the final hover hold configuration, the MILVAN on 10-foot
cables was placd consistertly within a l-foou accuracy, and
on the load transporter pins (+ 1 in. accuracy reguired)
occasionally. The MILVAN can be lowered onto the transporter
pins with relative ease, using 18-inch guide vanes which funnel
the load onto the transporter.
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1.7.3.5 Hever Hold/LCCC Recommendatinns
Both hover hold modes were determined to be feasible for
application in the HLH AFCS. The LCC control concept was also
validated. Although the PHS requires additional

development before being used overationally, hover hold/PHS
control laws were sufliciently refined to meet precision

hold and positioning goals of the HLH mission.

The improvements listed below should be incorporated to
eliminate deficiencies delincated carlier.

Hover Hold/IMU-Radar: Improvead schenes for pilot overcide
and vernier control to position and trim the aircraft with
the hover hold mode cngaged are necessary, as spelled out
in 1.7.1.5.

Recommendations for providing bettor radar altitude hold
performance, along with suggested improvements in sensor
signal quality and failure protection, are listed in
Section 1.7.2.4.

LCC Control

LCC Lateral Contrel Respense: Improve lateral response,
evaluate feasibility of increasing LCCC travel, and modify
controller command scheduling.

Adrcraft Rell Lxcitation with Load: Incorporate programmable

gain variation as a function of load weight.

LCC Control Authority for Shuttle Operation: Adjust longi-
tudinal and lateral authori%yv to permit an increase in
shuttle velocity to a maximum of 12 knots. Reduce maximum
vertical velocity from 360 feet per minute to 240 feet per
minutzo,

Draft Clear Transilents and Selection: Latch the drif% clear
operation until groundspeed errors decay to zero and/or
maiuatain groundspeed feedback throughout the drift clear
maneuver. Evaluate relocation of the drift clear switch for
the load crowman.,
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Trim Re-egatablishment after Wind Shaft or Turn Mageuver:
Increase CCDA backdrive gains when directionnal LCC is out of
detent, and evaluate feeding lateral LCCC commands into the

CCDA as a proportional drive. ,

wover Held/pPHs: Use of the hover hold/PHS mode is desirable
whenever HLH mission requirements dictate precise hold and
position maneuvering with large external loads. Successful
application of the mode iy heavily dependent upon reliable
signals being generatced by the PHS, To provide these

signals, sensor development should be continued to:

® bBnsure lock-on and accurate noise-free tracking over
any type of surface, regardless of contrast.

e Sul:ytantially improve operational reliability.

® FPackage sensor components to minimize size and
weight for production implementation.

1.7.4 Load Stabilization System {L.SS) Mode

LSS pendular damping was cvaluated in hover and forward flight
to speeds where cthe aircraft became power limited. Long and
short twe-point inverted "Y" and "v" cable suspension config-
urations were tested, and the primary load utilized was an
8X8X20-foot MILVAN container. A high-density load and single-
point trolley coumbinat:cn was also tested. LSS damping was
assess 'd 1n hover from both the pilot's and load-controlling
crewnman's stations.

The capability for automatic aircraft centering over the load
prior to liftoff was evaluated by starting out with the
helicopter displaced from the stationary locad on the ground.
Aircraft/load offset was varied during the testing, and an
effort was made to maintain positive tension on both cargo
hooke throughout the maneuver to achieve satisfactory
performance.

The third LSS feature assessed was load position hold, which
required bhoth the pendular damping mode and PHS to be active
for its operaticn. Test results for each of the three LSS
mnodes are reviewed below,
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1.7.4.1 pendulir Damping

Load pendular damping provided by the LSS was very effective
in attenuating load oscillations ftor all cable lengths, with
the longer configurations being helped most. Using the 30-
foot inverted "Y" suspersion {(which has low inherent damping
because of the long cables), LSS damping contributions were
judged to be good (A-3) for hover and load placement maneuvers,
and particularly beneficial in stopping large ampiitude
directional limit cycling. A longer 50-foot sling load (of
the type required to lower a 1load into confined areas) could
not be manually stabilized by the pilot {or L¢C) until the
LSS damping loops were engaged.

Short cable testing (with an ll- foot forward and 9-foot aft
inverted "V" arrangement) also showed improved damping pro-
vided by the LSS. Ride qualities in cruise were degraded
slightly, however, as the aircraft was displaced to damp
load motion (A-4), making light loads feel like heavier ones
to the pilot. In hover and load placement maneuvering,
lateral LSS damping inputs tended to work in opposition to
lateral axis LCCC commands. Since the short sling lateral
pendu ! um mode exhibits some inherent damping, LSS gainrs in
the lateral axis were set to zero to correct the LSS/LCC
conflict.

Hig) ¢-nsity load testing showed significantly imprcoved longi-
tudinal/lateral dampirg rharacteristics with the L.8S$ aamping
1oops engaged. Iacreaszed control sensitivity associated with
the higher load weight required the use of reduced roll

attitude and raie gains ‘p the SCAS with LSS cn.
1.7.4.2 Alrecraft Centering Over Load

Automatic air:e aft certering over the load before liftcff was
found t» be i asile and the concept worked well for small

{ 4-foot) aircrafc/load offsets. Undesirable transients were
vroduced if :ither cable became slack during the centering
Process, a this occurred frequently with larger lateral
load offse s (rated U-7). Without the LSS centering feature
cencaged, e LCC found the manual centering task to be
relativel ; eany. HBecauce ot this, requirements for a center-
Ing med  are relegated to a low priority for application on
the HLh.

79

T T ety ey e




1.7.4.3 ntomati~ Load Position Hold

Use of additional LSS control laws, overating with the LSS
damping and hover hold/PHS loops to stabilize load position
was successful for the directional and vertical axes only.
Essentially no improvenmnent over basic LSS damping could be
achieved because the position feedbacks terded to degrade
damping levels. Due to the frequency response of the lcad
modes, little improvement could be expected with the position
loops enyaged, since the load with LSS damping only is almost
as tight as the aircraft without a load.

The :ost satisfactory confiqguration for load position hold
utilized only the LSS damping loops and the hover hold/PHS
networks.

1.7.4.4 LSS Recommendations

LSS Pendular Damping - Use of ine LSS pendular damping mode

*s recommended for heavy lift applications. The feasibility of
modifying lateral LSS control laws for the short cable con-
figuration should be evaluated to ensure transient-free

lateral maneuvering with the LCCC for the hover/lozd place-
ment task. Also,an active pendant system should be consider-
ed (AAELSS).

Aircraft/Load Centering - An automatic load-centering capability
is nct necessary unless requivements for very low vigsibility
centering with long sling load cables are instituted at scme
time in the future. Successful applicaticn of this LSS

feature will require some type of automatic winch control to
maintain cable tension throughout the centering operation.

Automatic Load Position Hold - Incorporation of additional
LSS control laws for load position hecld is not recommended
for HLH implementation., 'The best hold performance is achieved
with only the LSS damping and PHS position hold loops eungayged.

1.7.5 Automatic Approach to Hover.

1,7.5.1 Description and Test Results

The automatic approach to hover mode was configured for demon=-
strating the feasibility to manually (following flight
director commands) or automatically fly the aircraft down an
approach path terminating in a stabilized hover., A "present"
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approach profile was used, starting at 1,000 feet above the
terrain and about 2-1/2 miles from the intended hover point and
descending to a 100 foct hover following a flaring maneuver
initiated 1/2 mile out at 295 leet,

Because of the fixed profile used, the point of termination
depended upon where the pilot engaged the approach. Precise
maneuvering was required to reach an initial approach gate
which ensured terminal hover over the desired area. The
concept mechanized for the test program was intcended for
demonstration of control processing and requires additional
functional capability for operational implementation.

Manually controlled approaches using the flight director
reference were easily accomplished under simulated IFR
conditions (under the hood) both with and without external
loads. The approach profile flown by the aircraft was very
close to the planned path (A-2).

Autcmatic couplad approaches were also performed very satis-
factorily (A-2.5), with and without load-. No pitch

attitude limits were incorporated in the approach control
laws. Occasionally during Jdevelopmental testing, excessive
pitch attitudes resulted due to exceeding AFCS authority
limits requiring pilotl recovery.

1.7.5.2 Automatic Approach to Hover Recommendations

Automatic approach to hover would enhance HLH operational
capability provided the approach gat~ and/or desired

terminal hover position could be dialed into the INS. Control
laws to permit this type of refereacing should be developed,
along with limits to correct for the occasional pitch attitude
exclrsion problem described above.

A flight darector is required for pilot monitor of automatic
approaches. In addition, a selectable missed approach profile
1s also required on the flight director to assist the pilot

in safe approach abort mancuvering in adverse weather.
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1.7.6 Hover Trim
1,7.6.1 System Performance

The hover trim mode was conceived to trim the aircraft to

hover (zero IMU velocity in the longitudinal and lateral

axes) fcom any flight configuration. This capability offered
no significant mission enhancement, and as experience was
gained, the feature was judged useful only at slow speeds

(less than 40 knots) for automatically trimming the aircraft to
a hover. System gains produced a very slow trim rate and

any IMU drift was reflected in the final trim condition

(A-5). This mode was not optimized.

1.7.6.2 Hover Trim Recommendations

Further development of the hover trim mode for HLH implc-
mentation is not recommended.
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ls Leport section o camarizes the varinus analytical aad
niloted flight simulation tasks accomp’ished over

1wwo and one-halif vears in support of Il AFCS software devel-
opmenit.. The work has been perfurmed as part of the HLH
advanced Technolouy component (ATC) prograw, with the princi-
ple cffort divected toward flight demonstration of the HLH
control laws and logic on the 347 Flight Research vehicle,
durin; the spring and summer of 1074,

outlined below are the major areas of analysis and simulation
revie »xd in this report sectioa:

e lesign Analysis - Desiyn critesia anrd apprrach are
presented, followed hy discussion of SCAS (d2velopment
and synthesis of each scolectable AFCS Moa~. Alco given
ioa sviops,s ot the development ©f the reo fundancy
management  toochnigues applied in desigy of the AFCS.

e Piloted Flight simulatinn -~ Both the full envelope AFCS
evaluation tlown on the Nocthrop Large Ampiitude
Simulator (LAS/WAVS) and the load crewman/LCC testing
conducted on the Northrop Rotational Simulator aie
Jdescribed.

® IILH AFCS Synthesis - Applicability of the Fliognt Research
vehicle control laws and logic to the larger HLH aircraft
+s established through analysis and unpiloted hybrid
simulation.

& Computer Software - The programming approach, features
of software control, and conputing capacity, are treated.

2.1 DESIGN ANALYSIS

2,1.1 criteria and Requirements

comprehensive criteria were established for design of the HLH
Automatic Flight cControl System early in the ATC Program,

The nriginal ATC Statement of Work (Reference 2) contained a

set of "design objectives" for the AFCS, and the Prime Item
Description Document (PIDD) (Reference 3), delinecatesd bhoth objec-
tives and requirements. The SOW design c¢bjectives are divided
roughly into two groups with about half pertaining to handling
gqualities improvement and the remainder to opecific “perform-
ance" type goals for the augmented aircratt. Handling quali-
tiec objectives include:

e Simpiification of the pilotirag task.
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e Cptimization of vehicle handling qualities.

@ Minimization of pilot switching modes of operation
between flight regimes, and elimination «f trarnsients
introduced as a result of mode switching or transfer
of control between pilots.

Performance-oriented goals for the augmented aircraft are
somewhat mcre gpecitfic in nature as indicated by requirements
to provide:

® (Capability for the pilot to pesition the helicopter
and/cr load /wiilhout visual ground reference) tc a
prescribed heading, at any height above the terrain
up to 100 feet, and within 4 inches of a ground refer-
ence point. The design should permit accomplishment
of the positioning task within 2 minutes, starting
from a point 200 feet above qground level and 300 feet
hoerizontally foom the refercence point, under gusty wind
conditions, with steady winds of up to 45 knots from
any azimuth.

® Capabilily for hands—-off hovering (with or without sus-
sugpended load) within + 4 inches vertically, + 4 inches

horizontally, and within 2 degrees of a given heading ,
undei the wind conditicng purescribed above.

e Carnability for automatic positicning of the helicopter
vertically over a locad ocnce cables are attached and
under tension.

e Capability for automatic load stabilization to eliminate
dangerously unstable moments, thereby pernitting the
helicopter to be flown in II'R conditions without
stabilization inputs by the pilet.

Other SOW obiectives dealing with hardware performance avre
reviewed later in the AFCS hardware writeup (Section 5.0),
or in the Flight cControl System volume I7 document which
covers the PrCs.

Requirements defined in the PiDD, vclume I, relate handling
qualities to micsion accomplishment. This docurent states
that the HLN flving and ground handling maneuvera- neuvera-
bility and stability, with or without external payload, at
all usable waeights, CGs, airaspeeds, and altitudes within

the normal flight envelope, "shall he adequute to perform the
design mission(s) in both IFR ¢r VFR flight conditions™.
Tncluded in the normal flight envelope are airspeads to 45
knots in any direction starting {rom bhover in still alr.
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The PIDD also stipulatces that the MIL-1I-0501A svecification
(Reterence 4), with apprcoved Army deviations for autorota-
tionai descent and larding, should b« adhered to in determi.n-
ing aircraft handling cualities for both augmented and
uraugmested flight or ground cperaticn.

In addition to the pPIDD Volume I requirements mentioned above,
PIDD volume II lists additional "stability and control®
objectivesz for use as guidelines in design and verification
of the AFCS. These relate to subjective pilot evaluationsc of
handling qualities through use of the Cooper-Harper rating
system (Reference 5). TFor the augmented vehicle (with AFCS
cperating normally) ratings of 2,0 or beltter are desired.
With the neutrally stable unaugmented aircraft, ratings of

no worse than 5.0 are desired. Cooper-liarper rating tech-
niques were utilized extensively throughout the various
piloted ArcS simulations and flight demonstrations to gauge
progress in developing the superior handling qualities
required for the HLH mission.

2.1.2 ApcsS bevelopment and Design Apprcach

Development - The development of AFCS control laws and logic
for the IILIl helicopter was influenced fiom its incepticn by
two related helicopter handling gqualities improvement pro-
grams in proguroess at the time ATC work wac started. 'These
were the jcint U.S. Army-Canadian government-Boeing Vertol
Tactical Aircraft Guidance System (TAGS) program and the
vVertol- sponsored Model 347 effort monitored Ly the Army.

TAGS features considered attractive as candidates for the HLH
AFCS included linear velocity control, referenced to ground-
speed at low aircraft velocity and to airs,eed in the cruise
region of the flight envelope, and digital techniques for
AFPCS control law computation. Elements of the 347 stability
augmentation system with potential [ILH applicaticr were an
improved lorgitudinal centrcl gradient with strong velocity
hold capability, and utilization cf separate stabpility and
maneuver bility optimization techniques to achiewve desired
handling guality improvements, such as command bank angle and
heading hold.

With background of the TAGS and 347 programs available during
the II1il concept selection phase, preliminary analvtical inves-
tigacicns and "nudge base" piloted simulations were conducted
at Boeing Vertol to provide data for an initial definition of
baseline AFCS contrcl Jaw mechanizations for later develop-
ment in the ATC program. These mechanizations were documented
in the form cof functicnal block diagrams for each of the four
contrel ares.  The ANCo definitiow ~ffort carried out since
concwpt selecticn has consisted primas’ly of refiring and
updating the original contiol law softwive in order to meet
reauiremente and ohjesctives previously adopted.
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Extensive piloted and unpiloted full-flight envelope simula-
tions were performed alt Boeing Vertol ard at Northrop to
supplement and confirm aralytical coatrol system development.
Final contrcl law optimization and validation was accomplished
with the 347 rlight Research Vehicle. Changes in mechaniza-
tion of control laws were minimized on the flight vehicle
because of the comprehensive simulation efforts preceding the
flight demonstration program.

In the refinement of AFCS control and stability loops since
Task I, Part 1, the principal analytical and simulation tasks
have been associated with:

® Determination of transient-free groundspeed/airspeed
phasing and lateral/directional control crossover
techniques.

® Develeopment of 1. —:nee’/hover-control laws for precision
maneuver or po.oics 2 selding with required load crewman
controller awl I ¢ision Hover Sensor interfacing.

® Development of load stabilization and positioning
capability.

® Syrthesis of an automatic approach to hover system.

® Definition of reguirements for control features, such
as the limited lateral bhank angle stick gradient, and
the altitude hold AFCS mode.

Design Approach - As a result of the concept selection studies,
it was decided that the HLH FCS would be made up of a 1N00-per-
cent-authority direct electrical linkage (DELS) primary control
path, interfaced with a limited-authority Automatic Flight
control System (shown schematically in Figure 13). The DELS

is an electrical analogy of components usually found in the
mechanical controi rans of current production helicopters.

Its functions include transmitting pilot control inputs to

the rotor system (after appropriate mixing or blending), and
introducing feed-forward contrnl commands intc the AFCS.
Differential AFCS/DELS interfacing is accomplished through a
frequency selective network which splits tiie signul into trim
and dynamic ccmpensation components, and serves to minimize
the effects of potential AFCS system-~level hardover failures.

The operational success of the HLH vehicle for cargo opera-
tions in all types of weather will depend upon the helicopter
having superior IFR flight characteristics, and very good low~
speed control and position-hold capabilities. To achieve the
required level of handling gualities, two important design
concepts were incorporated into the AFCS early in its develop-~-
ment cycle, They include:
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® Velocity control, and

® PDPilot-selectable AFCS mode capability, ranging from basic
stability and control augmentation (SCAS) for IFR flight,
to special functional mode selection for altitude hold,
automatic approach to heover, hover hold, load stabiliza-
tion and positioning, and hover trim.

The basic SCAS augmentation system features relatively high
levels of stability and maneuverability. The conventional
compromises usually existing between the two (i.e., too much
stability resulting in poor maneuverability or vice versa)
have been avecided in design of the AFCS thrcugh application
of either feedback-~feedforward summing or logic techniques.
These methods are also utilized in the AFCS software to pro-
vide transient~free switching between flight modes.

An overall summary of vehicle stability and controllability

is presented in Table 4. Shown in the Table are stability
characteristics of the aircraft with full-time SCAS augmenta-
tion engaged, and with various selectable AFCS modes in opera-~
tion. The Table also illustrates helicopter controllability
by showing the steady state response of the aircraft to step
contrcel inputs in each axis.

In the discussion which follows, all axes of the basic SCAS
are described individually, and significant analytical devel-
opment are summarized. Selectable mode capabilities are
covered later in the section.
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2,1.3 APCS pasic Stability and Control Augmentation System

{SCAS).

The HLI airframe and rotor system combination is designed to
produce zpproximately neutral static stability without AFCS
augmentation. Similar characteristics are found on the 347
Flight Research Vehicle which was used to demon-

strate the validity of HLH control law mechanization. In both
alrcraft, neutral stability is achieved through careful aero-
dynaniz shaping of the fuselage and rotor pylons, and by
installing delta~three hinging on the forward rotor to reduce
lift slope and gust scnsitivity.

Although handling characteristics of the unaugmented aircraft
are adequate for VFR flight, HLH IFR mission accomplishment
reguires engagement of the basic AFCS stability and control
system (SCAS). The SCAS provides three-axis control and
stability augmentation and is designed to meet the criteria
stated earlier in this section, Other interesting design
features include:

® Elimination of control axis coupling and t:-im control
offsets witl airspeed

® Coordinated turn capability with single-axis control
inputs, and

® Provisions feor vernier "becp" trim

Control Method ~ The basic helicopter control system (without
augmentation) is capable of changing rctor thrust either col-~
lectively or differentially tc produce vertical or angular
pitching motion. In addition, the rotor thrust vectors may be
tilted laterally or longitudinally in the same direction to
generate rolling motioni. or longitudinal translation. Differ-
ential lateral thrust tilt provides yawing motion. Step
control inputs in pitch, roll,and yaw result initially in
angular acceleration (and later blend into constant angular
rates) when nc augmertation feedback loops are engaged. Ver-
tiral control inputs create vertizal acceleration and then
vertical rate.
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Augmentation - By feeding back (or forward) the desired para-
meters in an automatic servo control system, basic airframe
responise may be modified to reflect the stability (and
controllability) levels of the outermost loops engaged. In
the case of the SCAS, full-time angular rate damping and atti-
tude feedback loops are provided in all (but the vertical)
axes, Feedforward networks are included for response shaping,
and for generating the desired control gradients with speed

or bank angle.

Continuous development of HLH control laws has been in progress
for several years. Each significant developmental step has

had its own set of functional block diagraics (and substantia-
ting analysis or test results) to describe the improved con-
trol function. Rather than discuss these efforts chronologi-
cally in the order in which they occurred, the final control
laws synthesized from the flight demonstration are presented
first, along with descriptions of nuw they operate.

Significant analysis and simulation work is then detailed as
necessary to shed light on why the final control law mechani-
zations and associated logic were adopted.

SCAS Objectives - In addition to meeting the quantitative

requirements of MIL~H-8501A while developing the SCAS, other
performance goals were also adopted to guide the design and
evaluation process. Among these were objectiies delineated
for the flight test demonstration which are tabulated below.

In "licht-to-moderate turbulence", target accuracies for
operaticn with SCAS are:

Airspeed - +2 knots of trimmed speed in steady level
flight. +4K of entry trim speed in 30°
banked turns with recovery to +2K of
entry speed

Grcundspeed - 12 knots of trimmed longitudinal or lateral
speed

Bank Angle - #2° of established bank angle while in
steady turn

Heading - *+2° of established heading in level flight
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2.1.3.1 Longitudinal SCAS Synthesis

Figure 14 presents a functional block diagram representation
of the complete longitudinal AFCS control law package {except
for the Automatic Approach to Hover loops which will be
covered later, and the logic switching network schematics
detailed in Appendix A). At this time, only the basic SCAS
functions will be described and most of these are found in
the top half of the diagram.

Inputs and Outputs - For the purposes of orientation, para-
meters illustrated on the right hand side of the cross
hatched AFCS "box" are feedback variables associated with
stability augmentatio:.. They are generated by sensors located
outside of the AFCS triplex computer matrix on the aircratft.
Control paths shown within the hatched enclosure represent
software control law mechanization and logic switching
computations performed by the AFCS computers. Most logic
gating is physically performed within the computer iOPs, and
as indicated above, is detailed in the report appendix.
Discreet logic signals pass from the IOP units into the AFCS
to set switches as will be described later. A limited amount
of logic is performed in software.

Shown at the top center of the diagram, (on the outside of the
AFCS box) is the "differential" AFCS output path. It is

interfaced with the DELS through the frequency selective net-
work (" frequency splitter"”) described earlier. This differ-
ential signal goes directly to the rotor system (after passing
through various control mixing stages in the DELS) without
moving the cockpit controls.

Depicted to the left of the DELS/AFCS interface box on the
diagram is a feedforward signal going from the pilot's cockpit
stick (through the DELS) and into the AFCS. This path per-
nits the velocity and low speed longitudinal cyclic pitch
commands to enter the AFCS. It also provides a path for
fecdforward signals used in removing trim bias associatec with
groundspend/airspeed switching by the velocity mode transfer
switch (dcscribed later).
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On the top left hand side of the AFCS box is a cockpit stick
backdrive command path which causes a Cockpit Control Driver
Actuator (CCDA) to move the stick through a magnetic brake/
force-feel spring arrangement. The spring forces may be
relcased and rezeroed by pressing a "mag" brake button on the
pilot's longitudinal stick. Beneath the backdrive network

is a pilot "beep" trim control path utilized to parallel drive
the cockpit stick  for vernier velocity adjustments. The trim
signal is generated when the pilot depresses a "coolie hat®
trim button also found on the lcagitudinal stick grip.

Other functions shown on the left side of the AFCS bux con-
cern load crewman control inputs through the LCCC which are
discussed later under "hover hold" mode operatio-n. Additicnal
signals are related to navigational guidance information and
special test functions.

LCP Trim - On the lower left hand corner of the box are shown
the "q"~sensed cyclic trim (LCP) signals. These longitudinal
cyclic inputs are identical to those used on present tandem
aircraft, and vary according to a present schedule with air-
speed on each rotor. As helicopter speed increases, forward
cyclic is introduced into the rotors to reduce shaft aero
flapping (and bending loads), and to trim the aircraft pitch
attitude for drag reduction and pilot comfort.

Summed with the "g"-sensed cyclic signals are AFCS outputs
from the hover hold system, and pilot's LCP stick commands.
The summed LCP signals then pass directly into the longi-
tudinal cyclic pitch actuators through existing 347 system
hardware without entering the DELS as other AFCS outputs do.
The LCP paths complete the longitudinal AFCS input-output
interfacing.

2,1,3.1.1 Inner Loop Longitudinal SCAS .tabilization and
Control

Pitch Damping - The top right hand stabilization feedback
loop shown in Figure 14 represents the primary pitch damping
path in the SCAS. Through it passes an airframe body axis
pitch rate signal which has been summed with a correction
term (R sin ¢) representing the product of body axis yaw
rate and the sine of aircraft roll angle. The correction
term remcves the steady pitch rate component picked up by
the body axis gyro in turns to preclude signal saturation.
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The K sing correction takes the place of an earlier high pass
filter (washout) network, which was installed in the pitch
ratr damping loops of previous tandem aircraft with simpler
gstability augmentation systems. The need for an improved
approach to steady pitch rate correction was identified during
the HLH Flight Research Vehicle demonstration program, whercin
NA/S leoss or gain during turn eontries was unsatisfactory.

Some improvement was achieved as detailed in the flight test
section.

As shown on the diagram, the damping signal first passes
through a system "gain" factor, where pitch rate is converted
to inches of equivalent stick. (Most control law computations
are performed within the computers using inches of sti~k or
equivalent control throw in degrees of pitch change). After
being "gained", the signal is filtered through a first order
low-pass shaping network, It is then passed througn :in
authority limiter, and thence into the AFCS/DELS int2:rface.

The low-pass filter effectively prevents airframe vibration
(and other unwanted high frequency signals) from entering the
damping path. Prior to the flight program, only the pitch
damping signal was modulated at high freguency with this type
of shaping. The presence of undesirable sensor or computer
roise spikes necessitated moving the filter to the output
rath of the entire axis where attitude, velocity, and feed-
forward signals were also included., Similar low-pass filters
have been inserted in the differential outputs of all of the

renaining AFCS axes,

Low-Speed LCP Control Augmentation - A feedforward pach from
the pilot's stick to the longitudinal cyclic pitch actuvators
nn both rotors is incorporated for translation control
"quickening" at low speed. As shown in the diagram, the
"cyclic on the stick" command signal passes through a variakble
gain box (FXCP), which begins LCP effectivity below 40 knots
groundspeed. Full system gain is achieved at all speeds less
than 27 knots, as shown in the Appendix A schedule.

Incremental LCP commands associated with cockpit stick move-
ment are the same for both rotors., These cyclic inputs pro-
duce direct longitudinal airframe acclerations, without
requiring pitch rotation of the fuselage. They act in concert ‘
with the DCP longitudinal controls, which provide a lagged 3
response because the aircraft must change attitude beiore '
any translational acceleration can start.
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As initially envisioned in early analyses and simulation work,
the low-speed LCP command signal. was summed with a high pass
filtered groundspeed feedback; but this wcloucity path was
eliminated during the flicht program due to undesirable pitch
attitude changcs created by the washout. When the velocity
feedback loop was deleted, a low-speed control shaping feed-
forward path (which acted along with the LCP/velocity
combination) was also removed as being unnecessary.

2,1,3.1.2 Outer Loop Longitudinal SCAS Stabilization and
Control

Outer loop paths incl ude pitch attitude and velocity hold
functions for stabilization. In addition, SCAS contrcl aug-
mentation loops are provided for generating a stable stick
gradient and velocity command capability throughout the flight
envelope, The methodology for transferring from low-speed
ground referenced velocity to airspeed in cruise, and for
generating an acceptable longitudinal stick gradient {while

at the same time maintaining strong velocity hold capability)
is perhaps the most important part »f the SCAS description.
Development of these two longitudinal SCAS features is

covered in some depth, since similar control law manipulations
are also utilized in the lateral axis.

Pitch Attitude Stabilization - The pitch attitude signal is
processed through a simple sensitivity (gain) constant, and
is then summed with the velocity hold and command signals.
Attitude hold stability is maintained throughout the flight
envelope with a constant gain of about 1/3 of an inch of
corrective control applied for every degree of pitch attitude
deviation from zero. Static hover fuselage attitude is
slightly nose up, and becomes progressively more nose down as
speed increases. The result is a differential static aft
"equivalent stick" requirement going into the rotors as air-
craft speed builds, and "corrective" type inputs when the
attitude changes due to an external disturbance.

The attitude gradient increment is a relatively small component
of the total longitudinal DCP rotor control input requirement
processed by the AFCS, Stick gradient and velocity inputs
dominate the outer loop mechanization and are discussed next.

97




VELOCITY STABILIZATION, COMMAND, AND STICK GRADIENT

Stability - As shown in Figure 14, feedback velocity hold
signals consisting of pitot-static airspeed and inertially
referenced groundspeed (from the IMU) are introduced into the
Velocity Mode Transfer switch (after passing through
appropriate gains). The switch selects the proper velocity
through application of logic techniques, and passes either
the low-speed groundspeced or airspeed-referenced signal into
the differential AFCS path. Switching between the two ref-
erences 1is transient free, and occurs at 45 knots airspeed
when velocity is increasing, and at 40 knots airspeed when the
aircraft is siowing down,

Because of the importance of the velocity mode switch to over-
all AFCS5 success, a separate discussion of its development and
detail operation is included later in this section. For now,
all that need be understood is that the switch passes a single
velocity-referenced signal for low~ or high-speed flight, and
causes the pilot's cockpit stick trim position to reflect the
type of velocity reference in use at any point in time.

The groundspeed hold at low velocity, and airspeed hold above
40/45 knots is achieved by utilizing fairly high gain factors
(KMAS and KMGS) equivalent to approximately 1 inch of equiv-
alent stick for every 9 knots of airspeed. The airspeed
signal is processed through a FMAS function which was orig-
inally incorporated into the velocity loop to keep the air-
speed signal constant and equal to 40 knots beneath this
speed so as nct to interfere with the aroundspeed path.

Below 40 knots, groundspeed is the velocity reference.

98




In the flight program, additional velocity hold gain was
found to be desirable while operating on airspeed reference
between 60 and 120 knots, This increase was incorporated in
a non-linear fashion by "bowing" the FMAS schedule gradient
above 40 knots to meet the desired requirement. The original
schedule, synthesized from analysis and simulation, had incor-
porated a 45~degree slope (i.e., 100 knots in gave 100 knots
out) above 40 KIAS, The modified airspeed schedule and gain
tabulations are presented in Appendix A, along with all other
gains, functions, limiter values, and logic diagrams for the
AFCS package.

Groundspeed velocity signals generated by the aircraft IMU
(Internal Measurina Unit) sensors are referenced to the plane
of the earth's surface and are oriented into "V North" and

"V East" vector components. A sensor coordinate transforma-
tion within the computer AFCS complex resolves the IMU veloci-
tics into a system aligned with the aircraft longitudinal

and lateral axes {(still in the earth surface plane). A ,
further transform references the velocity signals tec the air-
craft center of gravity instead of the IMU location.

As seen in the sensor coordinate transformation box, two
longitudinal groundspeed signals are available as outputs;

kE and Xp'. These are identical except for the fact that the
Xg term may be “"drift cleared" to eliminate small IMU drifting
errors which would otherwise degrade performance of the AFCS
while cperating in the hover hold mode. The Xg' term, on the
other hand, is a continuous output and is utilized in velocity
holding through the KMGS path, or for the automatic hover

trim feature described later.

Operation Without Velocity Reference - The velocity-referenced
stability described so far implies that either airspeed- or
grouandspeed-oriented signals are utilized for all normal
flight modes. This is true unless the pilot wishes to perform
maneuvers which do not require velocity feedback (such as
stationary, or nearly stationary towing operations). In such
a case, the pilot might desire to use an "attitude-referenced"
system. The HLH control laws have been set up so that an
attitude system of this type can be achieved by disabling

the velocity feedbacks.
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A track-store-decay box that has several important functions
is shown on the output of the velocity mode transfer switch

(Figure 13). These fu.actions are controlled by two
switches on the pilot's mode select panel, illustrated in
Figure 10A. The pilot may eclect to use as a velocity reference

any of the following:
© Auto - automatic switching from G/S to A/S
© A/S -~ airspeed reference at all spceds
®¢ G/S - groundspecd reference at all speeds

Th¢: pilot has another switch which controls the manner in
vhich the previously selected velocity reference is used.
The velocity switch also has three modes of operation: n:

® NORMAL - where either of the three previously selected
velocity reference options may be utilized,
and the "track" function shown in the diagram
is in operation.

® OFF or - where no variable velocity signal passes, but
DISABLE the final value of velocity at shutdown is
"stored" to permit transient-free disengage-
ment of the velocity mode.

® DECAY -~ which permits the velocity feedback to slowly
decay to zero at a rate of .5 inches of
equivalent stick per second.

Information presented in Table 5 summarizes the overall air-
craft stability response for each contreol axis with any of
the above velocity references selected. Comparable control
responses with similar velocity references are given in
Table 6.

Longitudinal Stick Gradient ~ The HLH airframe and rotor
system combination has been designed to produce close to
neutral static stability without augmentation. This built-

in neutral stability results in a longitudinal stick gradient
that flattens rather than increases linearly with speed as
desired,
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"Basic" aircraft stick gradient requirements are illustrated
schematically by the heavy dashed line annotated with a @

in Figure 15, This dashed curve represents the DCP control

in inches of equivalent cockpit stick which must be put in at
the rotor heads (and in the cockpit with SCAS off) to trim the
helicopter in level flight.

Changes in aircraft gross weight or cg move the basic

curve some slight amount, but this movement (and the absolute
magnitude of the basic stick requirement itself) is quite
small when compared with other DCP inputs available from the
AFCS at the rotor head. These additional inputs constitute
the velocity hold (3) and feedforward stick "pickoff"
gradients described below,

To understand how the final cockpit stick gradient is genera-
ted by the AFCS for the pilot, assume that a total travel of
3 inches of forward stick motion is desired, and will be

put in between hover and 200 knots in the cockpit. The
resultant travel reflects a positive stable gradient, producing
about 65 knots of speed for every inch of cockpit stick in-
put. This desired cockpit gradient is illustrated by the
heavy dark line (?) on the schematic. Although the 65 knot
per inch gradient was found to be adequate in developmental
simulation work, the flight demonstration program indicated
need for a tighter gradient to optimize handling qualities.
This revised gradient reflected a slope increase of about

40 percent out to 100 knots, and 25 percent above that speed.

As seen on the schematic, the desired cockpit gradient is
further forward than the basic aircraft rotor head require-
ment to trim. Accordingly, aft equivalent stick must be

put in between the cockpit and rotor head (in an amount equal
to the difference between curves (z)and (:)), so that the
pilot will move the stick in a forward directicn to achieve
the positive gradient he wants. For the purpose of this
explanation, it may be assumed that the basic aircraft
gradient is sufficiently small to be neglected in further
discussion.

103




SISIHLINAS LNIIAVYHO MIILS IVNIGNLIONOT "GI 3¥NO4

LIX3L OL(3AIN IUY SHIGNON ‘FLON

™~

ALINAVYLS ¥Od HOLOY OFZ_\\\‘ o

TYNSIS ¥OVEA334 ALID013A
/ 13V
LY
: ~

LY LR
L4YHOUIY HLIA ATLHEITS
SIIYYA ‘LIVHOUIV WIYL ®
OL QV3K HOLOY LV 03¥INO3IY ~.
JOULNOD) LIVHOMIV JISVE — /
(SLONM) ALID0T3A .
00! > 0 <
o
| - - (S2HOMI) ~
| SLNIIOVHES 340XO1d JOUS ® NOILIS0d XIILS
ALII0T3A GINIBNOD AG G311ddNS \\ ANZTVAIND3
368 LSNM HOIHM LNIW3HONI
w \
b rd
| LNZIOVES WIILS LId%D03 G3NIS3A ® \
|
; 4
* VNSIS NOLLYANIRGNY (440%9Id @ cand

#I146 TYNIGNLIONOT)
; GYYME 040334 NMILONON \

i
| Nels

GUYMY040334 LOOHLIA QG3MINOIN
LNIIQVNES NIILS FLYNIXONIdY —




The aft stick that must be put in beneath the rotor to pro-
duce the desired increment between (i) and (:) is made up of
two very steep SCAS gradi~nts. One of these is the strong
velocity hold feedback detailed earlier, which would put in
about 20 inches of aft stick (curve (i)) at the head at 200
knots, if it could (giving a 10-knot-per-inch eguivalent

stick gradient). Obviously, 20 inches of forward stick

{(as illustrated by curve 85 ) cannot be made available in the
cockpit to "buck out" the velocity requirement.

If, however, the 3 inches of cockpit desired forward

stick are used against the 20 inches of aft velocity
requirement, 17 additional inches of forward input need be
provided at the rotor to achieve equilibrium, This additional
forward "stick" requirement G; is generated by using a
feedforward pickoff on the pilot's stick which puts in several
inches of equivalent rotor control for every inch put in by
the pilot, A stick pickoff multiplying circuit was devel-
oped along with a rate-limiting feature to accomplish the
feedforward task. It is annotated on the Figure 14 diagram
beneath the longitudinal stick gradient bcx.

Because of its inertia, the aircraft will not produce airspeed
changes as fast as the pilot can move the stick. A rate-
limiting function must therefore be incorporated into the
longitudinal control gradient which will allow the pilot's
amplified stick signal to enter the rotor system at about

the same rate that the counterbalancing velocity hold signal
can be generated by aircraft speed changes,

This rate limiting is achieved by passing the feedforward

s ick signal through a very high gain limiter (ILM3), and then
integrating its output. The result is a ramped stick response
witn time, which is virtually independent of stick amplitude
because of the sharp initial slope. A feedback path around
the limiter through the KMCP4 gain provides the steady state
multiplication or amplification necessary to stand off the
strong velocity gradient,.

The two loops described above address only the static gradient
and do not produce an optimum short period helicopter attitude
response. A third "straight through" path with no rate limit
is provided to augment the direct linkage input for attitude
control. This path serves to stand off the pitch attitude
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associated input already discussed., On a steady state basis,
the netwerk just discussed will produce slightly more than

7 inches of equivalent AFCS input (per inch of cockpit
stick), to sum with the velocity hold signal. The output
of this network ic low-pass filtered for smoothing to avoid
any stick jerk tendencies,

For a l-inch forward control displacement in the cockpit,
the aircraft will speed up about 65 knots (or slightly less
due to the flight test optimized gradient), causing the
velocity feedback to generate a requirement for about(-)

7 inches of equivalent stick tc sum with the (+) 7

inches from the feedforward path. No further AFCS input
goes in through these paths unless the stick is again moved,
or the aircraft encounters an external disturbance such as
a gust.

Stability and Maneuverability

A fundamental SCAS design factor reiterated throughout the
report so far has been the deliberate separation of stability
and maneuverability functions for individual optimization.
Most of the loops are interdependent in some way, but have
been separately optimized to give the highest possible levels
of both stability and controllability without incurring major
compromises in either,

An illustrative example of the strong longitudinal stability
and high controllability exhibited by the augmented aircraft

is presented in the Figure 16 sketch. Maneuverability is
demonstrated by the cockpit longitudinal stick push and hold
step response (shown by the solid line)., This 1/2-inch stick
step produces an 8-degree maximum pitch attitude transient and a
smooth alrspeed buildup to 35 knots, typical of a pilot speed
change demand.

