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PAGE 4—113: In Figure 4—36 (Labeling on graph)

a 0.2 should read = 0.11

~~= 0.11 should read = 0.055

PAGE 4—115: In Figure 4—37 (Labeling on graph on right side)

~~= 0.2 should read = 0.11

1= 0.11 should read = 0.055
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VAST Visual Approach Slope Indicator
VFR Visual Flight Rules
VHF Very High Frequency
VLF Very Low Frequency
VMC Visual Meteorological Conditions
VOR VHF Osni—Directional Radio Range
VORTAC Combtned VOR and TACAN System
VOT a VOR Receiver Testing Facility

PAR PART I SPE ED DEFINITI ONS

VA 
Design maneuvering speed .

V~ Design cruising speed .

VD 
Design diving speed .

Maximum speed in level flight with maximum continuous power .

VNF Never—exceed speed.

V~ Speed for best angle of climb .

~~ Speed for best rate of climb .
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LIST OF SYMBOLS

C
112 

Cycles to one—half amplitud e, ND

C2 
Cycles to double amplitud e, ND

d ~/du Derivative notation for stick position variation with
speed

e Logarithmic constant, e — 2. 71828

2g Atceleratton due to gravity, (32.2 f t/ sec  )

j Notation for square root of minus one

M Pitching moment, ft/lb

S Velocity stability der ivative, rate of change and
pitching moment divided by moment of inertia with velocity

Angle of attack stability derivative, ra te of change of
pitching momen t divided by moment of inertia with angle of
at tack

n Normal acceleration or normal load factor (measured at the
c.g.)

ND NOSE DOWN or Non—Dimensional

NIl NOSE UP

cz The steady—state normal acceleration change per unit
change in angle of attack for an incremental elevator
deflection at constant speed

8 Laplac e transf er comp lex var iable , (s — a+ .J w )

t Time , sec

tfT Non—dimensional time, ND

T~ Period based on undamped natural frequency (T5 
— 2n/w~~)

Figure D—3

Period of oscillation, sec

T1,2 Time to one—half amplitude, see
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LIST OF SYMBOLS (cont’d)

‘2 
Time to double amplitude , sec

T63 First order time constant , see

u Horizontal perturbation velocity, sec

U Trim flight velocity, knot. or ft/sec

V
h 

Horizontal velocity, knots

V Vertical velocity, knots or ft/mm

w Vertical perturbation velocity

Z Stabi l i ty  derivative, rate of change of Z force divided
W by mass with vertical perturbation velocity

Z Stability der ivative, rate of change of Z force dtvldod
U by mass with horizontal perturbation velocity

Angle of at tack , deg or rad , (u” w/ll 0)

y Flight path angle, deg, (y —O — c t )

Control deflection , deg

Damping ratio, ND, (The ratio of the damping that exists
c in a second order system to the critical damping)

0 Pitch angle , deg or red

w Approximate value equal to 3.14159

a Real part of s

Imaginary part of s

Natural fre quency, rad/s ec or cyc/ sec

~nd Damped frequency, rad/sec or eye/s ec

xvii/xviii
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SECTION 1

INTRODUCTION

The helicopter waS originally developed to fill a very specific
need; namely, to accomplish tasks which could only be achieved by
hovering, taking—off vertically , or landing vertically . The first
practical helicopters were severely limited by inadequate power avail-
able , engin e rel iab ility, range, stability, etc. In short, the early
helicopter, like the early airplane, was a very fragile vehicle.

The late l950s and early l960s , witnessed the introduction of
the turbo—shaft engine , improved rotor design , and the broader use
of advanced materials and equipment for the helicopter. Thus , a more
modern helicopter evolved and came into being with improved hydraul ic
systems, flight control systems, gyro—referenced stability/control
augmentation systems, large attItud e indicators, radar altimeters,
and systems to automatically maintain a constant rotor speed. The
U.S. Navy and Sikorsky Aircraft Co. were early pioneers in this
development process. The Anti—Submarine Warfare (ASW) mission provided
the incentive. The all—weather ASW mission requirement first produced
the Sikorsky SR—34J in the late 1950s and subsequently, the Sikorsky
SH—3A in the early 1960s. Both of these aircraft could be easily flown
IFR , and when all systems worked properly, it was possible to conduct
essentially automatic approaches to 20 to 40—foot hovers over the
water. This was done with a two—pilot aircrew even under near “zero—
zero” conditions at night over the constant , “flat—plane” of the
sea.

Although a considerable amount of the early IFR helicopter utili-
zation and technology had its origin in the military , there were some
early civil entries as well. Notably, the Cessna Aircraft Company
developed the CH—l helicopter and in 1958 requested an IFR certification.
This aircraft was followed by the Vertol BV—l07, similarly developed in

- 
the early 1960s. The Sikorsky S—6lL/N , a derivative of the SH—3A, was
also a very successful pioneer civil IFR certification, (Reference 1).

Because of the accomplishments of the Sikorsky S—61L/N, it must be
considered one of the most successful early entries into the area of V

civil IFR certification and operations (Reference 2). The considerable
success and lessons learned from this aircraft program are quite signi-
ficant and should not be forgotten. During the six years of scheduled
IFR passenger—carrying operations that were conducted in the Los Angeles
area between 1965 and 1972, many Innovative and lasting milestones for
IPR helicopter operations were achieved. Los Angeles Airways (LAA )
received approval in June 1950 to operate four S—51 helicopters. These

1— 1
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aircraft were unstabiilzed and had only a bungee—type force trim
system. LAA began impl ementing a comprehensive instrument program with

- 
a stabilized (AFCS equi pped) S—61 as early as 196). Two Ins t rumen t
rated pilots were used for these operations and In Apr il 1965, the
first IFR scheduled passenger flights were conducted . “Helicopter—only”
instrument approaches and departures were used together with some’
Innovations that included an early type of “point—tn—space” concept.
Although this IPR activity represented a specialized operation , it was
located in a high—denstty area and it was concluded that”.. .instrumen t
operations definitely Increased completion factors while decreasing the
pilot workload”, (Reference 2). Some additional generalized results of
that operation as stated in Re f erence 2 are: “...pilot ’s attitud e V

toward instrument flying was excellent; that it was safer, more pro-
ductive and increased their professional value ; enroute times did not
increase significantly and in fact , they declined in many instances; it
often took longer to fly a trip Special VPR than it did IPR , the ATC
people were excellent and imaginative”. The entire operation and
experience had a major impact on the development of Chapter 11 in the
Terminal Instrument Procedures (TERPS ) conference in May 1970.

Since those first requests, the FM has continued to certify heli-
copters for IFR operations by allowing manufacturers to demonstrate
compliance with certain airplane—type FAA r equirements or by demon-
strating “equivalent safety” (Reference 3). Initial use was made of
mechanical and electro—mechanlcal—h ydraul ic stability augmentors (of
the type that usually provided additional angular damping and sometimes
“lagged—rate” type augmentation) to aid in satisfying some of the
handling qualities requirements. Interim Criteria for IFR certifica-
tion of helicopters (Reference 4) were developed (with certain material
drawn from and/or emulating various sections of the already existing
Military Specification for helicopters , MIL—H—8501A , Reference
5). and have been in use throughout the 1970..

The intervening years have seen the BH—212, SA—330, S—58T and
SA—341 , A—l09, BO—lOS, and SA -360 helicopters certified for U.S. civil
IFR use. In addition , It should be noted that  the FAA amended FAR Part
61 , Certification: Pilots and Flight Instruc tors, (to o,rmit cost
effective instrument training in non IPR—certified heIicop~ers) and
issued a Special FAR (SFAR ) 29. The SFAR 29 authorized evaluation of
special helicopter IFR routings in remote operations. This SPAR was
extended for three years, to allow more operators an opportunity to
participate , and apparently will, continue to be extended and “in—force”
for the near future.

Many recent certification programs have centered on adapting
in—service helicopters to IYR requirements via the use of Supplemental

1—2
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Type Certification (STC); however, helicopter manufacturers are now
striving to have the IFR capability designed into future helicopters.
This change in approach should impact 1978—1979 programs such as the
Bell 222 and Sikorsky S—76. In addition, many aircraft and avionics
manufacturers are expected to strive for single—pilot certifications.
This suggests tha t most new helicopter programs will involve con-
comitan t IPR ce r t i f i ca tion  dur ing the initial Type Certification (TC).
The fact is, there will be more and more applications for IFR STCs and
initial h R  Type Certification for helicopters.

The anticipated or projected growth in IFR applications has
several explanations. First , many commercial operators are being
pressed by their customers for a near 100% mission availability,
almost regardless of weather conditions. A second reason involves the
rapid increase in the number of government and corporate operators.
Many of these operators desire all—weather capability and are not
quickly deterred by equipment costs. Next, many IFR—rated helicopter
pilots from the military have been absorbed into civil aviation. The
reservoir of trained pilots has made it possible for operators to
economical ly field IFR—q ualif led crews. This evolving need for a
general IFR helicopter capability has caused a fourth factor to develop,
the availability of new helicopter avionics. The avionics industry has
responded with a wide range of equipment that has made It possible to
expand the capabilities of civil helicopter operators. This potential
for increased capability has in turn added emphasis to the apparent
need for many helicopters to be certified for IFR operations.

As opposed to many general aviation and small air—taxi airplane
owner/operators , the helicopter owner/operator is frequently forced by
necessity to utilize his helicopter to a fuller extent because of i ts
relatively high purchase price and direct operating costs. If the cost
per flight hour becomes too great, the customers will seek other ways to
satisfy their transportation requirements. The pressure for minimum
costs and maximum utilization is passed quickly to the manufacturer.
Operating costs can be reduced by minimizing crew ( one—pilot vs two—
pilots) and minimizing system complexity (initial purchase costs and
possible maintenance costs). Concurrently, with a decrease in operating V

cost , everyone on the industry side strongly desires to maximize the
certified IFR capability of their vehicles. Ideally, helicopter manu-
facturers would like to offer a “basic” vehicle (with satisfactory
stability and control), single-pilot crew manning (for the smaller

• vehicles), basic display/navIgation/communication systems, and have the
FAA certify the helicopter for a maximum of IFR utility.

Free enterprise, on the other hand , has offered relief to what
would (for some aircraft) otherwise be an unacceptable state of affairs.
Electronic system manufac turers var iously off er such things as radar ,
f l ight directors , autopil ots , navigation couplers , approach coupl ers ,
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augmentation systems, Au toma t i c  F l igh t  Control Systems (AFCS ) and
computer driven Cathode Ray Tube (CRT) displays linked to flight and
nav igation sensors. Military and civil experience has demonstrated
that when state—of—the—art technology 1. app l ied to almost any heli-
copter in adequate layers, that helicopter can be made abundantly
capable of IFR operations for all varying mission objectives and
crew manning levele.

The FAA I-s In the mandated position of making the final assessment
as to what combination of crew , helicopter and equipment are safe for
var ious operations and the different combinations of environmental
factors. This position of final recourse requires superior judgment , V

analysis , and rating on the part of the certification team yet there is
no obvious alternative which can provide a higher level of consumer
sa f e t y .

In this study, a review is made of In t e r im  Criteria (Append ix A),
the most pertinent FAR , Advisory Circular. and other regulatory support-
ive material. Subjects that relate to handling qualities , certification
procedures, and IFR operations of helicopters are reviewed and addressed
for the purposes of provid ing data and information that is of value to
the FAA in updating the appropriate documents. The objective of this
effort is to provide a basis for Increasing the level of safety of
helicopters operating under IFR conditions through the definition of
requirements based on current and valid state—of—the—art data.

The study includes identification of specific operational and
airworthiness requirements for helicopters flying in Instrument
Meteorological Conditions and accomplishing approaches to the Category
II minimums . Consideration is given to the appropriate present and
near—future nav igation aids, their cockpit displays , the needs and
effects of autopilots, flight directors , instrument disp lays , pilot
workload and ATC interaction. A review of ongoing programs, current
technology , and existing data applicable to IFR helicopter operations
and certification has been made. Data searches were conducted and
survey trips and telephone conferences were made with helicopter
manufacturers , research organizations and agenc ies, helicopter instru—
ment flight instruction schools, military instrument flight units and
avionics manufacturers. During the course of the data collection,
acquisition , and review, efforts were made to isolate those data judged
val id and useful for developing new or modifying current regulations
and requirements pertaining to IFR certification of helicopters.

This report is div ided into five sections and Appendices. The
Introductory section is followed by four sections presenting various
Information , data and results on operations, certification , and analy—
tical efforts and conclusions. Section 2 provides a review and
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definition of operational objectives. Section 3 covers a variety of
topics under the general headings of certification considerations
and technology review. It includes subject areas such as helicopters
currently certified , use of SAS, autopilot systems, critical IFR flight
phases , minimum airc rew manning considerations, documentation goals,
pilot workload, envelope tailoring, displays , etc . Section 4 contains
a summary of all the efforts associated with the collection and analysis
of IFR related helicopter data. It combines the flight test data

• 
obtained from reviews of civil and military helicopter reports, simu-
lator and flight research findings , criteria statements from the
Interim Criteria , FAR and cr iter ia data es tabl ished by earlier military
and civil flying qualities requirement documents. Section 5 contains
the conclusionary findings. The Appendices cover the Interim Criteria ,
Handling Qualities definitions, Complex plane mapping techniques, the
Divergence Criterion, and a reference on engine power loss.

—
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SECTION 2

REVIEW AND DEFINITION OF OPERATIONAL OBJ ECTIVES

The re a re a great number of helicopter flight conditions and
re lated sets of operational and environmental factors wh ich impact
them .  Howeve r , the uniq ue capabilit ies wh ich enable rotary wing air-
craft to undertake specialized missions are evidenced more under VMC
tha n under IMC . It is also apparent that once penetration into IMC
occurs , the actual conduct of any mission will be essentially the
same for all helicopters , regardless of objective.

Composite Helicopter IFR Flight Profile

Following a review of FAA documentation , operational objectives
were defined in terms of a Composite Helicopter IFR Flight Profile
(Figures 2—1 through 2—4). It included all possible events and occur-
rences of a routine nature that helicopter pilots might encounter
during flight under IMC . The Profile was divided into flight phases to
be relatively consistent with the current procedures embodied in
Reference 6 (MIL—F—8785B) and Reference 7 (MIL—F—83300). The events
and flight phases were determined through a study of FAR. and AIM Part
I. One possible condition of a routine nature was not included — the
Prof ile Descent — because it is an airplane—only condition , applying to
turbojet. and turboprop. weighing 12,500 pounds or greater.

Selection of an appropriate instrument approach to conclude the
Composite Profile was based on using that approach representing the
highest level of workload —— because certification requirements call
for evaluating a helicopter in its most critical environment . Non—
precision approaches using terminal navalds, off—airport/heliport
navaids, or a point—in—space were excluded because they are normally
less demanding than the precision ILS approach. Radar Approaches, both
precision and non—precision CCAs, provide verbal cues from a controller
in addition to visual cues for the pilot from his instruments, but
b ecause they offer similar workload when compared to the final approach
segment of an ILS and are seldom encountered in civil operations, were
not included. The precision approach of the Composite Profile is con-
sidered to include the Missed Approach phase, because that possibility
always exists as a continuation of the approach phase.

The Approach/Missed Approach portion of helicopter IFR flights i.
generally regarded within the industry as the most critical from the
pilot’s standpoint. Even so, there are pilots who contend that the

V enroute portion of such flights can generate a total workload level as
demanding as that experienced in the approach segments. This is because
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Middle Marker~~s.$ Final Approach

Outer ~~~~~~~~~~~ Intermediate APDrOCCN

~ ~~ ~ 
-

HOLD at IF for Timed Approach

} AIC Radar Vectors to FAC
IAF

,1’~~~~
’ ( Standard Termina l

Arr ival Route (STAR )

HOLD Enroute

I Havigate to Point-In -6p.ce (Intersection )
)Descend Enroute
)CIImb Enroute

ATC Weather Avoidance

j  
Assistance (Rada r Vectors)

Cruise Enroute

Climb Enroute

Standard Instriment Departure (510)

I
IMC Climba.t on Runwey Heading

V FR Climb

} VFR acceleration to mlnim,m IFR airspeed

Figure 2—4 . Composite Helicopter IFR Flight Profile .
(Plan View)
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the two different portions, by their very nature, i~mphasize two dis-
tinctly different types of workload . During the approach segment,
auxiliary tasks (i.e., ATC/CO1IM/NAV and cock pit management) are less
pronoun ced than flight control tasks. During the enroute portion,
flight control tasks may be less difficul t than the auxiliary tasks. It
should be noted that the missed approach segment can generate require-
ments for high levels of workload in both auxiliary and flight control
tasks. These wo rkload requirements are addressed in more detail in
Chapters 3 and 4. In summary , it appears that any evaluation of heli—
copters for IFR certification must include analysis of the total capa-
bil i t ies  and requirements during both the enroute and terminal phases of
helicopter IER flight, to accommodate the differences in operational
envirooment for each portion.

The only condition of a non—routine nature addressed in the Compo-
site Profile was the possibi l i ty  of an Finergency Go—Around after
takeoff (Figure 2—3). VMC/IMC transition was assumed complete. After
declaration of an emergency, ATC can be of assistance to reduce work-
load by minimizing frequency changes, clearing airspace to allow the
distressed helicopter freedom of movement, and provid ing navigational
radar vectors, etc . However, the critical nature of the emergency

— could create a high workload situation for the pilot during the remaining
period of flight.

In summary , when the many operational roles of civilian helicop-
ters were considered , it was found that all must be prepared to contend
with the same events as those contained in the Composite Helicopter IFR
Fl ight Profile.  This is also true of offshore operations. The Corn—
posite Helicopter IFR Flight Profile (depicted in Figures 2—1 through
2—4 ) represents a reasonable operational standard for certification of
helicopters for IFR flight.

Comparison of IFR Flight Profiles

Offshore operational requirements were compared against the
Composite Helicopter IFR Flight Profile developed dur ing the definition
of Operational Objectives.

Gulf Coast offshore operations are the most developed in terms of
— activity and involvement with air traffic control requirements.

References to specific operational areas are made throughout the
phase—by—phase comparison when one has unique characteristics.

The comparison itself was accomplished by individually reviewing
each fl ight phase of the Composite IFR Profile to determine if it was
applicable to the IPR requirements of offshore operations. ~ach fl igh t
phase is addressed below . The impact of takeoff minima is addressed
separa tely.
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The helicopter community did not unanimously agree tha t all
missions have essentially the same requi rements  when operating under
Il-IC. Some felt that the offshore IFR mission was a special case to
i tse l f .  Review of the offshore IFR prof i le  revealed that  it is , in
fact , no d i f fe ren t  than the Composite Profi le .  Although it appeared to
be a spe c ial case, when weather conditions created low ceilings and
limited visibility, the pilots had to be prepared to contend with
v i r t ua l l y  all the same requirements as other IVR operators, even those
in high—density areas such as the Northeast Corridor.

- With the exception of flight separation spacing brought about by
limited range communications, navigation , and radar flight following ,
the ATC requirements  that can be expected for operators in the offshore
environment are the same as those for any onshore environment , where
one can encoun ter all the events desc r ib ed in the Composite Profile
detailed earlier.

The offshore profile differs significantly in terms of outbound or
inbound flights. The most demanding ATC requirements occur when heli-
copters return to shore from the rigs. Here they can be faced wi th much
the same tasks as in a high—density area (in terms of ATC requirements)
but often without a high volume of t r a f f i c . Outboun d there is limited
similar i ty  to the Composite Profile.  Major profiles are shown in
Figures 2—5 , 2—6 and 2—7 for  Gul f Coast Ope rations.

Comparison by Fligh t Phase

The details of the comparison of offshore operations against the
Composite Profile by f l igh t  phase follows .

Takeoffs by helicopters for IFR operations are under visual conditions
(i.e., with visual reference to the ground and at airspeeds to preclud e
collision wi th  obstacles and other aircraft). This appl ies to both

V Part 135 and Part 91 operators, regardless of minimums . Not addressed
to the comparison was the military Instrument Takeoff (ITO) as practiced
by a number of m i l i t a ry  organizations since it is more of a tactical
(non—civil) departure, which consists of near vertical takeoff into
overcast conditions . The t ransi t ion in airspeed from zero knots at
l i f t o f f  to 70—80 knots climb speed is done completely on instruments with
the initial climbout IMC when ceil ings are zero—zero. This is taught
(and practiced under the hood ) but rarely used . Few mi l i t a ry  aviators
experience the need to use the ITO when filing IFR. Typically they
execute a departur e similar to civilian operations — a VFR takeof f  and
t ransi t ion to IMC a f t e r  achieving minimum airspeeds tha t are comfortable
for the VI4C/IMC transition.
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Standard Instrument Departures are applicable on those occasions where
departure is from an airfield (such as New Orleans In te rna t iona l)  on an
IFR day when required by ATC fo r  separation purposes. Normall y ,  takeoff
will be under VMC conditions with penetration into IMC at approx imately
200—300 ft. above ground level. Climb enroute and VMC/IHC transition
typically occur at about the name time.

Climb, Cruise, and Descent Enroute are as delineated in the Composite
Profile.

ATC Weather Avoidance Assist (Radar Vectors) are available within
approximately 50 miles of the coast and vwctors around weather are not
unusual. Farther out in the vicinity of rigs, shore—based radar
coverage is not normally available.

Hold Enroute. Outbound flights normally do not encounter holding
requirements. Inbound this becomes a common occurrence when returning
with low ceilings requiring a precision approach to a major airport.

Standard Terminal Arrival Route (STMI. Inbound flights , especially
when anticipating precision approaches to major airports , are likely
candidates for use of STARs. As the Atlantic offshore region develops,
this could become a normal occurrence because of the high volume of
onshore traffic already in existence in the area.

ATC Radar Vector to Final Approach Course (FAC) are a distinct possibil-
ity for inbound offshore flights (again to precision approaches at
major airports). This practice is common in West Coast operations
(Santa Barbara Channel) for outbound flights (radar vectors to rigs are
considered equivalent to vectors to FAC). The distances from shore
radar installations to where rigs are located on the Gulf and East
Coast preclude this becoming common practice for outbound flights in
those areas.

Hold at Approach Fix for Timed Approach. Outbound this rarely, if
ever , occurs. Inbound this is quite possible.

Final Approach Phase. Comparison of the various possible approaches is
discussed separately .

General. Offshore operations require different approach procedures
for outbound and inbound flights. Since precision aids are not yet in
existence on the rigs themselves, outbound flights terminate with
non—precision approaches (typically, VFL/OMEGA with airborne radar).
For inbound flights the complete spectrum of approaches is possible.
Accord ing to offshore pilots , ItS is considered to be the most demanding
approach from a workload standpoint.
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Outbound Final Approach Phase. Fl ight plans are filed to an offshore
grid approxima tely 2.8 miles square, in which the destination rig 1.
located . The outbound fl ight is conducted to a point—in—space deter-
mined with VLF/O.ega navigation equipment , and that point—in—space
becomes the missed approach point.

The approach itself is typically conducted using VLF/Omega dur ing
descent to the missed approach point—in— space. Weather radar , operated
in ground mapping mode , is used as a backup for obstruction clearance
and to help identify rig location more precisely.

Weather minimums set by FAA are 600 — 1 without radar and 300 — 1
with radar . At least one offshore operator expressed a desire for
reduc ing minimums with radar to 200 — 1/2. The approach w i th  radar is
the most complex and was used for the comparison. Typ ical approach
profile follows:

VLF/Omega equipment provides .~ztmuth and distance r eadouts to the
filed point— in—space. The pilot begins his descent to arrive at
minimum altitud e upon reaching the point—in—space , using the

~~ather radar in the ground mapping mode. Approximate distance to
the rig can be determined by using the range rings on the radar
screen.

At approximately 2 mi les from the rig , dur ing descent to minimums,
the pilot turns 15 degrees away from the rig to the downwind side.
This allows the helicopter additional separation from the rig
because of the wind advantage. The target rig is painted on the
rada r screen throughout the approach.

Upon reaching the bottom of the ovet-cast , the helicopter transi-
tions to VMC and continues the approach. The copilot , in the left
seat, establishes visual contact with the rig while the pilot
continue s to f l y  the approach head ing (15 degrees downwind).
Abeam of the rig , the copilot takes the controls and turns toward
t he r ig , which prov ides an into—the—wind heading for a visual
approach.

V Inbound Final Approach Phase. Return flights inb ound o f f e r  the ful l
range of possible approaches. There are three approaches most commonly V

used during offshore operations:

. i~ R/DME approach is typically used at heliports along the
shoreline, and at alternate airports that do not have ItS
approaches.
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• VOR±DME to Point—tn—Space approach is used at heliports that
have high towers or other nearby obstructions.  In a Culf Coast
example of th is  case , a point— in—space is used which is 3 miles
from the heliport and is the missed approach point (MAP). At
the MAP, if under VMC, the pilot continues the fl ight VFR
underneath and maintains VFR separation from obstructions.

• Cat—I ItS approaches are used into a major airport when ceilings
are encountered that make W)R/DME approaches unusable.

Offshore pilots consider both types of W~R/DME approaches to be
less demand ing than the precision requirements of an ILS. The Point—in—
Space approach was identified by them as the most comfortable from the
pilot s standpo int because of the assurance of obstruction clearance
from both towers and other structures in the vicinity of airports and
heliports since the last three miles of the approach are conducted VMC
with no airspeed requirements.

Impact of Takeoff Minima on Offshore Flight Profiles. There are two
categories of offshore operators: Part 91 and Part 135. Each has to
comply with different takeoff minima. Part 135 operators have both
ceiling and visibility minima, while Part 91 operators can effectively
take off under zero-zero conditions. Part 91 governs companies opera—
ting offshore which own and operate their own helicopter fleets. Part
135 governs the air taxi/charter operators who contrac t out to companies,
providing commercial services.

Part 91 operators need comply only with visibility requirements,
and not ceil ing. Presently, all helicopters engaged in offshore opera-
tions are in the two—engine or less category and thus require only one
statute mile visibility for takeoff under IMC. However, by requesting
a Spec ial VFR (SVFR) cl earance, they may commence the flight without
any visibility or ceiling requirements. SVFR requires only that the
pilot have sufficient visibility (pilot—determined) to avoid collision
with obstacles or other aircraft. Technically, SVFR flight may be
conducted with weather reported zero—zero at the departure point. The V

uptions open to the pilot af ter  SVFR departur e are: cond uc t the whole
fl ight  VFR; or , pick up an IFR clearance af ter take off , changing from
VPR to IFR enroute.

Part 135 operators have an additional requirement for an alternate
airport  within one hour f lying time at normal cruise if weather condi-
tions are below the authorized IFR landing minima for the point of depar— V

t u re .  These requirements can be changed by FAA issued Operational Speci-
fications (Op Specs) . For example , the Op Specs of one Part 135 operator 

V

prescribe takeoff minima of 300 — 1/2, or landing minima for point of
departure, whichever 1. greater except tha t when taking off ~, from an
airport with an ItS approach the operator may use the lower ItS minima.
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Land ing Minima for ItS Approaches

Advisory Circular 97—1 details the visibility and Decision Height
(DH) requirements for the various categories of Instrument Land ing
System approaches:

“GENERAL INFORMATION. All—weather instrumen t approach operations
are div ided into categories correspo nding to different standards
of instrumentation in the aircraft and on the ground . For each
category,  there is a minimum value of specified Runwa y Visual
Range (RVR ) below which operations are not permitted . The fol-
lowing table identifies the categories and LOWEST minima associated
with each: V

Category Visibility (RVR)

Nonprecision 2400 feet

Category 1 1800 feet — (DR — 200 feet)

Category II 1200 feet — (Dli 100 feet)

Category lilA 700 feet — (OH None prescribed)

Category t u B  150 feet — (PH None prescribed)

Category IIIC 0 feet — (PH None prescribed)”

Perspective on Helicopter ILS Approaches

It must be made clear from the beginning that , when weather
conditions are not too severe, a CAT I ItS approach to a runway , in
currently IFR certified helicopter8 flown at their minimum approved
approach speeds, is not overly difficult. This is true at the more
ideal flight envelope parameters and configurations both for single
pilot operations with all systems working, and when there are two
pilots in the cockpit. There are two distinct advantages In this
situation of the helicopter over fixed wing. First, at its typically
lower approach speed, there is an extra moment or two (compared to
airplanes) after breakout for pilots to transition to a VMC approach
and landing. Second, there is no requirement to effect a virtually
immediate touchdown near the runway threshold.

- 
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SECTION 3

CERTIFICATION CONSIDERATIONS AND TE CHNOLOGY RE VIEW

INTRODU CTION

The study took into consideration the appropriate current and
near—future helicopter automatic stabilization systems , stability
augmentation systems, cockpit displays, flight directors, navigation
aids and navigation coupler systems . The results of this e f f o r t  were
used to define the combinations of equipmen t which in turn define the
configurat ion that should log ically be considered when establishing
workload levels for the critical flight phases (defined as a result of
studying profiles such as those depicted in Section 2). Equipment
combinations and related characteristics were analyzed in context with
two very different IFR air traffic and electronic situations. The high
density air t r a f f i c  situation was considered as well as operation in
the lower density offshore environment. Also, two of the higher
workload flight phases were considered to apply: the instrum ent
approach phases and the IMC cruige—enroute phases , where the auxiliary
task levels are high.

A general dIscussion and listing of some of the specific helicop— V

tera that have been certified for IFR is given together with a short
review of the applicable stability and control augmentation systems and
automatic stabilization equipmen t utilized. Alrcrew manning configu-
rations are defined and documentation of helicopter configuration and
modes of operation are detailed . The importance of pilot workload
(especially for single—pilot manning levels) is discussed. Also,
general topics such as envelope tailor ing, the display/control systems/
workload trade off , decreased IFR v is ibi l i ty  minima for helicopter
approaches , computer simulation for dynamic responses and the need for
a radar altimeter for autorotations under IMC.
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SPECIFIC HELICOPTERS CERTIFIED FOR IFR FLIGHT

The flight manuals , IFR supplements and other pertinent informa-
tion on the hel icopters listed below were reviewed to determine the IFR
equ ipment needed , manning requirements nnd other certification facts.

HELICOPTER MINIMUM IFR CREW

AEROSPATIALE GAZELLE SA—341G 1 PILOT 
V

AEROSPATIALE DAUPHIN SA—360C 1 PILOT V

AEROSPATIALE PUMA SA-330J 2 PILOT
AUGUSTA A—109A 1 PILOT 

V

BELL 212 TWIN 2 PILOT
BOEING/BOELKOW BO—105C 1 PILOT
SIKORSKY S—61N 2 PILOT
SIKORSKY S—58T 2 PILOT
SPERRY/BELL 212 TWIN 1 PILOT

In read ing the various Helicopter handbooks, IFR Supplements and
other pertinent data in order to determine what was certified and what
was the intent of each item under such headings as GENERAL, LIMITA-
TIONS, OPERATIONS—NORMAL PROCEDURES, EMERGENCY PROCEDURES and REQUIRED
PLACARDS, etc., some interpretation of meaning was occasionally required;
however , in most cases the information was explicit. The following
Information and interpretations , as determined from the available data
are offered on the helicopter 1FR certifications, systems and alrcrew
manning requirements.

