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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.
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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.
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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.
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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.
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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.
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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.
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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,
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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).,




----- OPTIMUM MANEUVERABILITY
— ~~— AUTOMATIC ROLLOUT
37RT ~— =+~ WORKLOAD REDUCTION

8TICK
LATERAL STICK 2 mpu'r"‘\’,-\

(INGHES! | 'l L-“——“_—-"_/:iORCE. RETRIM

I — e ——
ol———-————-l — fNO FORCE RETRIM

ROLL RATE RESPONSE

ROLL RATE 0 I
“
(DEG/SEC) o . e
10 T
20
30.1 LT
/~BANK HOLD
401 Y A ——
. BANK ANGLE BANK SN, — WINGS LEVEL RECOVERY
(DEG) 20+ HOLD\ / N/ 710 ZEROBANK HOLD
. ’/ \
o et . _ . L - —
AUTOMATIC TURN COORDIMATION
40 ’,
HEADING 1 "538'0“— L7
(oEe) 2°] \ -
P
0 - S U
6 8 15 s 20 28
TIME (SECONDS)
| TECHMI UEAT:ML VRt D
COMMAND
stickm) | RATE
: ATTITUDE COMMAND
A — i
- 5 BANKANGLE (DEE)
p

FIGURE 27. "ORWARD FLIGHT-LATERAL DIRECTIONAL SCAS

136




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. Sens