An external gust disturbance which upsets the rotors by an
equivalent amount (of control step), results in a mild 3-degree
pitch attitude variation and a 3-4-knot velocity change. The
difference in the two responses clearly shows that stability
can be maintained without compromising desired levels of
maneuverability,
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VELOCITY MODE TRANSFER SWITCH

Groundspeed-to-Airspeed Blending - Velocity feedbacks for
stability are refeorcenced to groundspeed for low speed opera-
tions, and to airspeed during forward flight. The presence
of hecadwinds or tailwinds creates a differerce in the ref-
crence reedback signal, which could create transients on
switchinag, Options for velocity reference transfer are shown
in Figure 17 whercin airspeed-referenced control posil.ions
are presented as a function of groundspeed for zero wind,

and for headwinds and tailwinds of 40 knots. Note that a con-
stant control position exists for all wind states at the same
alrspeced.

The no wind curve on the figure also represents the ground-
speed referenced control for all wind states. When operating
with a 40 knot headwind, the control position follows the no-
wind or groundspced reference to 5 knots (45 knots of
airspeed), and must then transition to the 40-knot headwind
curve., Two options shown in Figure 17 are available to effect
switchover: (1) continuous transfer, and (2) instantancous
switching. Both methods wecre extansively explored during
piloted nudge base flight simulation work conducted in late
1972.

Switching Options - The first velocity reference transfer
option, known as the continuous blending scheme, (and
proposed in the original block diagram schematics), phased
from one reference tou another over a discrect airspeed
range. The continuous blending approach was found to be
unsatisfactory for the following reasons:

e The width of the phasing zone, wherein the velocity
feedback is a mixture of groundspeed and airspeed,
varies with wind strength and encompasses most of the
useful flight envelope, This results in longitudinal
trim control positions that vary with winds at constant

irspeed.,

e Plerformance is compromised, particularly at low speeds
where airspeed is not held constant while turning in
winds, resulting in power and/or altitude fluctuations.
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® Pilot workload increased because of not having direct
control over the flight variables normally monitored,
such as torgue, altitude, airspeed, and turn rate.

A revised instantancous switching concept was developed in
which the difference between the two velocity feedback signals
is provided through the AFCS on switchover to eliminate
transients. This difference or bias signal (generated by the
velocity mode transfer switch) is proportional to the amount
the cockpit control is offset from its true airspeed or
groundspeed position. The bias is removed as shown in

Figure 17 upon force trimming, by slowly parallel-driving

the controls to their correct position (without disturbing

the aircraft by moving the roter head controls).

Detailed operation of the velocity mode transfer switch is
shown schematically in Figure 18 and is described in the
following summary. It should be noted that Figure 18 is a
blowup of the transf{er switch detailed on the Figure 14
Functional Block Diagram. The switch is identical to one used
for similar switching in the lateral axis. Numbers and
letters shown on the blowup refer to signal paths or various
positions within the transfer switch.

Transfer Switch Operation - Suppose, for example, that the
groundspeed signal (1) is 10 knots and airspeed signal (2)

is 50 knots (i.e., a 40-knot headwind). 1Initially, the system
is a groundspeed reference as shown, and the velocity feed-
back (5) is also 10 knots., To switch to an airspeed system.
the following takes place in the order shown:

(A) Switch to zirspeed

(B} Sum airspeed with previous velocity signal: =50 + 10
= =40 knots
(C) Reset the bias to the value at (B) = -40 knots

(D) Sum airspeed with (C) = 50 -40 = 10 knots
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Hence, the velocity feedback has remained at 10 knots creating
no transient. The feedback signal is now airspeed, and the
bias stored in the Reset/Store. (C) provides a signal to

make up the difference.

To eliminate this signal, the bias is fed into the CCDA
integral drive (3) which begins to reposition the primary
controls, The control motion, in turn, is fed back (4) and
subtracted from the bias at (E) until point (F) is approxi-
mately zero, indicating the bias has been removed., The
Reset/Store is then reset to zero and the velocity feedback
is now 50 knots, Since the bias eliminator signal reduces
the bias to zero at the same rate that the back-driven con-
trol is going into the DELS mix, no transient occurs.

Two options on the switching points were considered:

(A) Switch to an airspeed mode when airspeed was greater
than 40 knots and groundspeed greater than 10 knots.
Switch back to a groundspeed mode when groundspeed was
less than 10 knots,

(B) Switch to an airspeed mude when airspeed was greater
than 45 knots. Switch back to groundspeed mode when
airspeed was less than 40 knots. (This was the option
chosen).

No airspeed reference is available for either option below

40 knots. Figure 19 shows the acceleration and deceleration
characteristics for these two options in a 15-knot tailwind.
During the deceleration phase,the lack of a velocity reference
signal for Option A created an undesirable pitch attitude
increase., In addition, the stabilized rearward trim speed

was greater than the initial speed.

These undesirable characteristics were not obtained with

Option B logic, and it was selected for piloted flight
evaluations. Note that the acceleration characteristics are
not identical in these records due to system gain modifications
that occurred between run days.
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Figure 20 shows the bias eclimination feature via parallel

drive of the cockpit control. An acceleration to a stabilized

speed above the switch point in a 30-knot headwind is followed

by a simulated force trim, which activates the bias elimination
fcature.

Inteqral Backdrive Command - In understanding the parallel
backdriving of the cockpit stick for bias elimination, several
features should be mentioned. The first of these relates to
the fact that bias is removed only when the cockpit control is
in a trimmed condition with the stick in detent and may brake
not depressed (sce Logic L-39A in Appendix A). Any longi-
tudinal stick motion not asscciated with the backdriving
function will open the backdrive path and prevent further
parallel stick movement,

The backdrive bias elimination command passes through an
integral drive mechanization which smoothes the signal going
to the stick driver actuators, and continues to output a
driving signal until the input to the integrator is zero.

The integral drive path shown in the upper left corner of
Figure 14 also has a synchronizing loop (controlled by

L-30A logic) wrapped around the integrator to stop the
backdrive command when the cyclic magnetic brake is depressed.
Similar integral parallel stick drives are used in all axes.

2,1.3.1.3 Low-Versus-High-Sensitivity Stick Gradient

One of the recommendations of the Task 1, Part 1, concept
selection simulation studies was incorporation of low
sensitivity LCP control into the AFCS for the precision hover
and low speed maneuvering task. Sensitivities on the order
of about 5 fps per inch of stick were suggested., However,
for arm reach considerations in the cruise flight region,
much higher sensitivity DCP controls are required, with
typical gains wvarying up to 20 times the hover requirement.
The methodology for phasing from low sensitivity LCP to

high sensitivity DCP control was not addressed in the Task 1,
Part 1 results.
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Studies were performed to develop a longitudinal stick
gradient with a dual sensitivity range, which used either
LCP/ICP or DCP only at low speed to maintain compatibility
with the high speed control configuration. Figure 21 shows
a sketch of the proposed approach.

Piloted nudge base simulations were conducted wherein the

low speed sensitivity was varied from 5-20 fps per inch of stick
within a stick range about a hover reference varying in width
from 1/4 to 1 inch. Lagged DCP inputs were tested, along

with additions of up to +4 degrees of longitudinal cyclic

pitch. Satisfactory pilot ratings of the dual-range DCP
gradient were achieved (using the 5 fps/inch stick sensitivity
at low speed with +2 degrees of LCP).

Follow-on analysis showed that potential problems arose with
the mechanization when winds were present, Since basic air-
craft characteristics are airspeed dependent, trim controls
were required to maintain zero groundspeed in windy conditions.
This trim control requirement created a skewing effect on

the hover gradient, producing a variable sensitivity slope
with wind. Variation of aircraft cg had essentially the

same effect,., Time constraintg prohibited development of a
control law mechanization to overcome the deficiency.

The desired reduced hover sensitivity and LCP control is
provided to the load-controlling crewman by using a separate
controller for the precision hover/maneuver task. This LCCC
incorporates a non-linear optimal low sensitivity stick
gradient which will be detailed in the hover hold section.
The load crewman performs the precision hover task, and

the pilot controls the aircraft longitudinally through the
DCP/ICP gradients discussed in Section 4.1.3.1.2, for

normal low-speed maneuvers not requiring extreme precision.

In the flight demonstration program, Cooper-Harper rating
results indicate that the selected stick sensitivity solution
was satisfactory. Zero groundspeed trimming, however,

was not optimum from the pilot's station.
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2.1,3.1.4 Ground Operation of the AFCS

Microswitch circuitry is incorporated on the landing gear
oleo struts of the HLH (and Flight Research) aircraft to
change the operating status of the AFCS/SCAS for ground
operation. Ground contact logic implemented on the 347/ATC
test aircraft provided transient suppression switching to
disengage the vertical, lateral, and directional axes by
ramping the AFCS differential commands to zero upon ground
contact. The longitudinal axis meaintained pitch attitude
and pitch rate stability on the ground, but the stick pickoff
command was switched to a ground reference value of zero and
the velocity command signal ramped to zero to provide a net
zero velocity command on the ground.

Aircraft control by the pilot on the ground is maintained in
each axis by only the direct path through DELS, with parallel
beep trim commands being processed through the AFCS. No other
backdrive commands are generated on the ground by the AFCS,
since synchronization of bank angle, heading, and altitude
signal paths is continuous.

Selectable modes such as automatic hover trim, hover hold,
and altitude hold are also disabled on the ground. The
velocitv mode transfer switch bias error is set to zero when
ground contact is made to insure proper initialization of
the switch in the fly mode, and the backdrive path from the
switch is disconnected. A summary of ground contact logic
operations performed by the AFCS follows.

GROUND CONTACT - 347/ATC Program

LONGITUDINAL AXIS - Retain stability augmentation for pitch
attitude and pitch rate,

{1) Set stick pickoff command to ground reference value
of zero.

(2) Set decay velocity command path to zero.

(3) Reset velocity mode transfer switch bias error value
to zero and eliminate velocity mode transfer switch.

(4) Disable automatic hover trim mode.
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VERTICAL AXIS

{1) Switch off differential command.

{.) Disable altitude held mode and synchronize altitude
reference (L-6).

LATERAL AXIS

(1) Ramp lateral differential command signal to zero.

(2) Reset wvelocity mode transfer switch bias error value
to zero and eliminate velocity mode transfer switch
backdrive path.

(3) Synchronize bank angle reference (L-3).

(4) Disable automatic hover trim mode.

DIRECTIONAL AXIS

(1) Ramp directional differential command signal to zero.
(2) Synchronize heading reference (L-5).

The hover hold mode and LCC control paths are disabled in
all axes through L-11 and L-~20 logic.

2.1.3.1.5 DELS Interfacing for the AFCS ("FreQuency Splitter")

All differential SCAS (and AFCS) outputs pass through frequency
selective networks in the DELS interface which split the signal
into trim and dynamic compensation paths as shown in Figure

22, Each control axis has its own frequency splitter.

The trim path includes a high-authority, rate-limited

signal which provides long-term correction of a low-frequency
nature, such as directional pedal offset with airspeed. High-
frequency compensation requirements such as pitch rate damping
are provided by passing the signal through both authority
limiters (with the lower authority dominating)

prior to sending it on to the rotors. Cross signaling from
the static path continually recenters the dynamic path.

"
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The frequency splitter network reduces smoothly to zero after
AFCS disengagement-switch closure, This means that cockpit
control sensitivity, power, and margins are unaffected by
AFCS hardover conditions. Authorities and signal conditioning
were seclected to keep short-—term-impulse type disturbances
after hardover, as well as long-term trim changes, within

safe levels, Thus, the AFCS can experience a hardover without
impairing flight safety.

The table below summarizes all limiter setti-~gs for the
interface frequency splitters in each ~f thce Jour AFCS axes.

ALl AL2
HIGH LOW
AXIS FREQUENCY LIMIT FREQUENCY LIMIT RATE LIMIT
Longitudinal +1.0 inch +4.0, =-2.5 inch .5 in/sec
Lateral +0.75 inch +1.5 inch .4 in/sec
Directional +0.6 inch +1.5 inch .2 in/sec
Vertical +1.0 inch = —==== —=——-

4.,1.3.2 LATERAL SCAS SYNTHESIS

The lateral SCAS axis is depicted in the top half of the
Figure 23 functional block diagram. The layout of this diagram
is similar to the one described earlier for the longitudinal
axis, wherein the SCAS loops are detailed along with all
selectable mode featurecs except for automatic approach to
hover,

Stability feedback parametcrs are shown on the right side

of the diagram, with DELS interfacing including differential
AFCS outputs and feedforward inputs annotated along the top.
CCDA drives, "beep" trim, and LCCC inputs are arrayed down
the left side of the figuie. All control law network paths
shown within the sectioned box enclosure represent calcula- -
tions or switching performed within the triplex computer/

IOP complex on the aircraft.




FIGURE 23. Lateral Afcs
Functiona} Block Diagram
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As indicated previously in Table 4, stability and control
functions of the lateral SCAS change as the aircraft transi-
tions from low- to high-speced flight. In hover and at low
speed, the basic SCAS provides "hands off" lateral ground-
speced hold capability. Angular rate damping and attitude
loops are included along with a lateral ground speed path

to achieve the desired stability levels,

To maneuver the aircraft, the pilot commands sideward trans-
lation (i.e., lateral groundspeed) throudgh the cyclic stick,
with the resultant wvelocity being directly proportional to
stick deflection. Velocity commands are processed through a
high gain rate limited-feed forward stick pickoff path, which
acts in conjunction with a "quickening" function to shape

the response,

Above 45 knots airspeed, bank angle is the stability parameter
being held, Lata2ral stick deflections command bank angle up
to 5 degrees of roll attitude, and govern roll rate above that
point. The region of bank angle commanded around wings level
permits fine adjustment of the flight path through a limited
roll attitude stick gradient called the "security blanket".
This control feature will automatically roll the aircraft out
when the pilot releases the stick (providing that a stick
force retrim has not been executed through application of the
"mag" brake).

In normal turn entries where bank angles exceed 5 degrees,
roll rate is stopped by moving the stick toward neutral

as the desired bank angle is approached. When the roll rate
is zeroed, force retrimming of the stick will cause the air-
craft to stabilize at the new roll attitude. Signals cross-
fed between the -oll and yaw SCAS axes ensure coordinated
turn maneuvers,

Small incremental changes in low-speed velocity and high-
speed bank angle can be made by the pilot through use of

beep trim. Actuation of the trim button on top of the

stick causes a parallel stick driving motion when the aircraft
is flown at low speed. Parallel drive is also utilized in

the cruise flight regime when bank angles are 5 degrees or
less. Trim command signals are applied differentially above
the 5-degree "limited" gradient.
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Described below are the innexr and outer loop stability and
control mechanizations utilized in the lateral SCAS axis.

2.1.3.2.1 Inner Loop Lateral SCAS Stabilization and Control

ROLI, DAMPING ~ The stabilization loop depicted at the top of
Figure 23 constitutes the primary roll-damping path within

the lateral SCAS. This network transmits airframe roll rate
rthrough a gain factor and low-pass filter which eliminates
unwanted high frequency signal components generated by air-
frame vibration. After filter passage, the damping signal. is
summed with a shaped lateral feedforward "gquickener" input, and
with a pedal pickoff compensation term from the SCAS yaw axis.

Yaw axis compensation corrects for airframe roll rates genera-
ted by directional control inputs in low-speed flight.

The forward and aft rotor pylons are not the same are
height; therefore, a rolling moment is produced when dif- ‘=
ferential lateral thrust vector tilt is applied to yaw the
aircraft, Rolling moments are in the opposite direction to
the pedal input (i.e., right directional contrecl rolls the
aircraft to the left). The sign of the compensation signal

is adjusted accordingly.

The output of the damping loop summer is low-pass filtered,
as described earlier, to remove the effects of sensor and
computer noise spikes. The entire differential path output
is then authority limited prior to DELS interfacing to mini-
mize transients in the event of hardover failures.

CONTROL QUICKENING - Inner loop control augmentation is pro-
vided by the control response "qQuickening" loop shown in

the top center of Figure 23. This feedforward signal is
taken from the cockpit stick and augments the direct DELS
path contrel input to the rotors. The signal passes thrcugh
a frequency selective network which provides both a low-pass
filter for control smoothing, and a high-pass transfer
function (washout) to preclude signal saturation due to
stick offset.

Through the L-2 logic switching network, control response
quickening is removed when flying with coupled flightpath
control modes such as automatic approach to hover,

126

"SR

- M * »)




2.1.3.2.2 Outer Loop Lateral SCAS Stabilization and Control

ROLYL ATTITUDE STABILIZATION - In high-speed flight, lateral
stability is maintained by the roll attitude stabilization

loop. The high-specd path goes directly across the drawing

to the left through the LL3 authority limiter. After being
converted to inches of edquivalent stieck (KLAD gain), the
attitude signal passes through a roll synchronizer, which
permits the pilot to stabilize roll angle at any desired bank
attitude. The synchronizer loop is represented on the diagram
with an open L-3 switch and by an integrator annotated with gain
KLSN1.

Synchronizer Operation -~ The operating principles of a typical
AFCS synchronizer are shown in the Figure 24 sketch, In this
illustration, an "analog" analogy is used to aid in visualiz-
ing signal flow and integrator function within the synchroni-
zation network. The digital computer mechanization of this
device on the aircraft differs slightly from the analogy
shown, but the net operating principles are the same.

In its simplest form, the synchronizer either passes the
incoming signal along the lower path while stabilizing, or
feeds back this signal to eliminate output while operating

in the synchronizing (sync) mode. When switching from an a
synchronize to a stabilize mode, the last value of the input
signal into the integrator IC is held so that roll attitude
stabilization is resumed about the new angle. The integrator
initial condition (IC) path is used to either hold or pass
directly (without integration) signals presented the
integrator.

During stabilized operation, an additional signal (such as a
beep trim command) can be passed through the integrator.

This signal is rapidly "integrated up" to sum with the incom-
ing attitude input, thereby rereferencing the output of the
synchronizer,

In high-speed level flight, the roll synchronizer passes
attitude stabilization signals which are usually very small
unless the aircraft is disturbed by a gust. When the pilot
initiates a turn maneuver, the stick is moved laterally out
of detent, and the L-3 switch closes to rapidly reduce

roll attitude feedback to zero (so as not to "fight" the
turn entry).
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(K FEEDBACK SIGNAL GOES INTO
INTEQRATOR I1C AND IS PASSED
DIRECTLY (TRACKED) WHEN L3
SWITCH IS CLOSED

3) WITH L3 OPEN, LAST VALUE

L3 LOSIC SWITCHING INTO IC I8 HELD (STORED)

O
—aO- -0

INTESRATOR

INPUT ATTITUDE
| REFERENCE SIGNAL

OIFFERENTIAL ROLL ATTITUDE
BEEP TRIM SIGNALS ARE
INTEGRATED UP" T0 PRODUCE
NEW TRI REFERENCE WHEN
SYNCHRONIZER IS STABILIZING

%

OUTPUT
INTO °;:::“""“- NOTE: SYNCHRONIZER SHOWN IN “STABILIZE" MODE
WITH ATTITUDE SIONAL BEING PASSED DIRECTLY

FIGURE 24.SCHEMATIC OF TYPICAL SYNCHRONIZER OPERATION
(ANALOG ANALOGY) — ROLL ATTITUDE
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The detent is characterized by a small increment of stick
motion established on either side of the zero force position
of the stick, This zero force stick position is set by the
pilot through use of the magnetic brake button which unlocks
the magnetic brake force-feel capsule from its reference
position. When the button is recleased, a new force reference
is established.

In addition to passing through the LL3 limiter, roll attitude
synchronizer outputs also are processed through the integral
stick drive CCDA path shown on Figure 23, Sync onutputs are
transmitted through this loop (which starts with the KSAD gain
factor) primarily to keep the synchronizer output as close to
zero as possible while maintaining the steady state roll
attitude reference. A characteristic of the integral path

is tu remove inherent lateral stick offset with speed which
ensures the correct lateral stick to swashplate trim
relationship.

Low-Speed Attitude Stabilization - Above the high-speed roll
attitude loop on Figure 23 is a similar path for low-speed
operation. This attitude feedback network adds low-speed
velocity damping for the inertial velocity path described
below.

The roll attitude signal is processed through a high-pass
filter which provides short-term stabilization while accommo-
dating steady roll attitude requirements associated with wind
changes.

LOW~SPEED VELOCITY STABILIZATION - As introduced earlier,
ground speeds generated by the Inertial Measuring Unit (and
transformed within the computers to the proper reference

axis) are used for velocity stabilization in the low-speed
range of the flight envelope. The Yp and Y_' lateral ground-
speed feedback signals lie in the plane of Ehe earth's surface,
and serve the same function as similar velocities already
described for the longitudinal axis.
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Switching between velocity stabilization at low speed, and
bank angle hold (including coordinated turn capability) at
high speed, is accomplished with a velocity mode transfer
switch which operutes very much like the one already described
for the longitudinal axis. A discussion of this crossover
switching operation follows,

Latcral/Directional Control Crossover - The instantaneous
reference blending scheme adopted for the longitudinal SCAS
axis was applied to the lateral/directional SCAS using the
same switchover logic methodology. When airspeed is greater
than 45 knots, an alirspeed mode (coordinated turn/bank angle
hold) is utilized. On decreasing airspeed to below 40 knots,
the system reverts to a groundspeed/lateral velocity type of
operation,

The bias signal gencrated on switchover represents the dif-
ference between the lateral velocity feedback and roll
attitude signals. Ailircraft maneuvers created on going
through transition are mild, and very similar to those that
would he experienced in present helicopters without lateral
groundspeed systems. Typical transition time histories
taken during hybrid simulation studies are presented in
Figures 25 and 26.

Both of these figures represent longitudinal accelerations
and decelerations initiated with the aircraft in sideward
flight of 40- to 50-fps lateral velocity. 1In Figure 25, the
lateral stick is force trimmed (or in detent) during transi-
tion, while in Figyure 26 it is left out of detent. Bias
elimination through parallel drive is observed in Figure 26,

In Figure 26,on the left side of the velocity mode transfer
switch module, are shown the backdrive integral command, and
feedforward paths associated with lateral axis bias elimina-
tion. The integral backdrive path has a multiple gain network
which increases *he input to the CCDA integrator at airspeeds
above 45 knots. As in the case of the longitudinal feed-
forwvard signal into the transfer switch, a lateral synchronizer
is installed (KLSN2/S) to keep the path zerced except during
actual backdriving operations,
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Duriiig nudge base flight simulations conducted at Vertol to
optimize lateral/directional crossover control law mechaniza-
tions, accelerating and decelerating transitions in headwinds
and sidewinds were evaluated. Numerous maneuvers in the
transition area of 40 knots #10 were accomplished with the
following results:

@ The switching concept from groundspeed to airspeed
produced no objectionable transients,

® Stick retrim for bias elimination was satisfactory.

CONTRCL AUGMENTATION - Two paths are provided within the
lateral SCAS for outer loop control augmentation. These
include a lateral stick gradient circuit used in low-speed
flight, and a limited roll attitute stick gradient feature

for high-speed precision maneuvering. The low-speed stick
gradient is shown in the right center of Figure 23, and the
limited roll attitude gradient is directly below the high-speed
roll attitude loop on the same diagram. Both augmentation
networks are discussed briefly below.

Low-Speed Lateral Stick Gradient - The feedforward stick
gradient loops included for low speed flight are mechanized
in a manner similar to those already described for the longi-
tudinal SCAS. A rate limit and multiplying circuit are
included followed by a low-pass filter. This network operates
against the strong low-speed velocity hold feedbacks to pro-
vide command lateral groundspeed. As shown on the diagram,
the feedforward stick gradient input is summed with the
stabilizing velocity signal just prior to entry into the
velocity mode switch., The sensitivity is approximately 35
knots per inch of lateral control,

Beneath the first order low-pass filter in the gradient net-
work is a cross-feed path passing through a synchronizer
controlled by an L-45 switch. This path is a component ele-
ment of the feedforward portion of the bias elimination
feature of the lateral velocity mode switch. The synchro-
nizer prevents transients associated with groundspeed/
airspeed transfer, and permits the augmented feedforward
stick signal to pass at low sp-ed only.
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High-Speed Limited Roll Attitude Stick Gradient - To facili-
tate fine adjustment of the flight path in the cruise envelopc
region, a limited stick gradient is provided out to 5° of roll
angle with up to +.5 inches of lateral stick. This control
feature also provides a backup for IFR disoricentation recovery
in that if the stick i3 released, the aircraft rolls out of
the mancuver to a wings-level attatude,

The gradicent is generated by passing roll attitude fcodback
through a gain and limiter (LL% on Figure 23) which restricts
feedback corrective control inputs in excess of 5 decarces.
The limiter output forms a bias signal which must be " ztood
off" with opposite control in the cockpit, thereby genecating
a bank angle gradient with stick deflection. Note that the
limiter is slightly assymmetrical (i.e., (-).5 inches and
(+).675 inches) to account for trim requirements associated
with forward rotor delta-three hinging.

The limiter output passes through the velocity mode switch
(and into the differential AFCS path). The output also goes
to a summer where the attitude signal is compared with the
cockpit stick commands to provide &n error signal for input
to the L-3 logic switching network. When the error is small,
the stick is ncar its position for trimmed flight. An L-43
controlled synchronizer prevents calculation of the error
signal unless the pilot deliberately maneuvers the aircraft,
The intent of the synchronizer is to prevent gust-gencrated
attitude errors from inadvertently unlatching roll stabiliza-
tion, Use of the limited gradient is illustrated on the
following examples.

Control Inputs 0.5 inches - When the pilot introduc.s a
lateral stick step of .5 inches, the aircraft will begin to
roll due to the direct path DELS input at the swashplate, and
the response quickner input, At the summer described above,
the .5 inches of stick fed into the AFCS will appear as an
error of % inches (before roll angle starts to build up).
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As roll angle increases from its initial value, the output of
the LLS limiter passing through the velocity mode switch will
start to put in corrective control through the differential
path, which builds until an equivalent of 5 degrees of bank is
recached, At this time the control mix sees no net control
input at the rotor (i.c., cockpit control = differential AFCS
output), and further rolling motion stops. Tha summer error
is also zero.

All conditions for (L-3) stabilization at the new cormmanded
bank angle are met, except for the fact that the stick 1s
out of detent. Stabilirvation is achieved by "mag" braking,
which places the stick within the detent again.

During early control system synthesis work, including piloted
simulations, the limited lateral gradient was extended out to
10 degrees of bank angle. Flight test results, however,
indicated need for a tighter return to trim characteristic,
and this improvement was achieved by doubling the attitude
gain into the LLS5 limiter (which halved the maximum bank
angle within the limited gradient).

Larger Control Inputs - Figure 27 illustrates a typical

rolling maneuver responsc where the aircraft is either returned

to wings level by releasing the stick, or is stabilized at a

fixed bank angle to reduce pilot workload while turning. Data .
shown in the plot was generated from developmental simulation

results,

A stick step of several scconds duration is put in by the

pilot to initiate the mancuver. If the pilot wishes to roll
cut cf the turn without stabilizing bank angle, he rclcases

the stick and it returns to the neutral force point. Return

of the stick to the limited roll attitude gradient range causes
a corrective control to be put in by the AFCS which rolls the
aircraft to wirgs level (sccurity blanket effect). Should

the pilot desire to stabilize bank angle during the turn

entry, he merely returns the stick toward neutral and force
trims (with the mayg brake) when roll rate falls to zero.

(Note that roll rate will be zero when the stick is at the

edge of the roll attitude limiter).,
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LLateral Stick Trim Comnensation - Shown at the bottom of
Figurce 23 is a feedback path which produces a differential
signal to courrvct for inherent lateral stick trim offset witn
airspeed, This loop helps keep the stick position in the
cockpit veroed when the alreraft is trimmed in level flight.,
The proper signs for the airspeed trim gain schedule (FLTR)
corroection used in the 347 Flight Research Vehicle are shown
in Figure 23. The HLH aircraft will use a similar corrcction
path but with oppositce sign becausce of the different rotor
rotational direcction.

VELOCITY REFERENCE SELECTION - As described earlier for the
longitudinal SCAS, the lateral axis can be manually programmed
through the mode select panel to provide either groundupced

or airspeed reference at any flight velocity. By selecting
"airspeed”" reference in the low-speed region, the lateral
stability paramcter becomes kank angle held as shown in

Table 6. Response to step control inputs in this area of

the envelope is bank angle up to 5 degrees of roll attitude,
and roll rate above this point. Table 7 sumarizes control
response information for manual velocity selection.

Use of groundspeed reference for high-speed flight causes
the aircraft to hold lateral groundspced for stability.
Step contro! inputs also produce groundspeed responses,

2.1.3.3 Directional SCAS Synthesis

Directional SCAS control law mechanizations are sammarized

in the Figure .8 functional block diagram. Layout of the

chart is similar to that of the two 3CAS axes already described,
with stability feedbacks on the right, DELS interfacing at

the top, and LCC, beep trim, and CCDA backdrive command patas
on the left,

Tables 4 and 5 in Section 2.1.2 describe both the low- and high-
speed functional characteristics »f the helicopter with the
directional SCAS engaged. In low-speed flight, aircraft

heading is the stability parameter held, while heading rate

is commanded by step control inputs. Above 45 knots airspeed,
heading is held (for zero turn command) and sideslip stakility
is provided. Sideslip is also the parameter commanded when

step inputs are introduced with the pedals.
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Several of the stability loops utilized in the directional
SCAS arc similar to those incorporated on current (or
developmental derivatives of) production tandem helicopters
such as the ClH-47C. These stability networks include yaw
rate damping, turn coordination through roll rate crossfeed,
stable sideslip gradient, and heading hold features. A
low-speed pedal pickoff "quickener" of the type used on the
347 is also included in the HLH Flight Research Vehicle AFCS
mechanization.

As in the case of the longitudinal and lateral axes, the
directional SCAS also provides fine tuning control capability
through use of beep trim,m.

A trim button (coolie hat) located on the collective stick
in the cockpit activates this control system feature, Below
45 knots airspeed, beeping is accomplished through the dif-
ferential path to modify aircraft hesding. Trim control
commands pass directly into the heading synchronizer to
rereferconce its output (in a manner similar to that used in
the lat -al axis). At high speed, parallel pedal beep trim
is utilized, and the parameter varied is sideslip angle.

Details of inner and outer Ioop control law mechanization
for the directional SCAS are prescnted next.

2.1.3.3.1 Inner Loop Directional SCAS Stabilization and
Control

YAW DAMPING -~ Illustrated in the top right hand corner of
Figure 28 are the high- and low-speed damping paths utilized
in the directional SCAS. The low-speed loop is shown nearest
the diagram top, with L-4 switching incorporated to transfer
airframe yaw rate feedback (in a transient-free manner) from
one path to another at 45 knots. Switching between loops is
accomplished at a single airspeed, and does not depend upon
whether the aircraft is speeding up or slowing down as in the
case of the SCAS axes already covered.
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The single output of the damping network goes through a low-
pass filter prior to authority limiting and DELS frequency
splitter interfacing., The first order filter removes the
cffects of airframe vibration from the damping signal, and

also compensates for the small computer/sensor noise spikes
described earlier. In analytical and simulation modeling of
the damping loops, the filter was originally placed adjacent to
the input gain, but was later moved to accommodate all of the
differential outputs for improved AFCS performance.

The frequency selective directional SCAS/DELS interface is
similar to the one described earlier for the longitudinal
axis, and a description of its operation (and authority
limitations) appears at the end of Section 4.1.3.1.5.

As shown in the Llock diagram, a washout filter is incorporated
in the high-speed damping path to preclude yaw rate signal
saturation in steady coordinated turns., This high pass filter
is eliminated at low speed to ensure a linear yaw rate pedal
gradient, Leaving in the washout at low speed would cause

the filter to act as a differentiator, which would produce
acceleration like feedbacks, and unwanted aircraft responses.

CONTROL RESPONSE QUICKENING - Summed with the low-speed damp-
ing signal is a feedforward pedal pickoff "quickener" input.
The quickening consists of processing directional pedal
position through a low-pass filter to augment the steady yaw
rate, rise time, and amplitude produced by the direct path
control input. When used in conjunction with the damping
loop described above, the quickener produces linear fi st
order yaw ratc recsponses (to pedal step inputs). The feed-
forward signal, by standing off the feedback ' "' rate, allows
higher steady rates to be developed without increasing
authority.

2.1.3.3.2 Outer Loop Directional SCAS Stabilization and
Control

DIRECTIONAL STABILITY, STABLE PEDAL GRADIENT - Static direc-
tional stability incorporated into the basic 347 Flight
Research Vehicle and HLH prototype airframes is very close to
neutral without AFCS augmentation. The 347 exhibits low
leve.s of positive stability, and the HLH is slightly negative
at angles of attack in the cruise region of the flight
envelope, As a result of low inherent stability, which is
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a useful featurc for gust rejection, very flat cockpit pedal
gradients with sideslip angle are generated by the basic
aircraft.

To improve this situation for the pilot, augmentation is
provided in the form of a pedal gradient network that
utilizes measured airframe sideslip information. The side-
slip feedback is generated by a set of pressure ports located
in the nose of the helicopter, which produce a differential
pressure proportional to sideslip angle. The sideslip signal
is passed through a variable gain network and low-pass filter
to produce the required stability teedback.

Varliable sideslip gain is developed in two sections. As shown
in Figure 28, the first of these (FNSS1l) modulates sideslip
sensitivity as a function of airspeed, resulting in constant
gain as a function of sideward velocity. Gain is reduced to
zero in the low-speed region to preclude introduction of any
rotor-induced downwash components into the static ports which
become pronounced as the aircraft slows down.

The second section of the sideslip netwark programs gain as
a function of sideslip angle, with a higher gain (and
stability) in the region close to zero sideslip. This
feature allows sideslip feedback over a wide range of angles
wwithout requiring excessive control authority.

In addition to the low-speed induced velocity effects just
mentioned, the rotor also produces a series of periodic
pressure pulses which enter the sideslip ports each time a
blade passes in front of the aircraft. These high frequency
pressure pulses are remcved from the sideslip signal by the
low-pass filter shown on the diagram,

When the aircraft is trimmed at any sideslip angle (other than
zero) the SCAS augmentatinn feedback puts a corrective pedal
movement directly into the rotor through the differential path.
If the pilot did nothing, the resulting control moment would
return the helicopter to straight flight. Instead, the pilot
applies padal in the direction he wishes to hold the aircraft
nose for trim, which is equal and opposite to the differential
SCAS increment. The resulting relationship between cockpit
pedal and sideslip is the desired stable gradient, requiring
progressively more pedal to hold the aircraft in trim as
sideslip angle builds up.
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COURSE PEDAL TRIM COMPENSATION - As airspeed is increased )
from hover, right pedal is required to trim the basic

unaugmented aircraft at zero sideslip., This offset results

from induced swirl effects imparted into the slipstream by

rotor rotation., The twisting downwash appli es side force to

both 1otor pylons and to the fuselage which must be compensated

for by application of differential lateral thrust tilt

(pedal input).

An airspeed scheduled feedback path is incorporated into the
directional SCAS to compensate for the zero sideslip pedal
requirement, By putting in a rough approximation of the
difforential lateral cyclic required to trim the aircraft
(through the differential path), the pedal position in the
cockpit is maintained at closc to zero throughout the trim-
spced range of the helicopter. When this feature is mechani-
zed In the HLH AFCS, opposite signs must be used for the
feedback to account for the change in direction of rotor
rotation,

HEADING HOLD - Heading hold capabilities are incorporated into
the directional SCAS through the path shown in the lower right
hand side of Figure 28. The network includes only the
straight-through loops utilizing the KNHD gain, and KNSN1/S
synchronizer discussed earlier. The remainder of the heading
hold mechanization is associated with load stabilization
features which will be discussed later.

At low speed, heading is held whenever the aircraft is being
maneuvared sideward with the lateral stick. To make a pedal
turn, heading hold iz unlocked through the L-5 logic and is
synchronized until the pedals are returned to the detent
indicating the pilot's desire to stop the turn.

In forward flight, heading is unlocked for turns commanded
with the lateral stick, or when sideslipped trim flight
conditions are being set up. At other times, the heading
synchronizer is maintained in a stabilized mode and aircraft
heading is held unless the pilot applies beep trim tc

adjust the flight condition slightly. A typical turn entry
is shown in Figure 29, where heading synchronizer operation
is illustrated in the responses shown at the bottom of

the sketch,
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TURN ENTRY COORDINATION - Entry into stabilized turns in for~
ward flight is facilitated by a directional SCAS loop which
utilizes aircraft roll rate feedback to provide coordination.
This loop effectively prevents the yaw rate damping path from
“fighting" the desired heading change at the start of a turn.
The coordination path passes roll rate through an airspeed
modulated gain and low-pass filter as shown in Figure 28,

The filter has been adjusted to minimize the effects of lat-
eral acccleration during turn entry, permitting lateral stick-
only turns to be accomplished with a centered turn and slip
ball indication.

2,1.3.4 Altitude Hold Synthesis

Although the altitude hold function in the vertical SCAS may
be considered as a selectable mode, it is discussed in the
accompanying SCAS writeup because in the final AFCS config-
uration vertical SCAS operation is possible oniy when

altitude hold (or hover hold) is selected. With either
barometric or radar refercnce enabled, the altitude hold mode
should provide altitude hold capabilities within the follcwing
tolerances:

® Barometric Mode - 410 feet of established altitude
level flight

+30 fect of entry altitude in turns to 30-degree bank

® Radar Mode - $ti0 percent or :5 feet of established
altitude, whichever is greater, in the hover regime.

The functional block diagram presented in Figure 30 summarizes
the control law package developed for the vertical AFCS.
Illustrated along with the basic SCAS are altitude hold, load
stabilization, and hover hold selectable mode features. As
shown in the figure, the vertical AFCS provides feedback
stability augmentation through a differential path interfaced
with the DELS, and both integral and proportional CCDA
commands for backdriving the cockpit collective stick. The
AFCS accepts LCCC inputs in conjunction with hover hold
operations which will be covered in the next report section.
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The original vertical SCAS mechanization is relatively simple
when compared with other axes. Only one feedback parameter
was utilized (airframe vertical acceleration): and no feed-
forward augmentation or beep trim features were incorporated.
Acceleration feedbacks provide short term vertical velocity
damping. Flight test results indicate that this type of
damping was desirable only when either the altitude hold or
hover hold mode was engaged, i.e., continuous use of airframe
acceleration feedback was not required; hence, there is no
vertical SCAS per se.

This section of the report describes combined operation of
the vertical SCAS and altitude hold mode. When altitude hold
is selected, the aircraft is automatically maintained at a
constant height above a selected datum through use of radar
or barometric altitude feedback information. With this dual
altitude reference system, barometric pressure altitude is
usced primarily in the cruise region of the flight envelope,
and radar data when the helicopter is maneuvering near the
ground (generally below 200 feet)., Switching between radar
and "baro" altitude reference is normally accomplished auto-
matically, but the pilot also has a manual selection
capability.

The vertical velocity damping network 1s utilized with both
types of altitude reference. An additional feedback (vertical
rate of clind generated by sensor differentiation of the

radar altitude signal) is employed for stability augmentation
when the radar mode is encaged. Backdriving of the collnctive
stick maintains the correct cockpit-to-swashplate control
relaticnship, with both integral and proportional drives
employed while operating on baro reference. In the radar
mode, cnly inteqral drive signals are passed to the CCDA
actuators,

Of the four axes, the vertical AFCS underwent perhaps the
grcatest developmental change from its initial Task 1, Part I,
conceptual mechanization, to the final flight valicdated

system. Significant modifications of the original control

laws were necessitated by unanticipated CCDA collective
actuator. and radar altitude sensor performance characteristics.
In the writeup which follows, the imprcved control laws are
reviewed, along with detailed discussion of each inner and
outer stability and control loop.