Of the nine helicopter/IFR systems listed above, five are certified
for single pilot and four (usually the larger/heavier aircraft) are
certified for dual pilot IFR flight . All the aircraft are twin engined
except the Gazelle SA—341G and the Dauphin SA—360C. Numerous avionics
and f Light systems companies have been responsible for the installation
of the components required for IFR flight in the aircraft. If the
helicopter was not designed from inception as an IFR aircraft and the
additional equipment and new components were assembled as “add—ons” to
obtain IFR certification for a VFR vehicle, the general rule seemed to
be “change the basic design of the VFR vehicle as little as possible
while providing maximum beneficial handling qualities changes with the
add—on equipment.” This usually meant providing only the needed
equipment and new systems (commensurate with assurance of reliability/
redundancy requirements and compliance with the Interim Criteria) in
order to keep the costs down and still provide a readily certifiable,
safe IPR aircraft . This was especially true when multiple systems had
to be considered for installation (e.g., Duplex and Triplex SAS and
Autopilot Systems). Also, almost all the single piloted h R  helicop-
ters require the ATTITUDE—HOLD mode of the basic autopilot to be turned
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on and available during IFR f l igh t . This was determined by reading and
interpreting the intent of the information contained in the handbooks
and IFR supplements.

For the BELL 212 Twin aircraft there are two different certifica-
tions, a single—piloted one designated SPERRY /BELL 212 and a dual—
piloted one designated BELL 212. The BELL 212 incorporated a BELL
Automatic Flight Control System (AFCS) that was comprised of a SCAS
system and an Attitud e Retention Unit, ARU (~ n outer loop atti tude—hold
system). The SCAS used in this aircraft adjusts the pilot’s control
sensitivity and augments the angular damping of the helicopter through
the use of electronic rate gyro signal feedbacks. The BELL 212 also
utilizes a mechanical stabilizer bar (as does the SPERRY/BELL 212) to
provid e inputs for pitch and roll angular damping (lagged—rate damping).
The bar is a strictly mechanical system that provides a limited amount
of artificial stability.

A few general statements should be made about the yaw axis control
of some of these helicopters with regard to their installed systems.
If augmentation actuators exist in the yaw axis, it is usually in the
form of yaw rate dampers,. In some systems, the augmentation is of
the type frequently refeTred to as lagged—rate feedback for the low
speed flight regime. Foç the higher speeds, some of the lagged—rate
augmentation is washed—out and a force/coordinated—turn feature is
provided so that pilots can more easily coordinate their turns. For
the yaw axis, this amounts to getting rid of some of the yaw damping
and yaw angle stiffness so that directional control sensitivity stays
relatively high at the higher speeds. This is especially true If the
helicopter has a large vertical tail that provides additional damping
to “stiffen the system” at these higher speeds. Some coordinated—turn
systems make use of a lateral accelerometer that measures siips and
skids and provides correcting control motions to eliminate them. If a
heading—hold feature is utilized, the yaw actuator responds to the gyro
commands in order to hold heading. If actuators exist in the pitch and
roll channels only, then heading—hold is accomplished by the roll
actuator and the pilot- manually controls the anti—torque pedals to
provide coordinated flight.
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STABILITY AND CONTROL AUGMENTATI ON SYSTEM S AND AUTO MATI C STABIL IZAT ION
EQUI PHENT

General

The recent advent of numerous IFR certifications of helicopters
has brought forth a myriad of new and sometimes novel stability and
control augmentation systems, automatic stabilization systems and V

avionics equipment. Introduction of the use of s ta te—of—the—art  f l ight
instruments , updated avionics , and a new var iety of augmentation and
autopilot systems has aided in providing certification approval for
single—pilot IVR helicopters. Recen t vehicle design improvements and
the use of auxiliary tail surfaces have improved the inherent stability
and control characteristics of basic helicopters in cruise flight. The
improved basic machine, the addition of artificial augmentation and
control systems, state—of—the—art displays and avionics and the use of
autopilot—type stabilization systems all have provided the means to
conduc t IFR helicopter flight operations for slower speed instrument
approaches as well as cruise speed flight . The high speed end of the
VYR flight envelope is sometimes reduced for IFR flight and the slow
speed end used for instrument approach purposes is constrained to
minimum IFR airspeeds ranging from 40 to 70 knots. Instrument flight
at slower speeds and hover is still prohib fted for such reasons as
stability and trim problems, lack of adequate displays , need for
additional air data instrumentation, and the requirement for new
nav igation/approach systems that will provide glide slopes steeper then
three degrees. However, even with today’s helicopter systt~ms and
cer t i f ica t ions, a pilot flying an ILS type approach at about 40 knots
(presuming he desires to limit his maximum rate of descent to about 500
feet per minute) could fly down a glide slope of almost 8 degrees if
the precision approach aid existed today (Figure 3— 1) . The subject
areas of stability and control, automatic stabilization equipment, IrR
fl ight operations, and other systems used for approaches in terminal
areas are well. covered in the literatur e (References 8 through 21).

U t i l i ty  o~ Stabil i ty Augmentation and Automatic  Stabili ty Equipment

A significant elemen t that distinguishes present IFR certified
helicopters from existing VVR—only vehicles (as far as handling quali-
ties; e.g., dynamic stability and control, and workload etc., are
concerned) is the addition of attitud e gyro packages. Attitude gyros
provide the means to obtain greatly improved stability and control and
flying qualities as well as allowing for implementation of autopilot
type devices that are frequently used to reduce workload. Through the
use of attitude and attitude rate information, the response of the
aircraft to gusts may be greatly diminished by introducing enhanced
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angular damping and attiLude stability “stiffness”. Al so, the con t ro l
system features may be improved by altering the damping input charac-
teristics and using “feed—forward” loops In order to optimize the
response to a pilot input and provide near optimum rate ordering , rate
command , and/or attitud e command type contro l systems. With the aid of
the se artificial s t a b i l i t y  systems , the a i r c r a f t  can be essentially
decoupled in response to gusts or pilot inputs. Also , the feedbacks
may be programmed so as to inhibit those aircraft responses caused by
external disturbances while optimally shaping the inputs commanded by
the pilot’s control stick motion , (Reference 22).

All these improvements could be accomplished to a very high degree
were it not for the helicopter ’s inability to tolerate a failure con—
dition referred to as actuator “hardovers”. With a high—gain , full—
authority, actuator system a hardover could quickly and unexpect-
edly put the aircraft into an unusual attitude given inattention on the
part of the pilot . If not alert and wi th his hands and feet on the
controls , a full—authority, high—gain system can present very dangerous
situations to the pilot if the failure occurs at an inopportune time.

V 
Severe unusual attitudes cannot be tolerated with helicopters to the
degree that they may be with airplanes.

Because of the hardover problem and its serious consequences to
the control of the helicopter under IFR conditons, system augmentation
or automation must be accomplished either through the use of limited
authority actuators for high—gain systems or low—gain , low run—rates
for full—authority actuator systems. To date almost all systems
make use of high—gain, “limited—authority ” series—type actuators.
As a result of the hardover problem and the use of limited—authority
actuators (series—type), some compromises must be made that ordinarily
would not have to be made with a full—authority system. “Limited—
authority ” is used in the sense that most curren t design, high—gain
actuators move the swashplate only about 52 to 152 (plus or minus) of
its lul l control motion . The term “series—actuators” Is used in the
sense that it denotes an Inner—loop augmentation system where the
pilot ’s control stick does not move as it does in parallel or outer—
loop systems. The more conventional full—authority actuators commonly
used on fixed wing aircraft are of the torque—limited or run—rate
limited type and are used only on one or two helicopters. If full—
authority systems are used on helicopters, they are usually applied to
attitude—hold , outer—loop type autopilots where actuator run—rates are
strong ly limited or automatically controlled . When limited—authority
actuators are installed , frequent use is made of doubling or tripl ing
the number of actuators (Duplex or Triplex Systems with independent
transducers) to control the hardover problem while increasing the total
control authority available, Override capability of all augmentation V

and autopilot systems is always afforded to the pilot.
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All currently certtfied IFR helicopters have control systems that
are f u l l y  powered using irreversible control  system devices. These
“boost” systems essentially isolate the rotor blade vibratory forces
and motions from the pilot and also provide him with relatively low
control forces. There are no “sensible” feedback forces app lied to the
pilot’s controls by the awashplate or rotor blade pitch horns anyway
(i.e., no forces similar to those normally prov ided by conventional
control surfaces on classic airplanes), and therefore simple systems

V 
such as spring cartridges or capsules are usually incorporated with the
pilot’s controls to provide him with a constant spr ing force grad ient.
There Is a capability for the pilot to reposition that “null—point of
the gradient ” as control position trim requirements dictate . A typical
system schematic for an artificial augmentation/automatic flight
control system is shown in Figure 3—2 .

Definition of Stability Augmentation and Automatic Stabilization
Equipment

Many forms of Stability Augmentation Systems and Automatic Stabi-
lization Equipmen t have been utilized to improve the basic handling
qualities of helicopters by enhancing , modifying , and improving the
angular damp ing, control and maneuvering response, stability, and
long—term trim as well as providing workload relief for the pilot. The
various systems take many forms and some of the more common definitions
and attributes are given below. Two primary feedback quantities are
utilized for the basic functions of these systems. They are attitude
and attitude rate. For the more sophisticated coupled operations,
rad io position signals (ILS , VOR etc.), radio—rate signals, barometric
signals , radar signals (radar altimeter), airspeed data, accelerations,
heading etc., may be added to the basic function of the automatic
stabilization equipment. Only the most basic types and functions of
Stability Augmentation Systems (SAS) and Automatic Stabilization
Systems will be discussed here. They are:

. Stability Augmentation Systems, (SAS)
Ra te—SAS
At t i tud e—SAS

. Stability and Control Augmentation Systems , (SCA S )
Rate—SCAS
At t itude-SCAS

• Lagged—Rate Stabil izat ion
Young’s Stabilizer Bar (Bell—Bar)

• Automatic Stabilization Equipment , (ASE)
Attitude—Hold mode of an Autopilot
(ATTITUDE-HOLD /AP)

The following definitions and system descriptions are used itt this
report.
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Figure 3—2. Schematic of a Typical Augmentation/Automatic
Flight Control System (Reference 13).
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Rate—SAS is any system that enhances or supp lements the inherent
angular damp ing of an a i rc ra f t .  The hardware of the system may com-
pr ise elec trical , mechanical, and fluidic devices and components. Rate
signals (or derived rate) are used as feedback quantities. The
systems produce an enhanced moment—opposing motion that is propor-
tional to aircraft angular rates. When systems can be approx imated as
being first—order , the characteristic time required to achieve 63% of
the final steady state angular velocity (following a step input) is of
importance in characterizing the system.

Attitude—SAS is any system that enhances or supplements the
stability and the damping of the basic aircraft. Attitude—SAS in this
report always implies that both Attitude and Attitude Rate signals are
used as feedback quantities. An attitude (vertical) gyro type system
is required. With relation to the aircraft, a new or “synthetic”
aircraft stability derivative is created and provides an attitude
“stiffness” or stability with respect to the horizontal flight path.
Of course , the aircraft can prov ide stability only with respect to the
velocity vector so that use of this “new” stability derivative is an
extremely important addition to the system and is essentially the
foundation for single-pilot IFR flight in helicopters. Since many
basic helicopters represent low damped systems in vital portions of
their f l ight envelope , the use of attitude rate with attitude feedback
is also very important. Use of just attitude signals or rate signals
alone usually cannot optimize the stability of the aircraft for all
conditions of the flight envelope. Both SAS and SCAS systems are
considered fly—through, pilot—in— the—loop, hands—on type systems. When
attitude signals are used in these systems they are usually “washed—out”
or “leaked—off” in the short term and thus tend to provide an attitude
type response in the very short term and a rate type response in the
longer term.

Rate—SCAS is any system that enhances , modifies or supplements the
angular damping and control system response of the aircraft. Use of
the term SCAS normally implies that “feed—forward” loops are utilized
and pilot’s control motion is sensed. In these systems, the augmenta-
tion actuators will move either with the pilot’s control input or
against it in order to establish or maintain a pitch (roll) rate that
is proportional to his input. In other words, the pilot’s pitch and
roll control sensitivity may be adjusted in terms of his input. With
these systems , it is most important to note that if a gust upsets the
aircraft and the pilot did not move his controls (as sensed by the
control motion or position sensors attached to his stick), the augmen-
tation actuators will be utilized to suppress or attenuate the effects
of the gust. In addition to the enhancement of the control system,
Rate—SCA S implies that rate feedbacks are also used to modify the
angular damping of the vehicle (Reference 22). An important aspect of
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these systems must be noted. Use of the term SCAS normally implies
that both the aircraft and its augmentation actuators will respond
totally differently depending on whether the input is caused by the
pilot ’s control motions or by an external disturbance. When the input
is a control motion by the pilot , the SCAS system will sense the stick
motion and the actuators viii not immediately s tar t  to prov ide additional
damping but will usually (depending on the model and the programming)
initially enhance his control quickness (In effect, increase the stick
gearing). Then the actuator motion will reverse and provide the
damping to approximate a rate—ordering type control system. When
the input is caused by an external disturbance, the SCAS system will
sense that the input was not the pilot’s control motion and the actua—
tore will immediately attempt to suppress or attenuate the upset. The
important item to note here is that the actuator motion, in this gust
case , is usually relatively larger and it is not uncommon for limited—
authority type actuators to saturate dur ing these circumstances.
Regardless of input , saturation of actuator motion provides the pilot
with a non—linear control and motion characteristic for the aircraft.

Attitude—SCAS is any system that enhances, modifies or supplements
the stability, angular damp ing, and control system response. Attitude-
SCAS in this report always implies that both Attitude and Attitude Rate
signals are used as feedback quantities. The characteristics of the
Attitude—SCAS system can be determined by what has already been said
above under Attitude—SAS and Rate—SCAS.

Lagged—Rate Stabilization is any system that uses rate and lagged—
rate signals as feedback quantities. This characteristic is usually
prov ided elec tro nically when only ra te gyr o type signals are available.
Also, another widely used system that offers lagged—rate stabilization
is Young’s Stabilizer—Bar (Bell—Bar , Ru ler—Bar). The effects and use
of these devices are widely documented in literature. Generally
speaking, the stabilizer bar devices provide what has been called a
mixture of rate damping and attitude stability for a certain frequency
range. However, “true” attitude signals (as provided by a vertical
gyro) are required to obtain the most benefic ial effects over the speed
range. The greatest benefits of the mechanical bar generally are
obtained at hover and slow forward speeds. It normally provides only a
modicum of the attitude stability and increased damping required for
good handling qualities for IFR flight over the applicable speed ranges
and should never be expected to completely overcome dynamic instabil-
ities caused by divergences.

The Attitude—Hold Mode of an Autopilot (AT’rITUDE—HOLD /AP) is the
most basic function provided by Autopilots or Automatic Stabilization
Equipment. ATrITUDE-HOLD/AP systems imply basic autopilot functions

V 

that will maintain aircraft  pitch , roll , and yaw (heading) long—term
attitude automatically, for pilot—out—of—the—loop, hands—off type
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operation. As stated in many manuals, “The system will, without pilot
intervention, hold whatever pitch and roll attitude the pilot places on
the helicopter”. However, when these systems are used in helicopters,
and depending on the mechanization and method of operation, they are
considered by many pilots also to be fly—through , pilot— in—the—loop and
hands—on operation. This dichotomy in viewpoint is easily understand-
able because of the way man y of these ATTITUDE—HOLD /Al’ systems are used
during IYR flight in helicopters. Regardless of whether the autopilot
system is an inner—loop type (where the control stick does not move) or
an outer—loop type , the pilot is always able to easily cancel the
attitude-hold feedback loop (integral of attitude) and fly the aircraft

V himself. This is usually done by exerting pressure on the control
(force or position sensors on the controls) or typically through use of
the Force Trim Release (FTR) button located on the pilot’s cycl ic V

stick. This must be accomplished since either the autopilot 
~~ 

the
pilot can be controlling the aircraft at any instant in the Attitude—
Hold mode of operation. The PTR button provides the pilot with the
capability of manually positioning the cyclic for desired pitch and
roll corrections and to establish new pitch and roll reference attitudes

V for the autopilot when in the ATTITUDE-HOLD MODE. Without the FTR
button, the pilot would have to override or overpower the actuators in
order to make any desired attitude changes when in the ATTITUDE—HOLD

V 
mode of operation. (This ATTITUDE HOLD/Al’ operating technique Is just
the opposite of typical SAS or SCAS systems operation. The SAS or SCAS
systems are designed and meant to be used as fly—throug h devices for
the pilot where both he and the augmentation actuators are (each) V
always simultaneously and jointly providing their own unique inputs to
the control system for awash plate control motion.) As an emergency
procedure , the pilot can always override or overpower (by clutches or
control authority) the autopilot inputs (or any augmentation inputs)
without disabling the attitude-hold feedback loop.

During precision flight (with the ATTITUDE-HOLD/Al’ System engaged)
where the pilot may be injecting control motions as frequently as one
input every second or two, he will be actively interrupting the attitude-
hold feedback ioop on a moment by moment bas is and plac ing a new
reference attitude on the autopilot as frequently as he wishes. On
many installations he can also enter the loop by operating various
knobs and wheels that provide bia8 inputs for new attitudes or headings.

If , according to the FAA certification, the ATTITUDE— BOLD mod e of
operation La required to be “enabled” for the duration of the IFR
fl ight (mandatory) , the pilot may not permanently turn off  the auto-
pilot (ATTITUDE—HOLD function) during any portion of the flight .
Should he choose to keep the Force Trim Release ( FTR — a momentary
switch) button depressed all the time ( say dur ing an ItS approach when
he is closely controlling the helicopter with frequent control inputs),

I
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he will effect ively be disabling the ATTITUDE -HOLD mode for the longer
term. Keeping the FTR button depressed all the time removes the spring
gradient forces from the controls. This is a piloting technique that
is highly desired (and cherished) by a large segment of helicopter
pilots for the conditions where frequent, “delicate” control motions
are required. Such activity is often required for precision ILS or
precision hovering with a sling load.

The ATTITUDE-HOLD/Al’ system has been used in many single-pilot IFR
aircraft and is a required equipment that is mandatory for IFR flight
in most certified single-pilot helicopters. It is frequently installed
to provide the single-pilot with flight control workload relief in

V order that he may accomplish the necessary auxiliary tasks required for
IFR fl ights within the National Airspace System. Although the ATTITUDE—
HOLD /AP system provides a degree of flight control workload relief
for the pilot , it may not provide it long term. In classic airplanes,
“attitude-hold” more nearly implies an autopilot function in that it
usually tends to hold heading, altitude and airspeed to some tolerable
degree for an acceptable length of time. In helicopters, depending on
the specific characteristics of each vehicle, attitude-hold may provide
none of these heading/altitude/airspeed—hold features long term. In
order to achieve “real” autopilot—type functions in a helicopter, it is
usually necessary to actually provide the air data (such as altitude
and airspeed ) and head ing data as feedback information and close the
loops. When these data are provided as additional information to a
Flight Director System/Computer and the autopilot coupled to it, it is
frequently referred to by pilots as “coupled—autopilot” or “coupler”
operation and implies pilot “out—of—the—loop”, automatic/hands—off
f l ight  path control. If the pilot does not choose to disconnect this

V 
system, he may get into the loop only to the extent of operating trim
wheels, buttons, knobs or switches as inputs to the autopilot system
(pilot “flying—by—the—knobs” operation). Also, if information from
installed radio navigation and approach systems (VOR, ItS, etc.) is
provided to the flight computer and autopilot such that automatic
guidance, tracking and flight path steering are available, it is
frequently referred to as a fully coupled autopilot. This also is
considered pilot out—of—the—loop, hands—off , “flying—by—the—knobs,
switches and buttons ” operation.
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THE CRITICAL IFR FLIGHT PHASES

IFR Scenar ios

The following IFR scenarios were selected as the most pertinent
and relevant to the I?R certification process for helicopters. In this
analys is, the miss ion is to sa tisfac tor ily comple te a safe IFR fl ight
within the National Airspace System using a helicopter. Special
emphas is is placed on two flight phases (and the associated flight
subphase.) . They are:

• The Approach/Missed Approach Flight Phases for Category I - type
V operations .

• The Enroute Flight Phases where high density/high ATC activi~y
conditions exist and require high workload , auxiliary task
achievement on the part of the pilot.

The Approach/Missed Approach Flight Phases for Category I type
operations are generally high workload flight control situations
for the pilot. They encompass all the flight subp~ases connected with
approaches and missed approaches in the high—densil y terminal area.
They include the letdown, normally associated with the initial approach
segment, terminal area hold ing, identifying approach fixes, localizer/
glide slope capture and tracking, missed approach procedures, and all
the necessary auxiliary tasks such as communication, nav igation, ATC
interaction, chart handling, and chart read ing, etc., (Figure 2—2).
When a single-pilot is flying the helicopter , he may subordinate all
possible auxiliary tasks in order to concentrate on the flight con trol
task to achieve maximum tracking performance while on final approach
(or the missed approach) .

The Enroute Flight Phases, where high density, high ATC activities
and other auxiliary tasks may impose a high workload on the single-
pilot, are also of importance. Normally, for enroute phases of heli-
copter flight, the pilot must direct more effort toward the auxiliary V

tasks of flight planning, ATC interac tion, cru ise con trol , navigation
and general management of the flight . It would appear logical to
expect that under conditions of high auxiliary task loading, the pilot
may desire to reduce the amount of effort he is using for the flight
control task. If, in this cruise phase , the auxiliary task workload is
high and the flight control workload also remains relatively high
(e.g. , because of turbulence) , the enroute flight phase can also
become critical and perhaps most critical relative to certification.

The primary factors of importance dur ing these flight phases are V

the specifics which detail flight conditions, configurations and def 1—
nition of flight envelope parameters. In this study, the flight con-
dition, envelope, and configuration for the approach is always assumed
to be dictated by the IFR Flight Manual and IFR Supplement ( carried
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In the aircraft) under the IFR cer t i f ica t ion  subsections labeled
GENERAL , LIMITATIONS , OPERATIONS — NORMAL PR OC EDUR ES , ~ 4ERGENC Y PR OCE-
DURES and RE(~JIRED PLACARDS , ETC . For the approach fl ight sub—phase ,
the minimum approved approach airspeeds are utilized , minimum crew is
as stated (except where special consideration warrants discussion of
other aircrew manning lev els) and CAT I, CAT II — ILS precision
approach operations are implied. As a special note, with the appro-
priate flight envelope considered (IFR envelope, if different than VFR
envelope) and since it is within the purview of the examiner to certify,
this report will normally consider that the certification includes the
most critical IFR case. The critical case is exemplified by the most
cri t ical  approved approach airspeeds , most critical c.g. conditions ,
most critical gross weigh ts, most critical aircrew manning configura—
tion and most critical descent and climb conditions for the enroute,
approach , and missed approach flight phases. For example, this report
emphasizes verification type fl ight tests for certification of the
“worst condition” approved; such as, a missed approach at low altitude
(CAT I), low air—speed , most aft c.g., light gross weight, and high
climb rate (high power). This case would always be flight tested and
closely examined. While these conditions may seem unduly harsh, they
appear to be in keeping with the charge to the examiner to certify the
most critical cases of the aircraft. This definition of a critical
flight phase (or phases) serves to frame the pilot’s task in the
perspective needed for this analysis. The approach permits the study
analyst to use handling qualities and workload level judgments in a way
which basically parallel the approach followed by FAA pilots in their
determination of the “minimum—acceptable” helicopter for IFR certification.

V Additional Fac tors and Discuss ion 
V

The definition of PERFORMANCE (in Appendix B) is adhered to in
this report and it is presumed, that on the approach subphase detailed V

abov e, the pilot always strives to accomplish the task with a certain
finite precision. For example, the precision expected could be
similar to the performance limits presented as guideline values in
Advisory Circular 61—64 (Part 61 Revised), Flight Test Guide for
Helicopter Instrument Pilots.

SPECIAL CONDITIONS (Append ix B) of weather, aircraft environment,
and pilot stress are included in the scenario of the approach des cribed
earlier. In this report, a critical condition is presumed, and it
consists of approaches conducted under Category I ItS conditions. The
prevailing weather conditions are not ideal. For example, the approach
could be conducted at night in a steady but moderate rain. The wind ,
15 knots gusting to 25 , is aligned 45 degrees to the right of the V

approach heading and occasionally shifts to 90 degrees in a gust. Due
to the low ceiling, visibility, and general weather , and commensura te
with CAT I type ILS approaches, a missed approach with flight to an
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a l te rna te  is considered a p robab i l i t y .  In add i t ion , the case where the
weather f a l l s  to near zero—zero is of some interest also. This last
situation is par t icular ly  important in considering a single pilot, CAT
I or CAT II approach with  no passengers ( and no copilot).  In this
case , the lone pilot mus t split his scan between his instruments and
the outside during the critical moments when approaching the Decision
Height .

Admittedly, these scenarios are critical and stringent ones, but
it is felt that the charge of the certifying agency is to examine the
so called “worst cases” as the most impor tan t case f rom the “level of
sa fe ty  required” standpoint and the “minimum acceptable” aircraft
definition. It avoids basing the certification on information asso-
ciated with narrow selections of favorable flight envelope parameters
and limited special conditions. It should be kept in mind that if an
applicant for IPR certification voluntarily elects to reduce the size
of the IFR envelope as compared to the VFR envelope, the aircraft is
accord ingly documented and cert if ied .

Mi l i tary  IFR Helicopter Operations

With regard to the scenarios portrayed herein and used as a base
point  for this stud y,  a great deal has been heard or related about IFR
military flying in certain helicopters using two—pilot aircrew manning
levels. These apparently extensive two—pilot IFR operations are
reportedly conducted easily and successfully on a routine basis.
Although this is apparently the case, this information is somewhat
discounted as being of significant aid here in defining a “minimum
acceptable” IFR aircraft in keeping with a required “level of safe ty”
for a number of reasons. Of the accounts rendered , no easily obtain-
able, well documented information could be traced for many of the
types of data of interest for this report, such as the extent of
envelope tailoring (either inadvertent or dictated); gross weights in
e f f e c t ;  center of gravity positions ; rates of climb and descent utilized;
whether or no t f ull power climbs were employed at critical gross
weights; the degree of interaction with ATC; competence and skill
levels of aircrews ; whether the flights were actually INC or simulated
(hooded) flight ; weather conditions; and tracking performances achieved
for specific flight phases or subphases. As an example and with regard
to the last few items listed above; it is always helpful to know if the
IFR f l igh t  operations involved just “punching up and down” through
stratus layers , a hooded GCA to a long runway, or an actual IMC, CAT—I, V

ItS precision night approach with crosswinds, turbul ence , ra in, obscur— r
ations and minimum IFR airspeeds. Generally, when several interviews
were made, the military pilots revealed that they (two pilots) normally
flew the more ideal speeds and fl ight envelope parameters and usually
avoided the extremes of climb rate, aft c.g., etc. In the few cases
where mili tary helicopters could be found with ItS receivers on
board (usually VIP Squadrons) , it appeared that actual IFR flights and
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low approaches were usually targeted for or conducted at the more
opt imum flight conditions , flight envelope parameters , and special
conditions of weather.

This general mode of operation was also found at civilian helicopter
instrument training type schools. There may be two lessons here, but
they may not be that easy to document or apply. One lesson Is that for
some helicopters, the IFR envelopes can be much smaller than the
VFR envelopes. A second lesson is that reduced flight envelopes will
yield a very acceptable level of productivity. This latter point may
be particularly true when the amount of ttme actually spent in the IYR
mission is calculated .

The Impact of Special Conditions of the Critical Case of Offshore IFR
Operations

Offshore IFR operations are reviewed again here to examine the
possible effects that SPECIAL CONDITIONS of weather and environment
have on these IFR flights. Sketches of three possible weather and
flight profiles for activities between the main bases on land and the
oil rigs in the Gulf are shown in Section 2. V

The case of interest here, for the Critical IFR Scenario SPECIAL V

CONDITIONS is portrayed in Figure 2—6 under the label Alternate 
V

Approach. In this case, a returning inbound flight must make a full
ItS , CAT I type approach to New Orleans , Lafayette, etc ., because of
i n a b i l i t y  to comp lete a VOR/PHE approach due to low minima. Because
the boise base is fogged—in , an approach must be made to the closest ItS
equipped airport with weather good enough for the CAT I approach.
Therefore, the Gulf Coast instrument pilot is occasionally forced into
a high—density ATC/CONN/NAV environment comp lete with all the flight
planning, holding enroute, flying in heavily controlled airspace and
maneuvering with other airplane traffic in order to complete his CAT I
approach. In effect , this indicates that they too may encounter the
identical situations that commonly prevail at any high density airport.

V Also , this will be true probably to a greater degree for the Atlantic
offshore operations where the weather, relatively speaking, will be
worse and the amount of controlled airspace and traffic will be greater.
Therefore , offshore helicopter IFR operations still fall within the
scenario used for this report; namely, precision approach, CAT I — ItS,
high density ATC/COMM/NAV environment. Surely the need for special
routes , procedures and “helicopter—only” approach techniques will V

inc rease. Some FAA approved “helicopter—only” approach procedures
exist but these will probably be updated to permit lower minima and

V accomodate advanced avionics and other newer navigation equipment such
as MLS, Omega , LORAN C, RNAV and NAVSTAR/GPS when they become available.
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AIRCREW MAJNING CONFIGURATION S AND OPERATIONS FOR SINGLE—PILOTED
HELICOPTERS

General

Some single—pilot certified aircraft have alternate aircrew
manning configurations for IFR flight when certain systems or equipment
are inoperable. Generally speaking, if certain major systems or parts

V 
of systems required for single—pilot IPR are inoperable, options are

V available to fly the aircraft IFR legally. For example, on one single-
pilot IFR vehicle , if the SAS—Autopilot systems are totally inoperable,

V the helicopter still may be flown legally and routinely on repeated IFR
f l ights as long as a second, fully—rated pilot occupies the copilot’s
fully equipped flight station. On another single-pilot IFR helicopter
that is equipped with dual SAS—Autopilot systems, if one of the two
SAS—Autopilot systems is inoperative, “IFR flight may be initiated for
the purpose of ferry to repair facil i ty providing an IFR qualified
second—in—command occupies the co-pilot’ s station and the aircraft is
f i t ted with dual controls and dual flight instruments.”