2.1.7.4.1 o and Nuter Loop Vertical Stabilization and
Controul ~ith Altitade Hold Engaged

VERTTICAL YRLOCITY DAMPING ~ The vertical damping loop shown
at the top of Pigure 30 passes airframe vertical acceleration
signals througe o frequency sclective (lag/washout) network
into Lho diiicorential AFCS/DELS interface. This path is
awctive only wnen altitude hold using baromctric reference
informition o selected, ,

/I
The low=-pass t1lter (TA43) annotated 6n the diagram attenuates
unwanteu accelerometer signal componants caused by aircraft
vibirution. 1t acts esscntially as a;short term "integrator"
of the acceleration signal (as shown in the frequency response
sketeh at the .op» of Figure 31), approximately a velocity-
type fewdback for stabil ity enhancement at high fregquency.
Jhe 1w ompaivying high-pass filter (T22) is incorporated to
climinate svatic signal drift and zero rreguency acceleration
compon:nts ot the type genecrated in steady turning manecuvers,
cte. A second low-pass filter (TZ7) is inserted in the
diffcerential output path of the vertical axis to remove
computcr/sensor nolse spikes, as described earlier.

Rada: rote information is used to complement the acceleration-
derived vertical Jdamping ‘feedback when radar altitude hold is
engaged.  In this mode of operation, acceleration signals
follow 1 different. path than the one described above for the
baro r ‘ferencc. As seen in Figure 30, accelerometer feedbacks
pass throuqgh a 20-3ccond-bigh pass filter (TZ10) and 5-second
first order lag (TZ14).

This washout/low pass filt.r network is s:wniiar to the shaping
used In thoe Loero mode, with different time constants and gains
scelected o facilitate blending the acceleration signal with
the radar vertical ratce feedback. Combining the two signals
is achiceved with o complementary filter mechanization which
produc: s single, smoothed, constant gain output of tne

type shown at the bottom of Figure 32. The advantage of using
complementary filtering lies in the fact that the best freq-
uency range of both constituent signals ( A and B ) can be
utilized to produce the desired output ( C ).

s
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When the control laws were rirst formulated for the vertical
axis, it was anticipated that vertical damping (through
accelcration feedback) would be a full-time SCAS function.
This mechanization was retained as a viable augmentation
candidate through piloted simulation evaluations at .lorthrop.

With the start of SCAS testing on the flight research vehicle,
however, problems were identified. The resultant response
characteristics reflected a miscoordination between the dif-
ferential feedback path and the pilot's collective input while
maneuvering, due to the acceleration washout characteristics,
The problem was solved by climinating acceleration as a con-
tinuous feedback, except when altitude hold or hover hold was
engaged along with the stick backdriving loops. Basic aiv-
craft vertical velocity damping levels were judged high

enough to provide good vertical control,

ALTITUDE HOLD - As indicated earlier, either radar or baro-
metric altitude information is used as a stability feedback
with altitude hold engaged. The two altitude loops are shown
entering the AFCS in the bottom right hand corner of Figure
30. L-7 leogic switching determines which type of altitude
data 14 prncessed through the differential and parallel
output control paths of the vertical axis. Mechanization of
the L-7 logic matrix is illustrated in Figure 32.

This logic diagram indicates that when the pilot selects
automatic altitude hold operation, radar altitude is the
reference below 200 feet. Once engaged, the radar mode stays
latched until the aircraft exceeds 220 feet above the ground.
At this point, the altitude hold reference automatically
reverts to the barometric feedback. Manual selection of radar
reference is possible up to a maximum altitude of 250 feet,
but baro reference can be utilized at any altitude.

When the pilot selects altitude hold, L-6 logic engages the
vertical damping and altitude logps as shown in Figure 30.
(Details of the L-6 logic switching network are presented in
Appendix A). If the pilot wishes to re-reference altitude for
any reason, he first unlocks the magnetic brake to permit
collective stick motion. A "mag" brake discreet signal is
generated which changes the statce of all L-6 logic controlied
switches, thereby disengaging altitude hold until such time

as the brake button is released to relock the collective
stick., Collective stick movemcnt produces an aircraft
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vertical rate which the pilot stops as he approaches the
desired altitude by readjusting stick position.

Both altitude signals are low-pase filtered initially to
eliminate sensor noise. The radar signal must also undergo
a coordinate transformation to achieve the proper axis oricen-
tation (perpendicular to the earth surface plane), and
reference with respect to the aircraft cg locaticn. After
passing through the L-7 switch, the selected altitude gefer-
ence signal enters a synchronizer, which is incorporated to
eliminate altitude hold mode engagement transients. The
altitude signal continues on into both the high frequency
differential output path, and the lower frequency collective
backdrive network.

The L-7A switch shown in the differential path directs the
radar reference signal through a lead-lag filter (Tz8/Tz9),
and the karo reference feedback through a similar lead~-lag
(Tz5/Tz6) and washout (Tzl). The lead-lag filters provide
phase advancement for the radar signal, and high frequency
gain increase on barometric reference. The washout was
incorporated to prevent standoffs between the differential
and parallel output paths (in the barometric mode) due to
a drifting reference condition noted with the baro sensor.
The radar signal is not washed out since it provides velocity
feedback four LCC control.

Configuration of the differential output path for the altitude
loop was modified extensively during the first Northrop
piloted simulation. to compensate for collective CCDA actuator
performance. The actuator produced a lagged rate limited
response with 0.1 to 0.2 inches of equivalent collective

stick backlash in the gearing mechanism, To get around the
problem in the simulator, the different:ial lead~lag path
(TZ5/T26) shown on the Figure 30 diagram was inserted, with
both radar and baro signals passing thrgQugh the washout,
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In addition to the differuntial paths just described, altitude
feedbacks are also utilized to generate backdrive commands for
the stick. Based on carlier 347 flight program results, both
proportional and integral stick drive mechanisms were
incorporatad into the original candidate Task 1, Part 1, vertical
axis., Propcrtional drives had been found to require a companion
integral drive capability, since the proportional signals did
not eliminate bias offsets which developed.

In the final flight-validated backdrive mechanism, a
combination of proportional and integral CCDA command paths
was found to work best when baro reference was being used.
With the radar mode, only the integral path was required. As
in other axes, this integral drive loop is configured with a
synchronizer to zero output of the path while the aircraft

is being maneuvered vertically with the collective stick.

The synchronizer prevents engagement transients from occurring
when altitude hold is resumed.

COLLECTIVE POSITION COMPENSATION - With the altitude hold

or automatic approach to hover modes selected, a collective
stick position compensation loop is engaged as shown at the
bottom of rigure 30, This control path causes the proportional
ZCDA backdrives to move the collective stick in the cockpit.

It provides an approximation of the collective pitch require-
ments in level flight (i.e. power) as a function of airspeed.
Since the loop does not operate continuously, it has a
synchronizer incorporated to eliminate engagement transients,

The position compensaticn path is basically an "anticipator"
network which is intended to alleviate some of the altitude
hold integral control drive workload. Use of the loop results
in less aircraft altitude transients during accelerating or
decelerating flight with altitude hold engaged. It is noted
that collective compensation also facilitates a smaller glide
slope error during automatic approach to hover maneuvers,

Downstieam of the synchronizer, the compensation path includes
2 switching network (L2A/L2B) which allows the pilot to fly
either an automatic coupled, or manual approach to hover.
During manual approach maneuvers, the loop is disengaged.
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2.1.5.4,2 Vertical AFCS/DELS Interface

Differential outputs of the vertical AFCS are interfaced with
thae DELS through a single authority limiter, as described
carlier in Section 2,1.3.1.5. The vertical interface is dif~-
ferent from other axes, in that a frequency splitter was

not employed, This is because of the relatively low vertical
axis equivalent control authority, which is only #1.5 inches
out of a total 9.0-inch travel in the cockpit.




2.1.4 Hover Hold/LCCC Operation

A pilot selectable Hover Hold mode was developed for the AFCS
to meet the stringent + 4-inch and + 2° HLH hover acquisition
and hold performance goals detailed earlier in Section 4.1.1.
This mode is intended to be used primarily by the load con~
trolling crewman while he maneuvers the aircraft at low speed
with the LCC controller, or automatically holds position
after acquiring the hover target. The pilot can also utilize
the stability features of the Hover Hold mode to maintain
velocity or position. Depressing the cyclic stick “mag"
brake disengages these loops and permits normal low-speed
maneuvering on the basic SCAS as described earlier.

Hover Hold has two major sub-modes of operation. They are the:

® Hover Hold/Precision Hover Sensor (PHS) that provides a
precise automatic hold and maneuver capability through
high-gain loop closures and low-sensitivity controller
commands, based upon very accurate ground velocity and po-
sition information generated by the PHS. The downward-
looking PHS incorporates an optical position tracking
scheme to determine horizontal aircraft movement, and
laser ranging to establish vertical motion.

e Hover Hold/IMU-Radar - where velocity information
only from IMU and radar altimeter sources is utilized
(along with LCCC inputs) to maintain a tight velocity
control, when signais from the PHS are unusable due
to excessive aircraft speed or poor scene correlation
beneath the aircratt.

The rearward facing load-controlling crewman (LCC)

maneuvers the helicopter with a four-axis, single-stick,
"finger-ball" controller of the type shown in Figure 33.
This controller employs an optimized non-linear control sen-
sitivity (generated through use of an input function in the
AFCS computer) to provide "beep" position, and "creep" or
"leap" velocity changes.

When the helicopter is operated in the PHS position hold mode,
small beep pulse commands can be introduced through the
controller to re-reference the horizontal or vertical location
of the aircraft. Each pulse input moves the helicopter
approximately 2 inches. Larger control deflections produce
“creep” and "leap" velocity responses, as shown in Figure 33,
which reflect increasing control sensitivity with stick mo-
tion. Maximum longitudinal and lateral stick inputs produce
translational velocities of up to + 15 feet per second. Max
vertical speed capability is on the order of + 360 feet per
minute with full control, and the yaw rate maximum is approxi-
mately + 9 degrees per second.
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HOVER HOLD ENGAGEMENT - The Hover Hold mode can be engaged
at any speed where the Velocity Mode Transfer switch is
utilizing groundspeed reference (i.e., below 40-45 knots).
This capability is very useful when the aircraft is required
to track a moving target, such as a ship, after acquiring
or depositing external cargo.

A "drift-clearing" feature is incorporated into the velocity
feedback loops to facilitate velocity lockon at other than
zero speed as determined by the Inertial Measuring Unit.

This feature automatically synchronizes the groundspeed feed-
back output to zeroc prior to Hover Hold engagement, and then
increments velocity changes from that point on for stability.
Manual drift clearing by the pilot is also possible so that
he can eliminate the effects of any IMU drift, etc., which
would require a controller input to maintain desired trim
speed.

DEMONSTRATION RESULTS -~ During the flight evaluation of Hover
Hold and LCC operaticn, photo optical tracking of the air-
craft (over a painted target on the ground) was accomplished
to establish the accuracy of automatic and manual position
hold capability with Hover Hold engaged. A sample of the
tracking results is presented in Figure 34. Test data shown
on the plot typify automatic position hold performance with
PHS engaged in gusty and non-~gusty flight conditions. The
data indicate a circular error probability (CEP) of maintain=-
ing desired position that is very close to the +4-inch
performance goal established for Hover Hold. As shown in the
figure, the effects of wind gusts are relatively small with
the PHS operating.

This section of the report describes development of the Hover
Hold mode, precision hover with the PHS, and LCC controller
operation. Synthesis of Hover Hold contro) laws and logic is
covered first in Section 2.1.4.1, where each AFCS axis is
treated individually. Section 2.2.4.2 follows with a synopsis
of the key developments in the design analysis of the Hover
Hold mode and controller interfacing.
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2.1.4.1 Synthesis of Hover Hold Control Laws and Logic

Hover Hold control law mechanizations are similar for the
longitudinal, lateral, and vertical axes. With the PHS
locked on and producing valid signals, the AFCS processes
sensor-derived precision velocity and position feedback
information for stability, and ICCC commands for control.
Angular rate and attitude feedback loops are retained from
the basic longitudinal and lateral SCAS, along with the
lateral groundspeed path descriled earlier. CCDA cockpit
control backdrives are also maintained to ensure proper trim
positioning of the stick and pedals.

The directional axis incorporates all of the low-speed SCAS
loops described earlier (except for the pedal pickoff
"gquickener") and an LCC ccntroller velocity path for command-
ing aircraft yaw rate. No position beep capability is
required in this axis.

When the PHS is unable to provide valid signals, Hover Hold
reverts to a velocity maintenance system using transformed
IMU groundspeed feedbacks (or vertical radar rate), and the
angular rate, attitude, and CCDA loops just described. LCCC
inputs command velocity only. The directional axis functions
are identical to those mentioned above.

Contrcl laws associated with both modes of Hover Hold opera-
tion are illustrated in the bottom half of the AFCS func-
tional block diagrams previously discussed in connection with
SCAS performance. A description of the operation of each
axis is presented next.

2.1.4.1.1 Longitudinal Hover Hold and LCCC Operation

Figure 14 in Section 2.1.3.1 summarizes the complete longi-
tudinal Hover Hold control law package as it existed at com-
pletion of the ATC flight demonstration program. Stability
feedbacks (in the form of IMU velocity, PHS velocity, and PHS
position signals) are shown on the right side of the diagram,
along with LCC controller inputs on the lower left. Differ-
ential DELS interfacing is depicted at the top of the chart
and Hover Hold-associated LCP outputs at the bottom. Parallel
backdrive CCDA command loops are illustrated in the top left
hand corner of the diagram.

Since the Hover Hold/IMU mode encompasses the simplest con-
trol law mechanization, it is described [irst.
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2.1.4.1.1.1 Hover Hold/IMU Velocity Mode - Stability feed-
backs include pitch rate, pitch attitude, and longitudinal
groundspeed signals generated by the IMU. .

Rate and attitude gains are increased over the basic SCAS

through use of the L-11A switching in order to minimize pitch
response and to ensure compatibility with the higher gain veloci-
ty feedback path added for Hover Hold. Operation of Hover

Hold engagement logic (including L~11 and L-11A switching) is
summarized at Lhe top of Figure 35,

To select Hover Hold/IMU, the pilot depresses the "Hold"
button on the Mode Select Panel in the cockpit which lights
up when the mode engages. A similar "LCC" button is used to
activate the controller. As shown in Figure 35, Hover Hold
remains engaged until the pilot (or load crewman) “drift
clears"” the IMU velocity path. Disengagement alsc occurs
when the pilot depresses the cyclic "mag" brake to retrim
stick forces, or maneuvers the aircraft in such a manner as
to vary groundspeed by more than 15 knots from the velocity
existing at the time of engagement. When the aircraft ex-
ceeds 45 knots airspeed, the mode will also automatically
disengage.

The X, IMU groundspeed feedback employed during the hover hold
operagion is processed through the longitudinal cyclic pitch
(LCP) path, rather than through the differential DELS inter-
face previously described in the SCAS writeup. With Hover
Hold engaged, the SCAS associated X' velocity feedback is

not used. Instead, it is stored in the Track-Stcre-Decay
element shown on Figure 14 when L-ll logic is true.

After being transformed to the proper axis system and cg
reference, the X_, feedback passes through a transfer/switching
network which se?ects the proper IMU or PHS velocity (depend-
ing upon PHS sensor validity), and then sums this signal with
the LCC controller commands. The transfer/switching loops
provide smooth transition between velocity references as
described next.

IMU/PHS Velocity Reference Transfer and "Drift Clear"
Operation - An explanatory sketch showing how the PHS/IMU
velocity transfer network operates is presented in Figure 36.
This diagram represents an approximate analog analogy of the
various operations performed within the AFCS digital com-
puters when transferring from one Hover Hold velocity source
to another.

Prior to engaging Hover Hold, the IMU (or upper velocity path
shown in the figure) is continuously "drift cleared" to zero
output. 2Zercing of this path is accomplished with a synchro-
nizer of the type described earlier. When Hover liold is
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selected (and L-11 logic permits mode engagement), synchro-
nizatinn of the IMU ground speed stops. From this point on,
incremental changes in IMU velocity are passed on into the
feedback path for stability. The L~19 switch (detailed in
Figure 35) is open at first due to the assumed invalid sensor
state, and only the IMU velocity signal is allowed to pass.
The groundspeed signal was initialized to zero at the time

of mode engagement, but has grown to .% feet per second in
the example because of some external disturbance, such as a
wind gust or velocity command by the LCC.

Small differences between PHS and IMU reference velocilties
occur because of the relative accuracy of the two-signal
sources. In the example, the more precise PHS velocity
assumes a value of 2.0 feet per second as the sensor bhecomes
valid. When this occurs, the L-19 switch closes, permitting
the integrator to pass the error (between the two velocity
signals) into the upper summing junction. The output of this
summer changes rapidly to reflect the PHS signal level, and
tracks the sensor signal as long as it remains wvalid. On
reversion back to IMU reference, the integrator holds its
final value and the feedhack velocity follows IMU variations
from then on.

After Hover Hold/IMU engagement, the aircraft may drift
slightly unless the pilot or lcad crewman puts in a corrective
control. This "hands off" drifting is most likelv caused by
very small inherent IMU velocity migrations, or it may be the
result of not having the helicopter perfectly stabilized 2t
zero velocity when the mode is engaged. The problem is easily
overcome by first stopping aircraft motion with the stick or
LCCC, and then manually "drift clearing" the IMU path to rese
X and Y velocity to zero.

A final step in the manual drift ciear operation consists of
releasing the LCCC stick to return to its zero force po=ition
before releasing the "drift clecar"” button. L-34 logic out-
lined in Figure 35 defines the manual and automatic "drift
clear" switching networks.

LCCC Command Control - The LCCC path is activated by 1.-20
logic switching as shown in Figure 14. This switching network
permits controller engagement after the pilot has depressed
the "I1CC" button on the Mode Select Panel, providing Hover
Hold L-11 logic is trun. Force-trimming the cyclic or collec-
tive stick in the cockpit automatically disengages the LCCC
and returns control tc the pilot. Disengagement also occurs
when L-11 logic chanqges state, or when the pilot depresse:s

the "LCC" button for the second time.

The optimized non-1linear control agradient referred to earlier
in connection with LOCC operation is achieved through the
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FXLC command function and KXLC gain illustrated in IFMiqures
37 and 14. The same command scheduling is utilized for bhoth
Hover Hold moedes.

In the IMU mode, velocity commands of ever increasing magni-
tude are developed nnce the load crewman deflects the stick
beyond 1ts velocity threshold. PHS operation is similar
with an additional "position pulse" logic discrete command
being generated when the controller exceeds a very small pre-
sct detent about the null stick position.

As shown in Pigure 37, stick sensitivity is very low around
the null position, picking up gradually as the controller is
deflected toward its limits. This type of gradient is char-
acteristic of all Hover Hold axes, and is incorporated to
desensitizc the mode for optimum aircraft response. Substan-
tial cffort was expended during the simulation and flight
test programs to define the best control shaping for each
axis. Higher initial sensitivity slopes (and wider velocity
threshold bands) were evaluated but were rejected because of
their tendency to cause pilot over-control problems.

It is noted that a significant amount of LCP is commanded with
full control throw. These large control gains are required in
order to "buck out” the strong stability hold velocity gradi-
ent already described.

After the velocity command passes through the non-linear con-
trol function module, it is low-pass filtered to remove high
frequency LCCC input signal components. The filter is auto-
matically converted to a unity gair (with no lag) during drift
clearing operations. This change prevents any controller
dynamics associated with stick return from occurring sub-
sequent to release of the drift clear button. Without this
feature, transients could be introduced into both the LCP and
CCDhA lcoops eaclh: time the IMU velocity is drift cleared,

The processed controller commands and velocity hold feedbacks
are summed to produce a velocity error signal which is limited
and transmitted through the LCP and cockpit backdrive control
paths. The 1X1 limiter prevents the helicopter from generat-
ing large accelerations due to the high control gains, and

at the same time inhibits excessive hackdrive signal commands
from reaching the CCDA actuators. This backdrive signal
forces the cockpit stick to the proper trim position for the
velocity commanded. Without the back-driven cockpit controls,
transients can occur each time the pilot resumes controcl of
the aircraft at the end of LLCC operations.

Velocity error-signal processing in the LCP path includes a
lecad/'ag shaping network combined with a low-pacs filter.
Time . onstants of this processor are ta*lored primarily to
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achieve phase and gain improvement in the PIS mode, and to
prevent high frequency longitudinal cyclic pitch commands
from reaching the rotor system.

2.1.4.1.1.2 Longitudinal Hover lold/PHS Mode - Automatic
stability and control functions associated with the PHS Hover
Hold mode are similar to those just described for IMU opera-
tion,with the following exceptions:

1. Velocity (and position) information is generated by
thie PHS sensor instead of the IMU.

~. Very accuirate antomatic position holding is possible
because of the addition of position stability feed-
back lcops, and because the PHS signals are
somewhat more precise than those of the IMU.

3. ©Small incremental "beep" command pulses can be intro-
duced with the controller to fine tune the stabilized
position of the aircraft during hover.

Since the PHS represents an essential part of

Hover Hold/PHS selectable mode, its operation is described
next before dealing with details of the AFCS controi laws.

PHS Operation -

The Precision Hover Sonsor is a self-ccntained gyro-stabilized
optical device capable of tracking low-speed aircraft position
and velocity with great accuracy. It is mounted in the tail
of the helicopter where it observes the scenz beneath the
vehicle to generate required feedback signals. An optical
position correlation and tracking scheme is utilized for
determining movement in the horizontal plane, and a laser
ranging device establishes vertical motion. Velocity infor-
mation produced by the PHS is derived by differentiation of
the measured sensor position data.

Design accuracy requirements for the RCA built sensor reflect
a + l-inch or better position measurement capability, and a
velocity tolerance of + l-inch per second. Horizontal range
extends to + 4 feet in both the X and Y directions (before
the sensor unlocks to re-reference itself), and the altitude
operating band lies between 25 and 125 feet above the surface.
Maximum design velocity was initially established at close to
8 feet per second, but was later reduced to 3 feet per second
during the flight program in order to improve operation.

In early Hover Hold/PHs flight testing, a sensor deficiency
was identified which resulted in poor tracking performan-e

over certain low contrast surface features, such as airport
runways, ramp areas, etc.
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Tn order to V:r[&fy t.he Valli.(iity of the Hover Hold/Pus control
law mechanizations, a black and white checherboard target

was painted on the runway to assist the sensor with its
correlation/tracking task. PHS nperation over this painted
target arca was marginally satisfactory. Details of the
f1iqght test results are reviewed in section 7.

A simplitied Precision Hover Sensor block diagram and 1ts
functions is given in Figure °8. 1This chart depicts the
sensor model used during AFCS flight gimulation worlk at
Northrop. The model was somewhat less complex

than the actual hardware, but its mechanization is suffi-
ciently close to the flight article to warrant its presenta-
tion for explanatory purposes. Significant differences
beltween the simulation and flight test configurations are
Jdelineated in the lower right hend corncr of the diaqgram.

The essential fundamentals of senscr operation are out ! ined
hrlow:

1. To energize the PHs, the pilot first moves the DHS
ENABLE switeh to the on position. The senscor immeil -
ately goes to a locked-on condition, providing scene
contrast is adequate for correlation purposes, and
the maximum PHS transiational velacity limit is not
cexccaeded. When logked onte a target, the sensor
generates a "LOCK" discrete signal which goes to the
J.-1% 1ogic switching network.

The Mis initial reference or "target" position is
Jefined as a location on the ground directly beneath
thr sensor centerline at the time lock-on occurs.

2. The scnsor stays locked on the initial target until
one of the following events takes place:

a. Helicopter movement cver the target exceaeds 4 4
feet in ecither the X or Y direction, or

. Helicopter movement exceeds + 2 feet and the
difference between commanded position and actual
position (i.e. position error) relative to the
target is less than .2 reet (due to position
“Leep” commands), or

. wuvensor velocity across the target arca exceeds
the waximum limitation of 3 feet per second.
lro1j - switching networks associated with unlocking
the sensor under conditicns (AY, (B), or (C) are
il.ustrated on the left nand side of Figure 38.
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3, When cither (A) or (BY are true, the szensor executes
an internal "relock” maneuver. 'The PHS unlocks and
remains unlocked (with L-19 logic false) for a periocd
of approximately .7 sccond during which time it is
establishing another target reference directly
beneath its new position. While unlocked, the sensor
position and velocity signals are set to zero as
illustrated in the top right hand corner of the block
diagram.

4. At the termination of the "relock" cycle, position
measurement starts again, (but referenced to the new
target). Velocity information is also generated.

5 When the PHIS velocity limit is exceeded as in (C),
the sensor unlocks permanently and cannot relock
until the velocity decreases to a value below the
limit, and conditions for scene relock are satisfied.

Durinc, the period of time that the PHS is unlocked (i.e.,

is 1nvelid), velocity reference for Unver Hold reverts to the
IMU, ad position signals are no longer available. Sensor
trunsformation terms used fcr re-referencing lateral position
(and based on aircraft heading changes) are also synchronized
to zers in the AFCS computers when the PHS is unlocked. \This
synchronization and transformation process is shown schemati-~
cally in the bottom raight hand corner of Figure 38. A wmore
comprenensive sensor transformation description is given in
Appen ix A.

Longi.ulinal Hover 1lold/PHS Control Law Mechanization

As sh-wn in the PFigure 14 hlock diagram, longitudinal Hover
Hold/I'1S control laws retain the LCCC velocity command and
stability feedback mechaizations described earlier for IMU
operation. Additional paths may be engaged when the PHS

is locsed, providing the aircraft is meving slow

enouqgh and L-8/L-8A logic is satisfied, as indicated in
Figure 3%. These loops facilitate automatic position hulding,
and at the same time, permit small incremental positional
changes to be "beeped" in with the LCCC. Position feedbacks
and LCCC beep commands are summed to form an error signal
which is passed to the longitudinal cyclic and CCDA back-drive
actuators like the velocity error.

When smali "creep"-type veloucities are commanded with the con-
trollex, position loops automatically disengage. As indicated
earlier, the PHS stays locked on its original target

during initial aircraft movement if the commanded speed is not
too great. PHS velocity feedback information is utilized by
the AFCS until the 4-foot sensor envelope boundary (described
earlier) is reached.
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When the boundary is crossed, the PHS relocks internally,
velocity reverts momentarily to the IMU, and finally the
sensor locks on again with velocity switching back to PHS
reference. If the control deflection is held in, the locking
and unlocking process repeats itself as _he helicopter slowly
translates across the ground.

STABILITY - The X, velocity feedback used in the PHS mode
(and shown in Figure 14) is transformed to the proper coordi-
nate system, and represents aircraft cyg movement just as in
the case of the IMU signal. Switching between the IMU and PHS
velocity paths was described earlier. With the sensor locked,
PHS signals pass directly through the velocity switching net-
work and on fcor summation with the LCCC commands. Further
processing of the velocity error is handled in exactly the
same manner as describecd for the IMU signal.

Incremental longitudinal position ( Xpyg) signals for position
stability are tirst transformed to the proper coordinate sys-
tem, and are then processed through the varicus L-27C con-
trolled automatic lcad stabilization loops. Operation of the
LSS selectable mode is covered fully in Section 4.1.5.

When the LSS is not engaged, the transformed position feedback
passes directly into the KXID high-gain module and through a
synchronizer where LCCC beep commands are summed in. The
resulting error is limited, and then passed to the LCP and
CCDA rotor and cockpit controls.

The synchronizer in the position loop operates exactly like
the roll attitude sync, described earlier. With the PHS
sensor locked, position feedback signals will pass through
the synchrenizer to stabilize the helicopter, providing L-8A
logic is true (i.e., switch open). The L-8A logic network
stabilizes whenever L-8 is true, aircraft speed is below

.5 feet per second, and velocity commands are not being made
with the controller,as shown in Figqure 35. Both velocity and
position teedback loops are engaged while holding position.

Should the sensor become invalid for some reason, L~8 and
L-8A logic discretes go false, and the position loop is
immediately synchronized to zero output. Velocity feedback
is switched to the IMU, and automatic position holding is no
longer possible. Once the sensor signals become valid again
(and conditions for stabilizing L-8A are met), the synchro-
nizer will restabilize. In this mode, the load crewman can
introduce beep command pulses into the sync integrator to
re~retference the stabilized location of the aircraft, as
described next.

172

. R ]




LCCC CONTROL, - "Leap” and"creep” velocity commaris, as
defined earlicy, arve produced by continuouns coutroller deflec-
tions beyond the stick velocity threshoid (i.e., 0.1 inches
for the longitudinal and latceral axes as indicated in Piqgure
37). Beep position commands, on Lhe other hand, are gen-
erated each time the controller is moved out ol doetent.

The position detent represents a small segment of controller
motion defined about the null stick position, and is half the
size of the velocity threshold,

Wwhenever contraoller deflections exceed the deteni, a discrete
logic signal s generated which acti-ztes L-1% logic causing

a single longitudinal position command pualse to he introduced
into the LOCC position path. Pulse duration and amplitude

are tailored to produce an error command bias (on the ouput
of the syne inteqgrator) which i1s not satisfied until the heli-
copter has moved approximately 2 inches. Pvery time the stick
is returned to the detent and then moved out again, a new
pulse is generateced. By continuously pulsing the controller in
one direction, the helicopter car pe translated slowly across
the ground to re-reterence its location.

As indicated in igure 35, L=8A logic does not automatically
disenyage (with subsequent ceversion to velocity control)
every time the stick exceeds the velocity threshold. Tnstead,
the controller must be held beyond this point for at least
0.5 scconds to chane from the pesition beep mode tc a ve-
locity response. 'The time dclay feature was incorporated to
simplify the been contiyvol Ltask by eliminatineg maximum ampli-~
tude requirements thot the load crewman would otlherwise have
to observe while biooping aireraft poesition.

Response to Conticlicy nputs - FPigure 39 shows a typical air-
craft response to longituadinal (and lateral) oonition beep
commands put in witlh the loece,  Informabtion presented in this
figure was generated during hyvbrid simulation testing con-
ducted at Vertol.

longitudinal aircratt wosition shown near the top of the
‘Yigure varies 1n a "stair-step" fashion after ecach controller
pulse input. When severa! beep 1nputs follow one another in
rapid succession, position changes become continuous. Note
that opposite polarity inputs cause the aircraft to return to
its initial trium position in the example shown.,  Since none
of the beep pulses exceeded 0.9% seconds duration, and velocity
never went. ubove U005 feet per second, the pesition loop
remained in the ctabilize mode throughout the entire maneuver.

Filgure 40 1dtusiratoes a cerlen of typicel vesponses to random
LCCC velocity ormnands executed with the Hover Hold mode
engaged. Controller inputs are annotated at the Lottom ot
the chart with variations in ground speed and position shown
at the top., LCP irout commands to the rotor system are also
given as a ‘uncition « © time, 173
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Full controller steps produce a gradual increase in velocity
which peaks out at approximately 15 feet per second. The
velocity maintains a maximum value until the control input
is removed, whereupon ground speed returns to zero and posi-
tion stabilization is resumed. The output of the position
synchronizer indicates a need for only small control inputs

to maintain the new aircraft location once the position loop
is re-engaged.
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2.1.4.1.2 Lateral Hover Hold and LCCC Operation

Lateral-axis Hover Hold/TMU and Hover Hold/PHS control laws
are summarized in the Figure 23 block diagram introduced
earlier. Detailed nechanization and functional operation of
these laws is essentially the same as described for the
longitudinal axis, oxcept tor obvious diiferences in the area
of parame+er qgains, time constants, etc., and retention of
the low=specd SCAS lateral velocity feedback path. Because
of the strony similarities between the lateral and longitu-
dinal Hover lold modes, only a limited discussion of the
lateral axis is reguired.

As shown in the diagram, roll rate and attitude stability
fecdbacks are processed through the low-specd SCAS networks
with increased a1l level applied for Hover Holu. Dual lat-
eral IMU ground speed paths are 3dlso utilized in the lateral
mode . Cne of these (designated Yg) may be drift cleared as
in the longitudinal axis, but the other Yg' signal is not
cleared and remains engaged throughout all Hover Hold opera-
tions. With an invalid PuHS, the Yy IMU signal is used

as the velocrty reference, Whaen the PHS i1s locked, its output
becomes the eedback,

Posltion siynal rocessing, including both the stability and
control functiona, 1o handled 1ike the longitudinal axis.
Latcral beep commcewds entoering the position synchronizerx

are controlled wothp -1 logle gignals, and operation of the
syne itselt is controlicd by the -8B discrete,  Dbetails of the
various lateral axies Hover Hold logic networks are given in

Appendia A,

Velocity and position error signals are formed by siumming the
LCCC command with the appropriate feedback.  The net error is
then passed to the rotor system via the diftferentlial lateral
AFCS outputr path and DELS intertace deseribed previously.

The error sign.ls also provide parallel backd:rve commands
for the cockpit oo Lsowhich compensate for cariations in
stick trim regulireacents assoniated with wind,

Latoral LCC o ntreller sensitivity was modifred ovtensively
during the develspmental simulation and tlight programs,
Figure 41 compares the tinal lateral and longrtudinal con=-
troller schedules expressed in terms of steady velocity
response per arit ol control detlectieon. Note the reduction
in lateral sensivivity (for small controller displacements)
regurred tor satysfactory handline gualities,  This sensi-
tivity flatte ing was introdaced during the tlhiaht tesocingag
to eliminate undesirable external load excitation created at
the start of lateral maneuvers,
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Figure 42 presents simulation da.a for typical lateral
velocity response and pcsition hold maneuvering. Controller
input steps in both directions are shown to produce almost
constant velocity response characteristics with the control
held in. When the LCCC deflecticn is removed, lateral veloci-
ty smoothly ceturns to zero and the position loops relock.

To assist the load crewman in executing the shuttle-type
translational maneuvers depicted in Figure 42, the LCCC is
configured with a magnetic brake which "locks in" any desired
lateral or longitudinal control displacement. The brake is
locked and unlocked by successively depressing a button located
on top of the controller stick. With the brake engaged, the
load crewman is relieved of the requirement to maintain con-
tinuous push or pull forces against the built-in controller
force gradient.

2.1.4.1.3 Directional Hover Hold and LCCC Operation

Directional Hover Hold contreol laws retain all cf the low-
speed SCAS loops described earlier except for the pedal
pickoff. A vyaw rate command path is added for LCCC inputs.
No PHS signals are involved and no heading beep

capability is required. TFigure 28 illustrates the Hover Hold
contro' law pachage defined at the end of the flight program.

Stability - On the right side of the figure, vaw rate, pedal
compensation, and aircraft heading feedbacks are shown to be
engac 1 for Hover Hold operations. Only the heading signal
procevsang must be modified in the lHover Hold mode. This is
accomplished by doubling the attitude feedback gain, ~nd by
halving the heading synchronizer limit value as shown in the
diagram.

control - lead crewman inputs are introduced inte the command
loop by twisting the ball on the controller stick in a
clockwise or counterclockwise dirvection with the thumb and
forefinger of the vight hand. 'The recultant angular rate
responscs have the same sense as the controller input, and
are proportional to angular rotation of the ball. Maximum
vaw rate with full controlier displacement is on the order of
9 degrees wer soecond,

Non-linear dircectional LCCC heading rate commands are pro-
cessed similarty to the longitudinel and lateral inputs. Since
the yaw rate —ignal does not require drift cleuring, oontrol-
ler signal low-pass filtering need not be removed during this
operation as 1uv 15 1n the lateral and longitudinal aves.,
Ccontrotrler scheshites are detailed in Appendix Al
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When either llover Hold/IMU or Hover Hold/PHS are engaged, the

directional control laws maintain constant aircraft heading

as long as no controller inputs are made. If a heading change
is required to reorient the aircraft, the locad crewman applies
a control deflection (similar to the type shown in the simula-
tion time history, Figure 43) and a constant yaw rate results.

Since the helicopter yaws about its own cy, repeated lock-
ing and unlocking of the PHS will accompany heading ading
changes (because of the displaced sensor location in the tail
of the aircraft). 1The back and forth reversion bhetween PHS
and IMU references results in a tendency toward slight longi-~
tudinal and lateral cg drift during pure yaw maneuvers.

The impact of the drifting was hard to assess through the limited

yvaw maneuvering possible in the flight evaluation of the
Hover Hold/PHS mode, because the aircraft rapidly moved off
the painted target grid shortly after initiation of each yaw
run . Yaw maneuvering on IMU reference; while attempting to
hold horizontal position manually, appeared to be satisfac-—
tory. Details of the flight evaluation results, and propoced
solutions te problems not resolved during the program are
presented in Jection 5.0.

2.1.4.1.4 Vertical Tover Hold and LCOC Operation

Vertical AFCS Ilover Tlold control laws are sumnmarized in
Iigure 30. As shown in the block diagram, the Hover Hold
associated control law mechanization processes cither PHS or
radar altimeter derived velocity and position feedback infor-
mation {or stability (along with tue normal accelevation
signals discussad earlier), and LCCC commands for control.
When Hover Hold operations are predicated upon PHS-

yonclraoe  lewdoach sicnals, the mede is referred to as liover
Hold/PiG . AL Limes when the sensor is not enabled or pooduvce-—
ing valid signals, the Hover Hold stability refoerence changes
to the radar altineter. This type of operation is called
Hover Hold/Radar in the disrussion that follows and 1s analo-
gous to the longitulinal and lateral Hover Told/1MU mode.

Stability - Unlike the longitudinal and lateral Hover Hold
axes which provide only une position stability mode, i.c.,
SO the verticoel axis has two.  That 1s, altatude can be
maintained antomatically (hands off) with either the PHS or
less acovrate radar reference in use.

When Howver Hoidzadar s selected, the same stahility loops
are congac-l as those ased for the Wadar Attitude 1old moae
Aeseribed in Sectbion 2.00.03.4. Radar rate 135 onbined with

the arceleration foedback, through use of a complenentary
filter artwort, too ensare smooth vertical damping chavacteris-—

tiros cver g owide range of response trogaencies.  The same
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approach toward vertical damping enhancenent was adopted in
the Hover Hold/PH5 mechanization as shown in the figure.,

Controls - While operating on PHS reference, the load crewman
can introduce "beep", "creep", or "leap" type LCCC inputs to
move the aircraft vertically. Beep inputs are made by
pulsing the controller stick vertically so as to reference
stabilized aircratt altitude. When the controller is dis-
placed beyond its .04-inch velocity threshold for more than
half a second, velocity responses are commanded. These are
initially refereunced to the PHS velocity signal, but revert
to radar rate when the PHS unlocks.nlocks.

If the PHS has not been enabled, only velocity

responses can pe commanded with the controller. Radar rate
(and normal acceleration) data provide the feedbacks for this
type of maneuver. Vertical aircraft movement can be stopped
at any time by removing thoe controller displacement. As
velocity falls below cne {oot per second, the radar altitude
loops re-engage and automatic altitude hold resumes.

In additicn to the Hover Hold contrel and stability functions
mentioned above, therc are also integral backdrive command
paths incorporated in the vertical AFCS to position the cock-
pit collective stick. 'The parallel diive commands are pro-
cessed for all nodes of lover Hold operation providing trim
compensation as required.