Minimum Aircrew Manning Levels

Although initially there were some minimum aircrew manning level
variations for helicopters certified for IFR flight, the possible
minimum aircrew manning levels appeared to have settled down to the
obvious two types currently in use:

• One—Pilot
• Two—Pilot

The ONE—PILOT minimum aircrew manning level is currently being
utilized for helicopters that have some type of pilot’s aid or augmen-
tation on board. The augmentation or aid usually takes the form of
improving the dyn amic stability and control of the helicopter and/or
providing pilot workload relief in the form of an autopilot with an
ATTITIJDE-HOLD function. Although improvements in dynamic stability and
control cannot always be directly related to Improvements in flying
qualities, it is safe to say that if the dynamics are improved to the
point where they compare with well—behaved “class ic” airplane dynamic
stability and control, then the improved helicopter should be able to
be flown single-pilot IFR as well as a single-pilot IFR airplane.
Since it is becoming more apparent that some recent single-piloted IFR
capable airplanes do not have “good” IFR handling qualities (Reference
23), the word “class ic” refers to those airplanes that have well—
behaved , favorable short period and long period mode characteristics
and generally favorable handling qualities. For the classic airplane,
the short period mode is optimally damped and the long period mode is
well—behaved , stable and the airplane is easy to trim long term.
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If augmentation systems are provided that make the helicopter
match the hand l ing qualities of the “class ic ” aIr p 1~ne , then appar ent ly
single—pilot IFR flight In a helicopter would “match” that of single—
pilot ITR flight in a classic airplane . In order to achieve this to an
optimal degree, the artificial means installed in the helicopter may
comprise fly—by-wire or fly—by—light logic schemes, high—gain and
l ow—gain , full—a uthority and limited—authority, series and parallel
system. and actuators , programs and logic to decouple the helicopter
controls and responses. The “means” might require automatic failure
diagnosis, monitoring , and correction systems that would allow the
single—piloted helicopter to operate IFR with a high level of reli-
ability and safety. With these optimal systems , improved transducers,
and displays , the single piloted helicopter can probably operate IFR
over the full VFR flight envelope (including slow speed flight and
hover).

Most single—pilot IFR helicopter systems recently certified use
limited authority actuators, tailored flight envelopes, minimum slow
speed., restricted IFR climb rates, and workload relief systems ob-
tained from the ATTITUDF.-HOLD function of an autopilot. When an
ATtITUDE—HOLD function of an autopilot is required as part of the
approved IFR equipment for single—pilot IFR operation , it appears that
the required flying qualities of the helicopter can be quite different
fundamentally. Depend ing on the helicopter , two cases are possible.

When the aircraft is being actively maneuvered by the pilot
(ATTITUDE—HOLD loop of autopilot disabled so that the pilot may control
the aircraft), he may be operating a vehicle that has either of the
below characteristics:

• Basic helicopter — No artificial augmentation of any kind
installed on vehicle.  No Rate or Attitude SAS or SCAS installed .
Vehicle wi l l  probably have fixed or mov able tail surfaces and
may have a mechanical s tabi l izer—bar type dev ice. The control

V system type wi l l  be characterized as Rate—type or Acceleration—
type depend ing on the Inherent angular  damp ing of the basic
vehicle (as characterized by the first—order time-constants).
If no mechanical “dec oupling box es” are installed , hel icop ter
control and response will be highly coupled .

If the basic aircraft is too difficult for the single-pilot to
control or attend to because of IYR flight conditions, workload ,
and other c irc ums tanc es , he can always fall back to the ATTITUDE
HOLD mode of the Autopilot whenever he chooses. It will
attempt to hold a selected attitude within the capability of
its actuators and system design. Note, that for this case,
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either the Autopilot (in ATTITUDE-HOLD mode) controls the basic
aircraft in attitude or the pilot controls the basic aircraft
in attitude. Regardless of how frequent or momentary the
pilot’s input. may be, only one of these two entities controls
the attitude of the helicopter at the same instant.

• Augmented Helicopter — Artificial augmentation of some kind
installed , (e.g., Bate or Attitude SAS or SCAS) and operating
full time. This provides the pilot with an aircraft that has
enhanced stability and control and flying qualities while he
maneuvers the helicopter. Since most current systems use
attitude feedback , the control and response of the helicopter V
will give an attitude stiffness characteristic over the very
short term and a rate—ordering or rate—command type character— 

V

ist ic over the longer term. Because it probably uses limited
authority actuators, it cannot assure these qualities over a
full envelope spectrum or for all flight and turbulence condi-
tions so that, although he has a fairly good system, the
single-pilot may still need the ATTITUDE-HOLD function of an
Autopilot for workload relief. In the SCAS mode of operation,
the aircraft control and response coupling eff ects and responses
to gusts will be very much reduced .

When single—pilot IFR certification is requested for a given
aircraf t, the vehicle is judged as presented. If the display includes
a Flight Director System (for performance enhancement or whatever
reason) and it is certified along with the rest of the required equip-
ment and displays , it too can become a required item for approved IFR
flight. Thi. has been documented in some Flight Manuals for IFR
cer tif ica tions as:

V “Operable Flight Director System required for normal [FR operations”.

One helicopter is also certified for Category II Approaches for
single—pilot . Although the flight manual has to be interpreted on
several points, the following requirements are stipulated:

1. Fully coupled/automatic autopilot type approach is mandatoty;
the autopilot is coupled to rad io/NAy signals (ItS ) and
approach (pitch 6 roll axis) is being flown by autopilot while
pilot is responsible for collective adjustments and anti—
torque pedal inputs. The single pilot is a monitor/manager of

V the automatic approach and he is required to monitor raw data
V 

- 
to assure proper operation of the system and crosscheck ItS
information to guarantee approach quality.

2. Pilot—in—command must be CAT II qualified.
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3. CAT II Approach Speed. are 70 K(min) — 130 K(aax) .

4. For any loss of system or function revert to CAT I requirements.

5. All full autopilot systems must be functioning before take—off.
Also required are a Radar Altimeter , two VHFI’NAV receiver, and
primary heading information.

The TWD—PILO~ certifications may be either augmented or unaugmented
and utilize an autopilot or not. Two—pilot IFR certifications have
been approved under both circumstances depending on the flying qualities
of the basic aircraft. The configuration require. two fully qualified
IFR helicopter pilots at two fully—equipped flight stations (controls,
displays , avionics, and aircraft systems).

During the last few years one other minimum aircrew configuration,
for a small single-pilot IFR certification, involved the use of a
copilot (seated at the copilot’s station but without separate controls,
displays or systems) if certain pre—specified systems and/or equipment
were inoperable. This aircrew manning level was an isolated case and
it appears to be of little consequence at this tine.
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DOCUMENTATION 0? HELICOPTER CONFIGURATION S AND IIDDES OF OPERAT ION

Po,sibl, Configurations to be Documented

In order to complete IFR certification , the helicopter sta-
b i l i ty  and control characteristics must be documented and the Inter im
Criteria applied . This documentation normally takes the form of a
series of graphs and tine histories. Considering the wide variety of
configurations that have been or are being proposed , some initial
decisions typically are made regarding what configurations require
extensive documentation in order to satisfy the intent of the Interim

V Criteria. At least three configurations are candidates for documenta—
V 

tion for the single—pilot case:

1. The automatically controlled (pilot—out—of—the—loop) vehicle.
2. The manually maneuvered (pilot—in—the—loop) vehicle.
3. The failure-mode (first failure-continue to fly) vehicle.

Another way of listing the same three configurations may be:

1. The vehicle dynamics as controlled by the AUTOPILOT/ATTITUDE—
HOLD mod e of operation .

2. The vehicle dynamics that the pilot sees when he has disabled
the ATT1TUDE-HOLD/AtYtOPILOT mode of operation in order for him
to manually maneuver the aircraft to a new attitud e and trim
position or to do routine IFR maneuvering and tracking before
re-engaging the ATTITUDE-HOLD function of the Autopilot . The
dynamics representing this vehicle could be that of the “basic”
helicopter if the inherent characteristic were good enough to
pass the requirements of the Interim Criteria (or obtain an
equivalence). For this case, the pilot would probably have
the ATTITUDE-HOLD mode of the Autopilot as a workload relief
system and the basic aircraft as the maneuvering or pilot—in—
the—loop system.

Mother more typical variation of this second configuration is
where the vehicle dynamics are those that the pilot sees when
he has again momentarily disabled the ATTITUDE—HOLD mode of
the Autopilot in order to manually fly the aircraft but now
has an augmented system to fly. This augmented system is
usually prov ided by Rate or Attitud e SAS or SCAS.

In many single-pilot IFR certifications , the ATTITUDE—HOLD/ V

AUTOPILOT mode of operation is manda tory for the entire IFR
fl ight. It cannot be turned off for legal IFR flight . How-
ever , it must be intermittently and frequently d isabled in
order for the pilot to manually maneuver the aircraft as he
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pleases or is required by the dictates of IFR flight maneu-
vering . Disabling the ATTITUDE—HOLD is easily accomplished on
every installation (e.g., depress ing the Force Tr im Release,
FTR momentary, button on the pilot’s cyclic control stick).

3. The vehicle dynamics that the pilot sees when he is forced to
maneuver in the failure mode of operation. This is normally
considered here as that first—failure which allows the pilot
to continue to fly after failure and complete the IPR mission
without declaring an emergency. In many cases this could be
the basic vehicle.

One viewpoint of the various documentation configurations together V

with their normal operational and transitional/failure possibilities is
shown in Figure 3—3. In a general way, the amount of system change or
degradation between systems can be seen. The figure applies to most
single—pilot certifications where the ATTITUDE—HOLD /AUTOPILOT method of
operation is mandatory for the entire duration of the IFR flight. It
may or may not apply to two—pilot certifications depending on what is
offered to be certified . An approved two—pilot IFR certification using
the basic helicopter already exists. This two—pilot IFR certified
vehicle is not required to have any SAS systems, Autopilot Systems,
Flight Director systems etc., installed and therefore the criticality
of its failure modes, system degradation, and failure transitions may
be reduced considerably.

Defining the various failure modes is a complicated subject given
the large variety and matrix of possibilities that exist. It is
possible for a helicopter (especially the single-pilot vehicles) to
contain systems and items such as:

V 

e Simplex , Duplex , Triplex actuators (up to a total of three
actuators per axis)

• Three axes of augmentation

• Simplex , Duplex, Triplex vertical gyro sources. (up to three
complete gyro packages for a Triplex system)

• Primary, Secondary, Battery-Only Electrical Systems

• Boost Systems (sometimes primary and secondary and failure
modes)

• Single and Multiple Autopilot , Augmentation, Avionics, Con trol
Computers , Amp lif iers , and Control Panels , etc.
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Documentation Required by the Interim Criteria

The Interim Criteria do not specifically state which of the three
(or whether all three) aforementioned conf igurat ions  need to be docu-
mented in order to comply with the intent of the IFR Certification.
Each has its importance and all require separate test techniques.

Documenting the dynamics of a helicopter with the ATTITUDE—HOLD
mode of an autopilot operating continually is a challenging task
(Configuration number I on Figure 3—3). Special test techniques have
to be devised to test systems with the ATTITUDE-HOLD mode operating.
The type of input , its size and input techniques are important.
Dropping weights from the helicopter will, work but sometimes large
masses are required to get adequate sized inputs. Obtaining the
response of the vehicle to sharp—edged gusts would be an ideal but
perhaps impractical way to investigate attitude-hold systems. Some-
times collective pulses may be of use. 

V

The inability of easily providIng an appropriate pilot control
input to excite the response of the aircraft with the attitude-hold
ioop closed and functioning always makes it difficult to obtain the
proper documentation. Turning off or overrid ing the attitude-hold
funct ion momentarily, and injecting a quick pulse—type disturbance and
then re-engaging the attitude—hold circuit usually provides no appli-
cable, usable data. Unless the input is carefully sized and “tailored”
both in type and phase of input and extraction, the aircraft motion
probably will be inadequately excited and only the response of the
control system (rotor) will be checked and not the required aircraft
dynamics.

In addition to documenting the dynamics of the aircraft with the
attitude-hold node operating, other primary data of interest are
attitude maintenance performance, gust suppression performance, deter-
mination of adequacy of components (e.g., are the actuators saturating
frequently and are the control and response characteristics noticeably
non—linear), ride quality, and reliability of the systems.

The second configuration that may be documented in order to
satisfy the intent of the Interim Criteria is the augmented aircraft
that has ATTITUDE or Rate SAS or SCAS installed (Configuration number 2
on Figure 3—3). In short, document the aircraft that the pilot sees
when he, and not the autopilot, is responsible for controlling the
aircraft and operating the cyclic, pedals, and collective. If the
minimum basic cer tif ication for IFR flight requires the attitude-hold
mode, he will nevertheless be required to momentarily turn—off or
d isable that automatic , hands—off mode for the period of time he
chooses or needs to maneuver the aircraft. The primary information to
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be obtained would probably center on items like short and long term
response characteristics or period, damping ratio (cycles to half
amplitude) and/or first—order time constant. Other characteristics
such as cross—coupling effects, gust response and attenuation, and
ability to trim the aircraft quickly, easily, and accurately are also
of importance. The documented dynamics of this vehicle could then be
properly assessed and compared to the criteria.

The third configuration that may be documented in order to satisfy
the intent of the Interim Criteria is the “basic” vehicle (Configuration
number 3 in Figure 3—3). Whether this represent8 the failure—mode or
normal—mode configuration depends on the system originally off ered (and
probably the inherent stability of the helicopter). The primary
information is approximately the same as that required for the previous
(second) configuration. If this configuration (or any other configura-
tion) represents the failure-mode of flight, it is important to deter-
mine in some quantitative way, the amount of system degradation,
(dyn amics, cross—coupling, handling qualities) that occurs compared to
the normal—state flight condition. Handling qualities degradation due
to first—failure should not be so great as to comporinise the safe V

completion of IFR flight and require the pilot to declare an emergency.

With respect to the three configurations discussed; ATTITUDE—
HOLD/AP mode (pilot out—of—the—loop), maneuvering mode (pilot in—the—
loop) and “basic” mode (or failure-state mode, continue flight after V

failure), it appears that at least the maneuvering—mode with the V

pilot—in—the—loop and the failure-state mode should be documented and
analyzed with respect to the requirements associated with dynamic
stability as stated in the Interim Criteria. The maneuvering mode

V needs analysis simply because it is the mode the pilot must fly IFR.
Similarly, the failure-state mode needs to be studied because it
reveals the system the pilot will have to fly and quantifies, to some
degree , what the so called “relative degradation factor ” of the pilot/
vehicle system will be in case of failure. An Investigation of the
failure—state mode, at the most critical flight conditions, will fully
define the character and stability of the aircraft and diminish the
chances of surprising the pilot with a situation that may degrade to an
emergency condition. Should it appear that the ATTITUDE-HOLD/AP mode
dynamics seem marginal , they too will have to be documented to see if
they meet the minimum requirements of the Interim Criteria.

With fully—coup led automatic tracking modes using radio signals
and other transducers where all the sophisticated coupling is utilized
(together with autotrim and automatic coupling to the collective) , the
pilot is very far removed from handling the aircraft (he is flying by
the knobs, trim wheels, and buttons) and is relatively far out—of—the—
loop. He is performing as a monitor/manager of a system, and the
inherent dynamics of the vehicle and its associated handling qualities
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no longer need be of prime concern to him as long as he is operating in
this manner in a non—failed state mode . Some helicopter pilots do not
choose or like fully—coupled flying because it removes them too far
from the actual flight control task. It restricts them in maintaining

V prof iciency and keeps them from easily injec ting their “learned
processes” and experience into the IFR approach. Airline captains (and
other pilots flying fully automated/augmented approaches) face a
similar dilemma. If they are given the option, airline captains would
sooner manually fly a CAT II, flight director approach rather than a
fully automated, coupled “managerial/monitored” type approach. The
reason is obvious. In case of coupler system failure, they are inter-
ested in knowing how much degradation in approach flying qualities will
appear and they always want to learn how proficient or capable they
will be when handling the now less stabilized aircraft in the environ-
mental and weather conditions as they exist at the time of the CAT II
approach. At least, the degradation should not be so severe that he
cannot easily abort the CAT II approach, successf ull y execute a missed
approach, and rever t to a higher minima approach category at another
airport. 

V
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PILOT I~ R1CLOAD AND THE IFR CERTIFICATION PROCESS

Introduction

As the result of interviews with industry and FAA pilots and
engineers, it became apparent that many of the persons interviewed felt
that some workload rating system should be developed and incorporated
into the FAA IFR certification process. Yet some felt very strongly
that there was no place in the FAA certification process for anything
resembling a Pilot Rating Scale. They felt that the examiner is
only required to make a PASS/FAIL judgement and no relative rating is
needed. This issue, while considered sensitive, must also be addressed
for two very important reasons. The most significant reason involves

V 

the paramount importance placed upon the FAA pilot’s flight evaluation
of performance/workload and other handling qualities ——— within the
certification process. Second, all flight research in handling quali-
ties (e.g., workload and performance in a flying task) has historically
always involved ass igning pilot ratings to quantified engineering
definitions of the pilot/vehicle system being evaluated. If the FAA is
ever going to match past, present, or future flight research results to

V 

the rule making process, it should define which NASA Pilot Rating
V equates to an acceptable civil pilot/ aircraft system. The definition

of acceptable is equated to an aircraft which will yield a level of
flight safety while being flown IFR by a pilot.

Pilot Workload and the PAR and Interim Criteria

The subjec t of pilot workload in airplanes is addressed in FAR
Par t 25, Airwor thiness Standards: Transpor t Category Airplanes under
section 25.1523, minimum flight crew and is excerpted as:

“The minimum flight crew must be established so that it is auff i—
cient for safe operation, considering —

(a) the workload on individual crewtuembers; ...“
More pertinently, the subject of pilot workload in rotorcraft is
addressed in PAR Part 27, Airworthiness Standards: Normal Category V

Rotorcraft ; and FAR Part 29, Airworthiness Standards: Transport
Category Rotorcraft ; under Subpart C, Operating Limitations and Infor—
nation, sections 27.1523 and 29.1523. The wordings are identical to
that in 25.1523 and as shown excerpted above. The last few phrases of
the last paragraph (j) of the Interim Criteria seem to be the most
pertinent regarding the subject area of workload, namely:
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“(j) IFR Flight. The rotorcraft must be flown in the air traffic
control system under; actual IPR day and night conditions for a period
of at least five hours. The items evaluated dur ing this period include:

( I )  Abili ty to operate the rotorcraft satisfactorily under
IFR conditions in the air traffic control system without
undue pilot fatigue or exceptional pilot skill or alertness.

(5) In—flight IFR workload demands on the minimum required
flight crew.

(6) Handling of the rotorcraft in rough air turbulence.”

Other sections of FAR 27 and 29 address the workload issue more
indirectly and with special regard to failures. One example of this is
given under FAR 27 and 29 , Subpar t B, Fl ight Characteristics, Section
27. 141 subparagraph (b) excerpted as:

“(b) Be able to maintain any required flight condition and make a
smooth transition from any flight condition to any other flight condi-
tion without exceptional piloting skill, alertness, or strength, and
without danger of exceeding the limit load factor under any operating
condition probable for the type, including —

( 1) Sudden fa ilure of one engine , for multi—engine rotor—
craft meeting traneport category A engine isolation
requirements; and

(2 ) Sudden, complete power failure, for other rotorcraft;
and

(c) Have any additional characteristics required for night or
instrument operation, if certification for those kinds of
operation is requested .”

The above items appear to be the most pertinent parts of the
FAR and Interim Criteria which address aircrew IFR workload level
requirements. Because of the apparent importance of workload level
determination in the certification procedures and requirements, it
appears that the subject area is both incompletely defined and inade-
quately described. Moreover, the Interim Criteria do not relate or 

. V

formalize how each different workload increment associated with —

• different minimum aircrew level (one or two—pilots) V

• different certification objectives (CAT—I or CAT—It)
• different augmentation, autopilot, control systems
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• differen t display and avionics systems
• low and high—density ATC traffic situations

impacts on or facilitates an effective approach to the total judgment
of workload/performance in the IFR certification process of helicopters.

The judgment is especially acute for single-pilot IFR certifica-
tions where there is the strongest interplay between the handling
qualities factors of the vehicle (stability and control, displays,
tasks, performance , augmentation systems, avionics, etc.) and the V

workload capability required by the pilot in order to partic ipate in
auxiliary tasks. One acceptable methodology could be that if certain
handling qualities factors (statics, dynamics , displays , etc.) are good
enough and meet certifiable minimum s (or equivalences are granted),
then all that is additionally needed is an ATTITUDE-HOLD/AUTOPILOT to V
ameliorate the pilot’s workload problem with auxiliary tasks. Presum-
ably, as the aircraft handling qualities factors (statics, dynamics,
control systems, displays, etc.) improve, the need for an ATTITUDE—
HOLD/AUTOPILOT will diminish for single-pilot certifications. However,
there is a very distinct trad e off between the basic design of the
helicopter versus installation of augmentation and autopilot systems in 

V

economic terms. Given the many different designs and configurations, V
it is probable that each will offer separate solutions.

The pilot workload level determination currently being used is
produc ing helicopters that are clearly safe to fly IFR as far as
workload rating is concerned but the process could be aided by some
specific structure and more precisely stated or illustrated certifica—
tion objectives. The workload level rating systems or procedures seem
to be relatively informal in nature. It is suggested by some that
present procedures seem to work adequately among the different examiners
(and regions) as long as all the participants recognize and maintain
some common norms and/or ground rules and coordinate the procedures
amongst themselves on a timely basis. In fact , numerous different
helicopters have been successfully IFR certified by different examiners
in different regions by determining that the pilot’s IFR workload level
(in addition to compliance achieved or equivalence granted regarding
the other items in the Interim Criteria) was acceptable.

The methodology of utilizing and applying a set of criteria to a
system in which there is a pilot in the loop, and the need to determine
acceptable handling qualities and workload level using formalized pilot

V opinion rating scales is a d i f f i cu l t task , but not a new one. The
rating method of judging acceptability of and compliance with criteria
has been used by many agencies including the FAA for many years. In
its own way, the granting of “equivalent safety” by the FAA on , for
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example, a detailed engineering numerical specification of a Standard
that is not met, is a rating judgment. The use of a coordinated ,
formalized and structured rating scale would greatly aid the current
system. Efforts should be initiated on the Implementation and use of a
formal rating system. A typical rating system and definitions on
werkload, performance, handling qualities, etc., is given in Appendix B.
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~4VELOPE TAILORiNG

When the ~~~ a given aircraft is 150 knots for VFR flight but V

V is reduced to 120 knots for IFR flight , the flight envelope is said to
have been “tailored” . When work on this study was initiated , the
airframe manufacturers appeared to oppose the idea of tailoring the
flight envelope downward to lesser speeds than VFR in order to achieve
an IFR certification. The main concern expressed by candidate appli-
cants involved the loss of productivity and operational efficiency.
The concern for this loss appeared to be centered around the desire to
maintain an adequate competitive position rather than the maintenance
of helicopter versus airplane productivity in an altruistic sense.
However, in the final stages of this study, the FAA and the industry
attitudes appeared to have generally migrated toward acceptance of
Envelope Tailoring as an acceptable method of facilitating the IFR
certification of a new helicopter configuration.

• Envelope tailoring can be used in two ways. First, the IFR
envelope can be constrained for normal operations. Second, the enve-
lope can be constrained after a failure occur s to facilitate workload
reduction, f or continued flight . Obviously there are limits to what
can be done in either of the two basic applications of envelope tailor-
ing. Primarily, the tailored envelope must represent an envelope which
is large enough to insure that useful , economical operations can be
conducted. In tailoring an envelope for the post failure case,
the post—failure VNE limit should not be allowed to produce a signi—

ficant reduction in the still—air cruise range. Typically, the
variation of specific range with airspeed is fairly flat for helicop-
ters near and below VNE. Thus, it may be possible to achieve large

reductions in without any appreciable reduction in range. Of

course, the trip time will become much longer but that should be of V

less importance. One might suppose that a 5% reduction in cruise range V

would be acceptable for the post failure case. This is probably a
range reduction that the crew could accept for continued non—emergency,
IFR flight and still adhere to fuel reserve requirements.

When evaluating the advisability of applying for or allowing a
tailored envelope for post failure operations, the analyst must be
aware of the fact that this is exactly what pilots do on their own. If
the aircraft flight control task (or accumulative workload) is too
difficult, (or the accumulative workload is too high) , the pilot will
slow the aircraft  down to achieve a reduction in pilot workload . V
Typically a pilot will endure a high workload (IVR) situation only if
the result produced by slowing down is worse than the probable conse—
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quence of maintaining speed. That is, a pilot would prefer to endure
th. high workload situation in preference to slowing to a cruise speed
which viii result in fuel exhaustion prior to reaching the desired
landing field. This is particularly true when flying over open seas or
mounta thou. terrain.

Sometime. the term envelope tailoring is also applied to e.g.
ranges. The e.g. range for IFR flight may be reduced to less than theVFR range. Also, limitations are sometimes put on maximum climb rates
allowed for IFR flight. Minimum IPR flight speeds are always specftied.
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THE DISPLAYJCONTROL SYSTEMS / *ORKLOAD TRAD E OFF.

There seems to be l i t t le  doub t that  dynamic stabil i ty and control
requirements can be ameliorated to some degree by the inclusion of
improved cockpit displays, (References 24 through 31). Similarly, if
very poor d isplays are allowed , it is logical to expect the need for
better dynamic stability and increased control sophistication technology,
(Referenc es 26 and 29). Workload normally decreases and flying quali-
ties usually improve as better displays and control sophistication are
used. One example that relates the suggested trade off s and techniques
is shown in Figure 3—4. It is useful to note that the inclusion of
advanced display concepts does not always mean a reduction in workload.
For example, the inclusion of a Flight Director may allow a dramatic
increase in man—machine performance but the resultant workload may be
higher than the pilot is prepared to accept on a routine basis. The
workload will only be tolerated when the resultant performance is
required and the pilot accepts the fact that his man—machine perform-
ance without the Flight Director will be inadequate (Reference 30).
Except for the adherence to the equipment listing (paragraph g of the
Interim Criteria), it appears that the FAA will attempt to certif y a
helicopter for IFR flight as it is presented to them by the applicant,
and this includes the display. For example, if it is presented with a
Flight Director System and the examiner utilizes it (or feels it is a
needed addition) for IFR flight in this helicopter (from a performance/
workload standpoint), it will be listed in the Rotoreraft Flight Manual
as a required item .

Many viewpoints have been offered on the interplay and/or trade
off between displays and control sophistication but , in general, most
FAA personnel felt that there should be some minimum acceptable level
of stability and control for a given required display system and
aircraft , and that no trade off should be made between the two.

The practical , near—tern approach involves the determination of
some minimum acceptable cockpit display arrangement and establishing a
predicted matrix of flying qualities criteria. The problems are
numerous and obvious. For example, a five inch bank and pitch indica-
tor is specified in paragraph (g) of the Interim Criteria yet most
recent certifications have allowed smaller sized instruments to be
used because they were found satisfactory during the flight evaluation.
If a five inch attitude indicator is specified as the baseline (or
minimum) and flying qualities requirements are developed around this
display, what is the impact if the applicant uses a four inch indicator?

V This applicant may have been forced by circumstances to use two atti—
tude indicators on the pilot’s display panel to insure display system
reliability. Do two four—inch displays equal one five—inch display?
If the five—Inch display contains a very accurate and large , easily
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(Reference 26)
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readable , roll attitude indication, can it be considered to compensate
for some reduction in lateral/directional stability requirements?
Although there is no methodology or system of credits within the
certification process as it now stands , these questions are typical of
the kind that are not easily resolved using much of the current liter-
ature. -

Finally, although considerable effort has and is being expended in
programs (as noted in the References listed above and in other research
work) to define the Display/Control/Workload trade offs, most of this
work does not relate to the combinations which appear most pertinent to
Civil IFR helicopter operations . Also, it would appear that good pilot
displays in helicopters are very important after failure of the
stability/control augmentation system or autopilot system.

In summary, additional f l ight simulation effor ts  should concentrate on
determining:

(1) the minimum display configuration
(2) the trade off of good, current display systems V ‘~ lnstpoorer flying qualities (those of ten associa~ -r ‘ th first—

failures).
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V RADAR ALTIMETER AND AUTOROTATION UNDER It4C

One point that should be addressed at least briefly in this report
La the engine failure emergency condition for single engine helicopters
(and perhaps others) during IMC flight . Coping with emergency autoro—
tative descents dur ing IFR f l ight , when low ceilings and visibilittes
prevail, is a general problem, but , it should be addressed because the
following conditions and characteristics are possible:

1. Single—pilot/Single—engine operations

2. Low enough ceilings and sufficiently poor visibility in the
emergency landing area so as to preclud e visual contact with
the ground , at 150 feet above ground level or higher.

3. As the only crew member , the pilot must fly a steady—state
autorotative descent on his cockpit instruments while simul-
taneously “looking—out ” for VFR contact near the base of the
ceiling or obscuration in order to effectively transition to
VMC and land. He is also anticipating a possible requirement
for immediate deceleration, flare and cushion to an unfavor-
able landing area when achieving VMC.

4. Visibility and ceiling in the predicted or emergency landing
area are poor enough that the pilot needs accurate flight
information (airspeed, vertical rate, altitude, etc.) in order
to have a good chance at a successful flare and landing.

This condition is of interest here from the standpoint of safety
and is discussed in several reports, stud ies and certain military
handbooks (References 32 and 33). Essentially , they recommended that
practiced and learned IFR autorotatton procedures be accomplished for
this special case and note that a radar altimeter is always required
for an accurate measure of height abov e the ground. Also, if flights
are generally conducted with the hand frequently removed from the
collective, then this consequence should be considered and the appro-
priate delay times must be applied.

Engine failure during IFR flight for a single engine aircraft of
any type is an extreme emergency under any circumstances. However,
there is at least one difference between airplanes and helicopters as
far as the handling of vertical rate of descent is concerned. In an
airplane, a wide variety of vertical descents and even extended shallow
glides with relatively low rates of descent are possible (when the

V ground is near or visible and excess airspeed is being dissipated).
With the helicopter , less leeway in IVR autorotative descents is
possible and higher ver tical descent rates must be maintained as
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compared to many airp lanes. An autorotation curve showing descent
rate. that are typical for a class of single rotor IFR helicopters is
plotted on Figure 3—1. Even at the best speed for minimum rate of
descent (68 knots), the vertical rate is still almost 2,000 feet per
minute. For a single pilot on a night IFR flight presented with an
emergency autorotation with low ceilings and faced with high rates of
descent, the inclusion of a radar altimeter would be of great aid for
this very difficult situation.

Whether dual piloted aircraft, where the copilot can aid the pilot
by looking out for visual conditions (and perhaps turn on landing
lights at night in time for the deceleration), need the same treatment
is not clear. Usually, from the in’itrumentation standpoint, if it is a
larger vehicle it will probably have a radar altimeter already installed
as part of the original instrumentation package of the aircraf t .

The need for a radar altimeter should be addressed from a safety
standpoint, at least for the special case detailed above, where the
flight operation does not have multi—engine protection and/or a copilot
to aid during the final critical moments of the autorotation. (See
Appendix C for general criteria on engine power loss in helicopters.
This referenced work was completed in 1973 and offered as a user guide
for a possible updated version of MIL-R—8501).
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COMPUTER SIIIJLATION FOR DYNAMIC RESPONS~~
One should expect that a manufacturer can propose to use a com-

puter program to produce many of the required dynamic responses and
static stability characteristics of an aircraft proposed for certi-
fication. If an applicant selects to provide computer data in lieu of V

flight test data, the FAA could and should ask for more data than would
normally be developed via actual flight test. The data should be
presented in the same format in which it would have been presented had
it been acquired in flight. Specifically, time histories of aircraft V

response should be developed from control inputs modeled after actual
pilot inputs. That is, pure or “ideal” square pulses, doublets or
steps should not be employed.

Next the FAA and manufacturer should agree on the load ings and
flight conditions which present the least stable cases. The FAA would
then fly these points and collect actual in—flight data. This data and

V the computer simulation data should be compared for the same test
points. If the two agree in an equal or conservative way, the results
would confirm the computer program and suggest that all of the appro— V

priate and applicable computer data should be accepted for the purpose
V of the certifications. (The data are equal if the disagreement is

randomly an increment more stable or less stable. If the computer data
are consistent in their disagreement with the flight test data, the
result should be an understatement of desirable qualities and not an
understatement of bad qualities.)
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DECREASED IFR VISIBILITY MINIMA FOR HELICOPTERS

Changes in Federal Aviation Regulations permit decreased visi-
bility minima for IFR approaches with helicopters (FAR PART 97).
This allows a helicopter pilot to conduct operations with the published
visibility minima reduced to one—half their value (but to not less than
one—quarter mile) for all instrument approaches. This change will have
impact on any published visibility approach minima that are greater
than one—half mile since they can be reduced by half. The most
notable effect of this change appears to be on non—precision type

V 
approaches such as exemplified by those that are normally made using
VOR/DME facilities. For example, for a specific VOR/DME straight—in
approach such as published for a Laramie, Wyoming Airport, the pub-
lished minima has been listed as 288 feet and 1 mile. For an IFR
helicopter approach , this means that the published minima for a non—
precision, VOR/DME straight—in landing would be changed to 288 feet and
one—half mile. To date, it has been difficult to determine whether
different aircrew manning levels were considered (namely, single—pilot
IFR helicopter certifications versus dual pilot) when this change was
approved. During the information surveys, initial observations seemed
to indicate that dual piloted U.S. Army helicopter operations were the
prime consideration when this rule change was weighed and implemented.
Later, it was determined that not all FAA personnel agreed with the
premise that the change was based on dual pilot operations only.
Apparently, the rule change applies to single piloted IFR approaches as
well as dual pilot. The impetus for making the change probably was the
recognition of the unique and versatile capabilities of rotary wing
aircraft to safely conduct wide ranging “stall—free” maneuvers and
rapid decelerations to slow speed and hover when flying VFR. The fact
is that we are dealing with “post breakout” situations beneath the
ceiling (and chanc es are, in an environment of somewhat reduced visi-
bility but still VFR flight) where the pilots can employ these capabil-
ities to fu l l  advantage. Dur in .g “break—out ” and when visual underneath ,
the second pilot serves a very vital function as a second set of eyes
that provides important aid to the handling pilot as he maneuvers,
decelerates or sidealips into position for landing.

The U.S. Army appears to be using the newly allowed minima in this
way since they require two qualified pilots in helicopters for IFR
operations. However, a check with one Marine Corps helicopter unit
(involved in extensive IFR airways flying) indicates that the USMC does
not use the changed minima even though all IFR flights are conducted
with two pilots. Recent contact with a civilian instrument flight
school for Helicopter Pilots, indicates that it is teaching its students
to utilize the allowed reduced visibility minima.
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SECTION 4

CRITERIA ANALYSIS

INTRODUCTION

This section presents a summary of all of the efforts associated
with the collection and analysis of IFR related helicopter data. In
effect this section combines the flight test data obtained from reviews
of civil and military helicopter reports, simulator and flight research
f ind ings , criteria statements from the Interim Criteria and criteria
data established by earlier military and civil flying qualities re-
quirement documents.

Data on Civil Helicopters

Pursuant to this report, a considerable amount of flight data and
information were acquired on IFR certified civil helicopters. The owners
of this data were invariably concerned about the possibility of public
release. Manufacturers were especially concerned with respect to any
commentar ies which might be attached to their own data. In appreciation
of this sensitivity, the authors have neither reprinted nor identified
any civil flight data which was used in the body of the report. Even
military data were of considerable concern because they could eventually
be linked to a civil or military related court action. All data used
in this report are accurate in the sense that they are presented, but
none are a one—for—one representation of any actual plot/graphic.

A General Review of the Interim Criteria

The primary purpose of this study was to review an informal
“Interim Criteria for Helicopter EFR Certification”. This review was
to be conducted in context with past experience, the existing opera-
tional environment and the current methods used by the various FAA
regions to certify helicopters for IFR operations. The central issue
to be resolved involved the validity of the “Interim Criteria” . One of
the early findings of the study involved the discovery of numerous
versions of this “Interim Criteria” document. The version furnished as
the basis for this effort is presented as Append ix A. It appears that
minor variations of this criteria have been evolved within the numerous
FAA Regions. A few variations have been excerpted and are included in
Append ix A to better depict the versions in current use by the industry.

The original “Interim Criteria” were generated by FAA pilots in
the early 1960s as an informal document. These criteria were evolved
from the then existing version of MIL-41—8501 and other, then existing,
airplane type flying qualities requirements. They were requirements
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which the FAA felt were responsible for adequate airplane IVR capabil-
ity. In any case, these criteria have been used in one form or another
in conjunction with other FAR (e.g., FAR 27 and FAR 29) to certify all
of the IFR helicopters currently operating in the USA.

Typica l ly ,  the FAA includes a version of the Interim Criteria for
compl iance as a par t of the application for certification. The appli-
cant is then required to demonstrate the fact that the subject vehicle
will meet the “Interim Criteria” as the primary basis for IFR certifica-
tion. The Interim Criteria have thus accumulated the weight of preced-
ent. Precedent is typically an immensely important factor in the FAA
certification of all aircraft , fixed or rotary wing.

This study determined that certain segments of industry feel
the criteria are unnecessarily demanding while others feel the criteria
are inadequate or incomplete. The first group desires relief while
the extremist in the second group might dictate a bible of stringent
flying qualities requirements. In responding, the FAA must first and

— foremost insure that the aircraft is safe. In the process of insuring
this safety the FAA can only dictate those stability and control and
f l ying qualities characteristics which are necessary to achieve or
provide a level of safety. This is a key constraint and all FAA Flight
Standards personnel are keenly aware of this fact. Any Flying Qualities
Criteria must then be limited in “scope” and in “required quality” so
as to yield the maximum allowable relief in design requirement, consonant
with satisfactory flight safety determined in context with the antici-
pated operational objectives.

Applicability of Interim Criteria

One point that should be made clear at the outset involves appli-
cability of certain sections of the current Interim Criteria. For
example, the section detailing the requirements for oscillatory dynamics
are identical to those stated in MIL—H-8501A, the helicopter specification.

In the Dynamics Section of this report, the aircrew manning levels
implied for the data obtained in the IPR Sections of 8501A are discussed.
It is reasoned in this section that  the dynamic s tabi l i ty  requirements
of 8501A (and the Interim Criteria) were determined for two—pilot
manning levels for IFR flight in helicopters.

During the survey trip and contacts, there was repea ted emphasis
of the fact that the IFR minimum requirements developed for precision 

V

instrument flight under 8501A applied to two—pilot manning levels (i.e.
an unloaded pilot only had to aeccomplish the flight control task while
a copilot accomplished all auxiliary tasks. Therefore, if Sections V

of the Interim Criteria contain items that are based on, or specifically
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determined for use with , two—pilot manning levels (and no criteria are
given specifically f or one—pilot manning levels), then the Current
Interim Criteria should be construed to be applicable only to two—pilot
IFR Certifications .

This is stated here with full recognition of the fact that other
paragraphs in the Interim Criteria do properly allude to different
aircrew manning levels or minimum required aircrew (one—pilot or
two—pilot). However, these are for requirements pertaining to items
such as artificial stability, operating information and limitations,
and workload (e.g., paragraph jS, “...In—f light IFR workload demands on
the minimum required flight crew...”).

Design Criteria vs De~~n~tration Criteria

The importance of distinguishing between “design criteria” and

V 
“demonstration criteria” is a vital aspect of the certification process.
The FAA cannot establish design criteria per se, but the FAA can
establish performance or demonstration criteria and functional criteria.
The flying qualities criteria should then be “demonstration criteria
and functional criteria.” With this firmly in mind, the FAA pilots and
engineers need a set of criteria for a matrix of helicopter flying
qualities. Among other considerations, the demonstration criteria must
account for various input control configurations and various data

V 

acquisition systems. These criteria must also take into account test
methods and data analysis methods.

Performance criteria which do not include specific reference to
test techniqu. and analysis method are of little or no use. The
current Interim Criteria do not include the type of guidelines required
to avoid conflict. If the Interim Criteria are rewritten into a
standard , FAA pilots and engineers as well as industry pilots and
engineers should be provided with a well formulated set of data acqui-
sition and data analysis guidelines. (It should be noted that testing
to MIL—H—8501A and MIL—F—8785B is supported by test manuals developed
as informal standards over the years.)

Equivalency

V When a helicopter does not meet the letter of some requirement (of
the Interim Criteria), the FAA can grant a certification based upon

V equivalent safety. That is, if the criteria requires a yaw control
force gradient , and none exists, the FAA can determine via flight
evaluation that the alternative approach (one with no force gradient)
exhibit. an equivalent level of safety. Frequently, the more specific
the criteria are and the more diverse advanced control systems become,
the more often the applicant must ask for certification based upon
equivalence.
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What is equivalence? When reading the criteria in Appendix A ( and
the FAR), one notes the absence of a clear statement of objective,
or functional need . For example , what is the intent of the longitudinal
static stability require ment ?

Does the demonstration of positive static stability assure the FAA
that the aircraft is safe? No. What the static stability criteria
statement does, is provide the FAA with one way to explain a dynamic
stability problem or a trimability problem, etc., but positive statics
do not in themselves insure good flying qualities. So how then does
the applicant demonstrate equivalent safety? It appears that the
applicant cannot do this directly. The applicant and the FAA stunt
first discuss and agree as to the intent of the criteria (functional 

V

requirement). The applicant must next provide a characteristic which
is felt to provide equivalence. Finally, the FAA must fly, test,
analyze, obtain a consensus and agree with the applicant. If the
intent of each criteria were clearly stated , i.e., “to provide hands
off speed maintenance in moderate turbulence”, the abi l i ty to demon-
strate functional equivalence would be greatly facilitated. Each and
every performance criteria should be structured so as to relate to one
or more functional requirements. Typically some of this can be accom-
plished in introductory criteria statements within an FAR, but mor e
definitive statements of intent should be developed and included in a
f light test and analysis guide. 

V

A substantial segment of FAA personnel feel that new criteria
should contain as few as possible of the general, blanket type require-
ments statments. They feel that any new criteria should adequately
portray the intent of the requirement , be complete enough in coverage,
and sufficiently specific in engineering and flight test terms so that
few , if any, “equivalen t safe ty” requestn need be made when a particular
design has to meet the criteria. New criteria should strive for this
goal.

Inconclusive Data Comparisons to the Criteria

Flight test data are acquired by the applicant and the FAA and
retained by the FAA to support the approval of an IFR certification.
FAA pilots essentially spot check the data provided by the applicant.

V In some cases , extensive FAA flight test operations are required to
assure the FAA that proper margins of safety are present. As a rul e of
thumb, it appears that the induatty expects that the FAA flight test
program will be most extensive for aircraft with the smallest margins
of safety .

In any case , the data submitted by the applicant in support of the
certification request, and the data acquired by the U.A pilots—engineers,
is retained for aircraft which have been judged acceptable.
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For those a i rc ra f t  where some section of the Interim Criteria (or FAR)
is not met, the applicant is notified and the data are kept on file to

V await further action. This usually takes the form of listing of the
item , the reason re—evaluation is needed and the changes documented . V

Nevertheless, before the IFR certification of the helicopter can be
completed , the stability requirements detailed in the Interim Criteria
have to be documented . This usually results in a large number of
graphs shoving static stability plots and time histories of dynamic
responses. Frequently, it is difficul t to analyze this data. This is
because of the format used, because of the way the tests were accom-
plished , and because of the type of information documented. Some test
methods and documentation do not always produce data that are suitable
for comparison to the engineering requirements or presented in a way
which is consistent with the original intent of the criteria (as
adapted from MIt-H—8501A). V

Be fore going further in this discussion, it is very important to
V understand that mismatches between flight test techniques and engineer-

ing design criteria also have been a persistent problem in military
flying qualities evaluation. The engineer can easily write a require-
ment and stipulate that it applies to all aircraft. This is often done
without concern for the variations in control system, trim system,
etc., which the pilot must deal with in the real world. The pilot,
faced with a real aircraft to test, develops test methods and techni-
ques which he feels will evaluate the intent, if not the letter of a
criteria statement. If the criteria statement is a cryptic engineering
statement, with no stated operational or functional objective, one can
expect the test method to vary, strictly based upon variance of opinions
as to the intent of the requirement. Softness in definition of
intent thus becomes even more important when exceptions are allowed
based upon equivalent safety.

To understand the impact of test technique on the data currently
being acquired , it is instructive to review the problems found in
analysis of , for example , the dynamic longitudinal stability time V

histories.

Certain of the long period dynamic data acquired for IFR certifi-
cation and printed in TIRe cannot ea8ily be compared to the requirements
of the Interim Criteria. For a large segment of the responses, pulse
type inputs were used to excite the long period. Usually the test pilot
tries to return the control to the original trim position accurately
and on many occasions “control—jigs” are used to aid the pilot.
Ideally, an input and response would appear as in Figure 4—1. Unfortu—
nately, less than ideal inputs, unintentionally but commonly, occur
(Figure 4—2). For example, af ter the pulse was complete, the longitu—
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dinal control could have been inadvertently displaced forward following
a f t  pulses , or, aft following forward pulses. This disp lacement would
result in a pitch rate command , or speed change command , being applied
during the subsidence to the short period pulse . Additionally, the V

V a i rc ra f t  could have been allowed to roll and/or yaw following the
ini t ial  input . The test techniques used to develop some of the require-
ments for the Criter ia usually are based upon classic , uncoupled V

long—term dynamic responses to an “off—speed” initial condition.

Wh~n the control is displaced to a new location (following a
pulse), the pilot has in effect introduced a small step input of
control in addition to a simulated “gust” type upset. This type of
double input will often produce an undesirably large upset and cause
the aircraft to oscillate (if the response is oscillatory) about a
speed other than the one being investigated . As the aircraft response
settles out of the short term pulse input , it next responds to a short
term step input , and finally to the new long term trim condition. What
appears to be the first half cycle long term response can be grossly
distorted by the above short term control inputs. This distortion
becomes important because much of the long term data acquired is
observed for less than one cycle. The apparent period of the oscil-
lation can be off by 50% or more during the first half cycle and there
is no practical way to accurately determine the damping ratio.

When the aircraft is allowed to roll or yaw during a long period
V of oscillation (controls fixed or controls free), the result is normally

a severe deformation of the classic, uncoupled , long period , single
V axis response. In short , two things typically occnr . First, the

aircraft will roll due to a speed change and it will yaw due to a speed
change (if unrestrained by the pilot or an attitude—hold type augmenta-
tion system). Second , typically a roll attitude change will couple into
the pitch axis, and markedly alter the peak nose down (or nose up)

V attitude excursion experienced during the first half cycle. Additionally
what might have otherwise been an oscillatory, single axis, long period
response may well become an aperiod ic convergen t response or an aperiodic
divergent response. This aperiodic response may be interpreted as the
f i r s t  half cycle of a very long period response.

If most of the data were collected in the above fashion, it would
appear that adequate comparison with the intent of the requirements of
the Interim Criteria are difficult to achieve. Given the great expense
of flight testing , new and updated test techniques should be designed
and established.
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TRIM AND STATIC STABILITY

The Interim Criteria

“The current Interim Criteria address the subject of trim and
static stability as follows:

(a) Trim. It must be possible to trim the longitudinal , la teral ,
and directional control forces to zero in steady flight at all approved
IFR airspeeds, power, and configurations appropriate to the type. This
must be accomplished by a recentering button or conventional trim
controls. The trim device may not introduce any undesirable discon—
tinuities in the force gradients, and its operation must be such as to
provide gradual trimming without abrupt changes in the force or position.
At these trim conditions , the control must exhibit positive self—cen-
tering characteristics. If it is necessary to turn the trim controls
to opera te, the direction of rotation must be such as to produce
similar rotation of the rotorcraft about an axis parallel to the axis
of the particular control.

Cockpit control free—play may not be excessive on the lateral and
longitudinal axis. Motions of the control from the trim position,
which result in no control surface response, may not cause objection-
able handling characteristics , nor in any case exceed ±2 percent of
total control travel.

(b) Static longitudinal control force stability. The helicopter
must, at all forward speeds and at all trim and power conditions
specified in this paragraph, possess positive static longitudinal
control force stability with respect to speed. The slope of the
control force versus airspeed curve must indicate that any significant
change in airspeed is clearly perceptible to the pilot through a
resulting change in stick force. Minimum perceptibility is interpreted
to mean 1 pound per 6 knots speed change, excluding control friction.
When the control force is slowly released with the rotorcraft at any
airspeed within the applicable range specified in this paragraph, the
airspeed must return to the specified trim speed ±~~ 

percent or 5 knots,
whichever is greater.

The tests specified in subparagraphs (1), (2), (3), and (4) of
this paragraph must be conducted at the critical weight and c.g., with
the landing gear retracted (if retractable). Static longitudinal
control force stability must be shown as follows:

(1) Climb. The stick force curve must have a stable slope
over an airspeed range from 20 knots above to 20 knots below
the trim speed with —
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(i) Maximum continuous power; and
(ii) The rotorcraf t trimmed at the best rate of climb

speed or the minimum approved IFR airspeed , whichever is
greater .

(2) Cruise. The stick force curve must have a stable slope
over an airspeed range from 0.7 to 1.1 times or V

NE 
which-

ever is lower , with —

(i) Level flight power at 0.9 times V
H 
or VNE~whichever is lower; and

(ii) The rotorcraft trimmed for level flight at 0.9
times V

E 
or VNE~ 

whichever is lower.

(3) Slow cruise. The stick force curve must have a stable
slope over an airspeed range from .90 times minimum approved
IFR airspeed to 1.30 times minimum approved IFR airspeed , with —

(i) Level f l igh t  power at 1.10 times minimum approved
IFR airspeed ; and

(ii) The rotorcraft trimmed for level flight at 1.10
times minimum approved IFR airspeed.

(4) Letdown at 500 feet per minute (ft./min.). The stick
force curve must have a positive slope over an airspeed range
from 20 knots above to 20 knots below the recommended approach
speed with landing gear extended and retracted , if applicable ,
with —

(i) Power required to maintain 500 ft.Imin. letdown at
recommended approach speed ; and
(ii) The rotorcraft trimmed at the recommended approach

speed .

(c) Lateral and directional static stability. For climbs of 1000
ft./min. or maximum continuous power climb , whichever is less, and
for rates of descent of 1000 ft./min., at all approved IFR airspeed.

(1) In straight steady sideslip —

(1) At angles of sideslip up to 15 degrees , either
side , the lateral and directional control movements and
forces must increase in the stable direction and must be
substantially proportional ~~‘ the angle of sideslip as

V it is increased ;
(ii ) At angles of sideslip above 15 degrees , either

side, up to the angle at which full directional control
V is employed or up to the maximum sideslip angle appropriate

to the rotorcraft type , whichever is less , the directional
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control pedal forces may not reverse, and increased control
deflection, if available , must produce increased angles of
steady sideslip;
(iii) Sufficient bank must accompany steady sideslipping

to indicate clearly any departure from steady unyawed
fl ight;

(iv) There may not be any undesirable discontinuities in
lateral or directional force gradients; and

V Cv) There may not be any undesirably high breakout
forces for the lateral and directiona l controls .

(2) The directional static stability , as shown by the
tendency to recover from a skid with directional controls free,
must be positive, with the landing gear retracted (if retractable).

(3) The lateral static stability , as shown by the tendency
to recover to level attitude from a sideslip with the lateral
controls free, must be positive with landing gear retracted
(if retractable).

The Federal Aviation Regulations (FAR)

Federal Aviation Regulations, PART 27 and 29 Airworthiness Standards :
Normal Category Rotorcraft (maximum weights of 6,000 pounds or less)
and Transport Category Rotorcraft respectively address the subject as
follows :

27.161 and 29.161 Trim Control

The trim control —

(a) Must trim any steady longitudinal and lateral control for ces
to zero in level flight at any appropr iate speed ; and

(b) May not introduce any undesirable discontinuities in control
force gradients.

27 .171 and 29.171 Stability: General V

• The rotorcraft  must be able to be flown, without undue pilot
fatigue or strain, in any normal maneuver for a period of time as long
as that expected in normal operation. At least three landings and

• takeoff s must be made during this demonstration.
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27.173 and 29.173 Static Longitudinal Stabi l i ty  1

(a) The longitudinal cyclic control must be designed so that ,
with the throt t le  and collective pitch held constant , during the
maneuve rs specified in 27 .175 a rearward movement of the control is
necessary to obtain a speed lea. than the trim speed, and a forward
movement of the control is necessary to obtain a speed more than the
trim speed —

(1) For power—on operations over the fu l l  range of altitude
and rotor r.p.m. for which certification is requested ; and

V (2) For power—off operations, over the range of altitude and
rotor r .p .m. for which cer t i f icat ion is req uested that  is attain-
able with the controls rigged in accordance with the approved

• rigging instructions and toleranc~~.

(b) The stick position versus speed curve may have a negative
slope within the speed range specified for the maneuver in 29.175(d)

• If the necessary negative stick travel does not exceed 1 inch measured
V at the top of the pilot’s normal hand position.

27.175 and 29.175 Demonstration of Static Longitudinal Stability

F (a) Climb. Static longitudinal stability must be shown in the
climb condition at speeds from 0.85 V,11~ to 1.2 V~,, with —

(1) Critical weight;
(2) Critical cen ter of grav ity;

V (3) Maximum continuous power;
(4) The landing gear retracted ; *nd
(5) The rotorcraft trimmed at V~.

(b) Cruise. Static longitudinal stability must be shown in the
cruise condition at speeds from 0.7 V11 or 0.7 ~~~ 

whichever is V

less , to 1.1 V
~ 

or 1.1 VNE~ 
whichever is less, with —

(1) Critical weight;
(2) Critical center of gravity;
(3) Power for level flight at 0.9 V~ or 0.9 which-

ever is less; V
(4) The landing gear retracted; and
(5) The rotorcraft trimmed at 0.9 V~ or 0.9 VNE. whichever

is less.
(c) Autorotation. Static longitud inal stability must be shown in

autorotation throughout the speed range for which certification is
requested , with —

(1) Critical weight;
(2) Critical center of gravity;
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• 
- (3) Power off ;

(4) The landing gear (1) retracted and (ii) extended ; and
(5) The rotorcraft trimmed at the speed for minimum rate of

descent .

(d) Hovering. For helicopter . in the hovering condition —

(1) The longitudinal cyclic control must operate with the
s nse and direc tion of motion prescribed in 27.173; and

(2) The stick position curve must have a stable slope ,
between the maximum approved rearward airspeed and a forwa rd
airsp eed of 17 knots with —

Ci) Critical weight;
(ii) Critical center of gravity;

(iii) Power required to maintain an appr oximately
constan t height in ground effect ;

(iv ) The landing gear extended ; and
(v) The helicopter trimmed for  hovering .
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GENERAL CO1~Q~ENTS ON TRIM AND STATIC STABILITY RE QUIREMENTS

Trim, General

The paragraph (a) on Trim in the Interim Criteria neglects to
cover or comment on trimming of the collective control forces. It
discusses longitudinal , lateral and directional control forces and
st a tes tha t it must be possible to trim these forces to zero by use of
a recentering button or conventional trim control. The criteria relate
that the trim device may not introduce any undesirable diacontinuities
in the force gradient and its operation must be such as to provide
gradual trimming without abrupt changes in face or position. It does
not specifically address how the many Force Trim Release (FTR) buttons
of current helicopters function. For example, the FTR type recentering
button usually removes the force gradients from all axes simultaneously.
This would appear to be unfavorable in high speed , IFR cruise flight
when the pilot, wanting to make an adjustment to roll trim, activates
the force trim release system and loses all longitudinal force cueing
instantaneously (Reference 34). For IFR flight , the use of continuous
trim systems and for separate axis force trim release systems should be
reappraised and re—addressed more carefully. Also, some aircraft do
not have trim systems available on all axes. There is a general need
for more data and research on the requirements for suitable trim
systems on IFR helicopters.

Trim Requirements for an IFR Cert if ied Helicopter

It is possible to place the directional control so as to achieve
zero force without a tr im system. The S—58T was certified for IFR
operations without a yaw trim system. Also, the aircraft incorporates
a yaw pedal damper which resists the pilots attempts to move a pedal as
a function of pedal rate. It seems fairly obvious from reviewing the
flight procedures involved in flying the S—58T (and 11—343) that no yaw
pedal force gradient or force zeroing capability is required . This
apparent lack of need for a force gradient is explained by several
characteristics. First, a single rotor helicopter typically requires
the pilot to move the pedals every time the collective (power) is
moved. The S—58T yaw control (and H—34J) has roughly a 6 pound friction
band. This friction is low enough to be acceptable yet high enough to
hold the pedals in place (there is no force feedback because the yaw
control incorporates an irreversible hydraulic servo system). The need
to continuously move the directional controls in response to yaw trim
changes is easier to accomplish without a yaw trim system. Most
systems use a “force trim release button” which will zero all forces at
once. This can cause the longitud inal and lateral control forces to
zero any time the pilot attempts to zero the pedal force. It would
appear that given the option, the pedal for ce tr im system should be
separate from the longitudinal and lateral control system. Next to
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having two separate trim release buttons, it would appear that the
V S—58T yaw force arrangement is superior to the arrangement provided for

in the Interim Criteria.

V 

Carrying this discussion further, consider the lack of desirabil-
ity associated with a stick trim release system which zeroes the
longitudinal and lateral forces with a single depression of the trim
switch . The typical single rotor helicopter is normally 50 aerodynam-
ically coupled that it is impossible to change the forward speed (even
collective fixed) without inducing a small out of trim condition in the
yaw and lateral control. Consider the case where the pilot desires to
use the longitudinal control force as a cue of an of fspeed condition
(an indication of apparent positive longi tudinal static s tab i l i ty) .
Any time the pilot tries to trim the aircraft into lateral—directional
trim, he will zero the longitudinal stick centering force cue. It
would appear to be much more desirable to have a suitable friction
trim system in yaw. In addition , there is the distinct possibility

V that a friction system in roll (with a roll control rate damper attached
to the control linkage or the equivalent) would be perferable to a
single stick trim release button. This is especially true if a prime
element of an aircraft’s IFR capability involved its stable longitudinal
force characteristic .

The strongest argument against eliminating a control centering
force system involves the control location maintenance function (hands—
o f f) . The pilot needs to release the controls to accomplish other
cockpit dut ies  and the natural vibration of the helicopter will often
cause a control to move if f r i c t ion  alone is used . Or , if the f r ic t ion
is set high enough, it is too high to permit accurate and quick (small)
control inputs for short term gust suppression. 

V

Now if the yaw control is decoupled from the collective we have a V
much d i f f e r e n t  yaw t r im requirement . The more the yaw is decoupled (as
viewed by the pilot) from the collective and speed changes, the more
desirable becomes a yaw force trim system with a centering feature .

Similar ly,  the more stable the pitch and roll characteristics
become the more useful and desirable becomes a control centering force
trim system. But , the proper design may change from the instantaneous
trim button version to the beeper trim type. This bi—directional trim
system is typically not tied to the yaw control system and the longitu-
dinal and lateral trim systems operate independently as well (S—61 ,
11—3, 11—2 , H—46, 11—47, H—IN etc.).

The augmented a i rc ra f t  are more easily treated than the less V

augmented designs but , in general , it appears that it may be possible to
obtain better IFR flying qualities in some aircraft with no yaw force
trim system. Additionally, it may be desirable to have only a longitu—
dinal force trim system.
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In summary , i f the s ta t i c—longi tud inal force charac te r i s tic  Is
important to the IFR suitability of the helicopter , then the l ongitu-
dinal force should not Irop to zero when the yaw , roll  or col l ec t ive
trim button is operated. If this Is not the case , the argumen t for
longitud inal static staoility (as appl ied to control force character—
istics) may be significantl y weakened because the force characterist ic
is hardly ever reall y available in operational flig ht.

General Comments on Interim Criteria Static Longitudinal Control
St ab 11 i t~

The requirement for the aircraft to return to the original trim
speed is a very demand ing requirement and should be an adequate demonstra-
tion of “speed trimability”. The ability to trim on speed and return
to speed is one of the more basic functions the FAA can attempt to
establish . Static longitud inal stability is just one of the ingredients
required to achieve speed trimability and speed maintenance .

Measurement of the classic , longitud inal, static stability is
really needed f or , or in support of , an aircraft that does not meet the
requirements in the dynamic long period sense or in its ability to be
trimmed sense. The control displacements associated with the command
of longitud inal spee~ changes and “collective (power) to pitch” trim
changes are generally much larger than the ilotions associated with
sensing speed changes as a result of a static stability dependent
longitud inal force cue. These longitudinal control displacements are
required to push the nose over (or pull it up) in conjunction with
collective displacements and they are very non—airplane. Pilots have
required light control forces in force feel systems because of these
non—airplane control techniques and because of other confl ic t ing hover
control tasks . The conclusion one can draw from past experience is
simple, when the aircraft is unaugmented or lightly augmented , the
control force characteristics need to be relatively light . If the “1
pound per 6 knot” force characteristic of the Interim Criteria were
observed , the correc t trim spi ing could easily result in a 10 pound per
inch grad ient. This grad ient is in direc t conflic t with conventional
practice , which sizes the longitudinal control force more like 0.3
lb/inch.