Details of the Vertical Hover Hold control laws are covered
next, starting with an cxplanation of the PIS mode.

2.1.4.1.4.1 Hover Hold/PHS - When the lover 1old/rPHS mode is
engaged, the normal acceleration signal enters the AFCS box,
and passes down and to the loft through a z0-scecond washout
and gain module. The apper horizontal acceleration path is
eliminated during Hover Hold ovperation:s by the (1-6 and NOT
L-11 and NOT L-7A) logic switch positioned as shown in the
diagram.

Subseguent toe the KZLAlL gain cperation, the acceleration sig-
nal is summed with the low-pass-filtered and coordinate-trans-
formed PHS vertical velocity feedback, and the result passed
through a S-seccond layg. The combined "complementary®

filtered velocity damping signal provides a smoothed, constant
gain feedback which midaindces the Jdifferences in signal
quality exhibited by the vertical accelcrometer and PHS
varputs.  Details of the complementary filter mechanization
and opciaticn are coveood 1 o deptl in Section 2.1.3.4, and

in the Fiqgure 31, {vocdency responsa Bode plots,

Prior to summatinn with the acreleoeration signal, the PHY
B}

velocity feedhach must pass tarough an L-19 toglc-controlled
switch., A5 in the tongitadina!l ond latoral axes, the vertical
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PIIG velocity sigunal can only be utilized when the sensor is
enabled, and in a locked condition  (seco the Figure 38 explana-
tion of sensor operation). When the sensor unlocks due to air-
craft motion or some other cause, the [—-19 gswitch throws and

velocity feedback reverts to vadar ralte as Jescoribed earlier.

Assuming that the PHS velocity asignal is valid, and has been
complemented with the high-pass filterved accelerometer signals,
the combiined hybrid (ecdback 13 thero summed with the LCCC
velocity comnand path output to form an error signal. LCCC
velocity commands are generated through use of a non-—linear
gain function (FZLC).

Exceeding the velocity threshold with the conircller produces
a cortinuous velocity demand which is satisfied when the air-
craft reaches the commanded speed. At the time the command
speed 13 achieved, the error summer output 15 zero.

Followiny generation of the "nhybrid precisjion hover velocity
error", the dampiny signal next passes on into the differen-
tial output path, providing the [.-46 and I-1i switches are
closed. L-46 logic is true, and the switch is closed, whenever
the radar altimeter is capable of providing valid vertical rate
information. This switch is inserted in the velocity damping
path Lo ensure availability of reliable radar rate information
whenever the liover Held mode is cngaged, Without its presence,
Hover Mold/MNMIC uperation would not be poscsible since there

might not be a radar rale signal available to transfer to each

time the PUS unlocked.

Branched off the velocity crror path atter the [ -11 switch is
an integral collective stick backdrive loep controlled by L~50
logic. This path 1s enqgaged each time vertical velocity com-
mands ave inwroaaced with the LoC controller, and it remains
operational as long as the velociby exceceds 1 foot per sec-—
cnd.  The purpose of the loop i1s to provide the additional trim
collective stick required, any time that ‘he aivceraft descends
into ground effect or plcks up an external load.

As initially configured at the start of flight testing, the
Lover Taold velocity backdrive path was engagel fuli time to
compensate for the anticipated effects of oteady vertical wind
gusts, etc. This mechanization was similar to the one used in
both the longitudinal and lateral axes. With the prugress of
testing, however, it was letermined that backdrive (WCLV2?) gain
levels set for adequate LCC controllability were, in fact, too
high for good hands-of 7 stability. Accordingly, the L-50
switching wes incorporated to enercize the backdrive loop only
during pericds when LOCC velooity commands were being made,

The precision vertical position stebility and control network
operates in concert with the acceleration and velocity loops

184




just described, and has a functional mechanization gulte
similar to the one found in the longitudinal and lateral axes.
The constituent parts of the position network include:

® A position feedback path for the incremental PHS signal
which is engaged through an L-8C logic-controlled
synchronizer

® A pulsed beep command contrcl path inter{aced with the
position teedback loop (at the synchronizer) to form a
position error signal

e A positicon erxor backdrive command loop for trim com-
pensation, and

e A differential cutput path for the processed position
signal

As shown in the diagram, the PHS position signal is trans-
formed first to the proper cocrdinate system, and is then
converted to inches of aguivalent corrective stick by the KZID
gain. The feedback 1is synchronized to zerc output until such
time as the L-8C "vVertical PHS Position Stabilize" logic be-
comes true. This occurs when the vertical velocity ig less
than 1 foot per second; no velcocity commands are being made
with the LCCC; and the L-8, L-46, and L-20 logic states are
true. (Aprendix A presents a complete sunmary of all logic
network functions).

After L--B8C changes to a true state, the synchronizer reverts
to its stabilizing mode of operation. In this mode, position
feedbacks arec passced on directly. Alsc permitted are pulsed
LCCC inputs to the synchronizer which are "integrated up" to
form a net error signal, and this in turn is passed to the
integral parallel and differential output paths mentioned
above. The pulse magnitude and duration arve selected to pro-
duce approximately 2 inches of vertical motion or each
individual beep input.

During the flight test evaluation of the vertical lover Hold/
IS function, light automatic altitude hold characteristics
were observed. In mildly gusty conditions with 10-knot steady
winds, the measured RMS variation in vertical position was on
the order of 2.5 inches. With winds gusting to 20 knots, the
vertical excursion was only slightly greater (approximately
4.3 inches RMC) for a typical 2-minute test peint. Additional
test results have been analyzed, and a sammarv ¢f these is
presented in Section 5.0.
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2.1.4.1.4.2 Vertical Hover Hold/Radar - As indicated in the
introduction to this section of the report, Hover Hold/Radar
stability functions are identical to those employed with the
Altitude Hold mede, and therefore need not be discussed again.
The controllability aspects of the two modes, however, are
different in a number of respects, and these differences are

reviewed below.

When the pilot depresses the magnetic brake to move the collec-
tive stick while flying with Altitude Hold selected, control
augmentation reverts to the basic aircraft with the radar rate
(and acceleration) stability feedbacks disengaged. Hover Hold/
Radar operation differs, of course, since the hybrid accelera-
tion/rate feedbacks remain endaged when vertical velocity com-
mands are introduced by the load crewman. Not2 that the ac-
celeration, rate, and radar altitude locps all remain opera-
tional during ILCCC beepinag maneuvers. A final difference
hetween the two modes is the use of the L-50 controlled back-
drive path to provide additional collective control forx Ilover
Hold maneuvering. This loop is not utilized in the Altitude
llold AFCS mechaniczation.

2.1.4.2 Hover Hold Design Analysiz - Key Developments

Parametrric studies accomplished in Task 1, Part 1, established
low sensitivity linear velocity control as the best approach
for accomplishing the hover migssion. A control system was
synthesized by adding "inear velocity and position feedkack
paths (and control loop3) to the bhasic SCAS mechanization
whenever precision hover operationg were required.

Parly in 1972, an analytical study was conducted confirming
the feasibility of meetinog design goals with this type of
AFCS mode. ‘he aralysis generated estimates of vehicle por-
formance while operating under the influence of atmospheric
turbulencc, or over the deck of a moving ship.

In Nuvenber and December 1972, a nudye base flight simulation
was conducted at Vertol ty assess Ypirlot in the loop" handlinn
characteristics with the ilover Hold mode engaged. The air-
craft was flown with several different LCC candidates
installed in the cockpit for evaluation. Both Vertol

and customer pilots (and engineering representatives) parti-
cipated in the program. The best controller ( a four-axis

fi jer-bail coanfiguration) was sclected for continued develop-
me 1t and later application in the 347 flight research vehicle
t¢ st program.

PLethe analvtical refinement of precision Hover (told control
laws a: ! logic were pursued during the summer months of 1973
to prepare for the Nurthrop load crewman flight simulation in
Decembi. - of that ycar. The Verto! full envelope hybrid simu-~-
lation »ath model was uscd for this eftort. The principal
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emphasis in the program was placed upon modeling the dynamic
characteristics of the Precicion Hover Sensor (PHS), and
determining the effect of the sensor on Hover Hold performance.

A synopsis of key Hover Ilold developments from the three
analytical programs just described, and subsequent to Task 1,

part 1, is presented next.

2.1.4.2.1 Feasibility of a Precision Hover System for the
Heavy Lift Helicopter

A comprehensive theoretical design analysis was conducted dur-
ing the latter part of Task 1, Part 1, and throughout the
first three saonths of 1972 to develop a workable Hover Hold
concept for the HLH. Data from this analysis confirmed the
feasibility of using high-gain loop closures in the AFCS to
satisfy the tight position-hold requirements of the HLH

hcver mission.

5tudy results were utilized in a number of areas, and were
summarized in Vertol Document D301-10128-1, titled "A
Theoretical Discussion of the Precision Hover System for the
Heavy Lift Helicopter" (sec Reference 6).

An eavly application of this analysis involved the generation
of preliminary performance requirement specifications for the
Precision lover Sensor. Results were also used, as indicated
earlier, in subsequent Hover Hold control law optimization

work.

Small perturbation decoupled dynamic equations were utilized
in the feasihility analysis, and perfect sensor performance
was assumed. The aircraft considered was a 67,000-pound HLH
with no external load. BAn early approach toward establishing
loop gains, time constants, etc., (in which the feedback paths
were closed cne at a time), was found to be unsatisfactory

due Lo the low damping levels cof the basic roots. BAlternative
solutions were developed in which technigues similar to opti-
mal control analysis were employed to close all stability
paths in each contreol axis simultaneously.

The stability root analysis performed with the final gaing
included in the velocity and position loops typically re-
flected critical damping ratios (of the least stable mode)
which were no lower than § =.50. Arn example of the relatively
high-gain levels required to meet the + 4.0-inch hover hsld
goals, and at the same time provide adequate damping, is given
in the table helow:
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HOVER HOLD AXIS LINEAR VELOCITY GAIN POSITION GAILN

Longitudinal 7.0 beg LCP/I't/Sec 13.8 beqg LCP/Ft

Lateral 2.2 In. Stick/1't/Sec L.7 In. Stick/Ft

With the gain levels and shaping tine constants lefined,
further analyais was Jdone to deterinine aircraft position hcld
characteristics in turbulent wind oonditions. A Dryden tur-
bulence spectrum approach was a:sumed fur modeling the gust.
Figure 44 summarizes the major lLurbulence study resulte, and
demonstrates the feasibility of meeting the hover objectives
in moderate turbulences.

As shown in the [igure, estimated longitudinal hold capability
was significantly better than lat:ral ov vertical performance.
Thig characteristic iz due to a cmbinaticon of low-gust sengi-
tivity in the longitudinal axis, and zpplication of direct
force countrol via longitudinal coclic piteh. 1t is interesting
to note that fliqlt testing condnaoted at the ead o1 the ATC
program verified the predicted performance supericrity of the
longitudinal Hover Hold axis (cven Pthough the feedback gaing
had been reduced substantially tvom the preliwinary ones used
in this study).

By replacing the lineav vcelocity and digplacenent feedback
3ignals with ones representing posylion and velocity error
relative to a target on a moving ship Jdeck, the informacion
shown in Figure 45 was gvnerataed. This chact addresses the
containership loadlng and unloading missioy @ cquirement
spelled out eariier in cecltion 2.1.1.

Ship notions assumed Lo the study worte considered to e
sinusoidal in nature and at the reprecentat e freguency
atated. Sea-state modeling was predicted uporn information
sapplied by the Naval “ccanographic of tee amd a O3-5-37A
containership was used o deline the combined ship/sea
motion trends aprlied in the analysis.
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2.1.4.2.,2 Precision Hover Hold Nudge Simulation
The December 1972 simulation program conducted on the Vertol
6-degree-of-freedom Nudge Simulator utilized a small per-
turbation 347 helicopter airframe model, and a digital
mechanization of the AFCS. Program objectives were to:

e Demonstrate acceptability of the Precision Hover Hold
controul laws proposed by the AFCS block diagrams in the
design data package, and

e Support development and selectich of an optimized LCC
Controller configuration.

Both piloted and unpiloted simulation studies were accom-
plished to meet these objectives. The scope of this activity
included minor modification of control laws and logic to
improve Hover Hold handling qualities with a "load crewman®
pilot in the loop. Additional effort went into defining a
satisfactory set of nonlinear velocity command stick sensi-
tivity schedules for the various controller candidates.

As a part of the mockup LCC design review then
in progress at Vertol, customer representatives participated
in a Precision Hover Hold concept familiarization and an LCC

evaluation.

SIMULATION PROGRAM -~ Pilot and engineering evaluators "flew"
a series of assigned tracking and maneuvering tasks with each
of four contreller candidates. The defined tasks were
designed to provide qualitative trend data and associated
pilot comment concerning both the Precision Hover Hold mode
and controller being evaluated.

Simulation visual cues for large-scale maneuvers were provided
by TV proijections of a computer-generated horizon and moun-
tain scene, and by a landing pad on the fantail of a simulated
ship at sea. Since the TV scene was inadequate for precise
hover maneuvering over a target on the ground, an oscillo-
scope with a tracking grid attached was employed to present
the ground tracking problem to the pilot.

Tasks flown with reference to the scope presentation typically
consisted of straight flight,accompanied by diagonal and turn-
ing maneuvers commanded by the controller. Both the veloci-
ty and beep modes of controller operation wer= used for
maneuvering the aircraft.

LCC “ONTROL - Four self-contained LCCC units used in the
evaluation were built by Simulator Laboratory personnel.
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Configurations tested included:

A four-axis, right-hand finger/ball controller (Fig. 101;

®

o A four-axis, right-hand grip controller with a thumb-
cperated vertical command switch (shown at the bottom
of Figure 101)

® A three-—axig, right-hand grip controller with oingle-
axis left-hand vertical controller

® A three-axis, right-~hand finger controller with separate

iteft-hand control of vertical commands,

The total motion permissible with each test controller con-
figuration (or type of control switch installed) is listed
in the table belaow:

SINGLE-

AXIS

VERTICAL
MOTION FINGER GRIE LEVER
LONGITUDINAL +2.75 In. (250 Deg) 22075 1o, (125 Dey) -
IATERAL +1.5 L (Hlh ey 42095 Inl (127 Deqg) -
DIRRCTIONAL 4 27 diedg, Deteni Switoh -
VERTICRL B SRS IER R A Tl Cwitoh FoHoin.
Non-linear iC control sensot bvity seneteles, sinc oy Lo those
idlustrated In Fiowvw es 36 ervee 42, had been dev.icoped Jur the
desigqn data package purics Yo the Muadge Simalation Tnesn

schiedules we
to provide
contruller.,

.
G

Longitudinal
and qrip con

performance with approximately

required for

Lateral seus
ger controll
in. maximum
the test ins
was obsorved

revisod both Lecore and during che simulation

response with eaan

re
atisfactory aircrart

sensitivity variation for Lokl the ringerhall
trotlers was found to be abont the samwe ftor pbest

2 tu 2= inches of staick
maximem veloaity commands (8 LH L per sscond).
itavst s a the ciher hand was higlher tor the fin-
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differences. Directional control scheduling with the finger
LCCC utilized the full range of the test controller ( + 27°)
to command yaw rates of up to 4.5 degrees per second. This
schedule reflected a control sensitivity one-third lower than
had been proposed previously in the design data package.

A substantial difference between design data and the actual
system demonstrated on the simulator occurred with the verti-
cal axis. Pilots determined that vertical LCCC sensitivity
should be increased by a factor of about two for both the
finger and single-axis controllers, decreasing vertical travel
to .5 and .75 inches, respectively. It was also recommended
that maximum vertical velocity should be set at approximately
400 feet per minute with symmetrical velocity command capabili-
ty in both the up and down directions.

On the basis of simulator evaluation of all four LCCC candi-
dates (used in conjunction with mockup controller design
review results), the four-axis finger/ball configuration was
chosen for continued development. Further comparative testing
of the finger/ball and grip-type controllers was performed
during the December 1973 Northrop simulation under BOA #12.
Results of this program are presented later in the report.

PRECISION HOVER HOLD CONTROL LAWS -

The Precision Hover Hold control laws demonstrated during the
LCCC evaluations reflected only minor modifications to the
pre~simulation design data package information. Feedback
gainsg, etc., utilized in the simulation were selected pri-
marily on the basis of gqualitative pilot assessments of
vehicle handling qualities, rather than on any exhaustive
optimization study results. Pre-test gain levels were found
to produce satisfactory levels of hands-off vehicle stability
as expected, but were adjusted downward in some cases to pro-
vide good control response characteristics for maneuvering. A
summary of system modifications is given below:

e Longitudinal IMU ground speed feedback gain in the basic
SCAS (KMGS) had to be set to zero with the Precision
Hover velocity and position feedbacks engaged. Without
this feature, consistent velocity responses were not
possible and the PHS limiter bottomed.

® Longitudinal and lateral position feedback gains were
reduced by 2/3 and 1/2, respectively (to 3.95 degrees/foot

and 0.85 inches/foot). The use of higher gains resulted
in more overshoot in the position response of the
helicopter.

® Lateral velocity error itimiting (LL3) was increased to
+ 1.5 inches to improve lateral acceleration response to

LLCCC inputs.
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e Logic element L-8 was revised to include latching of the
position hold loop in a synchrcnization mode (with no
position feedback), when velocity was above 2 feet per
second. Test results alsn indicated desirability of
synchronizing individual position loops (rather than all
at the same time), when the controller was deflected
beyond the velocity threshold in any axis. Pilots found
that simultaneous synchronization of all pcsition loops,
while the controller was commanding velocity response in
only one axis, created an unnecessary increase in
work load.

2.1.4.2.3 Effect of the Precision Hover Sensor on Hover
Hold Control Laws

Throughout the summer and fall of 1973, both analytical and
unpiloted hybrid simulation studies were carried out at Vertol
to prepare for the upcoming load crewman simulation in Cali-
fornia. The major emphasis of this pre~Northrop work was
focused on the Precision Hover Sensor, and its relationship to
Hover Hold control law requirements. A stability root anaiysis
was also performed to refine feedback gains, etc., for the Hover
Hold/IMU and PHS modes.

STABILITY ANALYSIS - Examples of the atability analysis
results from the lHover Hcld studies are presented in Figures
46, 47, and 48. 1Illustrated on these plots are the stability
roots of the basic combined airframe/AFCS response modes, as
affected by variations in Hover Hcold velocity and position
feedback gain level.

Figure 46 shows the complex root migration of the dominant
longitudinal/vertical response modes resulting from changes in
only the longitudinal position feedback gain (KXLD). Decreas-
ing this gain improves damping and reduces response fregquency
for the short period mode (illustrated in the uppermost right-
hand set of roots). The effect of gain variation on other
modes is shown to have only a small influence on damping but
does change the damped frequency somewhat. These theoretical
roots are based upon analysis work which utilized the nominal
AFCS parameters listed at the top of the plot. Most of the
gains and _ime constants were revised later during the Northrop
simulation and final fliaht test evaluation.

In order tc relate the final flight configuration and the one
used in the analysis, rough estimates of stability root place-
ment were made with the final flight test gain settings applied.
These roots are annotated on the plot with the star symbol.

Figure 47 illustrates the effect of varying lateral velocity
gain on the lateral/directional modes. Again, as in the pre-~
vious figure, only one Hover Hold feedback parameter (lateral
velocity) is changed to move the stability roots. When ground-
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speed gain is increased, damping of both the short and long
period lateral modes improves for a while, but then begins to
decrease sharply (for the long period mode) with further

gain elevation.

The plot clearly illustrates the complexity involved in
attempting to select a final system gain level, based on an
analytical approach which varies only cne parameteyr at a time.
This problem was also identified in early phases of the 1972
ilover Hold feasibility study discussed earlier. Note that
although only single parameter gain variations are depicced in
Figures 46 and 47, additional analysis was accomplished for

all Hover Hold axes to determine {rends resulting from changing
both velocity and position gains simultaneously.

Figure 48 presents a typical set of Hover Hold-associated

roots wherein both velocity and position gain levels are

varied together. The plot depicts the longitudinal/vertical
mode again, but in this case, the roots are responding to
vertical-axis climb rate and altitude feedback gain changes.

As shown in the figure, the short period vertical mode reflocgts
an increase in both dampinc and freguency when velocity gain

is increased. Raising the position gain, on the other hand,
reduces vertical damping appreciably, especially when lower
velocity gains are being used.

PHS AND DRIFT CLEAR MQDELING - 1In preparing for ifhe

Hover Hold flight simulation at Northrop, substantial effort
went into modeling the PHS for analysis. Sensor lock-

ing, unlocking, and relock characteristics wer . considered,
along with the drirt clear and IMU/PHS velocrity switchover
features covered earlier in Section 2.1.4.:.1.1.

Using the gains determined in the Roct Analysis described
above as a starting point, helicopter response to LCCC inputs
(with sensor effects included) were :xplored on the hybrid
full envelope simulation model. O'.¢c of the LCCC units used
on the earlier Hover Hold Nudge simulation was hooked up in
the hybrid lab to introduce loali crewman controller pulses
and steps into the model. Coryplete cockpit control back
drives were alsoc simulated for the first time.

Data from the hybrid analysis confirmed that PHS sensor lock-
ing and unlocking characteristics would not degrade Hover Hold
performance appreciably when compared with continuous sensor
results. Several changes were requirod, however, in other
aspects of the Hover Hold mechanization to achieve tiie desired
performance potential of this selectable AFCS mode., These
included:
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The nced for backdriving the primary controls in the
longitudinal and lateral axes with a position error
signal in addition to the velocity error. This change
tends to continuously drive the long-term position error
toward zero.

The necessity to add 0.5-second time delays to the LCC
velocity control threshold discretes input to L-8 logic,
These delays were incorporated in order to clearly dif-
ferentiate between position beep and velocity commands,
and to make aircraft response to precision position com-
mands predictable.

The requirement to modify IMU to PHS velocity switching

networks to eliminate undesirable transients as described

in Figure 36.
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2.1.5 LOAD STABILIZATION SYSTEM
2.1,5.1 Requircments and Objectives

The Load Stabilization System (LSS) is a seclectable mode of
the AFCS which is designed to aid the pilot and LCC in hand-
ling an external load. The LSS, in conjunction with the
hover hold and PHS modes, should allow rapid and much easier
load attachment, pickup, shuttling, and positioning. Ligatly
damped load pendulum modes would cause two significant prob-
lems relative to the HLH mission. First, the task of placing
the load accurately would be difficult and time consuming,

as load oscillations created by aircraft maneuvering or turb-
ulence require an exceptionally long time to decay, Second,
sustained low-frequency longitudinal accelerations in the
lifting helicopter duc to load motion, particularly with a
heavy load, are disorienting and fatiguing to the pilot and
can lead to pilot-in-the-loop oscillations during instrument
flight.

The LSS has three sub-modes to accomplish its function;
aircraft/load centering, load damping, and load position
hold. The system switches between these modes autcmatically
when the appropriate conditions are present with the LSS
selected,

2.1.5.1.1 Aircraft/Load Centering

The requirement of the aircraft/load centering mode is to
center the aircraft over the load automatically prior to load
pickup to prevent load swing as it is lifted off. Although
the cable tensions produce an inherent centering force on the
aircraft, the PHS would prohibit the aircraft from moving.
The LSS is designed to command the PHS to provide a well-
controlled and precise centering, After the cables are
attached and the LSS is selected, the system makes and keeps
the cables taut while automatically centering the aircraft
over the load longitudinally, laterally, and directionally.
The tension must be kept large enough to keep the cables
straight for accurate cable angle measurement, but small
enough to aveoid dragging the load before the aircraft is
centered over it. The syztem continues to maintain the air-
craft position over the lcad as the LCC increases tension to
lift the load off,
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The specific obijcctive of this mode is to Jimit any load
swing during littoff to less than +4 inches horizontally
and +2 degrees directionally.

2.1.5.1,2 Load Damping

Th~ requircment of the load damping mode is to provide a high
degrec of load pendular mode damping to allow the precise
load position hold and placement that is required., The load
damping mode switches on automaticallv when the load leaves
the ground (or ship). The specific objective is to maintain
the following levels of pendular mode damping.

® 20 percent or greater for longitudinal and lateral
modes with hover hold or PHS on.

o 15 percent or greater for longitudinal and lateral
modes with basic SCAS in hover and forward flight.

e 10 percent or greater directionally.

These damping levels are well above the MIL-H-8501A IFR min-
imum requirements of 5.5 percent for a period greater than
£ seconds and 11 percent for a period less than 5 seconds.

2.1.5.1.3 Load Position Hold

The requirement of the position hold mode is to automatically
maintzin a constant load position relative tc the ground

{or shipi when the load is airborne and the pPHS is on. This
mod ¢ switches on automaticilly when the load becomes airborne,
and off when the aircratt leaves hover, i.e,, when the PHS
switches off, When the LCC or pilot repositions the load,

the LSS will maintain the new load position, The LCC can
switch the load position hold mode off if it is desirable to
hold the aircraft position, rather than load position,

The specific objective is to maintain the load center-of-
gravity such that placement accuracy is within +4 inches
horizontally and vertically, and +2 degrees directionally
relative tc the ground.
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2.1.5.2 System Synthesis

The LSS is designed to have a minimum impact on the structure
of the other AFCS loops, Simplex signals are supplied to the
LSS loops from each cargo hook. These signals are measurements
of longitudinal and lateral cable angles relative to the air-
craft and cable tensions. Several simplifications were made
for the ATC demonstration system since some aspects of the
system were considered unnecessary for the demonstration
program. The control loop synthesis, including simplifica-
tiong, 1s discussed in the following sections.

2.1.5.2.1 Aircraft/Load Centering

The aircraft position change required to center it over the
load is calculated from the cable tensions, cable angles
relative to the aircraft, and the aircraft pitch and roll
attitudes. These signals then command the aircraft, via

the PHS and heading stabilization loops, to move the approp-
riate distance., The structure of these loops and their

interface with the AFCS are shown in Figures 14, 23, 28, and 30.

The equations used to describe the aircraft's position relative
to the vertical over the load are:

L 8 + TFQF + TRDR

Xic = 57.3 ¢ TF + TR ) (1

YLC = 253 ( S ) (2)
L

Vic = Irx (Xp - Xg) (3)
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Refor to Figure 49 for a definition ot the cable angles
relative to the aircraft. When Xpc+ Yye+ and ¢y are driven
to zero, the total tension force on the load is approximately
aligned with the gravity vector with zero dircctional moment.
These terms replace the normal PHS position and heading terms
to accomplish the centering function. A transient-free switch
is used to switch the load-centering terms in and out. The
switch provides a centering rate equal to its decay rate,
i,e., a decay rate of 1 fps produces a steady-state aircraft
velocity of 1 fps as it moves c¢ver the load. The PHS position
and heading terms are recmoved with A track-store-synchronizer
element so there 1s no transient when the centering mode
switches in and out.

The design includes a velocity term in the longitudinal and
lateral axes to cancel the PHS velocity term. While no
frequency shaping is required in the longitudinal and direc-
tional axes, a l.67-second time~-constant lag is reguired on
the lateral position term. The velocitv term gains are 0.5
that of the PHS velocity loops and the centering rates are
set at 1 fps and 2 deygrees/:iiccond. (The centering velocity
terms were removed during the system flight test development
as discussed in the flight test section of this report.)

The load centering loops assume that the cable angles read
zcero when the cables are parallel to the aircraft vertical
axis. With 50-foot cables, a 0.1 degree null error would
cause the aircraft to be centered incorrectly by 1.1 inch.
Bias terms may be required in the software to accomplish
the required null,

The centering mode has loops in the vertical and longitudinal
axes to make and kcep the tension in both cables constant

at a value approximately equal to one-fourth of the load weight.
Since the anticipated ATC demonstration load weight is in the
order of 5000 pounds, the vertical axis is set to drive the

sum of the tensions to 2400 pounds. This is accomplished with
proportional-plus-integral contrel into the collective pitch
control, as shown in Figurc 14 1he equation for this loop is

6. = -1 5 X 107° + 2.5 X 10'_5_ (TF + Tgr —240(9 (4)
— s
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A tension egualization loop 16 incorporated which drives the
longitudinal cyclic to maintain the forward and aft tensions
aqual,

The cyclic variations change the aircraft ctrim pitch attitude
to equalize the tensions. The equation for this loop is
-4
B = B =5 X 10 (T =-T) (5)
ICF ICR !

The loop is introduced b, a track-store-reset element which
is controlled as lollows:

e Track when load-centering mode 1is on.
® Reset to zero when load becomes airborne,
e Store otherwise,

On the HLE the winch mechanism could be used to equalize
tensions. Some approximations and limitations assoclated
with the aircraft/load-centering mode, as demonstrated in the
R'I'C program, should be mentioned.

¢ Small angle approximations are used in the centering
egunations. This is a valid approximation since the
cable angles will be rcasonably small when the aircraft
is centered.

e The system is not designed for LCC augmenting override
during the centcering maneuver,

¢ Small switching transients can occur since transient-
frece switches are not used in the tension control loops.

2.1.5,2.2 Load Damping

The load damping loops use the cable angle and aircraft pitch
and roll attitude signals to modulate the longitudinal cyclic,
lateral cyclic, and differential lateral cyclic AFCS

control outputs. The aircraft is maneuvered by these loops

to kcep the load hooks over the load, i.e., keep the cables
aligned with the gravity vector, Block diagyrams of thesc
loops are shown in Figures 14, 23, and 28. A vertical load
damping loop is not required since the load has no significant
vertical mode,

L
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The following relationships are used to form cable angles
relative to the gravity vector from the cable angles relative

to the aircraft,

bg = g + & (6)
2
A =1L (Xg~Xg) (8)
Lpx

These cable angles are ased in the damping loops., The ¢ term
is removed for the lateral axis when the hover hold mode is
off to reduce switching transients which are discussed later,
The cable angles provide gocd load damping eliminating the need
for cable angular rate feedback. The gain and frequency shap-
ing required to give the desired load and aircraft damping are
applied to these signals. A l0-second washout is incorporated
to remove cable angle trim values associated with forward
flight, lateral flight, and steady winds. A washout is not
required in the directional axils since the trim bifilar angle
will remein reasonably small,

The load damping loops are very dependent upon the AFCS mode
that is being used. No single load damping configuration
could be found which would provide good damping regardless of
whether the hover hold and PHS modes are on or off. Con-
sequently, the system is designed to switch automatically
between appropriate damping loops when these modes switch

on and off., The Kycal and Kycaj loops are used with the
ba$i§ SCAS, while the Ky., and,KYCA3 loops are used when the
PHS is on. For the lateral axis, an additional loop, Kyca2,
is required when the hover hold velocity loop is applied with-
out the PHS position term, Transient-free switches are
required to prevent excessive aircraft/load excitation when
switching between these damping loops in a transient state.
The loops that apply for the SCAS in hover are also used to
damp the load in forward flight.
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The current HLH cargo handling design uses an inverted-V
suspension for forward flight which greatly reduces direct-
ional load motion and eliminates unsteady aerodynamic stability
problems. If pendant cables are used instead for forward
flight, another directional load damping loop may be required.

2.1.5.2.3 Load Position Hold

The load position and heading change relative to the ground

is calculated from the cable angles relative to the aircraft,
aircraft attitudes and heading, and aircraft position relative
to the ground. Thesc signals command the aircraft, via the
PHS and heading stabilization loops, to maintain the load
center-of-gravity and hecading constant over the ground. Refer
to Figures 14, 23, and 28 for the detailed block diagrams of the
load position hold loops. No vertical loop, beyond the PHS
loops, is required since the load's vertical position relative
to the aircraft will remain essentially constant. The load
damping mode remains on to provide good load damping while

the load position held mcde is on.

The following equations determine the load position relative
to the ground.

= + =
Xpoap = (HLI® + L pp + Xpuo = Xpon * Xpuo (9)
57.3
Y ==(H+ + X S
poap ~ (F¥L)® + Lixgp + xp)/2 + Yoo Yrpu * Ypps
Ypoap T “Lxp Txp) * U= W o+ (11)
Lix
Lag=~lead freguency shaping is applied to X Y d

. an
¢ LPH to maintain a high level of load daggghg.Lpgﬁen these
signals are summed with the PHS position and aircraft heading

signals to form Xioap, Ypoaps @9 ¥ LoAD. Pseudo velocity
terms are formed by applying a washout to the position terms
to cancel the PHS velocity feedback and provide phase advance.
The final load position hold configuration is simplified by
combining the position and velocity terms using an equivalent
second-order filter as scen in Figures 14 and 23. This is
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easily done since the PHS position and velocity loops have the
same transfer function apart from gain. The continuous system

frequency response of the longitudinal and lateral filters is
shown in Figure 50. The steady-state gair is unity to provide
the correct load position signal,

A synchronizing elemcnt is used to switch the load position
hold loop into the system, The loop is synchronized to a

zero output value while it is not required. The synchroniza-

tion stops when the loop is switched in so that subsequent
changes in load position are seen by the system. Thus, the
system attempts to hold the load at its position when the
mode is switched on.

The load position hold loops move the aircraft in the opposite

direction from which the load swings in order to bring the
load back to its initiai position. Since the aircraft needs
to move in the direction of the load swing to damp it, there
is a conflict between load damping and position hold. Con-
sequently, the position hold loops are frequency shaped, as
described above, to reduce the gain substantially at the
load frequency whilc maintaining the gain as near unity as
possible at lower frequencies. This is seen in Figure 50,
knowing the longitudinal and lateral load frequencies are in
the order of 1 rad/scc. It can also be seen that a substan-
tial phase advance is obtained at the load frequency. The
system should be effective in holding load position in wind
shifts and gusts whose frequencies are less than the load

frequency.

There are several approximations and limitations associated
with the load position hold lcops as configured for the ATC
demonstration.

® Small angle approximations are used in determining the
load position relative to the aircraft. This is valid
since the angle changes should he small while the load
position hold mode is on.

® The load position equations are incorrect for spot
turns in a steady wind.
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® The load positicn hold switchoff is not transient-free
when the PHS loops remain on.

o There is no auvtomatic load posgition hold mode inhibit if
the load is swinging with a large amplitude when the
PHS switches on.

2,1.,5.2.4 Logic

The LSS logic (L27) is designed to switch the LSS submodes

in and out of the AFCS when the proper conditions are present.
This logic (Figure 51) is implemented in the IOPs and receives/
sends discretes to the computers,

The cable tension control discrete (L27D) becomes true when
the LSS is selected if the lecad is sitting on the ground and
the hover hold mode is engaged. The locad is determined to
be on the ground if the total tension is less than 75 percent of
the load weight, This discrete switches the tension control
loop into the AFCS vertical axis. In addition, the altitude
hold loop is synchronized allowing the aircraft to climb to
make the cables taut. The tension control stops when the
pilot depresses the collective magnetic brake to start lift-
ing the load otf the ground. The tension control will not
switch on if the aircraft is centered over the load, and
remains centered, when the load is set down.

The tension equalization discrete (L27E) becomes true when
the tension control loop is cperating and one of the cables
becomes taut, i.e., when the largest tension becomes greater
than 800 pounds, This switches the tension equalization loop
into the AFCS longitudinal axis. When the load is leaving
the ground, L27F becomes true, resetting the loop to avoid
interference with hover hold.

The load-centering discrete (L27C) becomes true when all of
the following conditions are present.

e LSS is selected.
Load is on the ground.

Longitudinal and lateral PHS position loops are
engaged.
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e Heading is being stabilized.

® Both cables have become taut, i.e., the least tension is
800 pounds,

Both cables must be straight in order to provide correct cable
angle measurements for the centering loops. The load-centering
loops are switched into the AFCS longitudinal, lateral, and
directional axes when L27C becomas true, The aircraft is
centered within tolerance; E2 becomes true when all of the
following arec true.

e DBoth cables are taut.
® [|X[o)<2 in.
) Y <2 in.

1Yol

® i\ULCI<1 deg

The LCC or pilot can lift the load off befare E2 becomes true.
The load centering mode is switchcd off, L27C becomes false,
as the load is leaving the ground. As the aircraft moves over
the load, a small pitch attitude change occurs which can cause
the smallest tension to drop below 800 pounds for a short
period of time. Consequently, a lag and hysteresis are
incorporated in the smallest tension discrete as illustrated
in Figure 52,

The load damping discrete (L27A) becomes true when the AFCS
is engaged with the LSS selected and the lcoad is airborne.
Actually, the discrete becomes true before the load is air-
borne when the total tension becomes greater than 75 percent
of load weight. The load damping loops are switched into the
system when L27A is true., Additional logic is included to
allow rapid descent entries without switching the load damp-
ing mode off. This logic keeps the load damping operating
during descent entries if the aircraft is greater than 200
feet above the ground and the largest tension remains greater
than 800 pounds. This still allows the damping mode to
switch off if the load is set down or if the load is released
while it is airborne,
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load position hold discrete (L27B) becomes true when
following conditions exist.

LSS and hold position hold are selected.
PHS position loops are engaged.,

Heading is being stabilizecd.

Load is airborne (or nearly airborne).

load position hold loops are switched into the system when

L.27B is true. It should be noted that the load damping loops
will always be operating when the load position hold mode is
cngaged.

in addition to the IOP logic described above, there is soft-
ware logic which switches to the proper load damping loop as
the hover hold/PHS loops switch in and out.

There are several limitations in the logic as synthesized
for the ATC demonstration prodgram.

There is no automatic method cf detecting when the load
has become airborne., Consequently, the tensions are
compared tc the approximate load weight to form this
discrete. ICC override of this logic would be desirable
for an operational system.

The 800-pound tension threshold levels do not change
automatically with load weight.

There is no automatic switchoff and inhibit of the
cable tension control loop if the cables are released.

There are no lights to tell the pilot or LCC which LSS

submode is operating or when the aircraft has been
centered over the load within tolerance.
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2.1.5.3 System Design Analysis
2.1.5.3.1 Analytical Models

Three analytical models were usced to set the LSS parameter
values and analyzce the LSS performance; root locus, Continu-
ous System Modcling Program (CSMP), and total force simulation.
The load pendulum motion cquations, LSS loops, and LSS logic
were incorporated in c¢ach model, as appropriate., The root
locus model uses a derivative representation of the aircraft
to provide the system eigenvalues, The CSMP model, which also
has a derivative aircraft representation, produces transient
responses, Logic and switching can be analyzed to some extent
using this model. The total force simulation is used to
evaluate system performance during large perturbation maneuvers
and disturbances. 1t also allows a more thorough check of
system logic, interfacing with the other AFCS modes, and
switching performance. Most physical aspects of the load,
cables, and sensors are included in the models. The effect

of cable stiffness on tension control, cable angle sensor
hysteresis, and aerodynamic forces are included.

Each model was checked out and good agreement was found between
the three models.

The following configuration and parameter variations were
evaluated in the system analysis.

e Load: 8- x 8- x 20-ft MILVAN with weights of 5000, 8000,
and 10,000 pounds.

e Cable configurations: long pendants and inverted VEE.
© Cable lengths: 20 and 50 feet.

© Vertical distance between aircraft center of gravity
and lcoad hook: 4, 6, 8, and 10 feet.

® Cable stiffness: 10,000, 20,000, and 50,000 lb/in,

® Hover with Hover Hold on and off, PHS on and cff, and
heading stabilized and synchronized.
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8 60- and 90-knot forward flight.
® All LSS modes.
@ Variations in key LSS/AFCS parameters,

The following nominal configuration was used for the major
part of the analysis.

® Load Weight: 5000 pounds
e Cable Configuraticn: 50-foot pendants.