In one FAA flight program , a teat was conducted against the “1 lb
per 6 kt” requirement to specifically determine comparative suitability.
Figure 4—3 presents the results of this evaluation in a somewhat
sanitized presentation of the flight test data . Two spring gradient
levels were evaluated . The high force grad ient was documented for two
trim speeds while the acceptable gradient was documented for only one
trim speed. It would appear that past experience has clearly shown
that a force characteristic which provides positive stick centering and
does not drop to zero (in the friction band) will yield satisfactory .

results.
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The Importance of Pitch Attitude versus Trim Stability Characteristics

Figure 4—4 illustrates the way pitch attitud e and longitud inal
control position normally vary over the typical speed range of a med ium
size single rotor helicopter. The airc raft is in trim at each point,
so the data does not directly relate to classic , longitud inal static

V stability. The longitud inal control position trim s tabi l i ty data are
possibly even more important because they relate more exactly to the
characteristic through which the pilot flies under IFR conditions . V

This statement is made with the recognition that the aircraft is very
nearly in trim during most IFR type flying. This is even more correct
when the aircraft incorporates an altitude—hold mode (or glide—slope
tracking mode). In any event, the discussion to follow applies equally
to both “control motion” characteristics , static stability control

V 
displacement characteristics, and control force static characteristics. 

V

The pilot of a helicopter uses both pitch at t i tude and the longitu-
dinal motion/force cues to obtain and maintain a trimmed airspeed
condition. Figure 4—4 shows us what can typically be expected. That
is, the most stable attitude gradient occurs in conjunction with the
least stable longitudinal characteristic , and the most stable longitu-
dinal control characteristic occurs in conjunction with the least
stable attitude gradient. Classic flying qualities research says
nothing about pitch attitud e but any helicopter pilot will tell you
that pitch attitude is what he flies by, IFR. It would appear that a
strong attitude gradient in conjunction with a good attitude indicator
should have some offset or trade—off value when considering the need
for stable statics. The att i tude grad ient can also explain why some
manufacturers feel so strongly that longitud inal static stability is
over valued (an attitude which was forwarded in various interviews on
the subject).

Data from three helicopters were evaluated with respect to their
attitud e—control gradients, and summarized in Figure 4—5. In addition,
boundaries were drawn to illustrate how such an interdependent set of
limits might provide some useful relaxation of the longitudinal static
stability limits. The data analysis of this characteristic is obviously
incomplete but it is an analysis which lends itself well to flight and
ground based simulation. Such additional simulation is highly
recommended. -;

Static Stability versus Trim Stability Curves

The FAR sections 27.173 and 29.173 require that the helicopter

V 
possess Longitudinal, Stick Position, Static Stability. It was found
during the survey trips, data collection efforts, and in certain 

V

literature that there still seems to be some continuing difficulty or
confusion regarding the actual definition of Static (Control or Stick

4—18 
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(Single Rotor Helicopter Under 12 ,000 pounds)
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Figure 4—4. Example of Longitudinal Control Position and
Pitch Attitude for Trimmed Level Flight.
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I

Position) Stability as cosp.rsd to Trim Stability curves (R.f.renc.
35). Th. PAR states that data is to be obtained with the throttl, and
collective pitch held constant. References 35 and 36 both state that
th.re are a variety of stability curves that may be plott.d that ar. of
iat.r.st. Hov.v.r, th. FAR intend , by thsir wording , that th. classic
static (stick position) stability with the “constant—pow.r” constraint
be det.rmin.d and is rsquir.d to be positiv. (stable). As R.f.r•nce 35
states it, “... th. change in •tick position for a unit change in speed
about a trim condition; i..., it is the ratio of change in (control
position) to a change in (velocity) about ~ trim point (the initial
trim v.locity) for all other controls remaining fixed . This is not to
be confused with the slop, of the curve connecting the level flight
trim points of stick position versus velocity .” 8ra~well (R.f.rsnc.
31) discusses static (control position) stability in reistion to the
(5) coefficient of the quarttc and states “... Consider helicopter
changing from one trimmed speed to another , the collective pitch
remaining fixed . For small changes of speed from level flight , the
resulting angl. of climb or descent will be quite small corresponding
to the gliding flight of classical fixed wing stability theory.”
Curtiss (Reference 36) also relates the static (stick position) sta-
bility to the sign of the constant term (the E coefficient , the non s
term) in the characteristic equation . He states that “The sign of this
term will normally indicate whether one of the modes of motion of the
aircraft is a pure divergence or not. This term is equal to:

—g& (K —M Z /Z )w u v u  w

and is positive for static stability . The tern in parentheses can be
identified as the total pitching moment change with speed when lift
equals weight ... ...at constant power.” That reference gives the
expression that show. that the above quantity in parentheses is directly
related to the stick position variation with speed

(d
~
/du)powER 

_ (1/M
~
)(M

u 
M Z / Z )

Plots of the static (stick position) stability curve and the trim
stability curve together with a typical airplane trim curve, are shown
in Figures 4—6 and 4—7. Soth curves are important in stability analyses
but on• should not be confused with the other.

Since many helicopters that are certified for IFR flight use pilot
posittonable spring capsules with no air data feedback or intelligence,
th.se curves provide a direct reflection of th. spring forces (and the
so—called apparent static force “stability”) that will be noted by the
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pilot . If the static (stick position) stability is negative, the force
stability will probably be noted as negative. It is worth noting that
for a certain speed range the curves may be very flat or have a slightly
negative slop., and position (and force) will be difficul t to analyze or
document.

Lateral fDji.ctjonal Static Stability

The need for positive static stability is clearly defined and
documented and requires no additional coanent. The need for positive
lateral static stability (for an unaugmented aircraft) is not all that
obvious. The case for lateral statics must be clearly viewed and
flown. That is, does the pilot intend to fly “lateral control only”
turns or is the pilot expected to use pedal to, “coordinate” the turn,
or mayb. even “hurry the turn” with pedal? Is the aircraft to be flown
single—pilot? If so , is the pilot expected to “pick up a wing” with
the pedal (sideslip) while us ing both hands to fold a map? In making a
const ant altitude turn, does the pilot add power (or decrease power) in
the turn? Remember any time power is changed the yaw trim must be
corrected. In a turn does the rotor tend to overspeed abov e the level
flight value (changing the yaw trim) ?

To have apparent positive static lateral stability, the lateral
control must be displaced into the sideelip. This means that the
aircraft wants to roll away from the sideslip. If the airc raft is
continually upset in yaw trim, we might be better off with a neutral
roll with sideslip characteristic (or a neutral displacement of the
lateral control).

What about roll angle during steady sideslipa? This characteristic
is normally expected to reflect upon the side force characteristic of
the aircraft. Some helicopters will trim with a roll angle into the
aideslip while others will not. Frequently, an aft c.g. will produc e a
different result than a forward c.g.

Similarly, most helicopters respond much differently to yaw
control inputs than might be expected as a resul t of analyzing classic
steady—heading sideslip data . A quick yaw step input (even a very
small one) will couple into roll so as to roll the aircraft into a
sideslip which is adverse to the direction of turn. In other words, a
quick leading left pedal input will initially induce a right roll into
a right sideslip. In some cases the aircraft will hang up in a right
wing down turn to the left. Conversely, when the pedal is applied
slowly, the aircraft will quickly roll to the left and eventually build
up a sideslip on the inside of the turn which stops th. roll into the
turn.
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The Interim Criteria require lateral stat ic stability. No data
can be found which suggests an IFR related control problem because of
neutral or even slightly unstable, apparent lat.’ral static stability ~s
reflected in the requirement. of the Interim Criteria. Rxperience
would suggest that there may be dynamic problems associated with entry
into autorotative flight when the aircraft has a strong tendency to
roll into an adverse bank due to rapid pedal inputs. Some dynamic tcst
associated with entry into autorotation may well be the way to determine
the acceptability of the lateral roll attitude and roll control character-
istic. If the test pilot can hold the pedals fixed , rapidly decrease
the collective and produce a roll to the right with full left lateral
control in, a real problem exists. An additional test to determine the
acceptability of an unstable lateral control characteristic would
involve measuring the instability (e.g., 1/4 inch in the roll control
at say 15 degrees of sideslip). Having determined the control insta-
bility, zero the sideslip and record the time to roll an increment
of L5 or 30 degrees roll, angle. If the time to reach either limit is
very long (say 60 seconds) and the roll rate was decreasing at 30
degrees , one could assume a certain degree of equivalent safety had
been demonstrated .

There is every reason to expect that there is some trade—off in
acceptability between bank angle (wing down into a steady head ing
sideelip) and lateral cQntrol displacement. It might be possible to
explain the acceptability of otherwise unstable charac teristics by the
use of a chart much lik, that tn Figure 4—5. That is, a stable bank
angle characteristic could allow for the acceptance of a mildly unstable
lateral static control rharact eris t tc.
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DYNAMiC STABILITY GENERAL

Before delving into the subject area and the particulars of the
dynamic stability required for the helicopter to fly IFR. it is help fu l
to discuss two pertinent topics. The first topic discusses the
differences and relationships between “dynamic stability ” and “flying
qualities” so that the terms may be applied properly and the distinc-
tions noted . The second topic discusses the types of dynamic behavior
typ ical of current “basic” and “augmented” IFR certified helicopters
and attempts to compare them, where possible , to airplane-type dynamics,
terms, and analyses.

Flying Qualities versus Dynamic Stability

The subject of flying qualities deals with the evaluation of the
complete pilot/aircraft system whereas dynamic stability concentrates
primarily on the study of the time history behavior of the aircraft
alone. For pilot/aircraft systems that are required to comply with a
given set of standards , level of safety and satisfactory workload/
performance; pilot opinion and rating scales provide the most accurate
and efficient method of assuring a suitable assessment of the accept-
ability of a complete pilot/aircraft system used for a specified task.
Studies using pilot opinion and ratings in the evaluation of aircraft
flying qualities have been accomplished by numerous agencies. In fact,
many of the bases for the IFR dynamic stability boundaries detailed in
MIt. SPEC. H.-8501A (and emulated by the current Interim Criteria) were
established by the use of pilot opinion flight experiments accomplished
at NASA—Langley . Also , in its own way , the granting or determination
of “equivalent safety” by the FM for stability requirements could be
construed as a pilot opinion rating of flying qualities.

The usual definition for flying qualities , frequently stated from
Reference 38, is: “Those qualities or characteristics of an aircraft
that govern the ease and preci9ion with which a pilot is able to
perform the tasks required in support of an aircraft role.” Note
that the definition includes many subject areas of the pilot/aircraft
system such as workload , d isplay sophistication , tracking performance ,
and task to mention a few. Unfortunately, with so many variables and
the special characteristics of helicopters, the subject of helicopter
IPR handling qualities becomes a very complicated one. Consider, for
examp le , the characterization of the pilot/aircraft system for a
helicopter , high performance IFR precision ItS to an obscured landing
area in the presence of external disturbances such as atmospheric
turbulence. In a general way , the pilot/aircraft system and the task
can be diagrammed as shown in Figure 4—8. For an ItS approach, the
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Input command is the ItS beam centerline or null position. The error
signa.~., sensed by the instrumentation , will be visually displayed to
the pilot causing him to react with a control motion that will move the
aircraft and tend to reduce the error signal to zero. Then the aircraft
output will be precisely following the desired system input command .
Of course the complete system is more complicated than diagrammed in
the figure since it is a multi—variable, multi—loop, and multi—degree—of—
freedom problem. The above discussion is more completely related in
Reference 14 and another more complete picture of flying qualities
factors versus the pilot control loops is given in Reference 38 and
shown in Figure 4—9.

It is important to note that in Figure 4—9, the TASK input to the
pilot comprises two separate and distinct tasks, the Flight Control
Task and the Auxilary Task. The first task relates to that part of
pilot effort and attention required to fly the aircraft by maintaining
attitude and maneuvering in order to accomplish the required tracking .
The second task covers all other duties not connected directly with
flight control such as Navigation, Communications , selection of systems
etc. (Appendix B). If two pilots are on board , then the taaks are
div ided , shared , and interchanged during the flight according to the
personal preferences of the airc rew and, if they exist , the dictates of
cockpit procedures guidelines. Figure 4—9 could be altered accordingly
to reflect this division of duties, attention, and effort and two
separate loop systems could be drawn for this case, one for the pilot
and one for the copilot.

The main reason for offering the above diagrammed descriptions is
to provide a clearer picture of the distinction between aircraft
dynamic stability characterisitics and flying qualities. In the
diagrams of Figures 4—8 and 4—9, the aircraft dynamic stability
characteristics involve only the single block labeled “AIRCRAFT”
Stability and Control Characteristics in each figure. Whereas, the
subject area of FLYING (~JALITIES embodies the complete diagrams with
all the collateral or attendant areas of;

• task
e instrument display and avionics sophistication
e aircraft configuration
e pilot stress
• workload
• tracking performance
• environment

• failure modes, fa ilure dyn amics, motion cues, etc. as well as
the stability and control characteristics of the aircraft
itself,
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the dynamic characteristics of the ai rcra f t  can be determined by
documenting and anal yzing the time histories of the vehicle responses
alone . However , the flying qualities assessment of the comp lete system
can beit be made by actua l experiments with the pilot in—the—loop and
through the use of pilot opinion and rating systems .

Becaust of the d i f f i cu l t y  of f l ying cer ta in “basic ” helicopters
under IFR conditions , it is worth noting here that the “AIRCRAFT”
block (shown in Figures 4—8 and 4—9) is almost always altered by
using artificial means , such as electronic augmentation systems , to
prov ide the additional re~’uired stability that is not achieved inher-
ently or n,t originally intended for some basic helicopter configura-
tions. This additional artificial stability is usually provided by
automatic feed—bac k systems using rate and attitud e gyro type signals.

The gyro sensors measure the motions of the aircraft and provide
feedback signals (that are conditioned and shaped) and cause limited—
authority, series (inner—loop) control actuators to move the swashplate
proportional to the aircraft motions and thus stabilize the aircraft.
The pilot can still fly the aircraft with the normal flight controls in
a parallel (outer—loop) fashion in conjunction with the series (inner—
loop) augmentation system and he has much greater authority and can
override the artificial systems as he chooses. The AIRCRAFT block of
Figures 4—8 and 4—9 ~an be sketched to include the typical augmentation
feedbacks shown in Figure 4—10.

The above discussion of fers  a brief introduction to a large
and comp licated subjec t area but it should aid some readers by provid-
ing a better understanding of some of the terms used and the distinc—

S tions that may app ly later in these sections and elsewhere in the
report. The general subjec t areas of flying qualities and dynamic
stability is well documented in the literature , (References 38 through
68) .

Typical Dynamic Behavior of Helicopters

The study of the dynamic behavior of helicopters deals strictly
with the “AIRCRAFT” bl ock shown in Figures 4—8 , 4—9 , and 4— 1 0 and
does not , as such , include the displays , the pilot , the task , etc. The
prediction and analysis of the dynamics of helicopters is now quite
well understood although by comparison it Is still generally more
complicated than that of so—called classical airplanes (References 69
and 70). This is especially true when auxiliary lifting surfaces and
propulsion are added . For example , the well known techniques of
longitud inal stability and control analyses of classic fixed—wing
airplanes permits divid ing the longitud inal motion into two quadratic
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type motions that are quite well  understood and whose physical inter-
pretation is relatively simple. Characteristic airplanes modes, for
etick—fi”ed longitudinal responses, are normally two oscillations; one
of re la.ively short pert d (e.g. one to four seconds) with quite heavy
damping and the othe r of longer period (e.g. 30 to 40 seconds) with
very little or possibly c egattve damping ( the classic airplane phugoid
or long period motion).

Comparisona of helL opter dynamics with airplane dynamics are
very dIfficult since the basic helicopter may never exhibit or approxi-
mate the classic airplane motions. If the motions are similar , they
will occur only over a very small forward flight speed range and then
probably only if the helicopter is equipped with an appropriate
horizontal tailpiane or equivalent device. The important modes of
motion of a helicopter are highly configuration oriented and very
sensitive to tailpi ane location , tailpiane size, hinge offset , e.g.
location , etc . Also, for helicopter dynamic response studies , discus-
sion is normally limited to control—fixed time history responses (after
a disturbance from a trimmed flight condition) since currently cer-
tified vehicles are equipped with irreversible , power—boosted control
systems. Control—free motion information on these helicopters usually
centers on the effects of vibration, control friction , spring , sass,
and acceleration effects on the pilots’ control levers, preload ,
slop, “stickti~n”, dead—zone, breakout force, etc . —— subjects of
control system quality.

The control—fixed dynamic modes of longitudinal motion of a
“basic” (unaugmented) helicopter in forward flight are typically
charactertzed by a non—oscillatory , aperiodic—type , short term motion
and et..tier an oscillatory motion (possibly unstable) or additional
combinations of aperiodic roots representing motions classed as diver-
gences or convergences. Frequently, there will be no recognizable
oscillatory roots at all and the motion will be totally characterized
by apparent real root convergenees and/or divergences. To further
complicate the prediction of the dynamic stability (and comparisons to
airplane dynamics), the responses (and control inputs) may be strongly
coupled . Also, for certain flight conditions the responses may entail
rapid and dangerous divergences. In this regard , it is important to
note a specific distinction , namely, that the terms DIVERGENCE and
CONVERGENCE normally imply non—oscillatory , aperiodic motions (Refer-
ence 71). Typical characteristic modes of motion and nomenclature are
shown in Appendix D.

If the helicopter is heavily augmented with artificial means and
has a tailpiane, the motions and control responses in forward flight
are completely altered (as compared to the basic helicopter or class-
ical airplane) and artificially shaped to various degrees depending
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on many factors auch as augmentation system type , actuator control
authority , tailpiane size, location and gearing to flight controls ,
c.g. range and flight envelope , etc. With these features and configura-
tion variations, identification and prediction of the entire character
of the motion may be quite difficult and greatly altered and no easily
usable relationships for long or short period motion comparisons to
the basic helicopter (or airplane) exist. In these systems, familiar
long and short period motions are masked or washed—out and , practically
speaking, no longer of interest for this case. Analysis of the stick—
fixed motions of helicopters with sophisticated stability augmentation
and tutomatic stabilization systems frequently turns into an analysis
of autopilot performance, ride quality, actuator performance or satura-
tion, etc., and bears only a remote resemblance to the prediction and
determination of minimum dynamic stability criteria and requirements of
the helicopter for IFR certification. Failure modes are still of
interest especially in the determination or documentation of the degree
of dynamic stability degradation and/or increase in pilot workload
that occurs and evaluation of whether the vehicle can still be flown to
complete the mission or if it is now strictly a dangerous emergency
mode of flight.

The comments made above apply only to general helicopter dynamic
stability and they set the scene and provide a brief insight into the
complicated character of helicopter dynamics. As related , helicopter
dynamics generally are considerably different then classical airplane
dynamics and the wide variety of configurations and systems utilized
only tends to complicate the pilot/vehicle systems further. However,
the discussion offered above does frame, in a very general way, the
range of dynamics that are possible and should provide a better
insight to the important aspects of the remarks made later in these
sections.
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DYNAMIC STABILITY FEDERAl., AVIATION REGULATIONS

Current FAR

The current Federal Aviation Regulations , FAR, Parts 27 and 29,
Airworthiness Standard.: Normal Category and Transport Category Rotor—
craf t, replace Parts 6 and 7 of the Civil Air Regulations. They were
published as a notice of proposed rule making in 1964. Dynamic
stability requirements are not given in quantitative form but are
addressed indirectly in various sect1.~n.. In Parts 27 and 29 under
FLIGHT CHARACTERISTICS , Sec tions 27 .141 , 27 .143, and 27.171 appear to
be the part, most related to the general dynamic behavior associated
with helicopters. These sections read , in par t , as:

“ 27.141 General.
The rotorcraft must —

(b) Be able to maintain any required flight condition and make
a smooth transition from any flight condition to any other flight
condition without exceptional piloting skill , alertness, or
strength, and without danger of exceeding the limit load factor
under any operating condition probab le for the type , including —

(1) Sudden failure of one engine, for multiengine rotor—
craft meeting transport category A engine isolation require-
ments of Part 29 of this chapter; and

(2) Sudden, complete power failure , for other rotorcraft;
and

(c) Have any additional characteristic required for night or
instrument operation , if certification for those kinds of
operation is requested .

27.143 Controllability and maneuverability.
(a) The rotorcraft must be safely controllable and maneuverable —

(1) During steady flight; and
(2) During any maneuver appropriate to the type , including —

(I) Takeoff
(ii) Climb , etc .

(b) The margin of cyclic control must allow satisfactory roll
and pitch control at VNE with 

—

(1) Critical weight;
(2) Critical center of gravity ;
(3) Critical rotor r.p.m.; and
(4) Power on and power off.
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(c) A wind velocity of not less than Il knots must be estab-
lished in which the rotorcraft can be operated without loss of
control on or near the ground in any maneuver appropriate to
the type (such as crosswind takeoffs, sideward flight, and
rearward flight ) , with —

(I) Critical we ight;
(2) Critical center of gravity; and
(3) Critical rotor r.p.m.

Cd) The rotorcraft, after (1) failure of one engine in the
case of muttiengine rotorcraft that meet transport category A
engine isolation requirements , or (2) complete engine failure
in the case of other rotorcraft , must be controllable over the

• range of speeds and altitudes for which certification is
requested when such power failure occurs with maximum con-
tinuous power and critical weight. No corrective action time
delay for any condition following power failure may be lesa
than —

(i) For the cruise condition , one second , or normal
pilot reaction time (wh ichever is greater); and
(ii) For any other condition, normal pilot reaction
time.

27.171 Stability: General.
The rotorcraft must be able to be flown without undue pilot
fatigue or strain, in any normal maneuver for a period of time

• as long as that expected in normal operation. At least three
landings and takeoffs must be made during this demonstration.”

General Cou~ ente on FAR Dynamics

The sections pertaining to general dynamic behavior in Part 29 are
essentially identical in content. The other sections in Parts 27 and
29 under FLIGHT CHARACTUtISTICS deal mostly with other areas such as
trim and static stability . Most of the sections discussed in Parts 27
and 29 relate to VFR type flight conditions, however , paragraph (c) of
Section 27. 141 specifically mentions the words “night or instrument
operations”.

The requirements on dynamic stability (and workload/performance)
are alluded to in the FAR in numerous, broad , general phrases such
as:

• “Be able to maintain any required flight condition

• ... make a smooth transition
• ... without exceptional piloting skill, alertness, or strength
• ... without danger of exceeding limit load factors under any

operating condition ...
• ... must be safely controllable and maneuverable ...
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• ..
~~. can be operated without loss of control on or near the

ground in any aneuver appropriate
• ... mus t bs control$ble over the range of speeds and altitudes

for which certification is requested ...
• ... must be able to be flown without undue pilot fatigue or

• strain in any normal maneuver for a period of time as long
as expected in normal operation.” 

. .-

~

,

It would appear that for the dynamic stability (and workload!
performance) requirements specified in the FAR, compliance would be
adjudged mainly from a flying qualities point of view using the pilot
opinions and ratings of the examiner.
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DYNAMIC STABILITY, INTERIM CRITERIA

Interim Criteria. Statements of Paragraph (d~

The current Interim Criteria directly addresses the subject of
helicopter IFR dynamic stability under paragraph (d). Excerpting that
portion from the Criteria (Appendix A, Version 1) it reads:

“Cd) Longitudinal—lateral—directional dynamic stability.
Longitudinal—lateral—directional oscillations with controls fixed
following a single disturbance in smooth air must exhibit the follow-
ing characteristics:

(1) Any oscillation having a period of less than five
seconds must damp to one—half amplitude in not more than one cycle.
There may not be any tendency for small amplitude oscillations to
persist.

(2) Any oscillation having a period of from S to
10 seconds must damp to one—half amplitude in not more than two cycles.
There may not be any tendency for undamped small oscillations to
persist.

(3) Any oscillation having a period greater than
10 seconds but less than 20 seconds must be at least lightly damped .

(4) Any oscillation having a period of 20 seconds or
more may not achieve double amplitude in less than 20 seconds.”

General Comments on Interim Criteria Dynamics

Some general comments or initial observations are offered on the
above Interim Criteria dynamic stability statements of paragraph
(d) regarding completeness, scope of applicability , utility , and
importance in IFR certification procedures, namely:

A. The requirement appears to be a general and blanket specifica-
tion on longitudinal, lateral, and directional dynamic
.tability and makes no additional distinctions or impositions
on the different axes of motion.

B. They address only oscillations and apparently exclude or
neglect the very common, important non-oscillatory dynamics of
helicopters; real roots appear to be eliminated from consider—
at ion.
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C. If the real axis is addressed in the criteria above, then
depending on interpretation of statement (4), aperiodic ,

• non-oscillatory divergences with times to double amplitude as
low as 20 seconds are allowed and meet the Interim Criteria.

D. As far as helicopter oscillatory motions are concerned , the
four statements are prope rly drafted but addr ess onl y a
limited aspect of the subject area of dynamic stability .
For example , when these same statements were first drafted in
•arly versions of the Hit. SPEC . they represented a concentra-
tion on a single longitudinal mode of motion which at the time
appeared to be of interest primarily for the hover/slow speed
spectrum of operations of earlier vintage tail—less , essen-
tially unaugmented helic opters. (Howeve r , in general , some
very useful , widely applicable data were obtained dur ing the
many simulated slow speed IFR approaches performed for these
experiments , References 42 and 56.) In those earlier days,
many dynamicists were obsessed (and perhaps rightly so , depend-
ing on the tasks of importance at that time) with the hover/
slow speed longitudinal dynamic characteristics of helicopters.
The requirements on longitudinal oscillatory dynamics were
added (almost as an adjunct) to 8501A , at that time , to
address primaril y the longer term motions present at hover and
slow forward speeds and were not meant to cover the short term
dynamics requirements. The statements of paragraph (d) of the
ln~erim Criteria are insufficient in themselves and fail to

• portray the necessary or adequate dynamic stability and
control requirements for acceptable , safe IFR flight in heli-
copters for the applicable IFR speed ranges.

E. The dynamic stability criteria do not distinguish between
requirements needed for short term dynamics versus long term
dynamics and cover them both for all axes with the blanket
specification.

F. Certain othe r significant dynamic stability and control
criteria important to the achievement of an acceptable rating
of IFR handling qualities commensurate with the attainment of
a required level of safety are not included . For example , the
criteria appear incomplete an far as special or additional
needed stability criteria such as the “concave downward”
requirement, specification of minimum allowable short period
frequencies, minimum damping and control power, etc .

Related Issues on Interim Criteria Dynamics

The lettered—item comments listed above tend to apply quite
d irectl y to the Interim Criteria dynamic stability statements of
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paragraph (d) . They will be referred to and discussed in greater detail
throughout this section. However, some additional items not mentioned ,
or less directly implied , but related to the dynamic criteria of (d)
are listed below. A few items may appear to be slightly afield from
the dynamic criteria but it is felt they are generally related and
need to be mentioned her.. They will be referred to in other sec-
tions of this report and are discussed to some degree in a general way
below. Additional related comments on the interim Criteria dynamic
stabili ty are:

C. The dynamic stability criteria make no specific mention ,
allowances or distinction in required levels of dynamic
stability versus minimum acceptable aircrew manning level
(one— pilot IFR operation versus two—pilot IFR operation).

H. It appears that these Criteria are not readily applied
to certification of highly—augmented , sophisticated control
system helicopters. Many of the currentl y certified , highly
augmented, helicopters far exceed the above oscillatory
requirements and the need for expensive documentation flights
and determination of the precise dynamics (to determine if it
meets the minimums of the Interim Criteria) is probably a
moot exercise in many cases. Therefore, it could be reasoned
that the dynamics part of the Criteria does not provide much
guidance (or plays very little part) in the IFR certification
procedure and determination of minimum dynamic requirements
and level of safety of these helicopters.

I. The IFR dynamic criteri*, as stated in paragraph (d) above,
provide no guidance as to the influence on certification of
high—quality, greatly sophisticated display systems for the
pilot. Under paragraph (g) Equipment for IFR Operations of
the Interim Criteria, I tem 2 reads, in part:

“(2) The following are required instruments:

(t) Non-tumbling gyroscopic bank and pitch—
indicator with a five—inch diameter unless smaller
instruments are found satisfactory during flight
evaluation.

(ii) Gyroscopic direction indicator with a five—
inch diameter unless smaller instruments are found to
be satisfactory during flight evaluation.

(iii) Rate of climb (vertical speed) indicator (no
lag type).”
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The abov, listed equipmen t are required in addition to the
basic equipment. Nowhere in th~ Criteria is there an indica-
tion that allowances will be made or credit given for sophis-
ticated pilot instrument—display systems (like 3—cue flight
directors or c .ntact—analog type displays , etc.) versus degree
of dynamic stability and control sophistication. In the
opinion of most examiners , this is a proper , well established
and correct position and they believe that a minimum level of
IYR dynamic stability must be achieved independent of the
degree of the pilot’s IFR display sophistication. This posi-
tion is not disputed here now but some experimentaflsts (and
pilots) suggest that a trade—off between display sophistica-
tion, dynamic stability, and control enhancement is logical
and proper (References 26 and 28). One example portraying
the suggested trade—off technique is shown in Section 3 under
the title DISPLAY/CONTROL SYSTEM/WORKLOAD TRADE OFF.

The importance (or proper app licability and use) of the
dynamic stability criteria in certification procedures may be
difficult to judge when helicopters far exceed (or just barely
meet) the current Interim Criteria when other factors Intercede.
For example, there is a chance or probability that these
aircraft could ultimately pass or fail IFR certification on the
basis of the installed display and not on the quality of
their dynamics alone. An aircraft that far exceeds the
minimum dynamics may be offered with a “basic” display while
another aircraft that just barely meets the minimum dynamic

• criteria may b. offered with a highly sophisticated , contact—
analog, flight—director display (Reference 30). They both

• meet the minimum dynamic criteria but each aircraft may
ultimately pass or fail IPR cert i f icat ion because the examiner
will be required to make the certification judgemen t on flying

• qualities factors such as pilot workload , tracking performance
etc.; factors that are strong ly dependent on the IFR flight
instrument display sophistication.

Consequently,  these factors can render the current minimum
dynamic stability criteria of questionable importance in the
actual certification process for some vehicles. For these
cases, the quality of the dynamics alone may play a “inor
rote in certification since frequently the onus aPpears to be
put on the examiner when he is forced to make the proper
certification judgement on the str ict  basis of flying qualities.
This entails judging certain flying qualities items and may
tend to minimize the role of the precise , documented dynamics
of the vehicle in the certification process. For the circum-
stances of certifications of this type , the flying qualities

• judgement may well prevail over some doubtful dynamic behavior.
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interim Criteria 11 Failure_~~~te Dynamics

J. Paragraph (d) does not o f fer  any specific opt ions as to degree
of dynamic stability and control required for failure mode
operation. This (a especially tispnrtant in the determtnatI. ’~
of the amount of degradation in dynamic stability allowed in a
specific fa ilure mode which still permits the pilot to continue
the flight without declaring an emergency condition.

Paragraphs (e) and (F) of the criteria address reliability of
artific ial means and failure mode operation, they read :

“(e) Artificial stability . If the basic rotorcraft
utilizes artific ial means to meet the stability requirements
in paragraphs (b), (c), and (d) of this Appendix , the rel i-
ability of artific ial means must be substantiated .

(1) An artificial means may be used wi thout a
backup or standby means provided the rotorcraft —

(I) With the mean~ I noperative , has all of
the fl ight characteristics specified in Subpart (B) of this
Part and, in addition, has postt ive lateral , longitudinal, and
directional stick position stability and is free from tenden-
cies towards excessively rapid or dangerous divergence.

(it) Can be flown I’FR without undue difficulty
by the minim um crew with the means inoperative for a length of
time equivalent to the useable fuel supply of the helicopter ,
but In any event not less than one hour . If usable fuel
capacity of the helicopter is increased after certification ,
the requtrament of this subparagraph must he met with the new
fuel capac ity , or else the length of time established with the
prevtou4 fuel, supply must he applied (either in the flight
manual or on a placard) as an operating limitation.

(2) If the conditions of subparagraph (1) of this
paragraph are not met , an equivalent backup or standby artifi-
cial means mus t he provided. Careful consideration must be
given to the manner (e.g., automatic or manual switching) in
which the backup or standby means Is activated when the
pr imary artific ial means fails or malfunctions.

(f) Controllability. Throughout the approved IPR
airspeed range there may not be dangerous divergence and
uncontrol lable tendenc ies following a sudden failure or
malfunction of the artificial stabilization means or following
the failure of a powerplant.
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The control authority of an automatic stabilization
device may not be of such magnitude that In cn~c of t.tilure of
th. device, insufficient control ri”nalns with tt~ pilot for
maneuvering in both normal and emergency conditions .”

The opening paragraph (e) of the Cr ite r ia , “If the basic rotor—
craft util i zes artificia l meaiis to mee t the stabi l i ty requirements” .
seems to imply that “means” are expected to be installed only to
reso lve stab ility deficienc ies, it does not address or fails to take
note of the fact that certain sing le—pilot certifications appear to
require augmentation functions and automatic stabilization features
(such as the attitude—hold function of an autop ilot) to resolve fly ing
qualities factors suc h as worklnad/performance/trtmmabtlity require-
ments as much as the dynamic stability of the aircraft. The IFR
certtf ted helicopter may pass all the dynamic stability requirements of
the Interim Criteria but can still be required to have “artificial
means” strictly from a workload/performance stand point. If the Interim
Cr ite r ia  are intended to cover this case also, then the opening para-
graph (e) should include this intention. For example, the underlined
words added to this Report to paragraph (e) shown below could read :

“(e) Artificial Stability. If the basic rotorcraft utiliEes
artific ial means to meet the workload requirements_and/or the
stability requirements in paragraphs (b), (c), and (d) of this
Appendix, th. reliability of artificial means must be substan—
ctated .”

Also, paragraph (e,I) of the Criteria specifically addresses
f ltght with the augmentation means completel y inoperative and requires
“ ... positive static stick position stabil ity and that the dynamical
motions be “free from tendencies toward excessively rapid or dangerous
divergence”. Al though it is not clearl y stated here, it is presumed
that the word “divergence” is meant to include oscillations as well as
aperiodic behav ior. Paragraph (e ,l,i) “ ... with the means inoperative
...“ appears to retain the requirements for static stick position
stability while the requirements of paragraph (d) for dynamic stability
appear to be modified or replaced with “ ... the rotore raft ... is free
from tendencies towards excessively rapid or dangerous divergence”.
Because of the absence of quantitative values for this failed—state
operation, the evaluation of those tendenc ies again becomes a flying

• qualit ies judgment. Paragraph (e,1 ,it) also addresses flying qualities
iss ues such as the workload/performance of the minimum crew to continue

• failed—state flight from a fuel supply/endurance standpoint. Paragraph
(f) deals with aircraft controllability and again is largely a flying
qualities judgment of failure—dynamics , aircraft dynamics, actuator
authority, and flight control power during failed—state operation
caused by the artificial means, power plants, (and boost systems,
etc.).
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I~tt Procedures of tntert m Crtterta Dj~,amics

Plight test  data on the stability of the atrcraft are acquired ,
rec o rded , and retained by the FAA and the Contractor in the 1FR certif-
ica t ion process . The test techniques to he utilized to obtain the
proper dynamics data for comparisons to the criteria are not adequately
stated . Under paragraph (d), the first sentence states that the
oscillations shall be obtained “ ... with controls fixed following a
single disturbance in smooth air ...“ . Version 3 of the Interim

• Criteria (App .ndiz A) contains the following note under dynamic s tabil-
ity pa ragraph (d) :

• “Note: Dynamic stability shall be tested by pilot inputs to the
appropriate control system~ the inputs shall be sudden
pulse type inputs with immediate release. Inputs shall be
of at least one inch deflection at the cyclic control
stick grip and/or appropriate rudder pedal deflections.”

Specific mention is not made regarding whether the dynamics tests shall
be done using limited degree—of—freedom techniques (e.g., longitudinal
motion only) and/or ful l six degree—of—freedom techniques (complete
longitudinal and lateral/directional coupled motion). Also , no mention
is made regarding the need for separate measurement of short tens
dynamics versus long term dynamics. The importance of the proper test
technique s to assure accurate, applicab le information for the data
comparisons to the Interim Criteria cannot be over-emphasized . This
subject area Is discussed to a greater extent in other sections of the
report .

At the end of Version 1 of the Interim Criteria , a short explan-
atory not• was attached which stated in part :

“Explanation. The current provisions of paragraph (c) of (FAR) 29.141
require that rotorcraft have flight characteristics required for
lnstrum .nt operation if certification for such operation is requested .
However, there are no standards concerning the necessary flight test
procedures. The proposal would add such standards.”

IsCortanc. of Aircrew Manning Level and Workload/Performance to Dynamics

The subjects of minimum required flight crew and workload/performance
and their relation to dynamic stability and flying qualities are
mentioned in several places in the criteria, namely under paragraphs :

“(.,ii) Artificial Stability. ... can be flown IFR without
undue diff iculty by the minimum crew with the means inoperative for a
length of time equivalent ..“ .
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“(I) Operati~g Inform~ tton and Lt inttattons . The pertinent
info rmation and limitations necessary for proper and safe operation of
the rot orcraf t ~mder the instrument fl ight conditions for which approval
is sought must be presented to the minimum required flight crew In the
form of sui table placards or in the rotorc raft flight manual or both.
A minia*m approved IFR airspeed must be based on the technical merits
of the rotorcraft characteristics.”

“(1) IFR Flight. The rotorcraft must be flown in the air
traffic control system under actual FR day and night conditions for a
period of at least five hours. The items evaluated dur ing this period
must include:

(I) Ability to operate the rotorcraf~ satisfactorily
under IPR conditions in the air traffic control system without undue
pilot fatigue or exceptional pilot skill or alertness.

(3) Pilot visib ility in precipitation dur ing low
approaches.

(5) In—flight TFR workload demands on the minimum
required flight crew .

(6) Handling of the rotorcraft in rough air turbulence.”

Unfort~x~ately, there are no øtated requirements in the present standard
that differentiate the minimum dynamic stability requirements for
one-pilot versus two—pilot certifications. The same problem exists on
delineating the acceptable level of workload for different alrcrew
manning levels. For example, it would appear that for a sing le—p ilot
certification , pr imary emphasis in the criteria is placed on the
assessment of an acceptable pilot workload level for a given standard
of performance and safety with minimum dynamic stability of the aircraft
playing a secondary role (since the aircraft will probably already have
a sophist icated augmentation an,1 automatic stability system). For a

• t wo— pilot certification , where the total workload can be divided and
inter—chang ed between pilot s , primary emphasis appears to be placed oct

• ascertaining that the aircraft met a two—pilot level of minimu m dynain li

~tihtlity with total pilot workload assessment, a secondary factor.
However, if the Pilot—in—Command flight—control workload assessment
indicate, that the pilot is not hand ling the vehicle well enough to
assure an acceptable level of safety and performance , the two—pilot
certification will fail regardless of whether or not the aircraft meets
the min imue dynamic stability criteria.

A more realistic example of one aspect of the Interplay among
• aircraft dynamics, augmentation systems, and pilot workload assessment

and the roles th.y pl ay in an IPR certificatton is discussed below.
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Th 14 examp le is take n front a review of information on an existing new
helicopter tha t has already been cer t i f ied  for IFR f l i g h t  in two
configurations (single-pilot IFR and dual—pilot IFR). The needed
info rmation is most accurately and freely d rawn front the Rotorc raft
Fl ight Msnual , RFM , and its IFK supplement (~in.t probab ly is the only
readily available, accur ate source since information from other sources
is frequently restric ted or of limited access). The exampl e ctlrcraft
is a single—rotor , single—engine helicopter tha t carries about 12

• persons.

According to the FLICHT MANUAL , for certified sing le-pilot IFR
operation , Stab ility Augmentation Systems/Autopilot Systems (SAS/AP
Systems) are required to be installed and operating . For certified
two—pilot IFR operation (using the sane airc raft) the Stab ility Augmenta-
tion Systems/Autopilot Systems (SAS/AP Systems) are not required and
therefore need not be installed for this configuration. ~io important
items of interest , an gleaned from the VLI(FIT MANUAL for this aircraft ,
should be noted for this example. First , that the SAS/AP syat~ms used
on this airc raft contain , as a standard feature of the autop ilot , an
ATTITUDE—HOLD function. As a general rule, for recent single-pilot
approvals, these helicopter autopilots contain as their most basic
feature an ATTITUDE—HOLD function and for most certifications require
that this system be on and operating for IFR flight. Similarl y,
single-pilot IFR flight wi th SAS only (ATTITUDE—HOLD function of the
autopilots inoperative) is not a legally approved IPR flig ht configura—
tion and may be used as an emergency mode of IFR flight only. Second ,

• for this sante helicopter , in the event that the SAS/AP Systems are
totally inoperative , this single-pilot certified aircraft ‘nay still be r
flown legally, on rout ine and regular IFR flig hts , provided that “an
I~ R qualified second—tn—command (pilot) occupies the coptlot s (flight)
station and the aircraft ts fitted with appropr iate dual controls and

• instruments.” Thi, Is not an alternate , one tlme—restri eted use, ‘IPR
approval (where the aircraft can he fl own IFR this way only to a

• ma intenance facility for the needed SAS/autopilot repairs) but a fully
FAA approved , normal mode, IFR conftguratton in keeping with that

• prev iously set by the two—pilot ‘[FR approval of this aircraft ( S&S/M’
system not required).

It is important to note that the basic helicopter , with no augmenta-
t ion system of any kind Installed , apparently meets the minimum required
dynamics as set forth in the current Interim Criteria (or ~t t  least has
been granted an “equivalence” on the dynamics) and can he legally flown
IYR with two pilots. For all single-pilot approvals to date, some type
of augmentation system (SAS or SCAS) and/or automatic stabiliza tion
equipment (ATTITLTDE—HOLM/AP) is installed . These augmentation systems

• and/or autopilot systems are needed to res ,l~’e stability and control
criteria and/or pilot workload/performance requirements. Thus, the
importance of the assessment of pilot workload/performance factors in
the helicopter IFR certification process cannot be overemphasized.
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DYNAMIC STABILITY, HELICO~~~~__MIL. SPEC._ 8501A

Analysis and Comparison Techniquc,~

The subject areas discussed earlier in this section were offered
to provide a short review of the many factors, related issues, and
special circumstances that come to bear or are involved in the inter-
pretation and application of the stablity requirements for IFR certifi-
cation of helicopters. The most pertinent part of the Interim Criteria
dynamic stability is stated in paragraph (d) of that document (Appendix
A). It was noted earlier , with regard to the comments on completeness,
scope, utility and importance of the paragraph, that the reluirement
appears to be a general , blanket specification on longitudinal , lateral
and directional dynamic stability of helicopters . The dynamics require-
ment addresses only oscillations and excludes or neglects non—oscillatory
dynamics. The oscillation criteria are related in terms of the length
of the period of the oscillation and the number of cycles allowed for
the oscillation to damp to half amplitude . They also permit dynamic
instabilities for oscillations having periods of 20 seconds or greater
but state that they may not achieve double amplitude in less than 20
seconds.

In order to facilitate the analysis and comparison of these re-
quirements with other applicable data, it is convenient to plot the
dynamic criteria on the complex plane. It is important that a funda—

• mental knowledge of mapping procedures and the type of information
displayed on the complex plane be reasonably well understood before
delving into a study of this dynamic s tab ility criteria. Appendix D
provides a brief , simple insight into plotting procedures , information
displayed , expressions and notations utilized and offers some g€neral
values of parameters that are of use in this study. Readers who are
not familiar with some of the basic information contained on the

• complex plane may find it beneficial (for understanding other parts of
this report) to peruse Appendix D in order to become more acquainted
with certain aspects of the complex plane and stability comparisons.

The Interim Criteria Oscillation Boundary

The dynamic stability requirements of the Interim Criteria may be
easily plotted on the complex plane (Figures 4—11 and 12). The second
figure is an expansion of the area close to the origin on the first
figure. For convenience, the figures have multiple labeling on the
vertical and horizontal axes in order to improve their facility for
different readers . The most c ommon parameters used in this study are
the length of the period of the oscillation (T~)~ the time required

for the oscillation to damp to half amplitude (T
½
), the damping fat~ o
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Interim Criteria : Longitudinal PERiOD FREQ. FREQ .

and Lateral/Directional , Dynamics. Tp jufld ~~nd
sec cyc/sec rad/sec

_ _ _ _  
_____________________ — —

Acceptable Unacceptable 
1.2

______ ________ _______ — — .76 — 4.8

a 1.5
_______ _______ _______ _______ _______ — .64 — 4.0

c~~~t
e — o . i i  •

• 2 .51 — 3~ ?

_______ _______ —_____ 
-~
______ —-~-~~~~ -— - ~~~~~~ — .38 — 2.4

.3

~ — .25 — ).6

C½ 2
— 0.055

— .13 — 0.8
CL +~~~~ ) .10

~~~~ j 2 ‘“ . 2 0

— 0  ~~~0
I I ~I I I i 1 I~~~~~I I 1

0. 25 0.3 0.4 0.5 0.7 1 2 5 —5 —2 —1
T¼ . TI!€ TO HALF AMPLITUDE. aec~~ •— - ... DOUBLE , T2
I I & 1 I I • .. (unstable)
0.33 0.4 0.5 0.7 1 2 5 ~T63 , FIRST ORDER TiME CONSTANT , sec

1 1 1 1 1  •I 1 1 1 1  1
—3.2 —2. 4 —1.6 —0.8 0 0.8

DAMPING PARAMPTER, o — — • rid/sec

Figure 4—Isi . Plot of Cur rent Interim Criteria
Dynamic Stability Boundaries (Reference 4 ).
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Figure 4— 12. Plot and Description of Interim
Criteria Osci llatory Boundaries.
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(t), and the number of cycles required for the oscillation to damp to
half amplitude (%).

~then the wo rds of the statements in paragraph (d) of the Interim
Criteria are translated into plotted po inte on the ~iiuitplex plane, they
appear as a boundary 

____ 
made up of a connec ted series of four straight

line segments on the figures. Each segment is representative of a
numbered statement in the dynamic requirements. According to the
Interim Criteria, helicopters with dynamic stability characteristics
that are located to the left of this boundary meet the minimum require-
ments and those that are located to the right of the boundary do not.
The equivalence between the parameters, cycles to half amplitude and
dam ping ratio is shown on the figures. Lines of constant damping ratio
and similarly lines of constant cycles to half amplitude are repre-
sented by rays or straight lines directed outward front the origin.
Since only oscillations are addressed in paragraph (d) , no boundary is
specified on the real axis (horizontal axis) where only aperiodic
motion can occur . If statement (4) of paragraph (d) is construed to
impose a limit on the positive real axis, then the dynamic criteria
permit unstable, pure divergences with a time to double amplitud e as
low as 20 seconds. Also , any osc illations with periods greater than 20
seconds may be unstable and can double amplitude in as little as 20
seconds. This last aspect of the current criteria wUti. he discussed
later in this section under “long term motions”. For periods between
10 and 20 seconds, the boundary is the neutral oscillation line (the
imaginary axis) and points must be located slightly to the left of It

• (damped oscillation region) to meet the criteria.

• Before continuing the discussion on the mapped boundary for
minimum acceptable oscillatory dynamics, it is useful at this point to
review and compare the above information with the helicopter military

• 
~pecification since parts of the Interim Criteria are identical to that
document.

The Military Specification Dynamic Stabilitjr RegLirements

Intent of the MIL. SPEC. versus Interim Criteria

It is often stated that an intent of the Interim Criteria, FAR,
and other regulatory documents of the FAA pertinent to IFR certifica-
tion of helicopters is to give guidance in the determination and demon-
stration of “ ... minimum requirements that are needed to provide a
level of safety ... commensurate with the development and expansion of
the aviation syatein ... ... and to be responsive to the needs of
the general public and the aviation community In fulf illing the agency’s

• aviation safety responsibilities.” The basic intent of NIL. SPEC.
850 1A (Reference 5) is essentially different. The military specifica—
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tion entitled “General Requirements for Helicopter Flying and Ground
Handling Qualities” covers the desig~ requirements (as opposed to the
demonstration requirements of the Interim Criteria) for satisfactory
f lying and ground handling qualities of U.S. military helicopters. The
MIt. SPEC. 8501A sets forth those characterist ics that are needed for
visual flight conditions and instrument flight conditions (better
stated for DOD missions as those that comprise non—precision and
prec ision flight , e.g., like the precise control needed for aiming a
weapon or flying a CCA). Also, it states under REQUIREM ENTS; General,
in paragraph 3.1.1: “ ... The required characteristics are those which
are considered, on the basis of present knowledge, as tend ing to insure
satisfac tory handling qualities and are subject to modification as
Indicated by new information. Every effort shall be made by designers
to provide additional desirable characteristics which have been omitted
as specific requirements.”

Although both the Interim Criteria and the NIL. SPEC. imply a
“level of safety” theme (one directly and the other indirectl y), the
two documents differ considerably in stated purpose, objectives , and in
application ; namely, demonstration versus design criteria. Neverthe-
less, the NIL. SPEC. is considered an important document and a valuable
reference for this study because it deals with helicopters exclusively
and because parts of it are substantially the same as, or identical
to, the Inte r im Criteria . It is also an important helicopter require-
ments documen t from the standpoint of its relative maturity, the vast
sums of money invested, and the large amount of research e f for t  accom-
plished and results obtained by government agencies , industry and other
research facilities. For these reasons, considerable reliance is
placed on this reference (when it is judged pertinent to this study)
because of the existence of the documented , established helicopter

• criteria.

The IFR and VVR Oscillation Boundaries of 8501A

• The specification details two dynamics boundaries (IFR and VFR)
• and uses almost identical phraseology compared to the Interim Criteria

(Figure 4-13). In the NIL. SPEC., paragraph 3.6, Instrument Fligh t
• ç_1~~~~~ .ristics, subparagraph 3.6.1.2 reads:

“3.6.1.2 Longitudinal— and lateral—directional oscillations with
controls fixed following a single disturbance in smooth air shall
exhibit the following characteristics:

(a) Any oscillation having a period of less than S seconds
shall damp to one—half amplitude in not more than one cycle.
There shall be no tendency for undamped small amplitud e
oscillations to persist.
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Helicopter General Requiremen ts:
PE?.IOD FRZQ. TR.EQ.

Oscillation Dynamics, para. 3.6.1.2
• i”)nd

IFR, pam . 3.2.11, VFR.
sec cyc/sec red/sec

_ _ _  _ _ _  - 

~~~~ 1 — —
• 

~ 8501A (VFR )

• _______ ---- — — 
- 

— .19 — 1.2

/Z~*
8501A (IFR)

- 6
— ______ ______ ____ — — .16 — 1.0

-

______  ______  ______  ____ — - 8 — .13 — 0.8

— 9 .

- 1 0
____ _____ -____ _____ — ~~~~~~~~~~~~

• 12

_______ ________ _______ ________ — _____ 15 — .06 — 0.4

. 2 0

. 30 — .03 — 0.2

• 50
• U

-~~~~ — 0 — 0
I I I I I~I_ _ _ _ _

1.0 1.5 2 3 5 10 —20 —5
T ½ TINE TO HALF AMPLITUDE , sec -

~~~~ 

-

~ 

—.... DOUBLE , T2
i i ~~~~~ (unstable)

• 1.5 2 3 5 1 0  ~
FIRST ORDER TINE COWST1~T, sec

I I J I I i I • I ~~~
_•_I

-.0.8 —0.6 —0.4 —0.2 0 0.2
DAMPIN G PARAMETER, a — — ~~~~~ , rid/sec

Figure 4— 13. Plot of MIL—H—8501A Dynamic
Stability Oscillation Boundaries

(Reference 5 )

4—5 1

• - •• 
-



r 
—

(b) Any oscillation having s period of less than 10 seconds
shall damp to one—half amplitude In n t  more than two cycles.
There shall be no tendency for undamped small oscillations to
persist.

Cc ) Any oscillation hav ing a period greater than 10 seconds
shall be at least lightly damped .

(d) Any oscillation having a period greater than 20 seconds
shall not achieve double amplitude in less than 20 seconds.”

The VFR boundary of the MIL. SPEC. is covered under Section 3.
REQU IR~ 4ENT S, paragraph 3.2 Longit~udina1 Characteristics1 sub—para-
graph 3.2,11 and reads:

“3.2.11 The helicopter shall exhibit satisfactory dynamic stability
characteristics following longitudinal disturbances in forward
flight. Specifically, the stability characteristics shall be
unacceptable if the following are not met for a single disturbance

• in smooth air:

(a) Any oscil lation having a period of less than 5 seconds
shall damp to one—half amplitude in not more than 2 cycles,

• and there shall be no tendency for undamped small amplitude
oscil lations to persist .

(b) Any oscillation having a period greater than S seconds
but less than 10 seconds shall be at least lightly damped .

(c) Any oscillation having a period greater than 10 seconds
but less than 20 seconds shall not achieve double amplitude
in less than 10 seconds.”

It should be noted that the IFR dynamic oscillatory requirements
of paragraph Cd) of the Interim Criteria , practically speaking, ~re
identical to those contained in one of the subparagraphs (3.6.1.2) in
the IFR portion of the NIL. SPEC.

Intent of IFR Paragraph 3.6.1 of the NIL. SPEC.

The introductory paragraph under 3 6  INSTRUMENT FL IGHT CHARACTER-
ISTICS is 3.6.1 and it reads:

“3.6 Instrument flight characteristics.
3.6.1 For any helicopter required to operate under instrument
flight conditions, the more stringent supplementary flying
qualities requirements of 3.6 shall apply, in addition to the
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foregoing requirements of section 3. It shall be possible ,
without tIe:~i~ n~ttn,g undue p ilot effort , to fl y on Instruments ~it

all speeds, from hover to design cr,,ts.~ speed ; for this purpose
automatic stabilization and control or stability augmentation
equipment , or both , may be employed , in addition to any required
for compliance with visual flig ht criter ia. The failure or
disengagement •~? tlts~ .~quipment that provides the instrument
flig ht characteristics shall not result tu a degeneration of the
stability and control characteristics of the helicopter below
any of those specified in this specification for helicopters
required to operate under visual flight conditions.”

Three important points of the above paragraph 3.6.1 are :

• ... the more stringent supplement~~y~ f l ying qualities
requirements of 3.6 shall apply, tu addition to the for ~~go~~~~~

requirements of Section 3.

• It shall be possible , without undue~p~ilot effort to fly on
instruments . ..  automatic stabilization and control or
stability augmentation equipment ... may be employed .

• ... shall not result in a ~~~~neratton of the stabi1i~~ and
control characterist tea of the helicopter below any_pf those
specified in this specification for helico~ters required to
qp~erate under visua l fligh t_conditions .

In relation to the first point listed above, some of the MIt..
SPEC. stability and control criteria that are pertinent to this subject
ar ea , and that are carefully covered in Section 3 as minimum additional
requirements, are: minimum maneuverability characteristics (“concave—
downward” requirement), satisfactory initial flight control—response
characteristics and minimum longitudinal/lateral/direc tional control
power and angular damping. (Paragraph 3.6.1.1 places additional , more
stringent, requirements on the minimum control power and damping. The
importance of these two parameters must be emphasized since they tend
to characterize the type of control system , I.e., rate or acceleration
type , that the basic aircraft will have. The values of these two
parameter., will approximate or define the characteristic control time,
i.e., the first—order time—constant , and the characteristic value of
the final , steady—state angular rate in response to a control step

• input by the pilot.) Other closely related subjects addtessed in
Section 3 of the NIL. SPEC. include: vertical/collective pitch charac-
teristics, power—on/power—off and autorotatton characterist ics, boosted
or power—operated control characteristics , automatic stabilization
control characteristics , stability augmentation system (SAS) charac-
teristics and cross—coupling/control—intermixing effects and responses.
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Omission of the other pertinent s tab i l i ty  and control requirements of
Section 3 of the NIL. SPEC. while meeting just the I?R oscillatory
boundary requirements of subparagraph 3.6. 1.2 could result In a con-
siderably incomplete specification for a military helicopter and also
could result In a grossly deficient and unsafe IFR aircraft from the
stability and control/handling qualities point of view . For example ,
if a military aircraft intended for IFR flight did not meet the
“concave—downward” requirement (the divergence and the maneuver
stability criterion) for certain aft e.g. load ings, there is a good
probability that the aircraft would tend toward being UNSAFE for IVR
type precision flight in atmospheric turbulence. It would probably be
unacceptable for military acquisition and IFR flight unless the design
was modified or the flight envelope tailored accordingly .

With regard to the second point. above, the phrases directly
recognize the inter—play and connection between pilot workload and the
possible need or use of artificial means to alleviate any problem. The
subject of pilot workload (especially for single—pilot) is quite
germane to the issues of IFR flight and certification and the need to
resolve pilot workload level problems with artificial means (as
opposed to just altering the dynamics) viii be addressed elsewhere in
the report.

The third point above emphasizes the fact that failure or disen-
gagement of the artificial means that provide all the instrument
flight characteristics shall not result in a “degeneration” or degrada-
tion of the stability and control characteristics below any of those
specified for VFR flight. Restated , this means that , for IFR — failure
mode flight (first—failure), all the specifications stated in Section 3
s~zst be met and therefore includes the VFR longitudinal oscillation
boundary of paragraph 3.2.11 as a valid h R  requirement . This is an
extremely importan t point and is emphasized here because these two
oscillation boundaries will be frequently referred to later , and
(according to the above interpretatIon of the NIL. SPEC) are now
labeled here as:

IFR Longitudinal Dynamic Oscillatory Boundaries, 850lA

• NORMAL—MODE (IFR Statements of paragraph 3.6.1.2)

• FAILURE-MODE (VFR Statements of paragraphs 3.6.1 and 3. 2.11)

It might be added that during the information survey , the opinion
was offered (and emphasized) by an originator of this specification (at
NASA Langley) that these ~~~ oscillation boundaries constituted the
lowest acceptable minimum oscillation dynamics that should be allowed

• and anything less than these two oscillation requirements are UNACCEPT-
ABLE for IFR (prec ision) flight.
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Atrerew Manning Requirements Under NIL. SPEC. 8501k

Early Manning Levels for IFR Flight

When the specification MIL-H—8501 evolved In the early 1950s and
even later with the updated 8501k in the early 1960s, instrument
flight in military helicopters was still in its very formative stages.
Most of the IFR flight in military helicopters was being accomplished
by a relatively small group of pilots “punching— through” overcasta or
undercasts or involved with introduction to essentially automatic IFR
approache. to hover for the Navy’s ASW missions (Reference 1). Even
the highly developed civil helicopter operation at Los Angeles did not
start carrying scheduled passengers IFR until about 1965. The early
Army IFR flights conducted at Fort Rucker in the mid 1950a were all
conducted with two—pilot aircrews by flying in and out of stratus type
clouds where turbulence was a minimum. The pilot did all the flight
control work and the copilot did all the non—flying auxiliary tasks
(Reference 12). In the Navy, the ASW mission was always accomplished
with two pilots using the same division of duties, one pilot doing the
flight control task and the other pilot accomplishing all other tasks.
In those early days , as now, routine and regularly scheduled military
IFR f l ights are normally accomplished with two—pilot airc rew manning
levels. The civil operation conducted by LAA at Los Angeles operated
under an FAA minimum aircrew requirement stated as: “ ... FAA require-
ments for a scheduled helitopter operation in a terminal area ... Crew
Compliment: The minimum crew shall consist of two helicopter instrument
qualified pilots” (Reference 12). Also, for LAA the instrument train—
ing standards for the pilots and copilots was very high and great
emphasts was placed on unaugmented flight since the AFCS systems at
that time did not have proven reliability and were non—redundant
(Reference 2). The IFR two—pilot certification of the Sikorsky S—61
t/N was approved by the FAA and based on Interim Standards dated in
1962 (Reference 1).

Also, at that early time, in the later 1950s and early 1960s
relatively extensive IFR helicopter flight research operations and
procedures were being conducted by numerous government research agen-
cies (especially NASA Langley), private industry and other research
centers. At NASA Langley a great deal of the early important work was
accomplished using a variable stability S—SI helicopter. This aircraft
was highly instrumented for its time and many experiments were performed

• on precision tasks such as visual hovering and slow speed instrument
approaches (maximum velocities up to about 45 knots) as well as general
flying (References 42 and 56).

It was during that time, and largely due to the impetus provided
by NASA Langley in conjunction with others, that the existing military
specif ication (includ ing the IFR section) was modif ied and upda ted as
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8501A. Unfortunately, at that time, the subject of documenting the
minimum mircrew level or configuration (and in a sense the acceptable
atrcrew workload level.) for the general NIL. SPEC. requirements was
not directly addressed . There was a good reason why this occurred or
was not necessary. At that time , there was never any doubt that IFR
operations would be conducted with two—pilots if any (auxiliary) tasks
other than just flight control of the helicopter were to be accomplished.
It was presumed that if the Pilot—in—Command had to do anything more
than a brief rudimentary position report or a trivial avionics/radio
adjustment that another pilot (second pilot) would be on board to take
over all the auxiliary (non—flight control) tasks. Another way of
stating this is that the pilot that was manipulating the flight controls
and maneuvering the aircraft in INC flight conditions was an “UNLOADED”
pilot. He was not required nor did he expect to perform, in any
significant way, such auxiliary duties as:

• operation and adjustment of radio/avionics gear

• primary navigation and communication

• handle the details of interaction (and cooperation) with the
ATC system

• perform fuel/cruise control management tasks

• operate and select systems

• extensive map read ing or chart handling etc.

Without question, it was always expected that the second pilot was
available to perform all the auxiliary tasks. Frequently , with
these aircraft (at the time many helicopters were essentially unaug—
mented and had small or non—existent tail surfaces), he was heavily
occupied with the flight control task of precision flight maneuvering
(especially in turbulence) and wanted no additional workload. His
workload level capability was at an acceptable limit and the amount of
pilot compensation he had to provide in order to maneuver the aircraft
saf~ly and achieve a satisfactory level of performance was great enough
that it required that he concentrate on flight control only. Under
circumstances similar to these, it was mandatory for a second pilot to
perform all the auxiliary tasks (Reference 12). If the IFR flight was
long as well as difficult, the second pilot could exchange duties
with the Pilot—in—Command in order to provide relief.

All the Instrument Flight Characteristics of NIL. SPEC. 8501A are
based on an “UNLOADED” type pilot accomplishing the flight control task

~p4y. By implication, since it is admitted that auxiliary tasks exist
for IFR flight in helicopters, then all the IFR requirements as encom—
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passed by the entire NIL . SPPC . require, in effect , two—pilot minimum
atrcrew manning. For example , with this interpretation , the minimum
r .qutrement. on oscillatory dynamics as stated in paragrap h 3.6.1.2 of
the NIL. SPEC. must be pose mint~ im charac teristics for oscillatory
dynamics for two—pilot It’R operation.

During the information survey for this report (and during other
interview.) with some of the originators and prtmary users of the NIL.
SPEC., the two—pilot (or “UNU~ADED” pilot) viewpoint was consistently
voiced as the only proper and accepted interpretation of the minimum
alrcrew needed for IFR flight within the scope of that detailed by the
IFR sections of MIL—H—8501A . This interpretation has been corroborated
again recently with personnel at NASA—Langley (originally responsible
for drafting 8501k) and is accepted here as fact for the purposes of
this analysis and study.

Therefore , both of the IFR m1ntnt~wi oscillatory dynamics boundaries
of the NIL. SPEC. detailed in earlier sections of this report are
labeled with confidence as: “TWO—PILOT” boundaries (Figure 4—14).
These are the substantiated , well—documented minimum dynamic oscilla-
tory boundaries that have been used in the evqluatton and acceptance of
military helicopters for many years.

Suitability of Applying 8501k Information to Interim Criteria

With the guidance already prov ided by certain parts of the NIL.
SPEC., it must be Judge4 whether addit tonal information can be provided
by 8501k that will tend to improve and update the existing Interim
Criteria for civil helicopters. The apparent different goals of
the NIL. SPEC. 8501k versus the Interim Criteria are:

• Design Criter~~ of a helicopter for those acceptable require—
mants that tend to insure satisfactory handling qualities
versus, (Nit. SPEC. 8501A).

• Demonstration Criteria of a helicopter for those minimum
requirament. that tend to provide “a level of safety”, (Interim
Crit.ria ) .

It is necessary to determine what , if any, additional sections of
the more established, highly developed helicopter NIL. SPEC. can be
used to good advantage in , or are applicable to, updating the Interim
Criteria. (The same exercise is true for other criteria data, informa-
tion, and requiresents published elsewhere and believed to have
a direct bearing and influence on the issues at hand.) In judging the
valma, relevance and applicability of any data pertinent to a study of
this type , it would seem probable that there are some dynamics and
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MIL—H—8501A: Instrument Flight ,
PERIOD FREQ. FREQ .Oscillation Dynamics. Two—Pi lot
T~ i’~nd i~ nd

Aircrew Manning Level for IFR .
sec cyc/sec rad/sec— —
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Figure 4—14. IFR Oscillatory Dynamics Boundaries of 8501A
for Two—Pilot Normal and Failure—Mode Operation.
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flying qualities that can readily be selected as “safety” oriented and
others that are more representative of a measure of the “goodness
or badness” of a configuration or design. The middle ground , where an
overlapping and comming ling of intent occurs , provides more of a
challenge and requires analysis , pilot— rating , judgement , and con-
sensus. With respect to NIL. SPEC. 8501k (and other published criteria
and information) there are sections that can he reconciled or construed
as tending toward safety—of—flight interpretations . Certain of these
items , as well as material from other references, will be selected ,
defined, and used to modify, clarify, and add to the existing Interim
Criteria.

Definition~ In ter_pretation 1 and LabeliuR of Oscillation Eoundartes

Based on the material in the previous dynamics sub—sections and
the discussions and interpretations accomplished thus far , certain
comments and statements may be made; some obvious —— (e.g. the Interim
Standard IVR oscillation boundary is essentially identical to that of
850 1k) ,  some developed —— (e.g., for NIL. SPEC. 8501k, the two—pilot
aircrew manning level interpretation for IFR flight and the two separate
IPR dynamic oscillation boundaries).

• The comments and statements are:

• The existing IFR oscillatory dynamics boundary of the current
Interim Criteria (that is essentially identical to the IFR
boundary of NIL., SPEC. 8501 paragraph 3.6.1.2) should be
recognized , labeled , and defined as: “NO—PILOT, NORMAL—MODE”.
It is to be interpreted as the oscillatory dynamics boundary
defining the minimum longitud inal/lateral/directional require—
ments needed for normal—mode IFR flight for two—pilot aircrews .

• The existing longitudinal oscillatory dynamics boundary required
to be met for IFR flight as stated in paragraphs 3.6.1 and
3.2. 11 of MIL—R—8501A should be added to the Interim Criteria
as those requirements needed for failed—state operations
(first—failure , — continue to fly) and be recognized , labeled ,
and defined as: “NO—PILOT, FAILURE—MODE”. It is to be
interpreted as the oscillatory dynamics boundary defining the
minimum longitud inal/lateral/directional requirements needed
for failure—mode IFR flight for two—pilot aircrews. The
meaning here is extended past the longitud inal mode of motion
minimums as specified in 8501k, and includes (for IFR cond i—
tions) lateral/directional modes of motion.
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• In later sub—sections , the “TWO—PILOT, NORMAL—MODE” oscillatory
dynamics boundary, defined first above, will be offered as a

• candidate boundary for dual labeling as: “TWO—PILOT, NORMAL—
MODE ” or “ONE—PILOT, FAILURE—MODE”. It will be proposed as the
oscillatory dynamics boundary defining the minimum longitudinal/

* lateral/ directional requirements needed f or failure—mode IFR
• flight for the single—pilot aircrew manning level.

• Considering the recent advances in the state—of—the—art equip-
ment and aircraft design, it should be made clear that the
above criteria defining the two minimum oscillatory dynamics

• boundaries should be recognized essentially as the absolute
minima. Both of the boundaries should be considered primarily
as “failure— ilmits” for civil IFR flight and not those pre-
scribed to be met by designers and as representative of those
satisfactory IFR handling qualities needed to achieve IFR
flight with “a leve1 of safe ty” using two—pilot and one—pilot
aircrew manning levels. For example, it is also worth noting
at this point, for the case of “Tm—PILOT, FAILURE ?~ DE” IFR
operation, that by meeting the minimum requirements precisely
(as they are specified thus far with the new proposed boundary),
the Pilot—in—Command could be required to manipulate the con-
trols, maintain attitude and maneuver an aircraft under INC
conditions and turbulence that has an unstable long term
oscillatory characteristic. It would be allowed to have, under
this new specification (as it is now proposed), a long term
oscillation that doubles amplitude in one—half of a cycle,
(period equal to slightly less than 20 seconds and time to
double of 10 seconds, per 8501k paragraph 3.2.11 statement c).
This long period characteristic will be discussed in later
sections of this report where the dynamics boundaries are
divided into long—term and short—term characteristics.

• Recognize that the specification of Only the minimum oscillatory
requirements in the Interim Criteria, though necessary, does not
sufficiently relate the minimum dynamic stability and control
requirements and that added criteria are needed for completeness
in order to provide those dynamics/flying qualities requirements
necessary to achieve a “level of safety”. For example, consid-
eration should be given to the “concave—downward” requirement
(to be discussed later) and whether it needs to be included in
the IPR Interim Criteria in order to assure the aircrew of a
minimum level of satisfactory maneuver characteristics and pro—
tection against divergent aperiodic modes . It is an especially
important requirement for IFR flight in turbulence.

The new labeling and the boundaries for minimum oscillatory
dynamics requirements are shown in Figure 4—15 . - -

•
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Longitudinal and Lateral/Directional:

Oscillatory Boundaries for PERIOD FRZQ. FRZQ.
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_______ _______ _______ _____ _______ — .16 — 1.0

• 7 .

NO—PILOT, NORMAL-MODE
or _____ - 8 — .13 — 0.8

ONE—PILOT, FAILURE-MODE
• 9 • C

- - u —  - 10
— .10 — 0.6

.12 
•

— _____ - ~~~ — .06 — 0.4

- 20

-~~~ — . 30 — .03 — 0.2

- 50
U U

— — 0 — 0
I _1 I I I i~~~ I

1.0 1.5 2 3 5 10 1 —20 —5
TIME TO HALF AMPLITUDE , sec -.-- j .-... DOUBLE , T 4

i i 
~~~~~~ 