® Vertical distance between aircraft center of gravity
and load hook: B8 feet

® Cable Stiffness: 10,000 pounds/inch

Several characteristics are not contained in the analytical
models. Cable angle bow due to wind drag is not included,
i.e,, the cables are assumed to be perfectly straight,
regardless of wind and rotor downwash conditions, Since

the LSS has to determine the load's position using the load
hook angle, cable bow will produce an incorrect measurement

of load position. Figure 532 shows this load position error

as a function of wind strength and load weight. This indicates
that the effect of cable bow can be significant, but should
not exceed the position hold and centering objective level for
the nominal load weight and cable length. With the exception
of hysteresis, perfect signal quality is assumed in the
analytical models. Signal quality is not anticipated to pre-
sent a problem. The second-order analog filters at 60 rps,

in combination with the short computer frame time (0.0l
seconds), should provide good signal quality. Gusts, rotor
downwash, and ground effect are not included in the models.
However, the responses to wind ramps and sine waves at various
frequencies and magnitudes were evaluated.

216




® S0-FT. CABLES WITH O.85-INCK DIAMETER
* DRAG COEFFICENT = (. 2

T

ERROR
(INCHES)

21

0 10 20 30 40 80
STEADY WIND (KNOTS)

FIGURE B53.
LOAD POSITION ERROR DUE TO CABLE BOW

217

p—— - e e ——— —



2.1.5.3.2 Root Locus Studies

The root locus model was uscd to study the load and aircraft
stability as a function of load confiquration and control
system parameters. All LSS/AFCS modes and their inter-
relationship were studied. The basic LSS configuration design
and parameter values were determined using this model. The
significant results for each LSS sub-mode are discussed in

the following paragraphs.

Load Damping Mode

Basic root locus plots for each axis in hover with the PHS

on are presented in Figures 54-56, These plots show how the

load damping varies as a function of the load damping loop

gain and time constant. The root location for the nominal

gain and time constant value is indicated on each plot., The

load freguencies and damping ratios obtained with the nominail
configuration are summarized in Table 7, The load is well
damped, particuvlarly i1'ith 50-foot cables and with the PHS on. With
the LSS off and PHS on, the load roots in hover are as

follows:

® Longitudinal: w = 0.8 rps, S = 0,01
e Lateral: w = 0.7 rps, 3 = 0.02

® Directional: w = 1.3 rps, s = 0.01

Thus the load is only very lightly damped in each axis withouc
the LSS,

The analysis determined that the load damping loop configura-
tion is very dependent upon the AFCS5 configuration. The con-
figuration that provides good load damping with the hover
hold/PHS mode on is unstable with the basic SCAS. Conse-
quently, separate loops are used when the PHS is on and off
as discussed previously. The required phase shift in the
lateral axis changes drastically as a function of the hover
hold/PHS loops as shown in Figure 57.
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The load damping configuration requirement varies substantially
with cable leingth, particularly in the lateral axis. The
following parameters have to vary with cable length to obtain
good load damping.

PARAMETER 20-FT__CABLES _50-FT___CABLES
KXCA 1.0 DEG/DEG 1.5 DEG/DEG
TY4 1.5 SEC 2.5 SEC
KYCA2 0.07 1IN./DEG 0.175 IN./DEG
TY3 ' 0.1 SEC | 0.25 SEC ‘
KYCA3 | 0.031 IN./DEG 0.13 IN./DEG '

i
t
|

0.25 SEC ! 0.75 SEC

TY2

These changes were made to obtain the results summarized in
Table 7. Without these changes, the load becomes very
lightly damped, if not unstable, with 20-foot cables. The
directional load damping with 20-foot inverted-V cables was
analyzed using the CSMP and total force simulation models and
will be discussed later.

The load damping was evaluated in 60-knot forward flight and
was found to be adequately damped with the basic SCAS load
damping loops. The results indicate that the longitudinal
damping can be further increased by increasing the phase
advance.

In general, the load damping is very sensitive to gain and
phase changes. However, with a few exceptions, the aircraft
roots are not significantly affected by the LSS. The most
significant effects of LSS/AFCS parameter variations are as
follows:

e With the hover hold/PHS mode off, the longitudinal load
damping increases when the phase advance is increased.
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® With the Hover Hold/PHS mode on, the longitudinal load
damping increases when the gain is increased. However,
the aircraft damping decreases with increased gain, as
seen in Figure 54.

e The longitudinal load damping gain has to decrease as
the hover hold/PHS gains decrease.

e In forward flight, the longitudinal load damping has a
knee when the gain is 0.2% deg/deqg., i.e., the dampirg
docreases if the gain is either increased or cecreased.

© With the Hover Hold/PHS mode off, the lateral load
damping increases as the gain magnitude increases. How-
ever, increasing the gain further aggravates a switching

problem which is discussed later,

e The lateral load damping decreases sharply if either the
gain, time constant, or hover hold/PHS gains are
increased or decreased from their nominal values,

© The lateral load damping phase lag has to decrease if
the hover hold/PHS gains are decreased.

e The directional load damping can be increased with
increased phase lag as seen in Figure 56, However, this
decreases the aircraft stability.

e The directional load damping decreases by approximately 50
percent with aircraft heading feedback synchronized.

There is negligible coupling between the axes as the load,
cable, and LSS parameters are varied. The load damping remains
good as the following parameters vary over the range described
previously.

e Load weight

e Vertical distance between the aircraft center of gravity
and load hook.
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Load Position Hold Mode

Basic root locus plots for each axis with the load position
hold mode on are shown in Figures 58-60,. The root location
for the nominal parametcr values is indicated on each plot.
The load frequencies and damping ratios obtained with the
nominal configuration are summarized in Table 8. While the
load damping with 50-foot cables is reduced by the load posi-
tion hold mode, the load is still well damped. In the position
hold mode, the locad damping configuration requirement varies
substantially with cable length, as it does with the position
hold mode off, The following parameters have to change with
cable length to obtain the results shown in Table 8.

PARAMETER

20-FT CABLES 50-FT CABLES '
TXL1 , 1.50 | 2.50
|
TXL2 i 1.80 | 2.10 ,
TYL1 ! 0.52 j 2.10 ;
TYL?2 i 0.25 _l 0.41 J

Directional load position hold with the 20-foot inverted-Vv
cables will be discussed later,

The most significant result from the stability analysis of the
load position hold mode is that the load damping increases

as the load position hold gain decreases at the load fregquency,
Further, the gain has to decrease when the hover hold/PHS or
load damping loop gains decrease,

Load-Centering Mode

During the load-centering mode operation, the load stability

is not of concern since the load is sitting on the ground.

The aircraft longitudinal and directional stability is good; it
is similar to that without the cables attached. No fregquency
shaping is required except in the lateral axis which has a

lag in the position term. The root locus in Figure 61 shows
how the aircraft lateral roots vary in the load centering

mode as a function of gain and lag time constant., It can be
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seen that the aircraft is somewhat underdamped laterally with
the nominal configuration. However, the transient responses
that will be discussed in the following sections show good
lateral centering performance.

The aircraft is well damped vertically in the centering mode
with the cables taut and the tension control loop operating.
The tension control performance will be discussed further in
the following sections.

2.1.5.3.3 CSMP Studies

The CSMP model was used to study system transient responses
and periformance in meeting the LSS objectives. Although

it is a small perturbation model, it is valid for most LSS
considerations since the aircraft and load excursions are
small for practically all aspects of LSS operation. All modes
of LSS/AFCS operation were studied for the nominal 50~foot
cables, 5000-pound load configuration.

The high degrve of load damping obtained in each axis can be
seen in Figures 62-64. These transient re-ponses wervre
obtained by applyiny pulses at the pilot's controls with

the PHS and LSS on. These results, along with the CSMP
results for the other modes of LSS,//AFCS operation, closely
match the root locus analysis predicticns.

Load damping in the directional axis with 20-foct inverted-v
cables was evaluated using the CSMP model. The pendulum
equation of motion was modified to include a large restoring
moment for small directional load angles. The normal peridulunm
restoring moment is still present when the load angle becomes
large enough to irake opposite cable legs become slack, The
total restoring momer:t used in the model is shown in Figure
65, The results show that the load should be weil-behaved
directionally "'ith the inverted-V suspension system. The
peak directional excursion relative to the aircraft is only
0.2 degree when a l-inch pedal pulse is applied in hover

or forward flight. A very small uirectional load limit cycle
of +0.04 degrees at 2 hertz persists with the inverted-Vv
suspension,
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Wind gusts, rotor downwash, and ground effect were not modeled
for the LSS analysis or simulation. However, the aircraft and
load response to wind ramps and sinusoidals was evaluated.

In Figure 66, the load longitudinal excursion relative to the
ground due to a 10 fps headwind ramp is shown., Four cases are
included to illustrate the effect of the load damping and
position hold loops. The load motion is well damped with the
load damping mode on. With the load position hold loop on,
the load peak excursion is 0.27 foot and the load returns to
its initial position. The effect of load weight and cable
length on load longitudinel motion is shown in Figure 67.

In Figure 68, tne load and aircraft are subjected to a 20 fps
peak-to-peak longitudinal sinuscidal wind with a frequency of
0.5 rps. The peak-to-peak load excursion is 0.44 foot. The
load lateral response to a 10 fps cross-wind ramp is shown

in Figure 69 where the peak load excursion is 0.96 foot.

The effect of cable angle sensing hysteresis on LSS performance
was investigated using the CSMP model and found to be signi-
ficant for hysteresis angles in the order of +0.1 degree or
greatc -, The transient responses in Figures 7C-71 illustrate
this « fect for various magnitudes of hysteresis angle.

In Figure 70, a 10 fps headwind ramp is applied to the air-
craft and load. The resulting load longitudinal excursion
and damping with perfect sensing is compared to that with
different magnitudes of sensing hysteresis, With perfect
sensing, the load returns quickly to its initial position

in a very well-damped manner., If the hysteresis band is as
large as +0.46 degree, the load stability deteriorates to
neutral damping and the load position cannot be held within

a band of #0.4 foot. The lateral sensing hysteresis creates
an aircraft roll attitude limit cycle as seen in Figure 71,
With a hysteresis angle of +0.11 degree, the roll attitude
limit cycle level is approximately doubled. The degradation
in lateral load damping is insignificant compared to the roll
attitude limit cycle that results. The Teflon/steel load
hook bearing used in the 347 demonstrator is theoretically
estimated to have a longitudinal hysteresis angle between
+0.04 and +0.09 degree and a lateral hysteresis angle between
+0.03 and 40,07 degree. Originally, a bronze/steel bearing
which would have produced a hysteresis band approximately
three times as large was planncd to be used.
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The load-centering mode operation was tested with the CSMP
model, In Figure 72, the forward and aft cable tensions

are initially zero and 6uU pounds, respectively. The LSS is
switched on and both tensions are automatically increased to
approximately 1200 pounds and held at that value. When the
smallest tension exceeds 800 pounds, the LSS automatically
centers the aircraft over the load longitudinally, laterally,
ana directionally, as shown in Figure 73, In this case, the
aircraft was initially misaligned 5 feet longitudinally,

3 feet laterally, and 8 degrees directionally. The

aircraft is centered (under ideal conditions) within a 2-
inch and l-degree tolerance within 7 seconds in a

smooth, well-damped manner.

2,1.5.3.4 Hybrid Simulation

The hybrid total force simulation was usecd to study overall
system performance, including legic, and to verify the root
locus/CSMP results. All modes of LSS/AFCS operation were

evaluated,using pulse, wind ramp, and LCC controller inputs.

While the simulation study concentrated on the nominal load/
cable configuration, the respcuses for a 10,000-pound load
and for 20-foot cables were verified,

The responses to pilot pulses are shown in Figures 74-82 for
hover and 60 knot flight. The load damping improvement
afforded by the LSS can be readily seen for each axis. The
aircraft attitude excursions vrequired to damp the load are
very small, Basic SCAS, hover hold, and PHS cases are shown
for the longitudinal and lateral axes in hover. In Figuies
83-84, 10 fps headwind and crosswind ramps are applied to the
aircraft and load. The lcoad pusition hold mode returns the
load to its original position within 15 seconds. Notice that
the aircraft is displaced from its initial position in oc.der
to restore the load's rosition, Maximum longitudinal and
lateral LCC step iaputs are applied in Figures 85-86. The
load excursions caused by these .nputs are damped out quickly
by the LSS, whereas the cuamping would be less than 5% critical
if the LSS were off, The value of the load damping can be
seen in Figure 87 where the load is repositioned through a
distance of 20 feet using the LCC controller and a scope
display of the load's position., With the LSS on, the load
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can be positionced easily and precisely, whereas without the
L35S, Jightly damped load oscillations build up making precisc
load pousitioning difficult and time consuming.

Tho LSS logic performed well during the simulation verification
with two exceptions: (1) hysteresis had to he added to the

load centering tension discrete as discussed previously, and
(2) an LCC/LSS interface ovroblem was found which is described
below,

‘ The simulation and CSMP results are in very close agreement

- as can be seen by comparing corresponding simulation results
with the CSMP results presented previcusl,. The only signi-
ficant disagreement 1s in the dirvectional damping loop where
the simulation reguires a considerably smaller gain and timce
constant than the root locus model recommends.

2.1.5.4 Major Problems
2.1.5,4.1 Sensitivity to Cable Length and AFCS Modes

A discussed previously, the required LSS configuration is
dependent on tie cable length and AFCS mode that is being
uscd. The current system design automatically changes the
LSS vontiguration as a function of AFCS mode changes., For
an operational system, several LSS parameters, as noted
previously, would have to change automatically as the cable
longth changes.

2.1.%.4.2 LCC/LSS Interface

. A problem was cnccuntered when LCC inputs were attempted on
the total force simulation with the LSS on. The hover hold
mode limits the longitudinal and lateral veleccity error
s1gnals to approximately 1 tfps to provide the desired aircraft
«cceleration,  This limit masks the velocity term until the
velocity has reached the commanded value., Since the LSS
cenfuguration is dependent on whether velocity feedback is
applicd toe the alrcratt, the load became unstable when the
velocity toerm was masked by the limit, Logic was added to
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switeh the LSS to the paroper g ing toop when thia Limit iy

roached,  This providen jood Toag damping continuously  dur g

LCC and pilot mancuvering with the hover hold and precision

hover modas on,

2.1.5.4.0 Contlict Between Load pamping med Position Hold

The cireraft vesponses roeduirod Tor boad dhamping and Toad
postiion hold are 1 opposibte divections oo desoribed
proevionsty, Consedguent Ty, Lhe position hotd [oaps bave to

operate ats a Tow fveguency Lo cvoldb o selr ool ing

voduction in Toad camping,




2.1.6  Aytomatic Approach to Hover

2.1.6.1 Objectives and Concepts

The primary objective of the HLH/ATC automatic approach to
hover system was to demonstrate the feasibility of an auto-
matic approach system.

Since the objective is to demonstrate feasibility and not
operational capability, the following ground rules were
established to permit system simplification.

L]

The

Pilot establishes desirea track; initial longitudinal
groundspeed at 70 kn t 5 kn, 1initial descent rate of

0 fpm to 400 fpm, and initial altitude at approximately
1000 feet above hover point.

Fixed approach profile, and hover altitude.
Track at time of approach initiation will be held con-

stant during apprcach by stabilizing heading and main-
taining zero cross--track velocity and peosition error.

Desired track velocity will be maintained through
longitudinal wvelocity commands.

Altitude will bhe phased from baro to radar during final
portion of approach.

Velocity commands will be input to the flight director

and, when performing an automatic approach, to the CCDA's.

A coupled or manual approach may be selected anytime
during the approach.

auto approach handling gqualities objectives are:
To reduce pilot workload during approach.
No excessive control inputs.

No excessive or lightly damped aircraft responses.
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pertormance qgoal:; lor the aulo approach are:

Initial and Degscent Phasey

Glidepath orror

JO0-toot. vertical crror
80~-toot lateral error

Groundspeed error 16 knoto

Deceleration Phase

Glidepath cerron

10-foct vertical error
40-foolt lateral orror

Groundspoeed error T F 4 knots.

2.1.6.2 Autc Approach Profile Descrintion

The pitot initiates the automatic approach by first manually
flying the helicopter to the following trim conditions.

e Groundspeed = 70 kn t 5 kn

& Rate of Jdescent - 0 tpm to 400 fpm

e Altitule - 1000 ft. (above hover point)

e tHelicopter stabilived along desired track
e Groundspeed veloclity mode sclected

Initiation ¢t the approach occurs with engagement of the
"auto approach inittiate" switch, see Pigure 88.

The approach profile is described by three separate phases,
sec Figure 89. 11 the initial approach phase, the helicopter
will maintain 70 knots ground speed and 1000 feet altitude
for a distance of 1930 feet., During the phase, t. 2 FDI
velocity commands are based upon errors from the desired
level-{light condition. The vertical error displaved corrves-
ponds to the displacement trom the projected gylide slope.

At 1930 feet from the inittiate point, the helicopter enters
the descent phase ot the approach protile.  buring this phase,
the track velocity 1o maintained at 70 kpots amcd ravse ot
descent at 10,353 fps. This corresponds toe a 5% glide slope.
The degiired altitude profile 1o determined tvom the rate of
descoent .
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At 10,010 feet from the initiate point (2290 feet from the
hover point), the helicopter entexrs the initial deceleration
phase. During this phase, the aircraft flares to decelerate
and reduces its rate of descent to 5.83 fps. At 214 feet
from the hover point, the deceleration and rate of descent

are slowly reduced to achieve hover at 12,300 feet from the
initiate point at an altitude of 100 feet.
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2.1.6.3 Automatic Approach to Hover Control System

The initial auto approach control laws and logic for the
347/ATC were developed utilizing unpiloted simulation, first
with a linear, small perturbation digital simmlation, and
then with the full-flight envelope simulation. Final adjust-
ment of the control laws was accomplished on the 347/ATC air-
craft. These adjustments consisted primarily of changes in
gains, time constants, and feedback signal qgeneration.

The final automatic approach to hover system, which 1s the
result of the above development, 1s shown on Figure 90.

The contrel system performs copen loop determination of the
distance from the hover point, Dy. This is used to generate
the desired approach profiles (rate of descent, altitude, and
track velocity), and stick commands which approximate these
profiles. Proportional and inteqgral feedback of profile
errors 1s used to maintain zero error between actual and
desired responses. The summation of the open loop stick
command and the proportional and integral feedback signals
represents the reguired stick command.

For a manual approach, the difference between the reqguired
stick commands and cockpit stick motion is fed to the flight
director velocity command bars (see Figure 91). The pilot
performs a manual approach by inputting cont.cl motions to
maintain the command hars in the null position.

For an automatic approach, the pilot activates both the FDI
and coupler switches and the required stick commands are
then fed directly to the cockpit controls through the CChA
actuators. The pilot cvan monitor the approach by observing
the control motions and the flight director velocity command
bars. The appreoach can be aborted by either maa braking or
with the coupler switch on the mode select panel.

2.1.6.3.1 Longitudinal Control Loous

The longitudinal control loops are shown on Pigure 90.  The
functions FBXV, and i'BDB, Appendix Data Package, describe
the desired track wvelocity profile and the open-loop stick
function, respectively: FVXT R¥ performs the track velccity
coordinate transformation from north-south coordinates to
track coordinates. The difference between FBXV and I'VXTRK
represents the track velwcecity error which iu fed to the con-
trol system through proportional and integral. paths with
gain Kgpyy and Kpyp,, respectively. Limiters Lyg and Lyyg
are placed on the integral and total feedback paths to pre-
vent excessive control inputis.
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2.1.6.3.2 Lateral Control Loops

The lateral control loops are shown in Figure 90. These
maintain helicopter track by determining cross-track velocity,
Fyyrrig @nd feeding it back through proportional and integral
gqains Kgyy and Kgyp, respectively.

2.1.6.03.3 Vertical Contirol Loops

The vertical control loops which provide the desired descent
ratc and altitvde profiles are shown in Figure 90. The
functions ¥Feyy and ey, represent the desired rate of descent
and altitude profiles, respectively. Fepe represents the
collect 've lever displacement which approximates the desjired
prorile.  The rate limits L. and L, are included to soften
the step changes on Foyy and reope.  Rate of descent informa-
tion is provided by a complementary filter which uses a heavily
filtered radar rate for low f{requency data and vertical accel-
ceration for high-freguency, short-term data.

The alltitude feednaclk signal utilizes barometric altitude

[rom approach initiation tc 1000 feet from the hover point.

Tt 1. assumed that at 1000 feet from the hover point, the
aircraft is over relatively flat terrair and the altitude
siqnal switches transient-free t radar altitude. Tle dif-
fcrence betwern baro and radar altitude at the time of
switehi 7 is ramped in at a rate of 4 feet/sec. The transient-
‘ree switch insure. a smooth transition from baro to radar

an.d an absolute hover altitude of 100 feet.

Compensation for the collecctive trim shift, associated with
the aircraft power required curve is provided through the
collective trim compensation function, Feage @nd the low air-
spead collective bias loop. Fopge mechanized in the basic
vertical $CAS, provides compensagian for airspeeds greater
than 40 knots. The low airspecd collective bias loop pro-
vides additional compencaticn for airspeeds below 40 knots.

This leop functi~ 5 by generating an approximate airspeed
sional, and step .ng in .5 inches of "up" collactive stick
throuwgh a lag v cnever the approximate airspeed drops below
2% knots.  As rolizhle airspeed measurement is not available
below O knotr, the airspeed approximation is generated by
determining 8 - difference between airspeed and longitudinal

Jroundspeed, This ditference is stored when Dy becomes less
than 7290 fe- . The approximate airspeed is equal to the sum
o lesgitudal grouadspeed and the above stored difference.
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2.1.6.3.4 Basic SCAS Modifications

The following basic CCAS modifications were required for
automatic approach operation.

® Increcased pitch attitude gain, Kmapr to .45 in./deg to
vrovide tighter pitch attitude control.

¢ Removed lateral control response guickening loop in
order to reduce lateral control sensitivity.

o Modified longitudinal asymetrical limiter, LM8, to
2 inches forward and 4 incucs aft, and added a longi-
tudinal stick bias equivalent to 2 inches of aft stick.
This waes required to prevent the longitudinal AFCS
from bottoming the asymetrical limit and causing the
loss of pitch attitude feedback.

© Added a complementary vertical rate feedback loop to
the differential vertical AFCS output with a ga.n of
.135% in./fps, K. v3® This provided additional wvertical
damping and reduceéd the collective stick sensitivity.

2.1.,6.4 Flight Director Display Signal Generation

The flight director allows the pilcot to monitor the perform-
ance of the auto approach system and, if necessary or desired,
to manually fly the helicopter along the approach profile.

The information displayed on the flight director (see

Figure 91) includes:

Steering Command

® Longitudinal
® Lateral
@ Vertical

Flight Path Error Indications

e Lateral
e Vertical

Out-of-Tolterance Indications

The steering ccommands represent the difference between the
required stick command and the actual cockpit control dis-
placement. This signal is fed to the flight director command
with appropriate scaling and dynamic shaping to prcvide
acceptable commands for the pilot to f llow. The following
command dynamics and sensitivities provided adeguate pilot
tracking capability.
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inches 1
Long Vel <Comm = .60 5 .755+1

= inches 1
Lat Vel Comm = .715 %R —S5Ty
vert Vel Comm = .25 }nChes 1
inch 1.55+1

The vertical and lateral flightpath errors were displayed
using the following sensitivities:

120 feet error
1 incn displ

Vert Error =

120 feet error

Lat Error = -
1 inch displ

The FD (Flight Director) and RT (Rate of Turn) flags are
driven into view whenever any of the flightpath error
tolerances were exceeded. These tolerances are:

for 12300' > Dy o> 2290

Vert Error < 40 ft
Lat Error <80 ft
Groundspeed Error <t 6kn

for 2290 > Dy >0

Vert Error <10 ft

l.at Error <4O ft

Groundspeed Error < * 4 kn
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2.1.7 Hover Trim

The HLI AFCS is configured with a selectable control feature
that automatically corrects the helicopter to a zero ground-
speed condition. Known as Automatic Hover Trim, this select-
able mode i3 incorporated to reduce cockpit workload during
the final stages of a manually initiated approach to hover.
It is particularly effective as an approach aid when utilized
in conjuncticon with Altitude Hold. Another Hover Trim appli-
cation considers engagement of the mode while recovering from
naneuvers cesulting in disorientation or vertigo which occurs
from time to time while flying under IFR flight conditions.

The Hover Trim system opzrates by slowly backdriving cockpit
longitudinal and lateral controls to a force trim reference
corresponding to zero ground speed. Tt may be activated any-
where in the f1ight envelope by depressing a button on the
pilot's Mode Select panel.

LONGITUDINAL AXIS MECHANIZATION - As illusctrated in the longi-
tudinal APCS functional block diagram (Figure 14), Eover Trim
centrol laws consist of a single proportiopal feedback through
which a longitudinal oround -speed signal (Xp) 1s passed. The
signal goes Jdirectly into the inteqgral back-drive peth to
command paraliel stick wmotion in the cockpit. L-22 logic
energlees the loop, and it stays ocngaged as long as the pilol
does not forcee trim with the mag brake or select the Velocity
GFEF mode of operation.

As 1ong as the groundspecd 1s greater than 10 fect wer second,
2 constant level sigral Js sont to the integral drive because
ot the M4 limitcr, “his produces a gradual stichk input in
the cockpit which sicws the aircraft toward hover. Stick ir-
puts continue uni il velocity is completely nuiled through the
intesral control drive.

A dual gain networhk is provided to increase longitudinal stick
backdrive galn above 45 knots airspeed.,  When Hover 7'rim is
selected in haogh-speed flight, the aircraft decreascs velocity
at a moderately rapid pace initially, and then nore siowly as
hover 15 approached.

DATERAL AX T MECHANTVATTON ~ Plgure 23 shows a similar ground-
specd teedbach and integral backdrive mechanizatoon for Lhe
Lateral tover Trim networi,  L-=2d logic sw.tching controls the

medde s e teedback begins Lo zero late-al veirocity when the
a1l crallt hao stowed to the polint that groandspeced veiorence

fzy e anedd e Veloaoa by Moo controliing logie) in bhelng used.
A varngle garn el on dncorporated o the lateral Lo inee

Phe moate v st cerquir et to operate at hipah o speed,



During the HLH AFCS dencvustration program, customer evaluation
pilots typically found Iover Trim most usetul for stabilizing
the final segment of manually-executed IFR-type approach
mnancuvers. From a 500-foot-per-minute descent at around 30
knots, the Altitude Hold mode was employed first to level

the £light path at 150 to 200 feet above the ground. The
pilot then pitched the nose up to initiate a longitudinal
deceleration. At approximately 25 knots, Ilover Trim was
engaged and the remainder of the approach was accomplished
automatically.



2.2 NORTHROD FLIGIIT STMULATTON

2.2.1 Summary

in 1973, two piloted simulator evaluations of proposed HLH AXCS
control laws and logic were conducted at the Northrop FPlidght
Simulation facility in Hawthorne, California. Overall sinula-
tion objectives were to:

e Refine control law and logic mechanization developed for
demonstration on the 347 TFlight Research Vehicle <o as +to
minimize expensive and time-consuming hardware au i+ scft-
ware changes on the flight test program, and

® Ensure adeguacy of ivrhicle handling qualities for meet ing
the requirements of the IILII mission through continuned
AFCS development.

The first simulation was accomplished in April on the LAS/WAVS
{(large amplitude - wide angle visual) "big beam" simulator
illustrated at the top of Figure 92. 'The principal purpose of
this testing was to evaluate basic SCAS performance throughout
the flight envelope from the pilot's cockpit flight atatiocr.
Hover Trim and Automatic Altitude Hold selectable mode tfoa-
tures were also locked at along with aircraft behavior result-
ing from simulated AFCS and DELS failures.

A second phaue >f testing was completed in late Deccmber and
utilized the Low Speed "Rotational" simulator (shown at the
bottom of Figure 92) to represent the rearwavrd facing loa:d
crewman's station. Hover llold contrel laws were exploroad in
conjunction with evaluations of the "Prototype'" LOCC unit.

Separate comparisons of the finger/ball and grip-type Lo
controller counfigurations were also made by custower pitot

and engineering representatives. Additional tesuving 2.0 00
the eifect of exterral loads on vehicle handling quaioiyen with

the llover Hold mode engaged.

The math model driving both simulations represented the 40
helicopter. 'This full envelope "total force” model wa: cxtens
sively checked out and validated against {lLiaht data in the
Vertol Hybrid Simulation Laboratory (and on the Nudge simulators,
prior to being programmed at Northrop. ACH wmodeling was acocom-
plished with Genecral Electric 1CP-002 incremental daigital oome-
puters which were similas in principle to the 10733 mededs
used on the demonstration aircraft.

Major simulatior results are swmarized n bigiees 92 gt 0
A shown on the farst figure, 66 hours ol productive piloted
flight simulation ) ome were "flown” during the prosgrvam.
Rearuivenents for e tware control law modiflcations woero
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FULL MANEUVERING MATH MODELS —-
COMPLETE AFCS FUNCTIONS

[LARGE AMPLITUDE/ PILOT
WIDE ANGLE VISUAL
SIMULAYOR BEAM VERTICAL MOTION
+t 10 FT AT COCKPIT PILOT HOURS 35
BEAM LATERAL * AFCS MQDS
TRANSLATION 10 LOGIC
+ 10 FT AT COCKP!T VISUAL HEMISPHERE 28 SOFTWARE |
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el SN
AN e /V‘
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identified in Phase I testing, and 20 in the Phase II. A

total of 15 logic changes were also identified. These logic
revisions were of particular importance because of the diffi-
culty associated with modifying the "hard wired" logic modules
on the 347 flight test aircraft after they were once installed.

A summary assessment of handlinyg qualities with the final AFCS
control laws preogrammed in the simulation is presented in
Figure 93. Pilot Cooper-Harper ratings of between 1.0 and 2.0
(in the desirable to highly desirable range) were achieved

for virtually all test mancuvers with the AFCS engaged. Simu-
lated triplex ArCS computer hardover failures were found to be
readily recoverable, as were DELS failures for the 347 denor.-
strator with reversion to the Mechanical Backup Units.

Both simulations were considered by pilot evaluators to repre-
sent 2 high level of fidelity in reproducing expected aircraft
and control system characteristics. As a dircct result of
this, when the AFCS was finally evaluated on the 347 test air-
craft, pilot ratings of handling qualities were quite similar
to those found in the simulator the year before.

In the evaluation that follows, the Northrop simulation program
is discussed in three segments. The first covers development
of the math model and simulator representations of the tect
aircraft and control system (Section 2.2.2). This description
is followz2d by a discussion of the Phase I full envelope SCAS
evaluation from the pilot's station (Section 2.2.3). The load
crewman/LCCC Phase IT simulation 1s reviewed last in Section
2.2.4.

2.2.2 gSimulation Development
2.2.2.1 Mechanization and vValidation of the Math Model

The math model used in both phases of the Northrop simulation
was developed in the Vertol iiybrid Simulaticen Laboratory dur-
ing 1971 and 1972, 2 complete description of this model and

its Vertol computer mechanizavion 1s included in Vertol Docu-
ment DIo1-19148-L, titled "Fall Flight Fnvelope Math Model for

347/11LH Contrnl System Analyses - Control Document'” (Reference
7).
A brict synopsis of the more important features of the model

15 poesentea 1n tlhoe secticon ot the report.
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2.2.2.1.1 Math Model Features

AIRFRAME AND EQUATIONS QOF MOTION - The total force tandem
helicopter airframe math model shown in Figure 94 (and de-
scribed in Reference 7) is based upon a set of six fully
coupled rigid body equations of motien. These equations cal-
culate body axis linear and angular airframe accelerations from
a summation of rotor and fuselage forces and moments. Accel-
erations are integrated, and then resolved to produce body and
rotor system linear and angular velocity components, and
fuselage Euler angle rotations. Angle of attack and sideslip
values are computed next for both rotors and the fuselage.

These are used, in turn, along with rotor inflow and advance
ratio information (and control system inputs) to determine
rotor and fuselage forces and moments. The forces and noments
are summed, resolved back into the aircraft body axis system,
and then the computational cycle again repeats itself with
calculation of the acceleration set,

Rotor forces and moments may be determined in two ways. The
simplest utilizes classical theory to compute the six forces
and moments generated by cach rotor. A linear section lift
slope and parabolic drag variation is assumed in the classical
approach,  First harnonic flapping assumptions are also made
in the determination of coning and longitudinal or lateral
flapping.

An alternative (and more accuratca) rotor solution involves the
use of pre-computed forces and moments in the form of "Rotor
Maps", ‘These maps are dorived with a comprehensive rotor
analysis which considers the effects of compressibility and
stall., Map data are expressed in the rotor wind axis, and are
stored in digital tabmlsr form in the computers.,

In awddition to bLasic ailrcratt calculations, the cquations of
motion also accommodate forces and moments produced by an
external sling load, Two-point inverted-Y and -V suspension
aystems may be used, ana the etfects of quasi-static load

ae  ynamacn can also be consodered,

Gt oo arttrame math o wodel features incelude the capabidity for
imoenr ot o clither steady winds or a random gust sequence on the

Foor e e, An o cnviine governor and rotor dynamie shalt system
1o alee modelaed to provide a votor speed degree of  treedom
whioh porespond to chanaes wn acrodynamlic torque redulrement
anag enc e power oo babi b,
)‘ i)
~ et i s am—— - T e A o S - S T A




CONTROIL SYSTEM -~ A rather complete representation of the
mechanical and automatic flight control systems is included in
the simulaticn math model. Mechanical centrol runs from the
cockpit to the rotor system are provided. Control mixing and
upper boost dynamic characteristics are simulated as are inter-
connections for the 347 SAS or SCAS systems. Interfacing of
the AFCS and DELS through a series of "frequency splitters” was
modeled along with the dynamic characteristics of cockpit con-
trol backdrive actuator for each AFCS axis.

2.2.2.1.2 Mechanization and Validation of Simulation

VERTOL EFFORT - The math model just described and illustrated

in Figure 94 was programmed at Ver .ol on fcur AD-4 analog com-
puters coupled to an IBM 360-44 digital vrocessor. Rotor maps
and selected control systems or airframe functions were stored
in twin BCA digital mini computers.

A "checkout" 347 SAS was mechanized on one of the AD-4 comput-
ers, ind the HLII demonstration AFCS for the 347 in the 560-44,
The AFCS control law model wa:s programmed using the VECEX
(Vector Execution) system, which permits contiol law "patching®
in the digital computer, using technigques similar to those

apy -ied on an analog computer. APCS logic was programmed on
three AD-4 computer consoles.

Initial model validation consist.d of comparing unpiloted trim,
derivative, and dynamic response results (for both augmented
and unaugmented flight conditions) with predicted data. Pro-
grams used to generate the validation predictions had pre-
viovsly been veriried with flight test results,

When the simulation model checked against the theoretical pre-
dictions, a series of runs were made using accual control
inputs generated in an earlier 347 flight test program. lleli-
copter respons2s, both with and without external siing loads
attached, were checked against the flight results. An example
of this cimulation validation against test data is presented
in Figure 95. Good correlation was shown to exist for vir-
tually all test points compared.

In preparatiorn for mechanizing the math mcdel at Northrop, a
decision was made to program the AFCS simulat ion model on two
GE ICP-002 in-remental computers at Vertol. 'T'he purpose ol
this was to provide familiar.ty 11 programming by using 1.ilght
control computers similar to those that wovld be i1nstalled on
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the 347 Flight Research Vchicle. An additional objective was
to eliminate the necessity for programming the detaile.l AFCS
control laws on the Northrop computers, thereby savinag a sub-
stantial amount of time and money at the contractor simulati. n
facility.

Unpiloted validations of the GE computer proqgrammed conty |
laws were made against VECEX results by comparing alv-ratt
pulse control responses for both AFCS models. Typical ata
from this comparison are illustrated in Figure 9¢.
Correlation betwecn the two AFCS modeling approaches iu shown
in the fiqure.

As expected, the GE modeled AFCS produced aircraft respunses
which were very slightly more damped than the VECEX associate.d
runs. This characteristic was due to a substantially recduccd
simulation time frame permitted by the incremental computer.:.
The lower time frame more closely approximated actual con-
ditions on the 347 test aircraft.

A limited Nudge simulator validation of the APFCS control laws
and logic was flown by Vertol pilots just before the GE com-—
puters were shipped to Northrop. Final AFCS updates were pro-
grammed at this time.

AORTHROP MATH MODEL MECHANIZATION AND CHECKROUT - The mechani-
~al control system and checkout AFCS math models were pro-
grammcd on an EAI 8900 hybrid computer (consisting of Model
8400 « igital and Model 8800 analog components), and on two
high-capacity Comcor 5000 analog computers. A PDP-9B digital
minicon»nuter was used for rotor map storage. ‘These ~computers
were tr.inked together (and to the simulator) as shown ‘n the
INigure 97 block diagram schematic.

Al lod lc was patched on the Model 8800 analog console. A
small avalog Comcor 175 computer was utilized to model the
cockpit lengitudinal/lateral stick and rudder pedal force-fecl
systems (and CCDA actuator characteristics) for the 347 air-
cratt.  An ther 175 provided motion monitoring capability for
the larye amplitude simulator. A third 175 analog was pro-
qrammed with the Load Stabilization System control laws.

Motion and visual drive equations for both simulators were
programmed (in assembly code) on the EAT #8400 digital computer.
The IAS/WAVS drive equations were already in existence and
checked out when 347/7HLH math model programming was starvted.

brives for the rotational simulator, on the other hand, had to
be rederived and reval idated becausce of a requirement Lo »ro-
gram them digitally, instead of using an analoy coamputer as in
previous simulations.  The digital mechaniration was dictated
by a lack of analog comwuting capacity at the tacility, and
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because the rearward facing load crewman orientation requirc
several axis transformations which were more easily handled
in the digital computer.

validation of che math model at Worthrop was accomplished in
essentially the same manner as at Vertol. Also validated
before the Phase I program were the cockpit stick and rudder
pedal force feel and CCDA cl'aracteristics.

2.2.2.2 Simulator Description and Checkout
2.2.2.2.1 LAS/WAVS Phase I Simulation

The large amplitude Northrop five-degree-of-freedom simulator
utilizes a cockpit mndule suspended on the end of a beam as
shown in Figure 92. The cockpit is free to roll, pitch and
vaw and move sidewards or up and down to emulate motion of
the aircraft being simulated. No longitudinal translation
capability is provided, but accelerations along this axis are
simulated with cockpit postular tilt.

VISUAL DISPLAY - The wvisual representation is generated for
the pilot by projection of a sky-earth-movntain panorama on a
spherical screen mounted around the cockpit module. This
vitual scene is adequate for VFR maneuvering throughout the
crulse and low-speed range cf the flight envelope. Precision
hovering cannot be performed with accuracy, however, due to a
lack of terrain detail. Yor this reason, testing was shifted
to the Rotationdl simulator with its superior "point light
source" visual system for the Phase 1I Hover Hold/LCCC simula-
tion program.

MOTION DRIVES - 'The approach to motion simulation developed by
Northrop and utilized in both simulators is described in depth
in References 8 and 9. Basically, an attempt is made to create
for the pilot an illusion of motion associated with flight
which produces angular velocity and "specific force” sensa-
tions similar to those of the real world; without causing the
simulator to "bottom” on its motion stops or to yenerate
invalid force or velocity cuer. Specific force is the appar-
ent force at the pilot's station, and is the guantity felt
when pressure is applied to the body surface or joints. 1t is
detined in Reference 8 as the "sum of the vehicle's external
forces divided by vehicle mass, less the gravitational compon-
ents" (which the pilet does not normally perceive).