(unstable)
1.5 2 3 5 10

FIRST ORDER TIME CONSTANT, Sec
t~~~~~~l~~~ I~~~~~~~

]
~~~~~~~1

—0. 8 —0 .6 —0.4 —0.2 0 0.2
DAMPING PARAMETER, a — - 

~~~~~~~ , r&d/ sec

Figure 4—15. New Oscillatory Boundaries Defined for Interim Criteria.

4—61



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

DYNA~~C STA 81 UTY J SHORT TERM RKSI’ONSg CHARACTER ISTICS

Shor t Teri~ ~~~~rsus jon.g Te~~~~. ~~~~~~~~~~~~~~~~~~~

The interim Criteria do not specifically trea t or separate dynamic
oscillatory requirements according to the length of the characteristic
t ime of the various poa~ tble nodes of motion . There is ample preced.~nt
(or separate requirements in published data an airp lanes where specific
criteria are provided that treat the short period requirements separately
from the long period (phugoid ) requirements, (Reference 6). Similarly,
with- respect to helicopters and V/STOL aircraft , different criteria are
presented for the short term response versus the long term response
(References 5 and 1). The separate dynamical motions of these vehicles
often are referred to as “short term” and “long term” motions in order
to attempt to cover each time domain separately regardless of whether
the motions are periodic or not. Frequently, the helicopter does not
exhibit classic short period and long period mot ions and the roots may
meld in one location or migrate to regions on the complex plane where
no readily disceroable , discrete short period or disc rete long period
mode may be reasonably separated or defined . Also , there may be
combinations of oscillatory and aperiodic modes or only convergences
and divergences. If the aircraft is highly augmented (with increased
damping and automatic atabilizatton equipment provid ing some attitude

• function or feedback), then the short and long term ,nnttons of the
basic aircraft are completely altered so that entirely new, drastically
different modes of motion appear as compared to the basic helicopter.
General use of the words short period or long period , in relation to
helicopter characteristics , shc,uld be avoided unless it is quite clear
what mode of motion is being addressed .

The Interim Criteria oscillatory boundary of paragraph (d) covers
the full spectrum of periods from long term , very slow oscillations
(phugotd type) to very short , quick oscillations of the short period
type (including the high frequency regions whert* pilot induced oscilla—
tions, PlO, may occur). It does not quantitatively cover the charac-
teristic time of the motions when they are represented by aperiodic
iiodes.

Discuseioi~ of_Short_~erjnj~o~n~i~tudinai ~ yj~~rnics Crtteria

In keeping with precedents already set in other well established
criteria , it appears reasonable and beneficial to div ide the longitu—

• dinal dynamic r tabtltty response requirements of the Interim Criteria
into two scpa~...e parts; namely, the long and short term response
characteristics, in this study we will assume that the short—te~ n
longitud inal responses of interest are made up of or dominated by:

• Short Term Gust Responses
• Short Term Control Responses
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Also, the long term longitudinal characteristics of interest will
be determ ined by:

• The ability to trim the aircraft accurately and quickly
• The response to the remnant of the gust motion
• The long period dynamics or an approximate time—constant

characteristic of long term motions .

Maximum First-Order Time—Constants

Addressing the short term characteristics first, the modes of
motion that represent the “fast” responses of the aircraft (usually
angular motions) caused by a control input (or a gust disturbance) are
of interest. Depending on the value of the angular damping, the flight
control system will display either an “acceleration or rate” type
controller for the vehicle. If the longitudinal pitch control sensi-
tivity value is optimum, and pitch angular damping is large enough
and in proper proportion to it, a control motion will exhibit the
characteristics of a rate—type control system that pilots seem to
prefer. With a rate—type controller, a step input will result in the
establishment of a steady—state pitch rate that approximates a first—
order response characteristic. If the control sensitivity and damping
values of the basic vehicle do not prov ide a good rate response to a
step input, a rate system may still be obtained by enhancing the
angular damping and control sensitivity through the use of artifical
stability and control augmentation systems. Usually the characteriza-
tion of the responses developed by a step input with a rate control
system is described in approximate terms using the “first—order time—
constant” with the notation T63. It is the time, in seconds, required

for the pitch rate response to reach a certain percentage (63%) of its
final steady—state value (or peak). Sometimes it is characterized as a
response which will appear to achieve a quasi—steady state situation
in the first few seconds, (i.e., the response may peak and then settle
a little).

The horizontal axis of the complex plane is multiple labeled and
first—order time—constants may be plotted directly on the graph.
Helicopter pilots generally desire rate—type control systems with short
time—constants (e.g. on the order of a half second or less). In order
to obtain shorter time—constants together with an acceptable level of
control effectiveness, relatively larger values of angular damping and
control sensitivity are required. Minimum acceptable values of the
ratio of control sensitivity to angular damping parameter provide
steady state angular rates on the order of at least 25 degrees per
second per inch of control input, (Reference 70).
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In research work done at NASA Langley using the variable stability
S—51 helicopter , investigations were made on acceptable and minimum
criteria for control and response characteristics of helicopters
(Reference 42). General VFR flying and precision tasks such as instru-
ment approaches at relatively slow speeds were accomplished . The
results of that research are presented in a series of graphs that
display acceptable handling qualities boundaries of angular damping
versus control power for the pitch axis. Two important items of
information are included on these graphs in the form of minimum damping
requirements needed for both instrument flight and visual flight. The
two numbers are expressed in minimum values of the pitch damping
parameter and may be converted to first—order type time—constants by
taking their reciprocal value. Converting the two stated values for
minimum damping to approximate first—order type time—constants, the
values are; for instrument flight, the first—order time—constant is
T
63 

— 0.9 seconds and for visual flig~ht, T
63 

— 1.6 seconds. The

points may be plotted directly on the negative real axis of the complex
p lane and are shown on Figure 4—16. The reciprocals of the minimum
damping parameters values represent the maximum time-constants allowable.
Time—constant values less than those listed above (for IFR and VFR) and
decreasing are more acceptable and meet the requirement.

One of the purposes of selecting these values is that they tend to
establish maximums for the first—order time—constant for rate systems.
A fl ight control system of a basic helicopter that baa a lesser pitch
damping value (greater time—constant) would not meet the minimum
damping requirements established by that Reference. For example, for
IFR f l igh t, a control system that exhibits a time—constant greater than
0.9 seconds would not meet the requirement and would barely appear to
be consistent with or definable as a minimum satisfactory “rate”
control system for routine IFR flight and precision approaches. These
two values are proposed here as a first step to limit the roots and
prevent these responses from collecting close to the origin where
acceleration type (low damping) systems exist. As a rough approxima-
tion on minimum allowable frequencies, arcs of circles may be drawn
(using the center as the origin and the radii as the first—order
time—constants), to display new minimum boundaries near the origin.
Another similar form of these types of boundar ies is addr essed
again below.

— Minimum Frequency Requirements

In order to insure good overall response characteristics, the
region near the origin must be bounded and excluded as a possible area
f or the roots. Significant specifications, research data , requirements
and cr iter ia al read y exist, are documented , and refer to limits or
boundaries in this region. The helicopter MIt. SPEC. tends to protect
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PERIOD FREQ . FREQ.
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FIGURE a. FIRST—ORDER, TIME—CONSTANTS ; 3
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Figure 4— 16. First—Order , Time—Constants and
Minimum Frequency Requirements ,

(References 6 and 42).
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this region by specifying certain short term criteria in Section 3 such
• as minimum damping requirements. Numerous technical research reports

like References 52 and 53 discuss boundaries and limits in this region,
at length, with respect to handling qualities of VTOL aircraft . The
MIL. SPEC. for Flying Qualities of Piloted V/STOL Aircraft (HIL—F—83300)
treats the subject of short term longitudinal response requirements by
specifying minimum frequency (w as a function of n/ct,. —— in g’s per

radian of angle of attack), Reference 7. The MIL. SPEC. (or Airplanes ,
MIL—F— 8785B(ASG), Flying Qualities of Piloted Airplanes , (Reference
6), treats the subject of minimum short period frequency in paragraph
3.2.2.1.1 and the accompanying figures therein . The MIt. SPEC. 87858
is interesting because it is the most highly developed specification on
aircraft and goes into great detail on classifying the vehicles,
describing the flight phase, and various levels of flying qualities
related to task performance and workload . It is also of interest
because it can provide some gross guidance and corroboration in deter-
mining or setting general minimums in this subject area. Given that
helicopters are more difficult vehic les to fly on precision tasks due
to instabilities , cross—coup ling effects, etc.; the airplane MIL.
SPEC., because it represents types of flight vehicles (CLASS I) that
are usually more stable , more symmetric , and non—coupled , may pr -‘ide
an initial general minimum or conservative boundary for minimum st~ort
period frequency for helicopters also.

In paragraph 3.2.2.1.1 of MIL—F—8785B, the requirements are
separated by Class (weight and maneuverability ), Flight Phase Category
(terminal operations, e.g. approach/missed approach) and Levels of
Flying Qualities (Levels I to 3). Excerpts from 87858 on the Classifi-
cation , Term inal Fl ight Phases, and Level of Flying Qualities are:

“1.3 Classification of Aircraft
Class I Small Light Airplanes
Class II Medium Weight , low to medium maneuverability
Class III Large heavy , low to medium maneuverability
Class IV High maneuverability such as Fighter/Idterceptor

1.4 Flight Phase Categories
Terminal Flight Phases
Category C, c Appr oach (PA)

1.5 Levels of fl ying qua lities. Where possib le , the requirements
of section 3 have been stated in terms of three values of the stability
or control parameter being specified . Each value is a minimum condition
to meet one of three Levels of acceptability related to the ability to
complete the operational missions for which the airplane is designed .
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The Levels ar e :

Level 1 Flying qualities clearly adequate for the mission Flight
Phase

Level 2 Flying qualities adequate to accomplish the mission Flight
Phase , but some increase in pilot workload or degradation
in mission effectiveness, or both, exists

Level 3 Flying qualities such that the airplane can be controlled
saf ely, but pilot workload is excessive or mission effective-
ness is inadequate , or both. Category A Flight Phases can
be terminated safely, and Category B and C Flight Phases
can be completed .”

If the specification were to be applied to one of the currently
certified IFR helicopters for the CAT I—ItS approach/missed approach
condition, it would appear the Class I, Category C and Level 1—Flying
Qualities would be the applicable selection for the data related to
minimum short period frequency and shown in the Figures of 8785B. In
the applicable graph in 87858, short per iod fr equency Is pl oted versus
n/cl in g’a/radian of angle of attack. Using a low value for n/ct of
about 2, a minimum short period frequency of 0.85 and 0.6 radians
per second can be determined for Level 1 and Level 2 flying qualities
respectively . In this discussion, it is assumed that Level 1 is
“normal—state” flying qualities and that Level 2 represents degraded
flying qualities commensurate with a “first—failure” situation. These
minimums appear as portions of a circle with the center located at the
origin and are shown on Figure 4—1 6 in this report. -

Maneuver Stability Requirement

A requirement in MIt. SPEC. 8501A that provides for reasonable
maneuvering characteristics in forward flight has been called “possibly
the most compelling single handling quality” for helicopters (Reference
70). This requirement , as stated in Longitudinal Characteristics,
subparagraph 3.2.11.1 (Appendix E), has been called by several titles
suc h as Maneuver Margin or Maneuver Stability Requirement (Referenct’
35 and 70), the Divergence Criterion (Reference 55) , Short—Period
Requirement (Reference 43) and the Concave—Downward Requirement
(Reference 70). It is a short term response characteristic that
requires that the time history of normal acceleration (or angular
velocity) ,  In response to a specified longitudinal control input,
“shall become concave downward within 2 seconds following the start of
the maneuver and remain concave downward until the attainment of
maximum acceleration.” The phrase “and remain concave downward until i

~Jthe attainmen t of maximum acceleration” virtually eliminates the
possibility of having divergences and still meeting the requirement.
Hence, the Divergence Criterion essentially cannot be met if divergences
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are present . Also , this criteria provides for the establishment of a
short term gust reponse which does not let the aircraf t  “dig in”
subsequent to a gust upset .

The requirement was first adopted as a maneuver marg in type
criterion for helicopters because of the d!fficulty (as portrayed by
NASA at that time) of determining stick position versus acceleration in
turn maneuvers . Also , and more importantly, meeting the requirement
was found to provide some “seat of the pants” cue or prediction capa-
bility by the pilot of eventual “peaking” of the coming acceleration
(or angular velocity) response as a result of intentional pilot inputs
or especially due to gust excitations . Further, from another handling
qualities standpoint , it tends to assure the pilot of a given response
characteristic to a given input and fixes a requirement on the charac-
teristic short period roots for that region of the complex plane.
Although it has been named the Divergence Criterion , it has been
interpreted by others as having an impact on the oscillatory roots
and/or the convergent real roots near the origin. This interpretation
is well explained in Reference 70 for the two cases of the short term
response where the stable oscillatory roots must be outside the boundary
shown in that Reference in order to meet the criteria. Also, any real
roots must satisfy certain positioning on the real axis so that “...the
second root must be to the left of the first root ’s conj ugate.. .“ to
satisfy the concave downward criterion (Figure 4— 17) .  This interpre-
tation is important in that it excludes combinations of low frequency,
short period roots or real convergences that pilots relate to as
generally unacceptable handling qualities. It is essentially a
specification on maneuver margin . It requires the helicopter to have a
“reasonable” acceleration trim gradient in order to meet the specif i—
cation . Certain helicopter designs flying today can be loaded (with
respect to c.g. location) so as not to meet the concave downward
requirement . If they do not have sufficently large values of angular
and vertical damping , they may need the addition of larger horizontal
tail surfaces to meet this criterion.

It is felt here that this maneuver stability requirement (Concave
Downward or Divergence Criterion) is an extremely vital aspect of
handling qualities characteristics for IFR flight . If a helicopter
cannot meet the concave downward requirement (because of design,
configuration, c.g. location, etc.) there is a good probability that
this aircraft would be rated as having poor IFR handling qualities,
especially in moderate to heavy atmospheric turbulence. This particular
criterion is so fundamental and vital for IFR flight that a pilot ,
flying an aircraft that is unable to meet the specification, would
have to provide moderate to extensive compensation to control the
aircraft on instruments. There is a good chance that the pilot would
have difficulty in providing acceptable tracking performance at a
satisfactory workload level for IFR type precision flight in turbulence
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Longitudinal Dynamics: Short Tens
RLsponse and Maneuvering Stability PERIOD FREQ. FREQ.

Requirement, Divergence Criterion. 
Tp jwnd
sec cyc/sec rad/sec

1 ~l 
-U — —

REAL ROOT CONDITIONS :
ABILITY TO MEET REQUIREMENT S DEPEND S ON
RELATIVE VALUES OFI _ 

a

- Pitch Damping — — .19 — 1.2
Vertical Damping
Angle—of—Attack Stability . .

- 6

• 7 .

.8  .13 - 0.8

-

- 1 0  
— .10 -- 0.6

• 12

_______ _______ _______ _______ _______ 
- 15 — .06 — 0.4

FORBIDDEN . 20

CONDITIONAL 4~~ — COMPLEX ____ _______ — —
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- - 
30

~~~~~~~~~~~~~~~~~2O -
~~ ::

T½ ,TIME TO HALF AMPLITUDE , sec ~ .. DOUBLE , T2
F . - i i (unstable)

1.5 2 3 5 1 0  •

FIRST ORDER TIME CONSTANT, see
I I I i I i I k I ~~~~-.0.8 —0.6 —0.4 —0.2 0 0.2

DAMPING PARAMETER, a — — ~~~ , rad/sec

Figure 4—17. Concave Downward, Short Term Response
Requirement of MIL—H—8501A, (Reference S and 7~).
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and be unab1~ to achieve a desired level of safety. Also , this would
be applicable even during enroute , cruise—type , flight where the pilot
hopes to let the aircraft “fly—itself” a little so that he may relax
his flight control duties to the degree necessary to perform auxiliary
tasks.

It would appear that the maneuver stability, Concave Downward ,
criterion discussed above is a basic minimum requirement needed for all
IFR helicopters and should be considered for addition to the criteria
solely on its own merits and because of its fundamental contributions
to minimum acceptable IFR flying qualities . It should be thought of as
one of the basic minimum requirements that tends to provide a vehic le
that can be flown with a level of safety in IFR conditions.

Depiction of New Oscillatory and Short Term Mode of Motion Boundaries

The previous new short term minimum frequency type boundaries and
data discussed above (Figures 4—16 and 4—17) were:

• Maximum First—Order Ttme—Constant Requirements (IFR & VFR) .
• Minimum Frequency Requirements (Level I and Level 2).
• Maneuver Stability Requirements (Concave Downward Criterion).

The previous two oscillation boundaries discussed above (and the
interpretations applied as shown in Figure 4—15 ) were:

• IFR; TWO—PILOT, NORMAL—MODE (Interim Criteria) and IFR; ONE—
PILOT , FAILURE—MilliE (8501A).

• IFR; TWO—PILOT, FAILURE—MODE (8501A) .

The two different sets of boundaries are shown combined on one graph in
Figure 4—18. Because the subject area of this section is SHORT TERN
RESPONSE CHARACTERISTICS , and since the oscillatory boundaries cover
both short and long term characteristics , it is possible for this
d iscussion to momentarily disregard or delete those portions of the
oscillation boundaries that pertain to long term motions. Pilots and
engineers generally consider short term motions of helicopters as those
whose characteristic motions are displayed within the first few seconds
of a response and usually, at the longest, twice that time. Long
period motions for helicopters vary widely depending on many factors
but general long period lengths run on the order of 10—25 seconds.
Therefore , the lower portions of the two oscillation boundaries are
deleted (for periods longer than roughly 5 to 10 seconds) at this time
for this discussion of short tens characteristics.
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Minimum Short Tens Dynamics

Characteristics: Specified by Interim 
PERIOD FREQ. FREQ.

Criteria, 8501A, 8785B , and Tapscott. P ~~Dd
sec cyc /sec rad/sec— —

(8501A. IFR)
FAILURE—MODE) 1.2

— .76 — 4.8

- 1.5
— — — .64—4.0

INTERIM CRITERIA
(8501A , IYR) • ‘l~._. 

-

2 — .51 — 3.2

_ _ _ _ _  _____ _____ —___ • —--- — —
~~~~~~~ — .38— 2.4
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a 3

~~~~~~
— ‘—  VFR , MINIMUM DAMPING 

MINIMUM FREQ., LEVEL 1 _______  • 4 — .25 — 1 6
MINIMUM FREQ., LEVEL 2

. 5  -

_ _ _ _ _  _ _ _ _ _  _ _ _ _ _  
/ _.- _ _ _ _ _  

‘ 7  .....i~~... 0.8
/ ‘ .— 

~~ 
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/ I
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.‘~ I
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I I I_ i~~~~~L ~~~~~~I~~ I I
~~1 I  ~1

•
~~~~ 

—~~~~~ 
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1 1 1 I 1 (uns table)

0.33 0.4 0.5 0.7 1 2 5 •
T(3, FIRST ORDER TIME CONSTANT, sec

L ~i I ~ I ~ I i_ I ~ I
—3.2 —2.4 —1.6 —0.8 0 0.8

DAMPING PARAMETER, a — — ~~~ , rad/sec

Figure 4— 18. Short Term Minimum Frequency,
Min imum Damping, and Oscillatory Boundaries.
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Also, as mentioned before, the maneuver rn~i’~~1n requirement (Concave
Downward) has beI?u~ discussed an a specific requirement before ~tui is to
be met separately and is not shown in c omb ination with other boundaries.
The remaining short term , minimum frequency type boundaries are :

• The maximum First—Order Time—Constant for IPR flight (and the
arc drawn from the point T63 

(1.9 St~C or cqutvalert ly ,

minimum w • 1.1 rad/sec), Reference 42.

• The minimum frequency for the short period (~ — to 0.85

rad/sec) an determined from MIt. SPEC. 87858 for Level I flying
qualittea.

• The minimum frequency for the short perio t (w 0.6 rad/sec )

as determined from MIt. SPEC. 87858 for Level 2 flying qualities.

• The max imum First—Order Time—Constant for VFR flight (and the
arc drawn from the point T63 equal to 1.6 sec or equivalently,

minimum u • 0.6 rad/sec) , Re ference 42. This boundary is

coinc ident with the above Level 2 Boundary of 8785B.

One approach that may be offered to close suitable short term
boundaries would be to combine the osc illation boundary (labeled as
WO—PILOT, NOItMAL—MODE or ONE—PILOT, FAILURE—MODE, Figure 4—I 5) with
the minimum frequency boundary r epr esen ted by the arc drawn from the
helicopter data of Reference 42 (representing minimum damping parameter
value or max imum t ime—const -utt (or IFR flight). This could be accom-
plished by extend ing the oscillation boundary (C

½ — 1 or — 0.11)

downward until it intercepts the arc (Figure 4—19). The second boundary
c ould be constucted smilarly by comb ining the •,~e[llation boundary
(label ed TWO—PILOT, FAtLITR I~ MODE, Figure 4—15) with the minimum short
period frequency boundary established by MIt. SPEC. 8785B for Level 1
flying qualities. This second boundary is also shown in Figure 4— 19.