In the LAS motion drive mechanization, a@aguliar rate of the
simulated aircraft is high pass filtered initially and is

then integrated to form an attitude command for the cockpit.
Prior to integration, specific jorce is added to the argular
rate signal (in the torm of longitudinal or lateral accelera-
tion corrected for gyravity) throngh use of a “coordinating”
lead~lag circult.  ‘The combined network attenvates the computed
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aircraft attitude to an angle which results in the formation
of correct steady state lateral and longitudinal accelerations
using only gravity components (in the form of postural tilt).
The "coordinating" circuit facilitates wide band specific
force recovery, and at the same time, limits simulator travel
because of the nature of its overall transfer function.

The :1ntational simulator motion drive mechanization is similar
to the one just described, but it utilizes low-pass filters in
place of the “"coordinating'" circuit. This first order filter
mininizes the false angular velocity sensations accompanying

rotation to an attitude which produces the desired preception
of longitudinal and lateral acceleration.

COCKPIT SETUP - The simulator cockpit cab layout for the Phase
I evaluation was configured to represent the right hand
pilot's station in the 347 cockpit. A conventional arrange-
ment of stick and pedals was included in the basic simulator
cab, and the force feel characteristics for these controls
were provided by a set of rotary hydraulic servo actuators
mounted under the floor. The 347 breakout and linear force
gradients (with hysteresis included) were simulated as were
the mag brake and beep trim systems. CCDA backdrive

actuator characteristics were also modeled.

The collective stick installed in the cockpit was a standard
CH-47B component with electromechanical servo trim actuator

and magnetic brake attached. This actuator was similar to

the one used in the 347 aircraft during the HLH AFCS demonstra-
tion program.

The arrangement of the simulator panel instruments duplicated
the right-hand gquadrant and glare shield in the 347 Flight
Research aircraft. Basic flight instruments, engine and rotor
gauges, and special instrumentation associated with the HLH

AFCS evaluation were installed on the panel. During the Phase
I program, the following instrumentation was operational:

Basic Flight Instruments

® Airspeed, barometric altitude, vertical speed, radar
altitude, turn and slip

® ADI (attitude director indicator) and HSI (horizontal
situation or heading indicator)

Aircraft Instruments

® Rotor speed, combined engine torque
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HIIL/ 347 AFCe Ascociated Tnstrunentat ion

e Longitudinal groundspeed (vertical strip indicator),
latera! groundspecd (horizontal strip indicator)

e 347/HLH mode select panel

5TMULATOR CHECKOUT - All trunking to and from the simulator
complex was checked to verify the signs of motion and visual
drive signals, etc. Cockpit instrumentation was calibrated
and exercised open loop, as were the various mechanical con-
troel force feel drives and CCha actuator mechanizations. The
force feel /mag brake system was verified by a Vertol test
pilot to ensure characteristics similar to those on the 347
aircraft. Beep trim notoring of the sticks was also
validated.

2.2.2.2.2 Low-Speed Rotatioral Phase II Simulation

The rotational flight simulator is a five-degree-of-freedom
device which provides pitch, roll, and yaw angular motions
along with capability for limited vertical and longitudinal
movement. No lateral translation is incorporated in the
moticn bhase, but lateral accelerations are simulated with
postular tilt as described in the previous section.

MOTION DKiVES -~ The primary servo drive actuators for the
simulator cockpit cab are arvanged in pairs with two oriented
horizontally and two vertically. A separate actuator system
rotates the cab about 1ts Y-Y axis to provide pitching motion.

Rotaticn of the cockpit about its yaw axis i1z facilitated by
differential operation of the horizontal actuators. Although
these two actuators can be operated together to provide longi-
tudinal X motion, this capability was not utilized during the
Hover Hold simulation in order to preserve actuator authority
for the vaw deyree of freedom.

Rolling motion is develnped by differential extension of the
vertical actuators. A small amount of simultaneous vertical
actuator travel is permitted to generate a vertical motion
cue for the pilot. The vertical authority is deliberately
maintained at a low level to prevent degradation of coll axis
motion.

As indicated earlier, cadb orientation for the Hover Hold
Phase 11 simulation represented a rearward facing load crew-
man's station which 1s located substantially forward of and
below the aircraft center of gravity. Correction terms were
incorporated in the digital motion drive equations to account
for the moment arms ¢ the LCC cab.
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FFOINT I.IGHT SOURCE VISUAL DISPLAY - The visual display for the
Rotational simulator is one of the most realistic available
for low-speed and hover operations. It consists of a trans-
parent terrain model mounted above the pilot's head, through
which lioht from a very bright point source (located above

the transparency) shines, to develop an image on a spherical
screen. Figure 92 shows how the 200-by-107-degree screen is
positioned relative to the cockpit cab.

Mechanical drives for the transparency are provided by a six-
degree~-of-freedom servo actuator complex which permits continu-
ous rotation of the model (in the ¥-Y plane} during extended
yaw maneuvering. The software eyuation drives for the visual
display are set up to move or rotate the transparency in con-
janction with cabk motion, so as to produce the correct appar-
ent aircraft attitude and location within the confines of the
transparency visual field of view.

For the Hover Hold/LCCC simulation, a 750-to-1 scale model

of an airport with surrcunding countryside was utilized. A
number of prominent features, such as runways, hangars, trucks,
trees, etc. were simulated.

Because of the presence of these items, excellenrt visual peri-
pheral cueing was available to the load crewman pilot for low-
epeed and hover maneuvering. Ti.m operational area available
within the VFR range of the 750:1 transparency was approxi-
mately 1500 feet by 1500 feet (full scale), and altitudes up
to 625 feet above the surface were usable.

COCKPIT CONFIGURATION - The rotational simulator cockpit was
configured as a load crewman's station with the Phase I
instrument and Mode Select panels installed for test purposes.
Also provided on the left hand top side of the LCC panel was a
CRT tracking c~ope which simulated the visual augmentation dis-
play on the demconstrator aircraft. Its purpose was to aid the
simuiation pilot in evaluating precision hover tracking and
position hold tasks. The "inside out" fly-to horizontal dis-
play depicted a T-shaped target as if it were being viewed

from a window in the bottom of the helicopter. A variable
scale grid (representing + 5, 50, or 500 feet) was superimposed
on the CRT face along with simulated reference marks for the
tracking exercises. Pilot selectable scale changes were made
possible by turning a selector knob.

The prototype LCC controller (later used on the 347 flight
program) was installed along with an adjustable arm rest.
This 1is the finger/ball unit described in Section 2,1.4.

For the BOA #12 tests, another controller was also installed
for comparative evaluation with the finger/ball configura-
tion. This four-axis, right-hand grip-type controller (known
as the mockup LCCC) was configured with a thumb yoke for
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proportional control of the vertical axis. It was used in an
earlier LCCC design review at Vertol and was gpecially modi-
fied with rotary potentiometer transducers for the Northrop
simulation.

A complete in depth description of both LCC units is presented
in the BOA #12 report (Refererce 10).

SIMULATOR CHECKOUT - To prepare the simulator for the Phase II
program, a comprehensive calibration and frequency response
test was performed on all motion and visual drive actuators.
Actuator servo valves and feedback transducers were overhauled
as necessary,. and special actuator compensation networks were
developed and validated to ensure motion and visual drive
fidelity.

Calibration teste with both LCC units installed in the cockpit
were performed, as were open locp drive tests with the track-
ing scope. Normal testing of simulator trunking, including
checks on the signs of analog signals and sense of logic
discretes, etc., were carried out prior to piloted validation
of the simulation.

2.2.3 Northrop Phase I 347/4LH AFCS Pilot's Simulation

Phase I simulation activities are described in four segments,
including major program objectives, pre-test preparations,
test program, and principal results.

2,2.3,1 Objectives

In addition to the general gcals stated at the beginning of
this section, a number of specific objectives were also set

for each simulation phase. Detaliled objectives adopted for the
Phase I program are listed below:

(1) Optimize AFCS control law and logic concepts for the
basic high- and low-speed SCAS (including determination
of proper frequency splitter settings) to produce the
desired level of handling qualities for the HLH
mission.

(2) Conduct static and dynamic stability evaluations in
all axes. Asse3s maneuverability and controllability
with final control pickoff, beep trim, and
*gecurity blanket" settings incorporated.
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(3) Refire and evaluate the following selectable modes
and or automatic control features:

©® Automatic Hover Trim
® Automatic Altitude Hold
e Velocity Mode Transfer Switching

@ Ride Qualities at the Pilot's Station with the
PHS Engaged

{4} 1Investigate aircraft transient behavior subsequent to
the following types of simulated AFCS or DELS failure:

e AFCS Engagement and Disengagement

e Triplex AFCS Computer Hardovers (Individual and
Multiple Axis)

® Reversion from DELS to Mechanical Backup Units
2.2.3.2 Pre-Test Preparations

A limited fixed-base checkout was run by Engineering and
Test Pilot personrel, where the sky/earth visual projection
system was operating along with the airframe and AFCS.
Vvisual drives were verified at this time. Concurrent with
the fixed-base activity, calculations were performed using
Model 347 stability derivative data to define a preliminary
set of coefficients, gains, time constants, etc., for use

in the motion drive mechanization.

2,2.3.3 Phase I Test Program

The entire Phase I simulation test effort is outlined in
Table 9. Detailed are the principal piloted and unpiloted
evaluations carried out to meet program objectives. Eight
test flights were conducted over a period of 19 days, during
which time 34-1/4 hours of simulatcor flight time were
acquired. In addition, 60 hours of nonpiloted testing were
accompligshed to validate the math model and AFCS (as described
previously) before piloted testing started. After commence-
ment of flight activities, an additional 11-1,/2 hours of
nonpiloted computer evaluations were performed as the AFCS
was updated and refined.

293




*m33skS 1324a0Y
uoTsto3ad ‘wral 1aaoy
olne ‘apom pIoy SpnITITE
v/€~< ‘WTI] R SI2ANaUeEm TERIIIPT] %1/ <
J
WIaI3 13Aa04 ‘
oine ‘swta3l deaq ‘wmrij dooT ut
211B3S ® SIaAnduem [e133e] , 103BTNWIS YITM SATIPYOEQ
5/€-¢ ‘(saxe [Ir) sdals ® sasTng ¢ ! §24V 30 Apnis pajorrduoy €1/% » d
|
sToxiucd 30711d 3o | | :
| 9A13D¥d®Bq $DIV PIIPNIS @ | H ,
. uor: | ! dooT uT aoleynumis H "
i3 -B3TJTI2A UCTIOW TRUT] @ | € ; INOYITA § Yirm ADNIS UCLIOR | gT/% £ >
| | &
s}22y> §OJV AIBUTWIT31gd o :
v UOTIBN[EPA2 ULTION @ &6/% | b4
m !
i aseg paxid !
1 ucTienTead UWOTIOW [BIITUT < M U3ITA 3InoONO3Y) SOV TeRUT , 9/% T
| i
w £/% |
w m Ino¥9Y) § uorieafaiuj oL
i 09 w 1CeTNWIS/SDAV/2WRITITV/AD | 7T/ € !
; ] A
A1l M NOTLIV.ITVAT d31071714 dWIL M NOTIVATYAT QIIOTIANON ALVQ | ‘ON ‘
! In9I1d FERKE I N 0 €
L ¥0IVIRISI /EOLVIONTS |
3
A¥VIONAS NCILVATVAZ GIIOTIANON/QILOTI4 SD4V HIH 1 dSVHA
NOILVTIIKWIS 3SVE NOILOW ID¥VT/IJOTIANI LROT1d T1INd JOYHIMON ‘g I19V1




7/1-%¢E S¥NOH TVIOL T/T-T¢ SYNOH TVIOL

WIISAS Iaa0Y ‘

uots1o31d *sdo3s pue sasind
TeTiIulialI1p ‘saanitel
ucrsiaaaai dnjyoeq Tedrueydauw
o] ‘WY1l 13A0Y OTIBWOINY -— ~— S/ 8
notieziwrido jjyoxord
TBUOTI3IOITP B Te13lET
seaniye3] xa1d1i13 ‘sisajsuei;
apom K3IdcT2A ‘swmrial dasq
%/1~6 (soxe f1e) sdais § sasIng -—— -—

295

%Z/Y L

saaniie] xa7draz ‘28eBuasip |
/38e8ua §Hiv ‘suiil dasg ,

|

|

‘si193jsueil apow AITO073A
‘uUcT3IBIdT209p/UOTIRIB
-I3o2e TRUIPO3TIZUOT ‘pIoy . X
apnitile ‘safueyd SOIV SUGIIBOTITPOK PIOH 9pPNITITV O

9§ suoJsiaax 21807 23en asuodsay
Z/T~% ~7BA? 01 S1aanauem Ye1d3le] 2/1-1 Aouanbaxy v(q)) 3ATIDA[TO) © 81/% 9

TRIL NOILVI'IVAd Q3alO1ld AWIL NOILVATVA3 Q31O 1I1dNOH 31Y0 “ON
1H911d ¥ILNROD 14
JOLVIANIS [YOLVIANIS [

{QINNIINOD) "6 ITILVL




Pcrtions of three flights were utilized at the start of the
flight program to sort out motion drive problems. Simulator
roll axis drive coefficients were medified several times to
produce satisfactory response characteristics, and minor
changes were made in other axes. Once a realistic simulation
of aircraft motion was achieved, a static and dynamic stabil-
ity evaluation of the basic 347 was made to compare with
previous experience in this test aircraft.

Pilot comment indicated that a very realistic and represent~-
ative model of the 347 helicopter existed in the simulation.
The unaugmented roll rate damping was, however, felt to be
lower than in the actual aircraft.

2.2.3.4 Principal Simulation Results

The preliminary evaluation phase of AFCS testing revealed a
number of problems associated with operation of the high-
speed limited roll attitude lateral stick gradient ("security
blanket"), roll and yaw beep trim characteristics, and the
altitude hold and hover trim selectabl> modes. Problem

areas were quickly identified, and modifications to AFCS
design parameters and logic were made to improve system per-
formance based on pilot comments and ratings.

A summary of the changes required in each A-CS axis is given
next. In general, reference to the four AF.S block diagrams
presented 2arlie: in the design analysis (Figures 14, 23,28,
and 30), will clarify the reasoning behind any control law
and logic changes described. Although these diagrams repre-
sent the final flight test AFCS configuraticn, they are
sufficiently close to those utilized in tahe simulation to be
of value in understanding the system modifications.

2.2.3.4.1 AFCS Mcdifications

LONGITUDINAL AXIS

a. The low-speed LCP control schedule was phased in over a
lower groundspeed region (25 to 40 i.nots). Hover gain
was lowered to improve low-speed longitudinal response

characteristics to pilot control inputs, and to prevent
saturation of the authority limits.
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Automatic hover trim acquisition control loops were
modified to provide an acceptable deceleration rate and
pitch attitude response during transition from hign to
low speed, and to minimize overshoot in groundspeed as
the aircraft approaches hover.

Longitudinal stick feed forward gains were changed to
provide an acceptable pitch attitude response when
velocity feedbacks are off. The longitudinal stick
gain, which was originally summed in before the track-
store elsment, was eliminated and the entire amount add-
ed in after the track-store element.

LATERAL AXIS

a.

Lateral velocity control gradient at low speed was
increased to 53 knots/inch to improve harmony with the
longitudinal velocity gradient,

Lateral control response at high speed was desensitized
by reducing the lateral stick pickoff gain.

The parallel lateral control backdrive gain in the lat-
eral velocity mode bias eliminator was reduced to
satisfactorily backdrive at low airspeed. An additiocnal
path was alsc added to increase the backdrive gain at
high airspeed.

Scheduled roll attitude gain (FLAD) was replaced with a
fixed value gain (.05 inch/degree), to provide a con-
stant 10.0-degree limitation to the roll attitude/
lateral stick gradient at high speed. (Note that the
10-degree limitation was reduced to 5 degrees in the
flight test program to improve sluggish rollout
response characteristics.)

Logic L-43 was modified to provide acceptable operation
of the lateral "security blanket" function over the
entire high speed range. The position of the lateral
stick reference synchronizer activated by the logic
L-43 was also relocated to track the error difference
between the latcral stick position and roll attitude
response, rather than absolute stick position only.

This new mechanization improved the accuracy of the
roll attitude/lateral stick relationship within the
limited roll attitude gradient region, and resulted in
smaller deviations from reference roll attitude when
the aircraft was allowed to retrim after release of
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lateral control forces. Pilgure 94 shows the improved
L~43 logic. Figure 99 i1llustrates a typical roll
maneuver time history with the revised logic, where the
pilot stabilizes at a roll attitude without retrimming
the stick forces, and then releases the stick to return
it to a zero force reference condition.

Bank Angle Synchronization L~3 logic was changed to
provide differential roll attitude beep capability past
the 10.0-degree limited roll attitude gradient region.
Prior to the change, the bank angyle synchronization
loop latched in a “"sync" condition and prevented roll
attitude beep trimming outside the 10.0-degree limited
roll attitude control grrdient region, Figure 98 shows
the revised 1.-3 logic at the top. A tinwe history show-
ing lateral beep trim characteristics after the logic
change is presented in Figure 100, In addition to the
logic modification, the differential roll attitude beep
trim rate was increased to 3.2 degrees/second.

Transient-free switching of the lateral velocity
reference when accelerating with the lateral stick in
detent at steady bank angle required the addition of a
velocity mode change discrete to L-3 logic. The one-
shot discrete forces the bank angle synchronizer into

a stabilize condition when switching from a groundspeed
to airspeed reterence and causes the bank angle to

hold throughout the transition. Figure 98 shows the
additional discrete added to the L-3 logic network.

DIRECTIONAL AXIS

a.

Directional control response at low speed was desensi-
tized by reducing the pedal pickoft gain by a factor
of four.

Yaw acceleration response to parallel beep trim ot the
pedals was tound unacceptable in low speed. A differ-
ential heading beep trim input to the heading hold
synchronizer was ftound necessary to provide precise
heading adjustments at low speed. A modification to
the headinyg hold logic L.-5 was also necessary to
accomplish this function.
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L-3 BANK ANGLE SYNCHRONIZATION
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FIGURE 98.
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VERTICAL AXITS
L 4

a. 'The collective CODA rate lTimit {0.66 inch/second) was
found to be unacoeptably slow to obtain a satisfactory
altitude hold, particularly tor the high gain radar
mode. In addition, approximolely 0.25% inches of dead
zone in the collective actuator linkaye allowed some
dritt and long-term limit ¢yeie in the altitude
response.

A differential cutput command pathh was added Lo the
vertical AFCS o obtain an acceptable altitude hold

mode. Also, the vertical acceleration gain was increased
by a factor ot four to provide additicnal vertical
damping.

b. As a result ot the Phase [ simulation, turther study
of the vertical axis was indicated prior to the flight
test program, to define limitations imposed by actuator
dynamic response characteristics., Alternate gain,
shaping, and differential authority configurations to
improve the radar hold mode were to be evaluated,

2.2.3.4.2 Pilot bvaluation Results

Table 10 presents a pilaobt rating summary for tests and maneu-~
vers flown with the final AFCS configuration. Virtually ali
pre-test handling gqualitics objectives were either met or
exceeded, as indicated by the Cooper-Harpe: ratings given most
maneuvers and control system features. The vertical axis/
CCDA deficiencies identilied in the simulation were analyzed
'nd solutions were later proposed for the flight test program.

SIMULATED AFCS AND DELS FALLURES

Authority and vote limiter settings for the freyuency
splitters (described in Secrion 2.1.3.1.9%) were developed
during the AFC: pLrelicinary evaluating test phase. In the
latter part of the simnlation, the effectiveness of these
splitters tfor attenuating aircratt tronsient response
resulting from AFCS hardover failures was evaluated.
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TABLE 10.

FHASE I - NORTHROP FULL FLIGHT ENVELOPE/
LARGE MOTION BASE SIMULATION

FLYING QUALITIES RATING SUMMARY

r

Eva

luation Items

Pilot

Cooper ~Harper

Rating

(1)

(2)

(4)

(5)

Pulse and step response characteristics
(all axes)—- well damped at all airspeeds.

Beep rates and trimmability - capability
for precise adjustment of aircraft pitch,
roll, and yaw at all speeds
PITCH ROLL YAW
Differential
Heading

Low Speed -~ Parallel Parallel

Parallel Parallel
($<10°)
Differential

(¢>10°)

High Speed -Parallel

Longitudinal Acceleration/Deceleration in

headwinds and crosswinds -
(a) No unacceptable transients at velocity

mode swiichover.
Backdrive of longitudinal and lateral
control smooth and hard to detect.

(b)

Lateral Reversals to bank angles of 60
degrees - No unacceptable characteristics.

Turns in winds to 50 deg of bank angle -
(a) Small loss in airspeed
{b) Tight bank angle hold

1.5-2.0

1.0-1.5

1.5-2.90




8 &
TABLE 10. (CONTINUED)
: Pilot
© Cooper-~Harper
: Evaluation Items Rating
s (7) Tongitudinal and lateral velocity control
o gradient at low airspeed (groundspeed
raference) - 1.5~2.0
(a) Fxcellent low speced maneuvering
characteristics.
{(b) Good control harmony between axes
{(8) Altitude hold inr level flight, turns, and
acceleration and deceleration maneuvers - 2,0-3.0
(a) Baro mode is satistactory
(b) Radar mode requires more study due to
nonlinear effects of ccllective actuator.
{(9) Selectable Modes 1.5
(a) Aidrspeed - Basic 347 characteristic
acceptable,.
(b) Velocity Disable/Decay -~ Provides ' 3.0
attitude control system and capability
to ramp out velocity centrol bias. |
{(c) Automatic Hover Trim - Mode acceptable,
but has :low deccleration rate. [
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Simulated triplex computer hardovers (in both directions) were
introduced separately into each AFCS axis, and then in combi-
nation with one another. With the final frequency splitter
authority limits incorporated, all failures were determined

to ke recoverable.

A summary of failure types, and an esti-

mate of delay time between the failure and initiation of
pilot corrective action is presented in the table below.

FLIGHT
oo NDLTION
Single Longitudinal VFR @ 140 kn 2 Seconds
Axis Nose-Up
1.5 Seconds
Nose-Down
Lateral VFR @ 165 kn
Directional VFR @ 145 kn >1 Seccnd
Vertical VFR @ 165 kn
Multiple ! All Combined VFR & IFR @
AXlis 160/165 kn
>1 Second
Lateral (+) VFR & IFR @
Opposite 1¢0/110 kn
Directional

In addition to AFCS hardover failures, DELS malfunctions were
also simulated. For the initial fly-by-wire flight testing
of the 347, a mechanical backup system was to be installed

in the aircraft. In the event of a DELS failure, control

was immediately transferred from the DELS to the mechanical
backup units. Reversion to the MRU while flying on basic
aircraft (AFCS not engaged) was simulated at the end of the
Phase I Program with a variable length differential control
step input. Recovery from these simulated control reversions
was found to be no problem.

Aircraft transients associated with AFCS engagement and dis-
engagement were also determined to be mild when evaluated
in the first simulation.

U—————
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2.2.4 Phase II Load Crewman/LCCC Simulation

Discussion of the Phase II load-controlling crewman and LCCC
gimulation is organized like the Phase I writeup, with back-
ground and objectives, pre-test preparations, and test results

reviewed.
2.2.4.1 Background and Cbjectives

Objectives were to:

(1) Evaluate hover hold control and stabilization laws for
both the Hover Hold/PHS and IMU/Radar modes of
operation.

& Assess the effects of Precision Hover Sensor physics
on hover hold performance.

@ Check pilot's station ride qualities for hover
hold operations.

(2) Evaluate the prototype LCCC with respect to meeting
: hover mission requirements with the hover hold mode
y engaged.

(3) Compare the finger/ball (prototype) and "grip with
thumb yoke" (mockup) LCCC controllers for performing
VFR and IFR precision hover and load shuttle maneuvers

(under separate BOA).

(4) Evaluate load damping and position hold characteristics
for the hover hold mode with the LSS engaged.

puring final preparation for the hover hold simulation, a

decision was made to eliminate precision hover ride qualities

testing (at the pilot's station) in the LAS/WAVS simulator.

This decision was based upon intermittent schedule conflict

. problems with Northrop in-house flight simulations, and on
the necessity to concentrate maximum effort in bringing the
rotational simulator up to an operational status. This
simulator had not been utilized for serious simulation work
in the two years preceeding the HLH program; and as a
consequence, required extensive refurbishment, calibration,
and updating of its motion and visual drive mechanizations
before hover hold testing could start.

H
i
H
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2,2.4.2 Pre-Test Preparations

The various tasks accomplished in bringing the math model

up to date and refurbishing the simulator for the Phase TI
program are outlined in Table 11. in addition to the
simulator and LCCC calibration and checkout procedures
described in Section 2.2.2.2.2, a substantial effort was also
directed toward reprogramming the 0B computers for the
updated hover hold control laws. Analog logic associated
with this mode was also modified to reflect the final Vertol
pre-test hover hold configuration.

Precision llover Sensor modeling (as described in the hover
hold design analysis) was programmed in the EAI 8400 Digital
Computer, and checks werc run to ensure its proper operation.
Models of the Drift Clear and PHS-IMU velocity switching
networks were also programmed and verified.

During the Phase I program (and followup Northrup/Vertol
advanced tandem helicopter simulation flown in early summer),
the external sling load model was programmed and validated
with theoretical response predictions and flight test results.
Load damping and position hold loops in the load stabilization
system were Ilso patched on a Comcor 175 analocyg computer and
PDP-9B comt.nation in preparation for Phuase II testing.

Approximately 250 hours of unpilloted computer or simulator
time were utilized in preparation for the Phase II simulation.
A substantial portion of this time (115 hours) was utilized
in updating simulator hardware and drive mechanizations for
the motion base and visual systems.

2.2.4.3 Test Program

The principul activities conducted during piloted and un-
piloted Hover Hold/LCCC evaluaticns are summarized in Table

11. Six test flights were made along with a preliminary
validation checkout of the simulator and 347 aircraft model.

A total of 31-1/4 simulator flight hours were {lown in the

test program, and approximately 38 hours of unpiloted compu-
ting time were utilized after testing started for ongoing

AFCS analysis, daily simulator checkouts, etc. The primary focus
of the unpiloted AFCS work was to determine the effects of
external sling load dynamics on the Hover Hold mode, and to

check out the LSS model.
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AFCS/Prototype LCCC Evaluation ~ On Flights 1 and 2, stability
and controllability evaluations of the Hover Hold mode and
prototype LCCC were made while using a continuous or "locked"
PHS sensor. During the second flight, normal sensor locking
and unlocking characteristics were introduced along with
steady and turbulent wind conditions. Hover Hold/IMU
maneuvers were accomplished, along with an analysis of the
effects of differential output frequency splitter on

hover hold performance.

Flight 3 continued the Hover Hold/PHS and IMU testing, and
the drift clearing feature was assessed for the first time.
Analysis of both Hover Hold modes continued on Flight 4 as
shown in the table. On this flight, the effects of gusts on
automatic hover hold performance with the PHS engaged were
evaluated.

Flight 5 was an unpiloted assessment of external load per-
formance with and without the two Hover Hold modes engaged.
Extensive LSS checkouts were performed and this unpiloted
analysis continued over into flight 6.

During the piloted portion of the sixth flight, two config-
urations of external slingloads were flown and evaluated.

In addition, LCCC input lags and control sensitivities were
adjusted to improve an aircraft control response. Controller
sensitivity and threshold levels were further modified on
Flight 7 to achieve harmonious control response character-
istics.

BOA Controller Evaluation - Portions of Flights 3, 4, 6,and
7 were utilized by customer pilots and engineers to compare
finger/ball and "grip" LCCC controller characteristics,
while executing simulated VFR and IFR hover hold tracking
and station keeping tasks. Table 12 summarizes the flight
time for each participant (totaling about 6 hours) with the
two candidate controlliers. Customer evaluators "flew" the
basic 347 with Hover Hold/PHS engaged (including a fully
operational sonsor).
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Five pilots checked both controller configirations (illus“rated
in Figure 101) and three engineering evaluators assessed the
finger/ball LCCC only. Evaluation tasks included:

e About 5 to 10 minutes of VFR familiarization maneu- eu-
vers with the controller being evaluated, followed by
practice precision tracking tasks between two "targets"
superimposed on the tracking scope grid.

i TABLE 12 ,LCCC EVALUATORS AND SIMULATION FLIGHT TIME

CONTROLLER EVALUATION
FLICHT TIME ~ MINUTES

CUSTOMER PILOT FINGER/BALL THUMB/GRIP
EVALUATORS DESTGNATLON PROTOTYPE MOCKUP
EXPER IMENTAL
TEST PILOTS
H. Chambers - AVSCOM (A) 45 20
D. Simon - AMFEDL (B) 40 50

ENGINEER/PILOTS

J. Terry - AMRDL ©) 15 40
J. Dunbar - MIT ) 25 10

LINE ASSIGNED
U.S. ARMY PILOT

W. Gault - CW3,USA (E) 40 20

ENGINEERING

EVALUATORS
F. Cappetta-AVSCOM 15 -
. J. Savage -AMRDL 10 -

. Hubble -AVSCOM 10 -




_ SIMULATION
ARMREST

CONTROLLER

-
// ~~ADJUSTABLE
MOUNT

FINGER/BALL LCC"PROTOTYPE" CONTROLLER

DIRECTIONAL C )
_SIMULATION

LATERAL e "\« ARMREST

- ADJUSTABLE
CONTROLLER
MOUNT

THUMB/GRIP LLCC "MOCKUP"CONTROLLER

FIGURE !0l.
LOAD-CONTROLLING CREWMAN CONTROLLERS USED
IN BOA EVALUATION
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] A visual load shuttle manenver was then executoed,
where the aircraft was translated VR from the airport
center to a helipad. Approaching the pad, a turn and
descent were initiated, followed by visual hover over
the pad, and Ly subsoquent return to the center of the
airdrome,

) Nearing the site wherce maneuvering began, the pilot
transitionced from VIR to the tracking scope, at which
time a precision acgulisition and positioning maneuver
was acoomplilshed.

All maneuvers were performed in calm air, then with
steady 25-knot winds, and finally with steady winds and a
5 fps RME gust cnadition appiied as time permitted.

Significant pilot comments regarding the controller being
evaluated were jecurded.

2.2.4.4% Kesults of the PPhase 1L Sinulation

In the sccond phoese simulation, just as in the first, a
number of AFCS control low and logic moditications were
regquired in order to produce the desired level of handling
qualities. WNear!v ol1 simalation ohijectives were success-
fully achieved; »sieecially those roelated to vehicle handling
gqualities with the hover hold mode engaged. Prototype LCCC
per forman.c wos 1iso nighly rated with respect to accomplish-
ment of the load shuttie or positlion holll [0C miaesions,
Vehicle performance with external loads attached was adjudged
to be satisiactor, for the hover and shuttle tasks, but no
piloted assessrent o0 LSS characterilstics was possible due

to insufficient tiame available on the final sinmlator flight.

2.2.4.4.! AFZS Modificatrions

Twenty software anid tive logle changes were Jdeveloped anc
evaluated during the second simalatlon. A summary of the
more dmportant o! these modiflcations 1s given below:

LONCITUDINAL AXTH

o The Jounyitudinal velocity error Limiter (LX1) was opened
to 1.0 deyrees to improve longitudinal acceleration
response for LCCC commands. (Reference to the indivi-
dual axis APV hlock diasgrams presented carlier in the
desigyn analysas will be helptul in assessing the impact
of moditications discussed in this section. )

ile
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Longitudinal and lateral LCC controller input command
lags (TYS5 and TY9) were reduced to 0.25 and 0.5 seconds
respectively, so as to quicken response time for both
small ("creep") and large ("leap") velocity inputs.

LATERAL AXIS

The lateral parallel backdrive command path from the

lateral velocity error signal was modified to correct an
under~damped lateral response characteristic, particularly
when making large and rapid LCC contrel reversals. The
lateral response would get out of phase with LCC commands
due to excessgive motion of the primary cockpit control.

This lateral LCC control deficiency was corrected by
elimination of long term washout (T 6) in the lateral
differential command, anéd by limiting the integral backdrive
signal using the LL3 limiter.

Roll attitude and roll rate gains (K and Kjap) were
increased t¢ reduce initial roll attltuge reuponse for
small LCC contrcller commands, and also to soften the
roll attitude response upon recovery tc zero lateral
velocity when the LCC controller is placed in the detent
position.

DIRECTIONAL AXIS

Yaw response was increased by elimination of the parallel
command path (KRLC = 0,0), and removal of the washout
(Tyo) in the differential command path. This change
corrected the long-term reduction of yaw rate response
caused by washout of the LCC differential command.

GENERAL

Drift Clear (L-34) /Hover Hold (L-11l) logic was modified
to provide acceptable IMU drift clear operation when
Hover Hold is engaged. It was necessary to input the
Drift Clear logic discrete (L-34) into Hover Hold engage
logic L-11 to momentarily disengage Hover Hold while
drift clearing. Otherwise, the aircraft responds to

the IMU synchronization transient and any controller
out-of-detent command.
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CONTROLLER CCMMAND SCHEDULING

® LCC velnvity command functions in all axes L JLC

were modified to reduce controlxo% Sead
b&&g ang Selowlty command thresheld levels. The ¢ld
pre~simulation velocity command functions (primarily in
the longitudinal and lateral axes) were found to be
unacceptable in the Hover Hold/IMU mode with only IMU
velccity feedback, and no position hold engaged (PHS
disablerl} .

Reduction of controller deadband provided an increase in
controller velocity response and cuicker response time
for small inputs. This enabled the L{C pilot to pre-
cisely maneuver the aircraft and hold a ground position
without overcontrolling, particularly in gusty condi-
tions. Figure 102 shows the original F and F
velocity command functions, as well as th&LC LLC
modified schedules synthesized in the simulation.

2.2.4.4.2 Pilot Handling Qualities Ratings

A complete tabular summary of pilot handling quality ratings
for the Phase I1 simulation is given in Table 13. Two modes
of operation were rated. The first of these includes pre-
cision position acquisition and hold maneuvering, using "beep"
and "creep" controller commands and the tracking scope for
positional reference. As shown in the table, when this type
of task was accomplished with the PHS enabled, a

rating of 0.5 was yiven the system to indicate superior
performance.

Beneath the PHS score is a buildup cf pilot ratings reflecting
continued system improvement, as the simulation AFCS/LCCC
design synthesis progressed for the Hover Hold/IMU mode.

Note that a rating of 1.0 was finally possible after refine-
ment of the controli laws and LCCC scheduling. Very good
Cooper/Harper ratings were also yivern for higher velocity
reference maneuvering under VFR conditions, (boilhi with and
without a valid PHS).

1t is interestinc to note that Hover Hold/PHS performance
was degraded only slightly when the aircraft picked up an

external slingload. Scores for the slingload configured
aircraft maneuvers are shown at the bottom of the Table,.

318

e ———— e ——




LONGITUDINAL
20

LONGITUDINAL
VELOCGITY 1
(r1/8%C)
10 MODIFIED < 7+ — ORIGINAL
7,
. Z diomscnon

-20-
LATE RAL
20 -
LATERAL
VELOCITY 1
(FT/8KC)
0 4

80
LCC LONGITUDINAL
CONTROLLER MOTION (%)

<20 4

-£
-80 -100

LCC LATERAL
CONTROLLER MOTION (%)

FIGURE lO2.
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2,2.4.4.3 BOA LCC Controller Evaluation Results

Results of the Basic Ordering Agreement controller comparison
are summarized in Table 14, Listed in the table are the
principal LCCC features evaluated, and the types of tasks used
to assess controller performance. A synopsis of controller
improvements suggested by the pilot evaluators is also
included, along with an overall controller rating preference.

Based upon pilot evaluation comments, a consensus favoring
the finger/ball configuration was expressed. This conclu~
sion substantiated earlier controller test results acquired
during the Vertol Nudge Simulation in December 1972
(described in Hover Hold Key Developments, Section 2.1.4.2).
Nearly all of the BOA LCCC evaluators preferred the
finger/ball controller for precision target acquisition

and hold maneuvering; and this is the flight mode around
which HLH/347 LCCC design has been optimized. A preference
for the thumb yoke methad of controlling vertical aircraft
motion was also expressed.

While most of the evaluators stated that either controller
would be acceptable, specific suggestions to improve various
features of both were made. Finger/ball suggestions included
reduced vaw forces and adjusted vertical detent breakouts for
improving control harmony. These changes were incorporated
in the unit before the 347 Flight Program, and the results

as expected were very favorable,

BOA recommended modifications of the grip controller included
addition of a mag-brake locking mechanism, and viscous
dampers similar to those on the prototype finger/ball

device.
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2.3 HLH AFCS SYNTHESIS

2.3.1 Summary

The philosophy adopted in design of the HLH AFCS was to
develop a set of control law and logic mechanizations suitable
for meeting HLH mission requirements and goals, and then dem-
onstrate the validity cf these laws on the 347 Flight Research
Aircraft. With the AFCS verified in flight test, the stabili-
ty and control concepts would then be directly transferable

to the HLH after minor modification of gains, time constants,
etc., to account for vehicle size and gross weight effects.

The analysis described in this section provides final sub-
stantiation that control concepts developed for, and demon-
strated on the 347, will provide the same superior handling
qualities when applied in the HLH aircraft.

Using the ATC full envelope Vertol Hybrid Simulation model
described in Section 2.2.2.1, an assessment of vehicle sta-
bility and controllability characteristics was made for the
HLH airframe and rotor dynamic system configuration. AFCS
control laws and logic were those developed earlier for the
347. Preliminary analysis indicated that HLH control sensi-
tivity and system gain levels should be about the same as
those used in the 347 program when both aircraft were flown
at their respective design weight conditions. Accordingly,
the HLH was evaluated at its design weight (118,000 pourds)
using 347 AFCS parameter values. The objective was to adjust
gain levels, etc., if required, in order to develop response
characteristics comparable to those of the 347. very few
changes were necessary to produce the desired results.

Pulse and step responses in hover and forward flight were
generated for all axes of the basic SCAS. These runs were
made with and without the Automatic Altitude Hold mode
engaged. Transitions through the velocity mode transfer
switch were accomplished, and the effect of control back
driving was assessed. In addition, low-speed responses,
including external load dynamics and Load Stabilization System
characteristics, were also evaluated.

Comparison of unpiloted HLH simulation results with previous
347 data showed the effect of configuration to be minimal,
and the control concept directly transferable to the HLH
vehicle as expected.

2.3.2 Background

Original ATC AFCS development plans called for a piloted
simulaticn of the HIH aircraft. The simulation was to include
assessment of HLH handling qualities, and evaluation of a
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variable Programmable jorce-kFeel Unit (PFPU) for the primary
cockpit controller. This PFFU was developed for the HLH
aircraft under a sepavate ATO program element to provide
mancuver cueling tor tne pilot.

Maneuver cueing requiremcnts are strongly dependent upon the
stability and maneuverability characteristics orf the aircraft
involved. 1ise of the variable force~feel approach to improve
apparent stability levels (e.qg., bobweight effects); or to
improve response feecl characteristics of nonconventional
controller qualities had been demonstrated successfully in

the past on other helicopters. Its application in the HLI
program would depend upon the results of handling quality
evaluaticns in the 347 ATC simulation and flight test programs.

As indicated in the previous report section, Northrop-pilcted
simulation efforts i1n 1973 were highly successful in develop-
ing and validatinag the HLH concept of complete hands-off
stabilitv, and linear velocity response characteristics for
the demonstrator aircraft. On the basis of the simulatcer
results, it was decided that a further piloted evaluation of
HIH handling qralities would not be required in view of having
already demonstrated vhe characteristics necessary for the
Heavy Lift AFCS.

The follow-con 347 flight program confirmed the favorable simu-
lation outcome, and permitted further reftinement of AFCs SCAS
and selectable mode features. In addition, pilots commented
that the Model 247 fixed force-feel system (when used in con-
junction with the HLH control laws) was adequate for mneeting
requirements of the lHeavy Lift mission as had been anticivated
when requirements for PFEFU simulation were dropped earlier.

The unpilouted HLI simulation analysis documented in this
section was substituted for the original piloted program in
order to assess vehicle sicze effects (if any). and AFCS
parameter settings.

2.3.3 HLH Math Mudel and AFCS Development

AIRFRAMI AND ROTOR ~ Pricr to starting analysis of the [1LH
AFCS, the full envelope total force math model was updated
with HLH aicframe and mechanical control characteristics.
Changes to the 347 model included:

e Incorporation of HLH parameters, cuch as rotor radius and
solidity, o4 mement arm relationships, rotor and fuse-
tage inertia values, fuselaqge force and moment data, and
longlitudinal c¢yclic trim schedules for both rotors.
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# Dlevelopment, checkout, and programming of new rotor maps
for both HLH rotors based on VR-7 and VR-8 airfoil tech-

nclogy. The effects of Mach number (compressibility),
rotor stall, and unsteady lift aerodynamics were all
considered in preparation of the map package. The avail-
able range of advance retics extended from H# = 0 (in
hover Lo) M = .5 (in high-cpeed cruise).

e Develupment and incorporation of a simulated HLH engine
and dynamic rotor shaft system model.

@ ncorporation of HLH mechanical control mixing and inte-
grated upper ruost dynamic characteristics.

After configurt g the math model with the HLH parameters
mentioned 2., @, a series of verification trim sweeps in level
flight and climb were made, and then compared with predicted
performeince. Correlation was good as in the earlier 347 trim
velidaecion. A sample of the level- flight trim results is pre-
sent<d in Figures 103 through 108.

Plotted simulation trim data reflect an application of classi-
cal theory to the determination of rotor forces, moments and
flapping. For comparative purposes, rotor map results are
also shown in Figure 106 for the forward and aft rotor aero
torque required. Improved high-speed correlation is shown for
the map data, and this is due primarily to the more rigorous
interpretation of nonlinear aerodynamic effects, such as

rotor stall, compressibility, etc.

In addition to the trim comparisons just described, a series
of stability derivatives were also generated with the simula-
tion math model to further confirm its validity. These results
compared favorably with expected performance. -
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AFCS - Preliminary estimates ot required HLI rate and attitude
gain factorsg for the SCAS were wade and thoese were then
inserted into the simulation AFCS model to act as a starting
point for the analysis. Assunptions in this preliminary work
were that the desired HIH response frequencies (for the vari-
ous longitudinal, lateral, directional and vertical modes)
should be proportional to those on the 347, but factored down
to reflect the lower HLH rotor operating speed (i.e., 23
radians/sccond for the 347 vs. 16 radians/second for the HLH).
Desired damping levels were assumed to be identical to the
347 values. Required rate feedback gains for the lateral and
directional axes (at vehicle design weight of 118,000 pounds)
were estimaterd to be essentially unchanged from the 347, but
the attitude gain requirement for the directional axis was
reduced by about 1/3 from its 347 level. A lowered accelera-
tion gain in the vertical axis was also indicated.

2.3.4 Results of Unpiloted HLH Hybrid Simulation Analysis

The principal objective of the HLH unpiloted hybrid simulation
was to develop response data for this aircraft which closely
resembled the characteristics of the 347. As indicated in the
previous section, an attompt was made to duplicate the 347
damping levels with a slightly lower response frequency for
the larger aircraft.

The only stability feedback yain changes required to produce
the desired results were those discussed earlier. it is anti-
cipated that minor modification of these (and other) gains,
time constants, etc. will be reguired in the future to fine-
tune the AFCS for installation in the Prototype or any poten-
tial production LN aircraft. The basic control laws for these
aircrafr, however, are oxpected to remain essentially the same
as those demonstrated on the 347,

A corias of control pulges and steps in all axes were intro-
duced into the WL simulation model to evaluate aircraft con-
trolrability and stability. These control inputs were made
with the cockpit sticks and pedals in order to include pick-
off feedforward characteristics in the resulting aircraft
response. Steps and pulses were run in high-speed cruise at
120 knots, and in hover with 5-knot winds. Typical HLH pulse
and step responses are illustrated in Figures 109 through 116
along with comparable 347 runs based on the same control
snputs.

Figures 109, 110, 111, and 112 compare stability respunse data
for pulse inputs in the four controel axes at 120 knots. Excel-
lent courrelation with the 347 baceline is shown for all cases.
Attitude responses are virtually identical for both aircraft,
and only minor variations in angular rate or SCAS input were
observed. The effect of vehicle size on stability is minimal
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as shown in the figures. Duplicate runs were alsoc made with
the Altitude Hold mode engaged, and these showed good correla-
tion with the 347 results as well.

Low-speed controllability is demonstrated on the step response
data at zero groundspeed with 5-knot winds applied (Figures
113 through 116). Aircraft steady state velocity response to
the various control inputs was found to be about the same for
both aircraft indicating similar levels of controllability for
the low-speed linear velocity groundspeed mode of AFCS
oreration.

Transitions between the low- and high-speed mcdes of flight
were explored to validate operation of velocity mode transfer
switching in the HLH AFCS. A typical result of this testing
is shown in Figure 117 which depicts an acceleration from
hover in 30-knot winds to a steady state 110-knot airspeed in
forward flight.

This maneuver is followed by removal of the step control input,
and deceleration back to the original hover condition. Longi-
tudinal stick backdriving (for removal of the groundspeed/
airspeed bias) is simulated by leaving the magnetic brake
depressed until reaching steady state conditions after passing
through the velocity mode switch.

As expected, the HLH time history data sinown in Figure 117
indicate that transitions from low- to high~speed flight (and
back again) are very simiiar to those made with the 347.
Acceleration and deceleration characteristics of the two heli-
copters were virtually identical throughout the maneuver, and
no undesirable transient contrcl inputs or aircraft responses
were observed for the HLH as it passed through the transition
switching region.

Additional assessment of the HLH AFCS was made in low-speed
flight with an external load attached to the aircraft. Load
Stabilization System damping loops were engaged for these runs.
Cockpit pulse inputs were introduced to excite the aircraft
(and lcad) in the longitudinal, lateral and directional axes.
Aircraft and load response characteristics were found to be
quite similar to those of the 347 when comparable load suspen-
sion cable lengths were used.

On the basis of the HLH simulation responses evaluated, it is
concluded that control system concepts developed and demon-
strated on the 347 are directly transferable to the HLH air-
craft, and should produce the same level of superior handling
qualities for the Heavy Lift mission.
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2.4 AFCS PRE-FLIGHT TESTING AND SOFTWARE CONTROL

A procedure for AFCS logic and software contrci was essential
due to control law complexity. All programming of the digital
computers was performed by General Electric personnel. Boeing
Vertol responsibilities included design specification, software
and logic verification, and documentation of prouram changes.

AFCS flight testing was accomplished in a sequential manner
using four software program phases: (1) Basic SCAS, (2) Basic
SCAS and Hover Hold, (3) Basic SCAS, Fover Held, and Load
Stabilization, and (4) Basic SCAS and Automatic Approach to
Hover. Thirteen reprograms of the basic four computer programs
were necessary during the flight te.t program for incorporation
of parameter changes.

Laboratory and aircraft ground tests verified all AFCS hard-
ware lougic software programming. The laboratory checkout used
an integrated FCS test stand complete with cockpit controls,
DELS, rotor actuators, and AFCS triplex computers and input/
output processors. Open loop testing was performed by insert-
ing test input signals and observing the appropriate AFCS or
DELS output response. The thorough laboratory testing reduced
aircraft ground test requiremonts.

Success of the program control procedures was demonstrated on
the first AFCS flight. BAll axes of the basic SCAs and radar
altitude hold modes functioned as designed. BAll additional
checkout flights after each major reprogram were trouble-free
with one exception when the complete laboratory verificaticn
procedure was .ot followed. Flight test time was mainly used

to optimize handling qualities for HLH mission tasks and to solve
hardware interface problems. No major changes tc tne AFCS
design or concept were required.

Software control on this program was in informal rather than a
formal procedure involving a lot of paper work. Software

changes were often transmitted verbally to offsite G.E. personnrcl
and documented after the fact because of the tight flight test
schedule. Control we ;s maintained through close coordination
between only a few G.FE. and Vertol engineer: who had a detailed
knowledge of system operation. Complete laboratory *testing

was essencvial to the success of software control.
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3.0 AFCS HARDWARE

i 3.1 INTRODUCTION
The digital AFCH is designed to provide stabl ity and cont. al
augmentat ion to the praimary clectrical fiight control systen
ot the HIHZNTC program demonstrator aircratt,  The AVCS is
implement .« an a triple redendant systenc witn active parallet
clements designed to provide fail-operative,/ tail-sate

poertormance,

The AFCS roeceives command, sensor, and Jdroorotoo ainputs from
other ailrcratt systoms, as well as its own cquipment, which

it then combines and operates upon acocrding o proeceribed
contiol Taws represented by equotions invelwing the anput
viariablon and selected constanta . The cont ol Law ontputs are
then ronted to the primacy thight control syotem - consisting
af the Diteet Blectrical Linkiage Hubsystow (DELS), the Cockpit
Control orives Actuators (CCDAY, arcd the Longitudinal Cyelic
Pitch Trim System (ICP) (see Flaurce 118) 0 These ovbpubls ave
conveyed through the forward and aft swoashplates to the rotors
o atioect aireratt stabitity and control response.

The APCS turther provides displavs to the Plhight crew indl-
cating system operational mode status and subsystem failure

e status information.

. Figqure 119 shows the Flight Centrol Computer (FCCY subsystem
. with connection to the control and disploy panels o a simpli-
tied form.  Three Jdigital computers perform the computations
to o solve the controal law cquat tonns.  Each operates independ-
cntly but in synchronism, The threoe computcers are connected
to a parameter change/Zdisplay unit (°CDU) which provides o

memory  interrogation and change capability for toest parposes.

The PCDU addresses the memory locat ions in the computer and
allows the {light program contents to be displaved and alteved

on-line 1t redqurged,

All intertacing botween the computoer:s and atrcratt svstems 1y

achiieve D thronah the dnput Zontpat rocoscor {(TOPY unaites, |

These unita condition, select, monittor, and vote on the inputs |
. GO thal all three computers operite on the same 1nput data. 1
X The 1oPa  also monitor and vete on the computer outputs, and |
gene vate the timing sitgnals that keep all three computer s

\ eoperat i synchronoas: by Pt ToPrs decode, and pertorm
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logical operations on the mode select panel inputs, as well as
other inputs affecting the mode of computer operation. The
I0OPs provide discrete .iignals (some of which are inputs and
some of which are computed or developed within the IOP) to the
discrete status panels for display. The I0Ps provide failure
and system status indications (the result of continuous fail-
ure ronitoring) to the AFCS and sensor failure status panels.
The IOPs ulso laterrace with the BITE panel, providing test

in progress and go/no-go information as determ.ned by BITE
circuits within the IOPs. Finally, the IOPs accept test
function inputs from the AFCS test function panel.

The IOPs :ieceive multiple sensor inputs which may be simplex,
duplex or triplex. The 10Ps exchange information and voter
circults decide which inputs are to be used for further stages
c¢f signal processing. Median value selection is adopted for
triplex information and sverage value for duplex information.
Single failnre of triplexy signal inputs causes the system to
switch to averaging of the remaining two signals.

The pilot has control of the AFCS through the mode select
panel and the system test function panel. These two panels
permit the pilot to engage the AFCS in all or any combina-
tions of the four control axes: longitudinal, lateral, direc-
tional and vertical; and to select operational modes, for
example, hover hold, @&uto apprcach coupler, au%to load sta-
bilization, and altitude hold. The zbility t» insert test
function inputs to facilitate evaluation of system stability
or control 1esponse is provided.

The flight test engineer is provided with an c¢ngineering
evaluation of system performance through the use of the PCDU,
discrete status, and failure indication panels. BITE permits
a system functional checkout prior to flight and is locked
oul in flight via the throttle quadrant switches.

The following sections describe the various AFCS hardware com-
ponents, present major performance characteristics and perform-

ance evaluation based on ATC flight testing.

3.2 FuIGHT CONTROL COMPUTER SUBSYSTEM

3.2.1 Egquipment Stcucture

The ICP-733 Digital Commpucing Subsystem, puilt by the General
Electric Companv, <onrists of an integrated set of hardware
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and sotftware elements specifically designed for real-time
airborne control applicaotions, The design is based upon the
incremental computing technigque using an arithmetic unit or-
ganized as a genervral algorithm which provides for high=-speoed
processing combined with precise computational accuracy and
programming flexibility.

The alrborne equipment consists of two units for cach AFCS

channel

e ICP-733 Computer (Flight Control Computcr - 1FCC)
e System Intertace Unit (Input/Output Processor = 10P)

The PCC porforms all the computations necessary for the flight
control laws and the iOP performs all of the signal condition-
ing necessary to communicate between the computer and the
other elements of the flight control system, The IOP also
performs additional tasks related to system logic and redun-
dancy management.,

The 1CP-733 computer and IOP hardware functional and modular
organization is an expanded version of the ICP-710 system

with state-of-the-art packaging, and off-the-shelf standard
inteyrated circuit components. All parts utilized in the fab-
rication of the units were built and tested to military speci-
fications. No custom-made circuits were fabricated for the
NLH-ATC AFCS application,

A programmable Read Only Memory (ROM) device was chosen for
the flight control computer program memory. This device is
the interim step between the core memory which is utilized
for laboratory test purposes and the solid state ROM rccom-
mended for the production system, the program of which is
frxed by fabrication of the mask at the device: production
&».aqe. The programmable ROM is electrically alterable, per-
mitting program changes with the aid of ground support equip-
ment, while retaining the advantage of not beinyg susceptible to
electrical transients causing memory scramble - a flight
safety consideration.

The tlight control computer retains the capability to operate
with an external core memory unit simply by removing the
programmable ROM printed circuit cards and substituting buffer
cards to interface with the external memory. The core memory
unit finds substantial use in laboratory development of the
computer and later on in simplex system flight control law
debug operations,
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3.2.2 Development History

The ICP-733 digital computing system represents the third
generation in a line of incremental computers developed
specifically for flight control and weapons system applica-
tions. General Electric has developed the incremental comput-
ing system over a period of 10 years and has proven the
concept in several flight test programs.

The first incremental control processor developed (ICP-001)
had a limited memory of 64 algorithms programmed on prewired
program boards. This machine was flown to prove that it couvld
match the performance of a comparable analog system with
regard to control stability and accuracy for an automatic
landing system on the Boeing prototype 707 aircraft.

The ICP-002 series expanded memory to twice that of the first
machine and was developed in a triplex configuration to vali-
date the redundant digital interface system concept under
flight conditions,

The ICP-710 system was designed to perform ballistic compu-
tations for a helicopter weapon delivery system. The design
of this equipment was directed toward producing an efficient
cost-effective computer using modular construction and stan-
dard off-the-shelf components., The equipment was developed
and tested to military specifications. The computer unit was
designed to accept two boards of solid state ROM devices which
form the program memory for use with a production system.
However, for development purposes, an external electrically
alterable core memory unit was fabricated to facilitate ease
of software reprogramming. The computer unit operates with
the same iteration rate as the series 002, and has the same
computational capacity. Ground support equipment in the form
of a Program Loader unit and Program Monitor unit function to
change the program in core memorv and check out the system
operation.

The ICP-733 system retained the features of the 710 system

with expansion in program memory and a decrease 1n the iteration
rate., Capabilities to test the system preflight and to moni-
tor and to change the software in flight were added. The input/
output processor,built on the same design principles as for

the 710 system, was largely expanded to handle the numerous
gensor and logic system interfaces while also incorporating
sensor failure detection and system shutdown capability.
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1.2.3 rlight Control Computer bDescription

The LCP 733 variable-increment computing system has been
designed for usc in a relative closed-loop control system
application., The operating characteristics of the computer
arce such that the discrete nature of the computation has
negligible effoct upon the control iaw mechanization which
permits design of the system control lawg by conventional
means,

in cvaluating the ICP 733 system for use in the HLH AFCS
application, scveral characteristlics were considered.  These

weroe:

@ Solution rate - band width

@ Computational cofficiency

® Computer memory

o Accuracy

o Redundant systom operat ton

o Interfacing requirements

o On-line internal monitorrng capability
3.2.3.1  Solution Rate - Bondwidth

The computer timing 15 under havdware control.  The timing
signal 15 gencrated ftrom a 1,283 MHz crvstal-controlled clock.
The computer uses scrial arithmetic clemoents operating at the
clock frequency bit rate. ALl inputs arce sampled, all outputs
arc updated and all computations are performed at a rate of
1ul.725% times per second,

The ICP 732 computer s a variable increment machine where
the increment variables are represented by a four-bit coded
number corresponding to integer powers of two in the range O,
41, +2, +4, up to +64 wachince units, The slew rate limit is

A characteristic of the incremental computer as differentiated
from a whole-word computer, and is detined as the maximum rate
at which any internal variable can change. Since the largest
inerement is 64 machine units, and since the solution or
iteration rate 1s LOL-72% iterations per second, the computer
slew rate limit is thus 6510 machine units/sec., This trans-
lates to 0,732 sco. and 5,03 sec¢., tor computer inputs or out-
puts and arithmetic unit parancters to slew hall range,
respectively.,
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The basic bandwidth of the computer is established by the

slew rate limit. The maximum rate of change of a sinusoidal
signal defined by A sin wt is Aw. The system control band
width is established by the inner loop high-frequency mode
stabilization requirements typically satisfied by the aircraft
acceleration and rate gyro sensors. Sufficient stabilization
is achieved with excursions within 10 percent of full-scale
range. Full-range signal inputs and outputs are established
by the analog-to-digital conversion (and vice versa), which is
set to +2048 machine units. Weighing these factors together
establishes a realistic control band width upper limit of
approximately 5 Hz. This upper limit, of course, is variable
depending on how the control loops are scaled within the com-
puter, since the slew rate limit may be reached anywhere in
the computational process. A further factor tc be considered
is the signal conditioning applied to each sensor input, as
well as minor contributions yielded by holding period in the
input shift register, computational delay, and pulse-width-
modulated D/A converter signal shaping. These latter factors,
however, appear small in comparison to the major limitations
of slew rate limiting and individual signal conditioning in
determining the computational bandwidth constraints. '

The bandwidth characteristics of the incremental computer
have been demonstrated toc be more than adequate for the AFCS
requirements.

3.2.3.2 Computational Efficiency

The arithmetic section of the computer is a mechanization of

a general algorithm, which is particularly suited for the
solution of algebraic and differential equations in real time.
An "algorithm" is a name for the computational operations that
are performed by the time-shared incremental arithmetic sec-
tion during a specified time interval within each computer
iteration. Those operations performed most efficiently are
summaticn, multiplication, division, integration, filtering,
and square root., Logic and nonlinzar functions are performed
much less efficiently,.

For this reason, mcst of the logic operations, which appear

to a large degree within helicopter contrcl system laws, are
separated from the computer software and performed in hard-

ware within the input-output processor unit.




>

3.2.3.3 Computer Memory

Program Memory. The computer is a stored progyram machine with
program storage capacity for 51z algorithms of instructions

of which 256 can be computed during one computer iteration.
The program memory provides gequential control of the incre-
mental arithmetic unit. A conditional branch test is utilized
to control the selection of program instructions for these
algorithms; thus, the problem becing executed at any given time
may be varied as a function of mode control logic or of com-
puted variables.

Initial program memory estimates permitted approximately 8U%
growth capability, including the approach to hover mode for
the 512 algorithm capacity.

The basic program memory consists of four boards, each board
containing twelve erasable/reprogrammable MOS-ROM {(metal
oxide semi-conductor - Read Only Memory) devices. These
devices are erased by means of ultraviolet light and are
programmed through the application of a high voltage level.

The four beards are all keyed differently so as to fit only
in the proper lccation in the computer. The Read Only Memory
is organized such that each of thce four boards contains 128
algorithms. Each board contains 153%, l16-bit words or 24,576
bits per board. Total program memory <contains 98,304 bits,

In order to facilitate software checkout and verification.

an cxternal alterable memory unit (8K x 18-bit core) can be
used., Two interface modules are used in place of the program
storage modules (four ROM boards) when using the memory unit,
The four ROM boards and the program storage control board are
removed when using the external program memory unit.

variable Memory. Four working shift regasters (v, U, Vv, X)
are used to store the l6-bkit whole-word variables that are
computed by the incremental arithmetic unit. A fifth shift
register {rho), containing 40 bits, is used as an accumulator
for products and additions of the whole-word variables and
incromental changes in varliables. The sice of the rho reqgis-
ter permits computational surge to insure Lhat there is no
loss of information.
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Increment Memory. The result of each alyorithm computation
is a four-bhit increment that is stored in a preassigned
location of a random access increment memory. This increment
result can be accessed at any algorithm time to be used in
the computation as an input to any of the 256 algorithm func-
tions. Thus, a total of 512 four-bit words are required for

increment storage.

Parameter Change Memory. All parameter changes to be made
inflight are stored in a random access memory, which is
accessed through the Parameter Change/Display unit on the
cockpit center console., The values stored in the parameter
change memory are summed with the Sp/Sq constants located in
program memory to form new parameter values for computational
use; however, the basic program memory constants remain
unaltered.

3.2.3.4 Accuracy

The ICF-733 system is a highly accurate control computer sys-
tem. The analog-to-digital and digital-to-anazlog converter
word lengths are 12 bits and the internal word length is 16
bits inciuding sign. The digital-to-analog ccnversion is
done by setting a sample and hold from the output of a
digital-to-analog converter. Because of the high refresh
rate and the quality sample and holds used, the dc outputs
are held within .1 percent of nominal and the ac outputs are
held within .2 percent of nominal.

In the arithmetic section of the computer, a 40-hit register
(rho register) is used to sum up partial products and to retain
the residual after each algorithm ocutput increment has been
generated. The combined characteristics of the rho register
used to sum up the partial products and the increment selector
characteristic yields an accuracy for the 1l6-bit internal
variables equivalent to using a 16-bit representation in a
whole word computer and rounding after each computation. The
rho register &also serves as a surge regilster, insuring no

ioss of information when the machine momentarily reaches slew
rate limit. The accumulation of partial products, which are
formed when mechanizing a digital filter, is achieved by the
rho register. This permits pole placement accuracy greater
than that offered by a 16-bit whole-word computer using double
precision arithmetic.
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3.2.3.5 Redundant System Operation

The triplex, digits!l AFCS is weigned to provide fajl-
operative/fail safe performance, This requirement is mechan-
ized with an active tripie-redundant system and 1L failures
are considered to he within the definition requirement for
fail operatinnal pertformance, Tho system is described as an
“active parallel redundant" gystem in the sense that cach
computer channel 1is powcred, online, and performs identical

. functions. The system is also "active” in the same sense that

= it has the capability of deteciing the isoliting faults and
inhibiting their propagation as control output commands.

Two of the most important fcatares tor =implitication of the
redundant interface design 1s moediaon sensor iunput aelection
and identical, time-synchronized computations.  The input/
ocutput processor contains the key hardware elements which pra-
vide for the median selection of all input signals and the
triple redundant clock mechanization which permits synchroni-
zation of three computers on a bit-by-bit basis. This subject
is treated further in redundancy managemoent within the 10P.
The advantage of providing cohevent data inputs and timing to
each computer chan.el are rewarded by ideantical dynamic track-
ing of the real time processcd outputs, This is of particular
significance when tho sofbware processing roequires
integrations,

’ 3.2,3.6  Interfacing Reguirements

Power., The computor unit operates from <l Tl Vae, 400 Hz
aircraft power sources which conply with the requiramnents of
MIL-STD -704A.

The regulated de voltages reguired oy Lhe computer unit arce
gencrated within the unit from the 119 VYac line.  Loss or &
single ac sourse will not cause the loss ol the computer
operation.

Internal failure monitoring is contained in the supply to
annunciate the loss of cithicr primary input powor source or
an out -of ~tolerance condition on any reygulated supply oulput.

28 Vdo power is alvo supplicd to Lhe computer to operate the
BITE {lag.
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Signal Inputs/OQutputs. All variable and discrete computer
inputs/outputs are made through the IOP. The computer is
timed to receive and transmit inputs/outputs within two dis-
tinct cycle times of one iteration period.

Computer Inputs

® 48 serial-digital, 1l6-bit 2's complement binary
® 64 discretes or 64 4-kit serial increments

Table 15 lists the computer variable inputs in cycle 1 and
cycle 2. Note that the algorithm numbers indicate when the
input is received by the computer. Processing in the IOP
occurs two algorithm times earlier. Inputs, including those
that do not require conversion are listed. Table 16 lists all
the computer discrete inputs. There is no algorithm delay on
discrete processing.

Computer Outputs

® 32 serial-digital, l6-bit 2's complementary binary

® 64 discretes or 64 4-bit serial increments

Table 17 lists the computer discrete outputs. The variable
outputs are reflectedf in Table 21.

Data Address/Display and Change. £ach computer directly
interfaces with the Parameter Change/Display unit which allows
the pilot or engineer to display the value of any input/output
variable, the contents of any program memory loccation, and any
internal computer variable associated with each computer. The
capability is also provided to input delta changes to program
memory contents without directly altering the basic programmed
values.

Data Recording. Each computer directly interfaces with the

Digital In-flight Recording System. Timing is provided only
by computer A to the recording system. Raw sensor, voted
algorithm X and Y register information and selected memory
constant parameter data can be recorded,
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Table 16.

BEST AVAILABLE (

Computer Discrete Inputs (CDI)

soard Ko ) — - —: L“ Board Mo 2 -

pcard wo.

¥
|
!

COMPUTER DILCRETE INPUTS (CBI)

Numbe Algorithm wogic Mu, Variable - Trum State (-1} Cvere 1
1 [} Lin Zoupler Engage
2 2 1.2A FO! Eny
) L} L32 Velocity Nomm
[] I3 L)) Velocity Der-ay
5 ] LAA Long Zngaqge
[4 16 L37e Vert Engaqge
7 L2 LITO Dir Enqage
B AN . _ kong Beep Trim - R e
L] 16 l.onq Beep Trim - Nag
10 18 LioD CC oA Vert Sync
11 20 L3oC DA Div Sync
12 22 L20® CDA Lat Sync
11 2¢ LIOA CCDA Luag Sync
14 26 Ly7C Lat Engage
1% 28 D1ff Teat
16 10 . LCP Test o e
P 2 T S D'r Beep Traim - heg

392
104
106
e
210
42
i
e
il8
a2
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3.2,3.7 On-linc¢ Monitoring Capability

The computer contains extensive on-line internal monitoring.
Parity checks and timing monitors are used to provide a com-
prehensive failure detection capability. In addition, com-
putational overflow monitors are nrovided. This monitoring
contributes significantly *to the fault isolation performance
of the entire system.

One of the computer boards is dedicated to BIT. Continuous
BIT consists of the following:

e Continuously on-line cumputational test problems
(executed through the I0OP).

® Parity check on program instruction readout and all
variable storage.

€ Read/write check on increment storage.
@ Timing and power supply monitors.
® Memory overfiow monitor.

Storage Memory Protection. Storage memory protection is pro-
vided for all program memory instructions, parameter constants
and machine instructions., All parameter data, program control
instructions and address instructions are stored in the
Erasable ROM, and as a result, are protected from any type of
electrical transient, etc, The machine operating instructions
are mechanized as the gineral algcorithm and as such are hard-
wired in the computer. 5System and program variables are the
only parametcrs that are no* protected in the event of power
failures, etc.

OQverflow Protection. The computer program is written such

that maximum input combinations of all variables do not cause
an overflow, Functions, such as integration have software
limiters programmed for overflow protection. A hardware
monitor is provided such that in the event an actual overflow
occurs, the system is protected and the overflow 1s treated
as a computer failure,
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3.2.4  Input/Output Procegssor Description

The input/output processor provides all interface roguire-
ments between the computer unit and the flight control system
sensors, stick pick-offs, cockpit-control driver actuators,
speed trim system, [light director and ground velocity indi-
cator, mode select and system test function panels, failure
and discrete status panels, and the direct electrical linkage
subsystem, The 10P also provides all ¢f the basie require-
ments for redundancy management, failure detection, failure
protection circuitry, timing, and BITE, A block diagram of
the IOP is shown in Figure 120,

3.2.4.1 Analog Input Processing

A total of 36 analog inputs to the IOP must be

transformed into a de signal before being applied to the A/D
converter. Sixteen ac inpubts are first demnodulated

using the appropriate reference phase supply and then signal
conditioned. Four synchro inputs are applied to trans-
former modules which convert the three-wire input information
into two components in quadrature by means of a Scott-T
transformer, The outputs, sine and cosine two-wire ac sig-
nals, arc then demodulated and signal conditioned. Sixtceen

dc inputs are applied to the signal conditioner circuits,
which act as buffor/gain blocks hetween the sensor inputs and
the A/D converter, All analog inputs to the I10P are listed
in Table 14,

In the I0P, there is a single A/D converter to which 48 chan-
nels of de¢ information is nultiplexed. The multiplex switches
are closed at the beginning of an even-numbered algorithm;
the signal is then allowed to settle for 13,6 microseconds,
after which a convert command is ygiven, and the A/D convartaer
module converts the analoy signal to a 12-bit digital word in
25 microseconds using sucressive approximation, Conversion
is completed in one algorithm time. The digital data is
shifted out of the A/D ccenverter inte a shift register on the
sensor comparator card with the converted data loaded 'n the
lower 12 bLits of the lo-bhit serial word.

3.2.4.2 Glignal tnput Condltloning
Ac and d¢ sensor signals are input ditierentially to opera-
tional amplifiers to reduce signal noise,  The amplifiecrs

also act as active filter networks providing two first orler
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lags. The filter time constants are designed to attenuate
sensor noise and undesirable harmonic frequencies attributed
to airframe vibration and rotor downwash effects upon the
pitot static system without compromising control loop stabili-
ty and performance appropriate to the individual sensor.

3,2.4.3 Serial-Digital Data Processing

The IOP is designed to receive two serial-digital asychronous
32-bit whole words, although the computer is computer 1is
timed to receive a total of six serial digital transmissions.
Serial data from the Inertial Navigation Unit containing N-5,
E-W velocity information is transmitted to the IOP. Each
word, 32 bits in length, is updated every 50 m sec. Data
transmission being used for HLH/ATC differs from the ARINC
561-2 standard in that the MSB (most significant data bit)

is bit 30, rather than 29, thus making the sign bit 31 and
parity bit 32.

3.2.4.4 Discrete Input/Output Processing

The discrete inputs to the IOP are listed in Table 19. These
primaxily consist of functional commands from the mode select
panel and the system test function panel plus cockpit control
functions. Some operational discretes are issued from sensor
subsystems. The IOP accepts logic levels of 28 vdc, 5 Vdc
and ground-to-open which are buffered to operate high-level
NAND logic gates,.

Discrete and logic inputs are fed to four I/O0 discrete and
mode logic circuit cards as shown in Figure 121, On each card,
16 discrete signals are multiplexed onto one output line.
Logical operations are performed on the discrete inputs before
multipiexing. The four discrete data lines are gated on the
timing three-circuit card, generating a signal that is combined
with digital and converted analcg input data. The combined
data signal 1s sent to the median selection and voting cir-
cuits, where the sensor input information is processed as des-
cribed in Section 3.2.4.10, and to the discrete voters and
failure monitors. The voted discretes are recombined with

the sensor inputs in the circuits which drive the data bus to
the computer. The computer discrete inputs are processed
during even algorithm times 0 through €2 and 192 through 254.

Discrete outputs are received from the computer in odd
algorithm times 1-49 and 129-175. These outputs are fed to a
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BEST AVAILAD

IOP Discrete Inputs

Table 19.
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Modde Select Panel
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38 vdc. open
28 vdc/open
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28 vdc. open
18 vdc/open
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28 vdc/open
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28 vdc/open
28 vdce ‘open
38 vdc /open
28 vdc/open

System Tent Function Panel 28 vi</open
System Teat Function Pane) 18 vdc/open
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voter and failurc monitor. The voted cutputs are clocked
serially into a register. When all discretes within an
iteration have been received from the computer unit, the
shift reqgister transfers the data to a holding register
which is directly coupled to output drive circuits.

The majority of IOP discrete outputs drive lamps in the mode
select, AFCS failure status, sensor failure status and dis-
crete status panels. A list of these outputs is given in
Table 20.

3.2.4.5 Sensor Signal Processing

The circuits that process sensor input signals are located
in the IOPs. These circuits have a threefold purpose:

@ To ensurec that the computers receive a valid input in
usable form.

@ To ernsure that all three computer units receive identi-
cal 1inputs so that the computations performed by all
computers will be identical.

e To monitor the inputs for failure and provide failure
status informatinn to the other circuits that require it,

The precessing of sensor inputs differs slightly,depending on
whether the input is triplex, dual or nonredundant. Fiqure
122 shews the signal flow for triplex sensors. Dual sensor
inputs are processed as if they were triplex with one channel
failed, and are connected to channels A and C. Nonredundant
{simplex) inputs are fed to all three channels and processed
like triplex inputs, however, it is to be noted that:

e No failure of a nonredundant sensor will shut down the
svstem,

e Yailure indications apply only to input signal con-

ditioning circuits since all channels receive the
same signal.,
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Table 20.

BEST AVAILABLE

IOP Discrete Outputs
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Table 20
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(A Gir. Axis « ff
(MA: Vert Axas ofFf
Velcecity Scale Thange
LCC Armed

Destination

Mode Select Pane!l
Hode Select Penel
20 vdc bulb

l

Baco Altitude Sensor
FHS
PHE

CCDA Electronice

DEL
DEL

Flight Director
Flighe Director

Mode Advisory Panel
]

Ground Val. Indicator
LA°C Armed Light
(14C Capaulae)

e sttt e S

TYEe

28 vic/open
Gnd; open

l
|

|

v

28 vdq . open
3 wvdc/cpen

¢ vdc/ gpea

28 vdc/open
|

28 vdc, open

vde/open

~
=

22 vdc/open
28 vdc/opan

Gnd/open

!

+
28 vdc/open
28 vdc/open

(OPY
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3.2.4.6 Analoy Output Proces-ing
The I2P has a 32~channcl digital/analoy (/A converter) but
only 16 sample-and-hold civeuits are mechanised.  The analog
outputs of the AFCS are listed in Table 21,

s The computer outputs ave fed to majority logic voters in cach

IOoP.  The voted outputs are loaded into a register during
time slots T1 - Tlhe of cven algorithias O - 20 and L28 - 138,
While an output is stored in this register, it is tested for

} overflow. In the nest succeoding even alcor.thm, the output
-] is shifted out of the reogister into the input register of the
. D/A converter, while the next output is ciiifted into Lhe over-
flow detection roegister.  The DJA converter cutpual is allowed
to scttle for Yoo remainder of the alocrithm time.  The ladder

’, summing networh and its cwront drive amplifiec are allowed
12 microseconds tor scttiing alter the /0 rogistor is loaded,
This 1s avout twice the time required for the amplificr to
Y settle within 172 Lok,
N
Sixteen sample-and-hold circuitls are conmncebed to the D/A
converter outpat.  The sample-and-Lold cireuits are sapplied
with a DJ/A strobe oignal and o gate stgnal fvrom one of three
demultiplexers.,  When both ot these logic signals are low,
the sample-and-hol b switeh is closed, 0! U he nul Liplexoed
sample and hold 1s then placed Into the aaple node for 24
micreseconds and the DA converter out;n. s acqaired.  [toisg
then returncd to toe nold mode, Aotypracat droop tor the cir-~
cult is 100 M Ve,
All output signals are Sealed oo 10 vde and qrr e 1nto high
Impedance Towd, cxcept tor the t1ignt aivector signals.  The
output ampedance ot the saple-and=bold crrenit s low and the
output butter resistor values associated witn tie light
director are chosen to give properl indicdtor det bection,
Longituadinagl groundspecd output 1o mechand 2o anly in
Channel AL Lateral groandspeed oatout 15 mechani cod only
1 Channel Co Tharys permits Lhe total mueher ot e outputs
per Lok e b b
Polud ey Cloee s S e Uamcbies (B bouree 123
Bro Cime oynebavopiisatror o the thres codundant channels i
acemmplistied e dereang coc s toom e Lare anea bt or refer—
tnee, The tallocperatsonal roevanirenent 1 baocdhed by using
twor oselllators and aitohang to the second i g transient-
YA
' o AL bt e gl e . - e T -

e —— e s <
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free manner upon the failuwre of the first. Primary and scc=-
ondary oscillator monitoring circuitry and switchover logic

is repeated in each channel so monitoring circuitry and switch-
over logic is repeated in each channel so that failures of the
switchover circuitry in one channel cannot affect the other

two channels. The switchover command geonerated in each channel
is voted with the other twe channels to affect all three
channels, switching over to the secondary oscillator simuitan-
eously when two channels have detected a failure of the primary
oscillator. A simple monitor is used that essentially comparces
the oscillator signal with 1tself,delayed 1/2 the nominal
period. A pulse is generated whose width is proportional to
the difference of the oscillator period from nominal. If the
width of the generated pulse is greater than a oiven time

delay (this sets the tolerance), an oscillator failure pulse

is generated and a failure latch is sct.

3.2.4.8 Power
The I0P operates on dual source 115 VAC, 409 Hz single-phase

power and single source 28 volts DC. The regulated DC voltage
required by the IOP circuitry i1s ¢generated with.n the unit

“from the 115 VAC line, and is arranged such that 1« ss of a

single AC supply will not cause the loss of TOP operation.
The 28 VDC is used for control logic and BITE flag diivers.

3.2.4.9 Bailt-In-Test Equipment (BITE)

This constitutes an important part of the 10P design. T

BITE system 1s semi-automatic and is used to detect failures
within the system faillure detection circuits. The principle
used is that i1f during proeflight test it can be determined that
all failure monitors are workiry properly, then the probability
of L undetected failure occurring in flight Is greatly reduvced.
Thus, the BITE system can only be 2rmed when the engine throttlo
levers are in the OFF positicn, otherwise BITE is inhibited.

The BITE functlon is separated into simplex channel and tro-
plex system tests.,  The channel test consists of 32 time slotrs
which check all the failur» monitors in one channel while the
whole system 1s operating.  This is run througyh for cach
channel. The system test checks the operation of the triplex
failure menitors in 15 time slots and s run once.  An outline
of the test scequence 1s given o Table 22,
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Test
Nunmber

TS

T16
T27

T?29
™0

T}

5702

STO3

ST04
LTOS
5T08
ST07

8T!10

3114
57113

BTIa

Foihare Monttored

Mo rate gyio futhues

I"ich Rate
Bl Rate
Yaw Hate

Nu rate gy et srrors

Pitch Rate
Holl Hare
Yaw Hate

Noaxis second lailures

tateral axie
Iongitudinal axas
Dircctional anas
Ind farlures

Analug output

No 101 tatlures

Maciete Lot

Liscrete 2nd

Ko vompater overflow
Mo system shutdown

Computet overflow
Lyslem shutdown

Cumputer vvertlow

— T A —- .

Table 22 (_(?ontinued)

Siygnals Activated

trrar resaci
Congnatabimal reset

Rate gyio oo posilive

Yrror renct
Computiatnmal reset

Hate gyro tist negative

Frror reset
Computate nal reset

Frrar reset
Conmputatioral reses

Rate gyro test
chann®i A nrpative
channel U positive
Ercor reset
Compulaticnal resel

Analog lnput

Channel A discrcte
tnput failure

Channel H distrete
nput fallure
Error rese!

X/Y oveilinw test
Error tesei
Computational reset

UV overtiow tesd
v v

Frror reart
Computaiional reset

Teat Tiwooption

Henet e iserete arrnry

Check I noamina] fariures
SenscFoadure
Fopooorrebivs tadargee all three

Fale (y0 % [ositive \
Lenner Fadlure
Check tiat taatures have accureed

and tewet rTrOYE
Chevk fuv o initial fallures

Sensor baduce
Frooaer relays Lo torgue all 1tree
Tate pyros negalive

Sensor Fuilure

Lheck thar Fag)ares have oo areed
and reset errors

Stop mequencer
Ihmarate GO hght on BITY Panel

System Tests

Ilnitiahize "v,s‘(vm tret srquernte
with a system reaet

Check for no residual latiured

Axis Fialiures
Tormue (harnel A pyros negative
Tarque channel C gyros positive

Axig Fatlures
v heck that lailures have occurred
ithen reset the errors

Spere

Sjure

Spare

Analeg 1/Q

Ingert anaicg blas and monitor
analog output

Check for no inttial failures

Discretea
Fail a s:,nal in channel A only
check for first {mjuse

Discretes

Fall a signdlar channel B .niy
check {ur »» ond {atlure then
reset the errors

Chneck [r nopital fasiures

Coanjatet Overflow

Overflow the x 3y reyg.sier and
check [or fadure and sypiem
phutdan (hen resc! the errors

Comprrer Overflow
Overfive vl v
Cneck dor fanue Glncatio s
Tesel the eriurs

repnter and

Spare

Si1an sequencer
Hiyninate the GO light un the
BITt Pane!

Spare

R I




A general block diagram of the BITEH system is given in Figure
124, The operation ot the system is controlled and timed by
the scequencer.  The reset, stinulataion, and nonitor sections
perform their functions ander that control., In the systoem

test mode, 1nterchannel communioat ion 14 necessary toe keep the
threoe BITE systems running synchronously.,  The tailure monitors
arc tested by first inserting FALL sianai anto the input of the
voter-monitor.  This should cause the monitor to lateh in a

first—-failure 1ndication.

T s

mmdication is monitored by

the BITE clircuitry. This FATL signal 15 removed and another

input 1s {ailed.  Thais should cause second-fatiure indication,

which is also checked.,  Note ihat testing does not affect the

output of the votoer because no more than one npnt 1s in a

failed stat. at any particular time.

In the case of the sengor tarlure monittors, the rate gyros

arce stimulated in a manner sawech tha! o sitnulbated ayro failure

is detected by the faitlanre monitor.  The gsensor faitlure moni-

tor 1s time shared and s 15 checked tor any type of sensor

failure. At the completron of cach teogt time olot, the fall-

ure latching networks must bhe anlatohed and so the BITE per-

torms an ERROR resct o osystonm (compatat ional ) roeset

automatically.

3.2.4.10  Redundaney Maznagenmo ot

Redundanoy mainigeiost o tarng to s voennt pgaratyon ot a

mal funct ioning gystem an arder o progerye sate tlhight condi-

tions. The basho poqgquirements, of the ARCS performance in the

cvent of copuipnuent tat lires are that the systom bhes

A, PFari=operatitonal an the ovent ot o systom tirgt-+failure
condition, Wartl-operat tonal o poertormance 3s def ined
such that no syatem perfocmance deogr adat ton 15 experi-
epoed with o a o wystom ot o Tare
L. Foarl-safte in the cvent ot g systoen second-t g lure coan-

dition. Pt soate pertarmance s de baned by the con-
ditiron that oy transroent signal o compomdaed to DELS O
specd tram o JODA apon a0 tatbare can b sately comnpen-
satoed tor by priot ot ron.

The system provides tarl-operatsonal, tar - sate poerto mance for

triplex sensors, tari=sate pertoraance ior dual senscrs and

fatl=limited porfoiance ton Groeghbe sennen . Fayl=Tumited s

cbetanesd GG el L whier o o s Dt 0 ey eshanddant

SCNSOL ansee ot Wt o oot abvbe pedee v Tttt g

megnrtide sueche thoat S et can e e bt i switoh o atf

the af footed v to il iw e D ety bt e ot oratt.
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The AFPCS, while not considered cratical to satfety of {1ight,
is cateqgorized into three regimes regavding degree of criti-
cality and consequent fanctional capability following loss or
degradation of the flight control function. These are:

a.  System jevel tfartures are deemed most critical when
requiring total APCS shuatdown and reversion to unaug-
menteod tLoght.

b. AFCS axis tailnres reguire the shutdown of individual
or mitltipte corbination of axceco.

¢.  Sclectable mode tallures deemed least critical require
manuval disengagenent or pilot override of the scelected
mode .,

In order to fuolfill the speciticat ion requirements for fail-
operational capability on a wyslem level, a triplex system
configuration was chosen for thno AVCS.  Thoe following redundant
connections were adopted to maaintain complete channel indepen-

dence on the systen level bhasis:

e All 0P and computer anits o gre oadent iooat and therefore
interchangeabloe Lbetween channeis.,

® All cross-chanrce! data transior an pertormed between
the TOP unitys anag o 1solaved suwen that tailure of one
channel cannot propaegate into onother channe!. This
mmplices that bl signal tranosmissions between 10ks are
accomplishod in twe ccpacate coblios carrying informat ion
in opposing divrectrons. .

¢ FEach computer operates 1n conjunction with and communi -
cates only with cds own 10P. ATl svgnal transmissions

bhoerween the two sttt re carrred an o one cablte,

@ ALl infoamation oo U Darat oty e votang in ecach 10OP

1S Mantyariatesd rnto by v o torn ot
e All veting and siognal seboactayr s e torie d o drgrtally.
- vecdundancey menagoment cobreme tor D he HBH-ATC ARCH 18 g
wares tonet ron pramaraly ocont b withain the tofa,  The
5 me o codves thoe apbiroprrate scelection of o sensor o anputs o oand
e Gt con ol sonser tarbares, the oot rol oamd monrtoring

oo stras cyrcalty tooatest crorers throa jhout thie system inpat o to

ot put dapedt et toeal roeoens and the weproaprrate loare caontrol
Co a0 0 and oy st Teeve s shivtab wn rutomeat vea b by with
suttabde arnoo catron to the e
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3.3 AFCS SENSORS

Sensor Signal Selection and Failure Detection

All the redundant signals are selected in the I0OP, The sensor
selector selects the median of three signals until an indi-
vidual sensor has failed. If one of the three sensors fail,
the two remaining good signals are averaged and the average
value 1s sent to the computer. At a sensor sccond failure,
the selector continues to use the average of the two signals
that were usced after the first failure. The sensor selector
will not switch back to the median value if the first failure
heals itself. Only a system reset (computational resect)
unlatches the selector mechanism to permit median selcction
again., The same functions are used for dual sensors such

that the system is forced to average the dual signals. A
signal sccond failure reguires various types of action depend-
ing on which signal has failed. A failure decoder is uscd

for this purpose which 1s bascd upon the sensor redundancy
level. The sensor signal sclector mechanism is a time-shared
device which can be used for up to a maxinam ot 64 input
varliables,

The sonsor failure monitor is designed to provide a high
degree of flexibility. 'The scheme is shown in Figure 125,
The two sensor failure detection paths are used to improve
the probability of detecting all types of sencor failure
modes

The cross-channel monitor compares ecach sensor channel with
the other two sensor channels,  When the difference between
any two channels exceedg a preset value for a preset time
period, a faillure of one of the two particular channels is
said to have occurread,

The low-pass ftilter removes the high frequency noise in ordor
to reduce the detection level,which must be set low encugh to
satisty maximum arrceraft failure transient responcse levels,
vet must e high enough to avoid nulsance or false failurce
indications, The low-pass {ilter is used to detect slow drift
and hardover-type faslures,

The band-pass filter path (washout) is used such that the
detect level can be reduced for detecting passive type fail-
urcs .  The band-pass filter removes the null error and the
high frequency noise from the sensor signals being monitored,
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The frequency content of the signals that exist even when the
sensor 1is operating around null can be used to detect failures
if the null offset is eliminated from the threshold detection.
The optimum bandpass characteristics depend upon the sensor
characteristics.

The failure ccunters are used tc delay failure indications
that would occur because of transient conditions that could
be caused by sensor switching and power transients. The
failure counter in the lag path will typically be programmed
for a shorter time than the failure counter in the washout
path, such that the shorter time delay in the low=-pass filte)
path permits time to shut dowrn to be a function of the hard-
over amplitude.

All the time constants, threshold levels and time delays are
programmed in the IOP Programmable Recad Only Memory (PROM)

for each of the input variables.

Voting ang Failure Monitoring

Majority logic voters and failure monitor circuits are placod
at strateglic points in the computers and IOP.

Input /0ut; ut Data Voters

The computr input/output data voters provide redundant path
130lat ion between the computer and I0P units. This means that
a fallure ¢f a computer in any one channcl does not cause the
less of the 10P unit in the same channel ond vice versa. The
processed «onsor signal 1s sent from each I0OP to all three
computers, as shown in Figure 122. 1In each computer, an

input votcer compares the three inputs by pairs, bit by bit and
outputs a signal corcresponding to two out of threc inputs.

Tne voter and associated failure monitor is shown in Figurc
126, If one input differs from the other two, a first failure
output is generated. If, subsejuent to a first feilure, the
two previously non-failed inputs should differ, a second fail-
ure output is generated. A local failure is indicated only

1f there is a fault in the failure monitor.

The computed sinal outputs are majoerity logic voted in each
10P and then fed (o overflow detection circuits before being
processed through the D/A converter and output sample-and-
hold circuits.

3Bl
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Iteration Reset and Clock Voters

The iteration reset, clock,and clock switchover voters are
required to provide bit synchronous operation between
channels,

Discrete Input Voter

e diseorete input voter is required to synchronize asynchro-
nous lata caused by delays s ch as switch contact closure.
tailiure tripout can be delayed by any number of counts up to

a4 rearster maximum of 15, The timing may be selected such
<..at the discretes are sampled once every eight iterations
:mio1!oany incompatibility exists for eight consecutive sam-
oies, a tallure is announced. This would acccocunt for a period
¢ approximatelv 640 ms. Alternatively, one could sample

1Y oconsecutive iterations, which would account for a per-

1o ol approximately 150 ms.

1.3.1 Alrspeed Sensor

Airspced for the AI'CS is provided by three precision alrspeed
trim (PAST) units which convert pitot-static pressurc inputs
to lincarized indicated ail -speed cutputs. The AFCS uses air-
speced data for veloucity command in the longitudinal axis,
lateral stick irim, pedal position,and collective position
compensation. P/.37T was developed by Boeing for the Model 347
flight test program which used two PAST vnits. One additicnal
unit was added to meet the HLH/ATC triplex requirerent.

The PAST utilizes a feedback servo loop which renulls the
force exerted by pitot pressure on the airspeed transducer
diaphragm. This is accomplished by integrating the corror
through a motcr, which runs a main cam proportional to pitot
pressure (a "q" or squarced functinn) and a force throuagh a
spring is fed back to renull the force on the diaphram (sce
Figqure 127). 0On the servo motor output sbhafi, there are scv-
eral programmed cams which provide linear or schedule position
motlon signals through spring-loaded LVDTs. One of theso cans
provides the linearized alrspeed output to the PCCS. 'Iwo
additional cams in the A & C channels provide the ¢irspeed
scheduling to the longitudanal cyclic pitch speed trim elec-
tronic units,

Total pressure is supplied to each PAST unit via dedicated
pitot heads, Static pressure inputs are paraileled trom a
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single pair of static ports. The units have a manually slewed
test inject feature which simulates airspeed output over the
entire operating range for preflight and bench checkout. Per-
formance characteristics are summarized below:

Differential pressure range 2 psi
Burst pressure range 5 psi
Lincarity 0.3 percent of full-scale

output voltage

Resolution 0.1 percent of full-scale
output voltage

Accuracy (overall) 0.5 percent
Bandwidth Flat to at least 6 Hz
Voltage Output 11 VRMs (0 to 1.5 psi)

3.3.2 Sideslip Sensor

Lateral differential pressure (i.e., sideslip) is required by
the AFCS to augment the directional stability of the aircraft
and to provide a positive pedal control gradient.

Each of the three sideslip sensing systems consists of a set
of pressure ports, a differential variable-capacitance trans-
ducer,and conditioning electronics.

Two sideslip transducers measure differential pressure through
the existing SAS sideslip pressure ports and plumbing. mmbing.
A similar set of components was installed to provide the third
channel of data for the ATC system. The pressure ports
mounted on either side of the lower forward fuselage are
electrically heated.

Per formance characteristics of the transducer and electronics
are:

e Differential air pressure range of transducer *0,75 psi
® Burst pressure range of transducer #1.0 psi

® Resolution 0.05 percent of FS
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® Lincarity 0.1 percent of FS

® Accuracy {(overall) 0.2 percent of full scale
e Bandwidth 6 Mz
® Output signal range +10 Vdc

3.3.3 Reference Barometric Altitude

The reference barometric altitude sensor (sometimes referred
to as altitude synchronizer) provides high and low sensi-
tivity differential barometric altitude output signals to the
AFCS:

® The high-gain signal has a range of +250 feet for #10.0
Vvdc and is used for Altitude Hold and Hover Hold modes.

® The low-gain signal has a range of #1500 feet for +10.0
Vdc and is only used for Automatic Approach to Hover
mode.

A pair of static pressure ports, one mounted on either side of
the fuselage at station 240, are manifolded together to feed
two barometric altitude sensors, which are mounted close to-
gether on the right side of the aircraft cabin. The dual
sensor output signals are transmitted to AFCS channels A and
C. Each sensor has a manual self-test capability, which is
only operable when the appropriate AFCS modes have been
selected. The sencsor signal outputs normally remain in an
altitude synchronizing (tracking) mode which results in a
zero signal output until an altitude stabilizing discrete is
1ssued from the AFCS mode logic. Upon command, che sensor
references to the local aircraft barometric altitude and the
output signals indicate deviation in altitude from the se-
lected refercnce point. The sensor is designed to operate
over a pressure altitude range of -1000 ft +to +15,000 ft.

The reference barometric altitude sensor used on the HLH-ATC
347 demonstrator aircraft uses virtually the same components
as the altitude senscr designed for the Canadian CH-147 AFCS,
with some signal scaling modificaticons. The sensor consists
of two major elements; the pressure sensing transducer and
the signal conditioning electronics.
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The static-pressure sensing transducer is of the variable resis-
tance type; i.e., unbhonded strain gage windings from two arms
of a Wheatstone bridge. Pressure against the diaphragm pro-
duces a displacement of the sensing element changing the
resistance of the active arms and causes an electrical output
precisely proportional to applied pressure. Acceleration and
vibration have little effect on bridge output, being cancellad
by the geometry and winding arrangement of the star spring-
type sensing element. Compensation for the effects of wide am-
bient temperature variations is provided by locating the two
inactive arms close to the active windings and through careful
selection of mater-als in manufacturing.

The signal conditioning electronics is split into two stages;
the first stage comprises a closed-loop analog/digital servo-
mechanism to re-reference the bridge output to provide a
limited altitude range about a selected absolute altitude.
The bridge signal output is first amglifisd and passed to a
threshcld detector. When the signal exceeds a specified
level, a pulse is produced and fed to a register which drives
a digital-to-analog converter. The ladder resistor chain is
in parallel with the bridge inactive ar.us,and thus acts to
vary the resistance to rebalance the bridge output. The
altitude hold logic discrete acts to inhibit pulse outputs
when the stabilize mode is requested.

The second stage comprises an analog synchronizer followed by
two output signal drives, one for low sensitivity,and the
other for high sensitivity. The analog synchronizer consists
of a capacitor, field effect transistor, and a relay, all
contained within a sealed can for humidity protection. The
synchronizer provides a zero output signal reference in the
altitude tracking mode during the time that the first stage
is continually rebalancing the bridge output. When the sta-
bilize discrete is issued from the AFCS, there is an initial
delay to acquire bridge balance, followed by the analog syn-
chronizer delay in acquiring a stabilized output. The total time
to stabilize can be as much as one second.

3,3.4 Rate Gyros

Rate gyros provide the AFCS control loops with effective body-
referenced rate data. The rate gyros used are the General
Electric RR~15 which were designed and fabricated for the
F-15 AFCS. Each rate gyro unit consists of three mutually
orthogonal rate sensors which sense rate of angular motion
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about the pitch, voll, and yaw axes of the aircraft. Each
sensor contains a motor speed detector for self test. Also,
the unit incorporates circuitry to torque the gimbal ocutput
axis during preflight BITE. Major performance characteristics
are: range +60 dey/sec, resolution of +.01 deg/sec, accuracy
and linearity of .5 percent of full scale.

3.3.5% Inertial Measurement Unit

The Inertial Measurement Units are Delco Carcusel IV lnertial
Navigation systems. The IMUs supply earth-referenced veloci-
ty, acceleration, and attitude information to the AFCS con-
trol loops. The Carousel IV consists of a navigation unit, a
mode select unit, a control aisplay unit, and a battery unit,
as shown in Figure 128.

3.3.5.1 Navigation Unit

The navigation unit contains an inertial reference unit and a
general purpose digital computer. The inertial reference unit
is a four—gimbal stable platform, referenced to local vertical.
Horizontal sensors on the stable platform, gyros and accel-
erometers for the X and Y axes,are rotated at a controlled
rate of 1 rpm. The platform, therefore, behaves as a free
azimuth unit. North reference is obtained with the navigation
computer, based upon precise knowledge of platform azimuth
gnsition established during alignment and the controlled rate
of rotation. The navigation computer is a binary-serial pro-
cessor which performs the computations required for:

® Rate gyro and linear accelerometer integratiorn and
coordinate transformations

¢ Gyro platform erection, alignment and drive

® Navigation computations

@ Display signal generation

® Self test and system health
3.3.5.2 Mode Select Unit
The Mode Select Unit enables gelection of the system operating
modes: OFF, STBY, ALIGN, NAV, and ATT. The STBY and ALIGN

modes are used auring ground operations to facilitate azimuth
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initialization and alignrent. of the system. The NAV mode is
usced during normal flight operations to provide flight con-
trol paramctors to the APCS.  The ATT mode is used to provide
attitude signals for reference purposes; this modse is normally
uscd oniy on occurrence of Jailures within the navigatiorn com-—
puter. The unit also contains status - indicator lamps that
indicate the operationil capability of the battery unit and
the statce of readiness »f the system to enter the NAV mode.

3.3.5.3 Control Display Unit

The control display unit contains a keyboard and selector
switches for insertion of present position in the form of
latitude and longitnde inputs. The control display unit also
contains displays and indicalors for alignment status, com-
puter memory call-up, and mal funct:ion information.

3.3.5.4 Battery Unit

The battery unit powers the system during momentary interrup-
tion in the prime power supplv., Battery unit power is coupled
to the power circuits so that it will sustain system operation
in any mode for periods of up to 15 minutes when the 1l5-vac,
400~Hz, single-phase input power 1is interrupted or drops below

the required voltage.

3.3.6 Attitude Hecading Reference System

The attitude heading reference system, AN/ASN-76, provides
pitch and roll attitude and magnetic heading information to
Channel B of the AFCS. The Carousel IV IMUs supply similar
informatici: Lu Channels A and C.
Major components are:

e Displacement Gyroscope

e Reference Set Ccntroller

e Electronic Control Amplifier

® Flux Valve

Magnetic Heading Adapter
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The displacement gyroscope is a pendulously erected two-gyro,
multiple gimbal stahle reforence {rom which vehicle direction
changes and actitude are measured. Heading, roll,and pitch
signals are supplied to the I0Ps through the electronic control
amplificr., The clectronic control amplificr provides multiple
heading outputs representing gyro-stabilize magnetic heading

in the slaved, free gyro,or compass modes., The reference set
controller contains the indicators and controls ncecessary to
operate the system. The flux valve supplics an clectrical
indication of vehicle heading with respect to the horizontal
component of the carth's magnetic ficld. The magnetic heading
adaptor, designed by Beecing Vertol specifically for the HLH ATC.
is a differential synchro which converts magnetic heading to
vhe equivalent of true heading by adjusting the synchro device
to the local variation angle. This makes the heading from the
ASN-706 compatible with the true heading supplied by the IMUs.

Performance characteristics include:

® Attitude gyro accuracy +14 minutes of arc
(maximum error spread)

® Latitude operational range +82 degrees
® Sonsitivity 206 mv/degree (+5 percent)
® Output voltage 11.8 Vrms

3.3.7 Radar Altimeter

The AN/APN-194 Radar Altimeter is a high-resolution pulse
radar operating at 4300 MHz that indicates absolute clearance
over land or water from 0 to 5000 feet. The AFCS uses this
information in the radar altitude hold, hover hold, and auto
approach to hover modes., In addition to providing altitude,
the signal is differentiated through a rate adapter unit
developed by Honeywell for the ATC program to provide a high
sensitivity altitude rate signal to the AFCS., The vertical
rate signal is used as backup for the precision hover hold
velocity reference. Signals from the simplex radar altimeter
and rate adapter are paralleled to provide inputs to the tri-
plex AFCS channels. Operation is based on precise measure-
ment of the time required for an elcctromagnetic energy pulse
to *ravel frowr the aircraft to the ground terrain and return.
The trackinc circuitry detects the leading edge of the re-
flected signal and after "lock on", rejects all other signals
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until the next pulse is received. The time of pulse arrival
1s comparoed with the time of pulse transmission and the
resultant time differential is processed to provide the range
information in both digital and analog form. The character-
1stics of closed-loop, lecading-cdyge tracking, combined with
extremely short palse duration, is basic to the accuracy of
the system,

The computing circuitry and use of separate transmitting and
receiving antennae pormits altitude measurement to touchdown.
This 1s accomplished by providing sufticient electromagnetic
1solation betwcecen the transmitter and receiver antennae which
allows reception of carly refloections from the ground while
the transmitter pulsce 1s still being radiated.

The clectronic altimeter set is composed of one recciver-
transmitter, a ratce adapter, an interference blanker unit,
two identical antonnac, and once cockpit indicator. A simpli-
fied block diagram of the APN-194 system as installed in the
Model 347 aircraft is shown in Figure 129,

The indicator controls system power, converts the anailog alti-
tude signal to a visual display,and provides an adjus:cable

low altitude warning and flag alarm. System self-test, with

a 100-foot readout on the indicato: 1s also initiated from

the indicator.

Loss of receliver track 1s indicated by a 4 Vdc discrete.
Valid rate data is indicated by the presence of a 4.9 Vdc
discrete,
Principal performance characteristics are summari:ed below:
ALTIMETER
Range 0-5000 feet (use only 250 feet for AFCS)
Accuracy *+3 feet or 4 percent of actual range

Response time 0.1 +0.025 second (first-order system)

Voltage output 0 to +25 volts




WYHOVIG X018

Y3LLINSNVYHL/93A1a03d ¥4I LIWILTY HVAVY H61-NdV 621 3¥N9Id ‘
f - - - - - - - - -9
¥314vav vy ¥INOVHL) . .
8,401 m‘ _ U3LNam0 fa—] ¥3LIaMY ) fe—]  wan302W e——— »h: ;
YOLVIIQN| —e ! 3NV ' o
m 1 ' A . 3
|
i | Addns w3amod |
N 3sInd |
LINA oNIINYIE | q e
¥3NMYIE 1100 35TNnd Lol wamsnn Xy
Tonauzsualnr owve
) _ YILLINSNVEL -¥3AII3Y




ALTITUDE RA'TE ADADPTLER

Range +50 ft/sec
Accuracy +(0.1 {t/scc +0.5 percent of reading)
Voltage Output +10 vdce

3.3.8 Precision Hover Soensor

Under the HLH/ATC Program, an elenent of the Flight Control
System was the development of a Precision Hover Sensor. The
goal of the Precision Hover Sensor is to provide accurate
ground rceferenced position information such that aircraft
position can bhe maintained in reference to o known point on
the ground within +4 inches longitudinally, laterally, and
vertically., 1t was further desired that the sensor be self-
contained and be capable of operation in all-weather IMC
conditions.

The Precision llover Sensor developed under the HLH/ATC program
was designed and fabricated by RCA of Camden, New Jersey,
under a subcontract from the Boeing Vertol Company. The sen-
sor utilizes two newly developed scensor techniques; namely,
image-correlatinn tracking and pulsce sine-modulated laser
ranging, using pulsed-laser-illuminated gated imaging to mea-
sure position offsets and velocities,

The Precision Hover Sensor 1s located on a supporting mount in
the rear of the Model 347, as shown in Figure 130.

The type of sensor system chosen for the development resulted
from Boeing contracted design studies with RCA, Camden, New
Jerscy; General Electric, Utica, New York; and Martin Marietta,
Orlando, Florida,.

The development of the PHS was initiated as design and fabri-
cation of a feasibility demonstration model to be flown on
the Model 347 aircraft. The development was geared to the
use of existing off-the-shelf subsystems or components where-
ever possible to minimize costs and schedule. The use of off-
the-shelf components has resulted in a system that is larger
and heavier than a PHS specifically designed for a prototype
or production HLH aircraft, resulting from development of
subsystems to optimize size and weight, The functional dia-
gram of the PHS is shown in Fiqgure 131 and the PHS character-
istics are stated in Table 23.

394

. — - g —




TABLE 23. PHS CHARACTERISTICS

Hover Precision (x, ¥, 2)......40.6 in,
Detectable Velocity (X, Y, 2) ceses.tl in/s
Data Bandwidths B ceessslD Hz
Maximum Displacement X, Y, 2 A S i
Altitude 25 to 125 ft
Loss Margin 1000
Lock-on Time 0.6 s max
Reacquisition Time 0.8 s
Temperature Range -20°C to +55°C
POWER 28 vV dc 110V, 3A, 400 Hz
Sensor Head 360 W 420 W peak 100 w
Stabilization Platform 280 W 400 W peak 60 W
Total 640 W 820 W peak 160 W
WEIGHT
Sensor Head & Mount 355 1b
Stabiliration Platform 185 1b
Total 540 1b
DIMENSIONS (irreqular)
Sensor Mead 22 in.dia x 53 1in.
Plat form 41 x 25 x 16 in.
395
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BT Stable Platiorm

The main sensor subsystems are contalned in one package and
are mountoed Lo o two-axis stabilized plattorm.  Thoe stabilized
platiorm 1n a mass balanced torgue driven gyro-stabilized
vertical monnt and 1s a moditication of a standard Acroflex
Type 28A aircraft camera mount. ‘The mount provides vertical
stabilivzation within the limits of the mount gimbal ($10° roll
and +10° pitch) to the reference of the self-contained gyro.
The platform structure consists of three major component;
the trame, the pitch gimbal, and the roll gimbal.

A cireular opening in the roll gimbal (inner) accepts and sup-
ports the cylindrically shaped PHS sensor. Attached to the
roll simbal are also the roll trunnions., Limit stops restrict
the frecdom of the roll gimbol to #10°,  Limit switches pro-
vide status information to the control logic,

The prteh gimbal girdles the roll gimbal, and supports the
prtcel trunnions, roll torquer, and an automatic caging mechan-
ism. A ogyro leveling plate at one end of the pitch gimbal
provides space for mounting the ARG-5C vertical gyro. Limit
stops and limit switches are provided for the same purpose as
on the roll gimbal,

The frame girdles the pitch gimbal and supports the pitch
torquer., all torque amplifiers, and an elcectronic chassis
with connectors for interconnecting cables. Cable-type
vibration isolators are provided between the stable platform
frame and the aircraft frame. Also mounted on the frame is
a rate of turn switch,

3,400 Range Finder

The rvanging system of the Precision Hover Sensor combines the
advamtages of both a CW ranging system (nigh resolution) and
a pulse ranging system and multiple scene discrimination capa-
bility, The signals from the range transmitter and receilver
arc pnocessed In the range electronics to obtain absolute
altitude (2), altitude change ( 4) and vertical velocity (2).
The coontem timing and status signals are also generated 1n
the range clecthronics,  The range transmitter gonerates a
sine-wave modalated pulsce ot light which 1s collimated into a
nartow boeam and directed towards the ground., The transmitter
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also generates an clectrical signal to the range clectronics
corresponding to the time of transmission of tne optical pulse.

Light from the range transmitter laser boam 1s refloected from
the ground and detected by the range receiver. The receiver
in turn generates eloctrical signals to the range electronics
corresponding to the phase and arrival time of the recurn
pulse,

Fine-range information is obtained by comparing the phase of
the transmitted sinusoidal modulation to the phase of the
received sinusoidal modulation. The signal detector amplifier
output is first passed through the 100-MH, phasc locked loop
to derive a continuous waveform for determining phase. The
resultant signals are then mixed with the local oscillator
frequency of 99,950 MH, tc produce two 50-kHz signals,

whose phase difference 1s the same as the phase difference
between the transmitted and received 100-MH, signals.

The phase detector provides a de voltace output which is
linearly related to the phase difference, and thus to the fine
range. The fine-range information is aceciurate to 1 inch with

a resolution of 0.1 inch over an unambiguous range of 5 feet,

The de output of the phase detector is fed into an A/D con-
verter to obtain the fine-range information in digital form for
comblnation with coarse-range information. The two measure-
ments are combined 1in the output register to yield a 1000-foot
scale range reading with an accuracy cof 1 inch and a resolution
of 2/16 inch.

A reason for converting the fine-range information to digital
form i1s to provide an accurate stored reference for deriving
the hover error signals., When the operator wants to put the
helicopter into automatic hover, he pushes a button on his
control which generates the hold command. This causes the fine
range information in the A/D converter to be stored in a secp-
arate digital register. ‘

This stored fine range is then converted back to analog form
in the D/A converter and compared to updated analog fine-range
data coming out of the phase detector. The result of this
comparison is an analoyg error signal corresponding to any
small changes in altitude of the helicopter. This signal is
then differentiated to yield the rate at which altitude
changes are occurring,
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The coarsce-range intormation is obtained by measuring the time
delay botween the leading cdge of the transmitted pulse and

the leading cdge of the received signal.  The 100 MHz trap is
used to remove the high-trequency modulation from the received
waveform and to provide a clean leading edge to the threshold
detector.  The outputs from the threshold detectors are digital
pulses which arve delayved by the same amount of time as the
transmitted and received lascer signals.  This delay is measurod
in the time-interval counter,

The time-interval counter will range on the last valid return
received during a total maximum range interval of 1000 fect;
this allows the system to range through obstacles, such as
trees. A multiple scene indication will be generated if more
than one valid scene is cencountered during the range interval,
One hundred range measurements will be summed and averaged in
the time-interval counter to produce a coarse-range measure-
ment with an accuracy of 5 fcet and a resolution of 0.5 feet.,

3.3.8.3 Correlatron

I'he measurement of the X, X, Y, and Y incrcemental position
and velocity parameters 1s accomplished by utilizing a Correla-
tron trackcr. The Correlatron is used as a closed-loop system
and requires threce modes of operation:

{1) A write mode, where the initial image position is
stored as a charqe pattern

(2) A recad meoue, where the input image and the previously
stored reference are correlated

(3) An erase mode, where the previously stored reference
charge pattern is removed.

The Correlatron subsystem consists of a sensor package and
an clectronic assembly.

The system, with the exception of one test relay, has no moving
parts and contains no hot cathodes. Internal switches are
transistors, Components are all nard wired with no transistor
or amplifier sockets, The circult boards i1n the sensor are
coated against moisture, fungus, etc.

Both the sensor and electronics assemblies were constructed to
be completely shielded for EMI, The optical input port of the
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sensor utilized a coniductive window to accomplish the shield--
ing, as well as to prevent dirt from reaching the Correlatron
photo-cathode.

During the read mode, the photoelectron image is nutated in x
and y with a sine wave. This is a multiplex nutation; x is
blanked for one cycle, and then y is blanked for one cycle.
The output of the buffer amplifier is switched synchronously
to separate the x and y signals, These signals are amplified
separately and the gain is automatically controlled to provide
a replica of the x and y error signal without distortion or
phase shitt,

During the closed-~looup match condition, the Correlatron signal
appears as a full-wave rectified sine wave., When the Correla-
tron senses the input image drift by "distorting"” the full-
wave rectified signal form factor, the phase discriminator
determines magnitude and direction to correct the loop and to
maintain the proper form factor.

The loop is closed through the integrators and deflection

amplifiers. This closed loop maintains the optimum position
match between the photcelectron image and the stored image.

The output of the integrator represents position and the input
to the integrator represents angular rate. The stored image
in the Correlatron may be updated periodically or when the

S/N drops below a prescribed level. 1In the erase mode, a
uniform flood of photoelectrons drives the front surface
(dielectric) of the storage element to cathode potential

since operation is below the first crossover of the secondary
emission curve. The backing electrode is typically at 15 V
with respect to the photocathode.

In the write mocde, the photocathode is typically switched to
-600 V. The representation is of a spot «f light on the
photocathode giving a beam of photoelectrons, These electrons
hit the dielectric with energy above the first crossover, and
the gecondaries are collected mesh. Thus, the written areas

are: charged positive, say +0.5 V.

3.3.8.4 Intensifier Subsvstem

The intensifier subsystem provides light amplification for
boosting the low-level illuminator light reflected from the

ground scene to the level required by the Correlatron.
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This subsystom contains three image-intensifier stages, The
first stage consists of a micgo~channel plate intensifier

tube which converts the 8%10 A illuminator light to a P-20
output phosphor. This stage is gated with a 140 V 50-ns

pulse which allows only light arriving from the pulsed illumi-
nator to be amplified.

The next stage in the intensifier string is a second micro-
channel plate tube which provides both gain and automatic
light control. This stage allows the gated first stage to be
operated at a safe bias level and its resulting moderate gain.
The seccond stage provides a constant scene output brightness
to the third stage over the range of scene illuminations
encountered by the PHS system.

The third stage in the intensifier string is a diode-type
gain stage which amplifies the output of the second stage and
provides the high output brightness needed to produce the
reguired Correlatron cathode current for lock-con.

3.3.8.5% Illuminator Subsystem

An AlCaAs laser illuminator is utilized and provides pulsed
illumination of the ground scene, which, in conjunction with
the range-gated intensifier chain, permits rejection of sig-
nificant amounts of scattering from atmospbheric particles,
which would deqrade the image of the ground scene. The il-
luminator also permits night opcration,

The laser illuminator utilizes thermoelectrically temperature-
controlled AlGaAs injection lasers to provide the pulsed il-
lumination. AlGaAs is utilized to achieve 8400 A wavelength
of emission where the first photocathode of the intensifier
has high respeonsitivity. Temperature control of the AlGaAs

is utilized to stabilize the emission wavelength of the laser
within the passband of the intensifier spectral filter,

A motorized zoom lens provides a collimated circular beam
which matches the Correlatron format. A zoom capability of
5.5 to 1 from § degrees to 45 degrees full angle divergyence
enables a constant scene diameter to be illuminated while the
range is varied from 25 to 125 feet.

The laser illuminator is a single self-contained package
requiring only 28 Vdc prime power and a 20-kHz sync pulse
train for operation. All power conversion and heat exchange
are performed within the package,
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3.3.9 Leoad Stabilization Sensors

Implementation of the external load stabilization modes in
the flight control computer requires the sensing of cable
angles and tension.

3.3.9.1 Cable Angle Sensing

Four synchro-rotary transformers were utilized to sense cable
angles; i.ec., two transformers located at the forward and aft
cable seccuring mounts, respectively - one to sense longitudi-
nal, and the other to scnse latceral angles. The transducers
were mounted between aircraft structure and the cable hook
assemblics. These sensors, manufactured by Clifton Division
of Litton Systems, Inc., provide ac outputs up to #90° of
rotation with a sensitivity of 200 VRMS per degree.

The signal range was limited in the IOP signal conditioning
circuitry to +50° in both axes. The cumulative effect of
resolution, null offset, and hysteresis is less than 10 min-~
utes of arc for the transducer devices themselves. The
principal contributors to hysteresis were anticipated to be
the Teflon/steel load hook bearings. Flight test resuits,
however, indicated the actual values to be less than the
analytical estimates of +5.4 minutes of arc longitudinally
and +4.2 minutes laterally. The actual values had no appre-
ciable degrading effects on LSS performance. (Refer to
Section 2.1.5.3.3 for discussion of CSMP hysteresis
evaluation).

3.3.9.2 cCable Tension Sensing

Strain gages were installed in both the forward and aft cargo
hook bolts to provide a measure of load weight on each cable.
This information was required for implementation of the auto-
matic load-centering mode. The strain gage signals were fed
into bridge networks whose outputs were amplified prior to
signal transmission to cach of the IOPs. The cable tension
electronics were scaled for 0 to 8000 pounds each. The full-
scale output was adjusted to 10.4 VRMS, equivalent to 8,000
pounds.
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3.4 LOAD CONTROLLING CREWMAN's CONTROLLER (LCCC)

3.4,1 1Introduction

The T.CC controller provides inputs to the AFCS for the control
of the alreraft by the load-controlling crewman during flight
with the hover hold mode engaged.  The LCCC controls flight

in the longitudinal, lateral, dircctional, and vertical axcs
by means of a four-axis finger ball, The authority of the
controller is limited by the control laws implemented in the
AFCS computers which also provide for pilot override of LCC’
control inputs at any time.

The LCC controller was developed and manufactured by
Honeywell, Inc., Minneapolis, Minnesota, The controller uses
basic mcchanism concepts that were developed for the Apollo
hand controllers and for recent fly-by-wire sidesticks. The
development program began with a human factors study of hand-
control and sidestick concepts which considered one-, three-,
and four-axis grip and finger controllers. The development
phase of the program culminated in a four-axis mock-up con-
troller which could be modified to have various force break-
cuts, force gradients, displacements, and different kinds of
grips. The mockup was evaluated to determine the final LCCC
configuration. The design selected is portrayed in Figure
132. The controller is used by holding the ball with the
thumb and finger tips of the right hand. A special arm rest,
not shown, is provided for the controller.

3.4.2 LCCC Description

3.4.2.1 Major Functional Components are the control stick,
force feel springs, force feel dampers, and triple-
redundant position transducers. Also included is a
trim switch and magnetic brakes to hold the stick in
any longitudinal and lateral position with hands off.
No brakes are provided for the directional and verti-

cal axes,
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FIGURE 132, FOUR-AXIS FINGER/BALL CONTROLLER
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2.2 Operating Characteristics

The control motions are:

- Fore/aft stick rotation for longitudinal
- Left/right stick rotation for lateral

- Up/down stick translation for vertical

- Left/right ball rotation for directional

Force breakout and a force gradient, proportional to
stick displacement, are provided in each axis. Dampers
are incorporated to smooth control motions and to provide
a smooth deadbeat return to the neutral position should
the stick be released at any displacement.

Electrical Gutputs are ac analog signals from triple-
redundant rotary variable differential transformers
(RVDT's) in each axis. One output signal from ea