It turns out that the two last minimum short period frequency
boundaries established by NIL. SPEC. 8785B, Level 2 flying qualities
and the arc d rawn from the minimum damping parameter value as deter-
mined from Reference 42 (for VFR flight) are superposed and represent
an approximately identical boundary. The lower minimum frequency it
depicts La not applied or needed for the two modified short term
boundaries construc ted above.
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Longitud inal Short Term Response PERIOD FREQ. FREQ.

Requirements for IFR Flight. T~ ~~nd
sec cyc/sec rad/sec

. 1  
- -

TWO-PILC)T, FAILURE-MODE — • 1.2 -

_______ ________ _______ _______ — .76 — 4.8

• 1.5
_______ ________ ____ — I ________ — .64 — 4.0

a 2 — .51 — 3.2
TWO—PILOT , NOLMAL—MODE

ONE-PILOT, FAILURE—MODE
________ 1— ________ ______ - ________ — .38 — 2.4

a 3

—_____ ____— . 4  — .25 — 3 . 6

d 5  - -

_  

:~~~~~~~

0.25 0.3 0.4 0.5 0.7 1 2 5 —5 —2 —l
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I I I I 1 1 1 (unstable)
0.33 0.4 0.5 0.7 1 2 5 ~T63 , FIRST ORDER TIME CONSTANT , sec

I i  I i  I L  I I  l i i
—3.2 

DA~ ’;NG PARAMETER , a — — C w ~ , rad/sec 
0.8

Figure 4-19. Longitudinal Short Term Response
Requirements f or IFR Flight .
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The bounda ries shown In Figure 4 — 19 represent the Short—Term
I.ongttudtna l Response R.quirements for IFR f l ight in helicopters [or
both normaL and f a t  Iur —mode operations by the minimum aire rews in—
dicat.d . ktthough there is cons iderable data on handling qualities ut
helicopters (especially for VFR flight conditions ). it in unfortun ate
that more of It does not specific ally address LFK (lig ht and minimum
requirements needed to achieve a level of Natety . This is especia l ly
t rue when one attempts to specify such items as:

• minimum aircraf t  dynamics
• control systems cha racte r ist Ics
• Instrument (*nd avionics) disp lay ~ophIstiention
• stability augmentation systems requ irements
• automatic stabilization systems requirements

and then (for IFR certification purpo ses) tries to relate t hem to:

• minimum air~-rew manning levels
• acceptable pilot flight—control workload/performance
• norma l and failure mode 1FR operations .

Also , the importance of obtaining separate data , (for the current ,
advanced design, IPR hel icopters) on the short and l ong term response
eharact. r lst tcs and distinguishing their dynamic behavior to both pilot
and external disturbance inputs , cannot be ov.’r.mphnsiz.d. At tempts
ahould be mad, to gather the data in the fo r m  that would permit demon-
stration criteria to be writt en and detail those helicopter short—term
response characte r is t ics  and handling qua l it ies  of most Importance to
the minimum atrc rew f lyin g the :t i rcraft (sing le or dua l pi lot ) .
Unfortunately, this type of data Is either not r(’n (Iily avail abl e or not
in a fo rmat that allows direc t app l i ca t ion  to the criteria. Generally,
i t  does not speci f I cal ly  address th. areas for minimum acce pta b le
dynamics and handling qualities, minimum ai rc rew level, and acceptable
(light control workload/performance needed for safe IFR heUcopter
operations.

However , in the following sub—sections , an attempt is madi’, us ing
some new information and data on recent sing le— p ilot IFR approved
aircraft as a basis, to construct single—pilot dynamics boundaries .

- 
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DYNAMIC STABILiTY. sIN(;LE—PILOT REQUIRE ~~~~

Recent Single—P ilot IFR CertificationN

During the single—pilot IFR certification process, while the
aircraft is being tested and the dynamic stability documented , the
subject of pilot workload and performance is also addressed . This can
be done during the documentation process of the helicopter or during

• separate TFR flying for that specific purpose as dic tated by paragrsph
(j) of the Interim Criteria . In reviewing recent single—pilot IFR

~pprovals of helicopters, several items are evident:

• Stab ility Augmentation Systems (SAS) or Stability and Control
Augmentation Systems (SCAS) are installed and/or

• The aircraft are equipped with automatic stabilization equipment
such as Autopilot Systems (AP ) that contain, as the most basic
function, ATT ITUDE—HOLD features , (integral of attitude as a
long term feedback, ATTITUDE—HOLD /AP).

• The SAS and SCAS systems use both attitude gyro signals (øhort
tens) and rate signals as feedback, (ATFIT1JDE—SAS or ATTITUDE—
SCAS).

• ATTITLJDE—SAS, ATTITLrDE—SCAS, and ATFITUDE-HOLD/AP Systems
usually rely on limited authority actuators that have between
approximately 10 to 252 total. svashplate authority depend ing on
number and type of actuators used in each axis.

• As certified (and related in the Rotorcraft Flight Manuals)
some of these vehicles were approved with a Flight Director
System as a requirement for IFR flight and also, the ATTITUDE—
HOLD /AP system must be on and operating for the duration of the
IFR fl ight.

Several important points can be gleaned from the above Information.
The addition of the attitude gyro signal as a feedback quantity for the
ATFITUDE—SAS and ATT ITUDE—SCAS represents an extremely vital aspect to
the certification . Given sufficient actuator authority, the attitud e
feedback system (ATTITUDE SAS or SCAS) provides a type of attitude
stabil ity to the dynamical system tha t is the foundation for the
single—pilot IFR approval . Thus far , all recent single—pilot approvals
have utilized some degree of stability or “stiffness” with respect to
the horizontal plane (ATTITUDE—SAS or SCAS and/or ATT ITUDE-HOLD /A? ) to
resolve stability and control and/or workload/performance requirements.

Since the “basic” helicopter (with its inherent stability) can
only provide stability with respect to the velocity vector, stability
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(or stiffness) with respect to the horizontal I l~ght path can only be
provided by attitude gyro signals used in conjunction with augmentation
systems and/or automatic stability equipment.

Whether this attitude st i f fness (or ATTITImE—FLINCTLON) is provided
as a result of ATT ITUDE—SAS , ATFITUDE—SCAS, and/or ATTITUUE—flOl,D/AP
Systems, or any other type of ATTITUDE RETENTION UNIT OR FF.ATURF is not
basically important. It just needs to be prov ided to some acceptable
degree that is satisfactory for approval of the entire aircraft/pilot
system offered for single— pilot IFR certification. The ATTITUDE—FUNCTION
provided by ATTITUDE—SAS or SCAS is usually short—term since the control
system concept (essentially rate—ordering or rate—command) requires
that the attitude signal be “leaked—off” after a short time . This is
necessary so that the pilot is not required to “buck” or cancel the
attitude signal in the longer term by holding his cyclic control
displaced . Use of the attitude—hold feature of the autopilot (ATTITUDE—
HOLD/AP) prov ide8 the needed ATTITUDE—FUNCTION over the longer term .
As stated in one Rotorcraft IYR Flight Manual:

“...Attitude retention is the most basic system mode provided for
IFR f l ight. In this mode, the cyclic controls are referenced to
the pitch and roll attitude signal from the vertical gyro. The
system will , without pilot intervention , hold whatever pitch and
roll attitude the pilot places on the helicopter . This may be
straight and level , a continuous turn or whatever attitud e the
pilot selects. •..this mode is mandatory for jFK flight .”

As stated In that flight manual, the ATTITUDE—HOLD/Ar will tend to
hold the aircraft attitude without pilot intervention. Should he
choose to maneuver the aircraft , the pilot needs only to disable the
attitude—hold function (in this case , with the force trim release
button) and use his normal flight controls to maneuver the aircraft.
In this mode he will retain the short—term attitud e function and will
probably revert to essentially a rate—ordering or rate—command type
control system as provided by the stability augmentation devices
(ATTITUDE—SAS or SCAS). Use of the ATTITUDE—HOLD /AP sys tem prov ides
the pilot with more workload relief than the ATTITUI)E—SAS or SCAS can
provide because it delivers a long—term ATTITUDE—FUNCTION with a
specified long—term ai rcraf t  attitude whereas ATTITUDE—SAS and SCAS
provide only a short—term ATTITUDE—FUNCTION with no long—term specified
aircraft attitude. For single-pilot approvals , flight control workload
relief is an important aspect in the IFR certification process espec ially
dur ing the judgement of pilot attention to auxiliary tasks and ease of
general IFR flight management.

I.
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If RATE—SAS or SCAS (RATE ONLY ) or other similar means are added
to the basic helicopter , the short—term longitud inal motion usually
remains non—oscillatory and becomes more heavily damped . The value of
the time—constant is usually reduced to values as low as a half—second
and sometimes to values on the order of a few tenths of a second.

If ATTITUDE—SAS or SCAS (ATTITUDE PLUS RATE) is added to the basic
he licopter , the primary or new mode of motion of interest for the
short—term longitudinal response becomes an oscillation instead of an
aperiod ic motion. The main point to be noted here is that fo~ theshort—term longitud inal mode of motion to be oscillatory, some ATTITUDE—
FUNCTION c haracteristic has to be incorporated in the dynamical system.
(Depending on the gains used , lagged—rate feedback can provide a degree
of short term attitude function that will, appear as an oscillatory
response also.)

This means that for the longitud inal oscillatory boundaries of the
Interim Criteria to have an impact on the short—term response charac-
terist ics , the helicopter must have an ATTITUDE—FUNCTION type device
instal]ed and operating. If an ATT ITUDE—SAS , ATTITUDE—SCAS or an
ATrITUDE—HOLD/AP system is not installed (or inoperative) , the short—
term longitudinal response characteristics will be a non—oscillatory,
aperiodic type motion and the Interim Criteria oscillatory boundaries
cannot be readily applied for these types of short term motions (Figure
4— 20).

In a sense , it seems surprising the way the IFR osc illatory
dynamics boundaries of 8501A are now being applied as compared to wha t
they were supposedly and originally intended for by the writers of that
document. The oscillation boundaries were first drafted (almost as an
adjunct) with primary concentration on the dynamics of essentially
unaugmented tail—less helicopters in hover and slow forward flight.

Although not clearly documented anywhere, it appears, from ~~,

review of some of the most pertinent original stud ies (References
42 and 5 6

) and from discussions with the originators and users (of the
boundary , that the longitudinal boundary was primarily directed toward
a long—u ris oscillation that occurs at hover and slow speed. It was a
lightly c amped or unstable oscillatory motion with periods ranging from
about 8 to 20 seconds depending on aircraft speed and configuration.
However , the full boundary does include additional limits as a function
of different period lengths that can occur as speed changes to higher
values. The IFR longitud inal oscillation c oundary of 8501A (identical
to the Interim Criteria) does not appear to have been intended as a
minimum requirement boundary for short—term longitudinal oscillatory
dynamics of highly (attitude) augmented helicopters.
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Longitudina l F)ynamirs : General

Short Term Response Characterist ics , PERIOD FREQ. FREQ .

SCAS and SAS ON and OFF. ~ ~~nd
sec cyc/sec rad/sec

1 I i~~~~~-r — —
I INTERIM CRITERIA

— .76 — 4.8

• 

_________ 

1.5 
. 6 4  — 4.0

‘ L1TITUDE-S
”

~~
’
~~~~

OR SAS ON .

_____ 2 .51 — 3.2

_______ ________________________ _______ — .38 — 2 . 4

_ _ _  _ _ _ _  _ _ _ _ _ _ _  _ _ _  4 ... 25 ...]6

_______ ________ ________ ________ ________ 
7 

— .i~ — 0.8
10

OW OR OPt. ~~~~~~~~~~~~~~ - -
ATTITUDE-SCAS 20
OR SAS OFF.

_ 0  _ 0
I I ~I j  1 -i 1 1~~~~ 1 I 1~

0.25 0.3 0.4 0.5 0.7 1 2 5 —5 —2 —1
TI}~ TO HALF AMPLITUDE , sec ’~ 

-—-s ... DOUBLE , T2
I I I 1 ~I Li (unstable)

0.33 0.4 0.5 0.7 1 2 5 ~T63, FIRST ORDER TI~~ CONSTANT , sec
1 1 1 1 1 1  I I  I I  I

— 3.2 —2.4 —1.6 —0.8 0 0.8
DAMPING PARAMETER , o — — , red/sec -

‘

Fi gure 4—2ii . Effect of SEAS and SAS Systems on
Short Term Response Characteristics .
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It is worth noting here that the same arguments are not as readil y
offered or made with respect to the lateral/directional short—term
oscillatory boundaries. For example , even in unaugmented helicopters ,
the lateral/directional dynamics contain both an oscillatory and
aperiod ic short—term mode of motion; the dutch roll oscillation and
the roll mod e time—constant.

Data and System Review of an IFR Certified Helicopter

During the data acquisition process and survey trips , some docu-
mented stability and control data used in the certification process
were made available and were reviewed. One segment of the analyzed
data was for a single—rotor helicopter certified for one—pilot ,
IFR flight a few years ago. The aircraft contained an Attitude—Stability
and Control Augmentation System (ATTITUDE—SCAS) and an autopilot
system. The helicopter was approved for single—pilot IFR flight with
the ATF ITLTD E—SCAS operating and a FLIGHT DIRECTOR display system . The
characteristics of the aircraft and the ATTITUDE—SCAS are interesting:

• Only the pitch and roll axes are augmented (no yaw axis actua tor
installed).

• Simplex installation, only one actuator installed in pitch and
one actuator installed in roll , (no backup actuators) .

• The limited authority of the augmentation system is relatively
small and amounts to about plus or minus six percent or roughly
twelve percent total control authority. The pilot always
retains about 88% control authority regardless of the nature of
an augmentation malfunction.

• The classic feedbacks , pitch attitude (short term) and . pitch
rate , were utilized for the ATTITUDE—SCAS system and although
the specific gains and authorities of each could not be deter-
mined , fl ight tests of the ATFITUDE—SCAS system showed that it
provided an ATTITUDE—TYPE FUNCTION (Attitude Stiffness) over
the short term.

The aircraft had both vertical and horizontal tail surfaces. In
response to a longitud inal input , the recorded data shoved a damped
short term pitch mode (where the damping ratio was greater than 0.7)
when the ATTITUDE—SCAS was OFF. Characteristically, the short term
longitudinal response tended toward a non—oscillatory, aperiodic type
behavior typical for this class of helicopters with this configuration.
However, with the ATrITUDE—SCAS ON, the short term longitud inal response
displayed an oscillatory response where the period was about three
seconds or shorter depending on flight condition (climb, cruise,
desc ent) and conf iguration (fore , mid, or aft c.g.). The damping
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ratios appeared to range between about 0.2 and 0.35 depending on flight
condition and configuration . Even with the relatively small actuator
authority of this system , the addition of the ATTITUDE—SCAS (ON)
provided a damped oscillatory short term response that easily met (and
exceeded) the minimum requirements of the oscillatory dynamics as
specified by the current Interim Criteria.

Analysis of the time history traces where the ATTITUDE—SCAS system
was turned OFF, reveals a short term response characteristic that
appears non—oscillatory and whose damping level is typically charac—
terized by the value of the ftrst—order time—constant. The point to
be understood here is that as the damping ratio increases, the oscil-
lation continues to appear less oscillatory until the complex roots
join on the negative real axis and the motion becomes aperiodic.
However, as soon as the roots divide, on the negative real axis, the
root most remote from the origifl ordinarily will quickly dominate the
abort term response. It is this root that will reveal the level of
damping of the aperiodic response of the basic helicopter (as denoted
by the time—constant). Note that with the ATTITUDE—SCAS OFF, the level
of the damping of the short term, aperiodic response is characterized
by the time-constant of the system (e.g., time-constants on the order
of a few tenths of a second represent well damped first—order systems).
For these two cases, (ATTITUDE augmentation OFF and ON), both the
oscillatory and the non—osc illatory short term response characteristics
appear to far exceed the minimum dynamic stability requirements of the
criteria. Because only short term dynamics are being discussed here,
it is apparent that with the ATTITUDE—SCAS OFF the (damped) short term
response root will be well left of the criteria boundary and appears to
easily exceed the requirements of the Interim Criteria boundary as
shown in Figure 4—20.

This situation is caused by the fact that only the short term
response characteristics are being addressed. It has been noted
previously that a shortcoming of the Interim Criteria is that it
attempts to treat all axes (pitch, roll , yaw) and all responses (short
and long term) with one blanket specification and ignores, for example,
the great importance of short term requirements for each axis. In
Figure 4—20, It is obvious that the short term longitudinal response
always will far exceed the minimum requirements with ATTITUDE—SAS OFF
If the basic helicopter has any inherent pitch damping whatsoever. If
RATE—SAS is used, and there is some degree of inherent pitch damping,
the short term response will exceed the requirement with RATE—SAS OFF
(or ON). Even though the oscillatory boundary of 8501A can be extended
upward to cover very short term oscillatory dynamics, it was never
intended as a short term dynamics boundary and is not readily applied
when the short term response is not oscillatory.
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A small portion of the data reviewed for this IFR certified
single-piloted helicopter ta shown sketched in Figure 4—2 1 with the new
short ter. response boundaries constructed in Figure 4—1 9 of this
Report. It is important to note here that the onl y way to get the
longitud inal high frequency oscillatory responses on this vehicle is
with ATrITUD E—SAS ON. Even RA TE—SAS will not make the longitud inal
short term response oscillatory since it generally increases the pitch
damping of the aperiodic root (pitch mode) and keeps the character of
the short term motion on or near the negative real axis. In order to
make the short te rm response oscillatory some ATTITUDE TYPE FUNCTION
has to be prov ided (ATTITUDE—SAS , ATTITUDE SCAS and/or ATrITUDE—HOLD /
AUTOPILOT). The importance of the ATTITUDE FUNCTION to single—pilot
IPR flight cannot be overemphasized . Even though a basic helicopter
with good inheren t pitch damping presents the pilot with a heavily
damped short term response and similarly, with the addition of RATE—
SAS, provides him with even better short term characteristics , these
aforementioned systems cannot compete with the improvement in IFR
flying qualities afforded by the ATTITUDE—FUNCTION.

With an ATTITUDE—SCAS, the pilot perceives a relatively high
frequency oscillatory motion that displays a tendency over the short
term to preserve ATTITUDE (with respect to a horizontal reference
plane). If he utilizes the ATTITUDE—HOLD feature of an Autopilot he
will still note approximately the same characteristics but now he can
select specific aircraft attitudes and have them held over the long
term. The fact that the oscillatory mode may be relatively lightly
damped does not inhibit his desire for the ATTITUDE stiffness.
If more damping is desired , increased actuator authority may be pro-
vided by increasing the “throw” of the one actuator on board (or adding
more actuators, — Duplex or Triplex systems). As stated previously,
the addition of some type of ATT ITUDE FUNCTION and the attendant
increase in favorable handling qualities is the foundation for single-
pilot [PR flight in helicopters. It provides the pilot not only with
better dynamic stability and control characteristics but allows him to
participate more easily in the accomplishment of auxiliary tasks and
ameliorates many of his workload/performance problems.

Depiction of S ingle—Pilot. Normal—Mode Short Term Dynamics Boundary

A c loser study of Figure 4—21 reveals several points:

• With ATTITUDE—SAS or SCAS ON, short term period lengths are
reduced well below S seconds (T~ < 3.5 see).

• With ATTITUDE—SAS or SCAS on, the damping ratio appears to be
at least 0.2 and as large as about 0.30 or 0.35 even with the
sole , relatively small authority actuator installed on the
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Longitudinal Dynamics Data:
Shor t Term Response Characteristics , PERIOD FREQ . FREQ .

Attitude SCAS or SM ON and OFF. 1P ~~~~
set cyc/sec rad ’sec

1 
- -- _ _ _ _ _  - —

• 0.2 • 1.2 .

CL 1
_______ ______ — —4- — _____ — .76 —

I .0.11

C 0.35

• 1.5

~~~~~~~~~~~~~~~~~~~ 
_.___i::i~~

’

~~ 

6’— . ê4 —

C½ - 2

SM ON. 

-

~~ 2 

: 
.51 - 3.2

_( ATTI TUDE.ScAS 05 SAS — — • ______ — . 38 — 2 . 4
[cLflmIN G FLIGHT . 

~~~~~~ ~~ “ 
I

4— ~~~ ATTIT1)Dt-SCAS OR SAS OFF - — i — .2 5  — 1
I CLZM ~ZN G FLIGHT .
tFORE

~~~~
AI

~
T C.C.  . 

~ -

ATTITUDE-SCM OR SA~ or~ _______ _________ 
7 13DESCENDING FLIGHT — —

0.25 0.3 0.4 0.5 0.7 1 2 5 —5 —2 — 1
TIME TO HALF A)~ L1T1.YDE. sec~~— ~~~~~~... DOUBLE . T2

I I I I J 1_ i (unstable)
0.33 0.4 0.5 0.7 1 2 5

T63 , FIRST ORDER TiME CONSTANT , sec
I -I I -f —I I i- _i

— 3 2  —2.4 —1.6 —0 .8 0 0.8
DAMPING PARAMETER, a • — tad/sec

Figure 4—21. Longitudinal Short Term Dynamics
Data for Recently Certified Single—Pilot IFR Helicopter .

4—83

— -•-—--~ - —- -- ____ ___ ____:•___ - —- --.----- ~~~‘ - — 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- ~ 

- “•- - - ~- - - - - -



r _______________________________________________ 

pitch and roll axis of this airc raft control system. (it
easily exceeds the damping requirements of the oscillatory
boundaries displayed in Figure 4—21).

• If the ATrITUDE—SAS or SCAS fails (ATTITUDE—SAS OFF), the short
term motion becomes aperiodic and must meet the maximum first—
order time-constant specified by the arc on the real axis.

The above mentioned arc is part of the boundary labeled In Figure
4—2 1 as 1 , ~~~

. 0.11 and is identical to the boundary in Figure

4—1 9 and labeled as TWO—PILOT, NORMAL-MODE or ONE—PILOT, FAILURE—W)DE.
If this new boundary is construed as the ONE—PILOT, FAILURE-MODE
requirement , then the helicopter data displayed on Figure 4—21 reveal
that it meets the FIRST-ORDER , TIME-CONSTANT requirement. The curve
depicting the requirement shows that a first—order time—constant less
than 0.9 seconds is needed . The data (near the real axis) show that if
the ATTITUDE—SCAS fails or becomes inoperative and is considered
FAILURE—MODE operation (first failure—continue to fly), then this
helicopter would easily meet the maximum time constant for the ONE-
PILOT, FAILURE-MODE requirement by having a maximum value of T63 —

0.65 seconds.

in order to construct a ONE—PILOT, NORMAL—MODE short term dynamics
boundary, the above data and information is of use. Noting tha t this
helicopter has been certified for single-pilot IFR operation , it
provides some authentic guidance as to damping ratios and time con—
stants that were judged as acceptable at that time. Since this vehicle
is equipped with a single (SIMPLEX), relativel y small authority actuator -:
for the ATTITUDE—SCAS system , it is apparent that for this class of
helicopter , damping ratio values between 0.2 and 0.35 can be achieved
by this type of system. It should be recognized that at these higher
frequencies, increases In damping ratio from values like 0.055 to
successively higher values of 0.11, 0.2 and 0.35 represent significant
;~nd noticable increases in short period damping. Al though those
damp ing ratio lines appear to be close together In these frequency
regions, they represent strongly favorable changes (in the damping of
the short period mode and in handling qualities) that are easily
noticed and favorably rated by instrument pilots. Therefore, for this
higher frequency range of the complex plane , the new oscillatory
dynamics boundary for SINGLE—PILOT, NORMAL—MODE flight is drawn at
ç— 0.2.

For the case where it is judged that the basic helicopter has
acceptable dynamics and needs no ATFITUDE—SCAS or SAS System, the
applican t should be required to meet other short term criteria for
SINGLE—PILOT, NORMAL MODE certification. For example, if an applicant —

feels that the helicopter a inherent dynamics are good enough that he
does not choose to provide an ATTITUDE—TYPE SAS or SCAS SYSTEM, he will
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sti l l  have to sat I sl y t h e  short term requl rt’ment • Al so, the appi icant
may still be faced with the single—pilot workload problem and wt f l
probably solve that issue by prov iding an ATTITUDE—HOLD , AUTOPILOT .
For this case , the p i i ou may, when he chooses, activate the ATTITtIDK—
1101.1) 1 eature so that t hi a I ri raft will ma In tat n a spec III ed .i t t i t  ude
for the long term and ni I ow lit a some leeway to accomp l tab his Juux I I I;iI v

tasks. h owever , should he choose to maneuver the .i ire raft Iii mst’l f • h i t’

will have to “break” the All’ L~ UPF.—HOU~ feedback and fly an at ~ raft
that will hnve’ the characteristics of the basic helicopter. The’
aircraft ’s short term longitudinal control response (and gust response)
probab l y will he aperiodic in nature and its characteristics will
depend largel y on how much pitch angular damping is Inherentl y provided .
Nevertheless, for these cases, his short term response behavior will be
generall y charac terized by the first—order time-constant and should be
representative of that class of control systems defined as rate—type .
This helicopter should be required to meet some minimum acceptable ,
short term dynam ics criteria.

It is often stated that an acceptab~ e rate—type control system is
characterized by a first—order time—constant that is one—half second
or less (Reference 70). With this condition , an arc may be drawn , with
the center as the origin and the radius equal to a first—order time—
constant equal to 0.5 seconds, and joined with the damp ing ratio line
equal to 0.2. This new , comp leted boundary is now labeled ONE—PILOT ,
NORMAL—MODE (Figure 4—22).

I
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Longitudinal Dynamics Boundary,
Short Term Responat! Characteristics , PERIOD FR.EQ. FREQ .

Maximum First—Order Time—Constant T~ ~~nd ~~nd
Equal to 0.5 Seconds. sec cyc/sec rad/sec

— 

~~1~ 
— —

TWO—PILOT, FAILURE-MODE
I I .1.2 . .

— 
TWO-PILOT, NORMAL-MODE ~

or — .76 — 4 . 8

ONE-PILOT , FAILURE-MODE ~

I I
ONE-PILOT, NORMAL-MODE ~~~~ 

l 1.5
_______ _______ ____—

~~~~ 

_______ _______ — .64 — 4.0

____  -______ 
____ - 2 .51 3.2

_ _ _ _ _  _ _ _  ___-

~~~~~~~ 

_ _ _ _  — -  — . 3 8 — 2 . 4

_  _-_

I ~~10

20

_ _ _ _  - I _ _ _ _  _ _ _ _  _ . ~~~~~ — ~~ 
....~~~~

I I 4 4 L z J  I i  ~1

0.25 0.3 0.4 0.5 0.7 1 2 5 I—~ —2 —l
T L,  TIME TO HALF AMPLiTUDE, sac 

~~~

— 
j  
-~~~~... DOUBLE , T2

I I 1 1 1 4 1  (unstable)
0.33 0.4 0.5 0.7 1 2 5

T63 , FIRST ORDER TIME CONSTANT, aec
i ~ I ~ I ~ L 1  I ~ I

—3.2 —2.4 —1.6 —0 .8 0 0.8
DA?~ INC PARAMETER , o • — , tad /sec

Figure 4—22 . New Boundary for One—Pilot,
Normal—Mode IFR Operat...on,

(Case I: T63 — 0.5 sec).
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NE DYNAMICS BOUNDARIES FOR SHORT TERM RESPONSE CHARACTERISTICS

Use and Interpretation of the Boundaries

According to Figure 4—22. an aircraft wi th a l ong itud i n a l  AT TIT VPE
FUNCTION will have to meet the three upper positions of the boundaries
as a function of manning level (ONE—P ILOT or NO—PILOT) and operating
condition (NORMAL—MODE or FAILURE—MODE). It should be recognized that
if a failure occurs , it must be of the type that allows the pilot to
keep some level, of attitud e function to remain in the area where these
upper (constant damping ratio) boundaries prevail. For example , if the
aircraft had two or three actuators in a string in the longitud inal
control system (DUPLEX OR TRIPLEX SYSTEM) and one failed but the pilot
was able to isolate the problem and take the bad one “off—line”, he
still would have one or two longitudinal actuators left. This is not
unreasonable and with fault isolation systems this could be done
automatically and the pilot would retain an aircraft that still had an
attitude function but at a reduced damping ratio and/or frequency . It
is even possible that gain and authority adjustments could be made
automatically to the remaining longitud inal actuators so that no system
degradation would take place. However , this system may present the
pilot with an intolerable “hard—over” problem should a second failure
occur. If this possibility existed , it would probably be flight
checked if it was deemed that a second failure was a likely possibility.

If the longitudinal ATTITUDE FUNCTION was provided by a single
actuator (SIMPLEX SYSTEM ) and it failed (ATrITLIDE SAS or SCAS and/or
ATrITUDE-HOLD /AI.TrOPIL0T all inoperative) then the upper region bound-
aries are no longer of interest . The system will degrade to the
inherent flying qualities and longitudinal dynamics of the “basic”
helicopter. The short term longitud inal response will he approximated
by the first—order time-constant. It will probably be a non—osc illatory,
aperiodic type response and most importantly, the single pilot on board
will have lost the ATTITUDE FUNCTION characteristic -that may have
enabled him to participate in the needed auxiliary tasks required for
IFR fl ight. The pilot’s workload/performance limits will change
considerably but he is in a FAILURE—MODE (first failure — continue te
f l y) situation and is expected to comp lete the IFR flight without
declaring an emergency. He will have to subordinate certain duties arid
actions and allow his workload to go up (and perhaps his performance to
go down) but he can complete the flight safely. This Is still a
difficult situation for him and he will probab ly be thankful that he
has an excellent rate type control system where the time—constant is
less than one—half second or better still 0.2 or 0.3 seconds.

If the aircraft was initially certified for single—pilo t TFR
f light without an ATTITLTDE—SCAS System (but with an ATTITUDE—HOLD ,
AUTOPILOT for workload relief), the “inherent damping” of the aircraft
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initially would hay, to be sufficient to provid e the single—pi lot with
a rate type control system tha t had a time—constant shorter than a
half—second . Also , if some reasonable failure could occur to this
aircraft that would reduce the inherent damp ing ((allure of a elec-
tronic or mechanical RATE—SAS system) and a FAILUR F.—MODF. condition
pr.vailed (first failure — continue to f ly) ,  the f irst—order time—
constant would hay, to be shorter than 0.9 seconds according to these
newl y construc ted boundaries. The condition would then he ONE—P ILOT,
FAILURE—MODE and th. maximum allowable t ime—constant value would be 0.9
seconds. if the autopilot utilized Its own actuators for the ATTITUDE.—
HOLD system , the pilot would still retain that valuable ATT ITUDE
FUNCTIO N and would probably attempt to continue to complete the flight
without declaring an emergency. However , whenever he attemp tu to
maneuver the aircraft he would be fac ed wi th what many would describe
an barely a rate—type controller and bordering on acceleration— t ype .
He would be i cquired to increase his flight control workload level to
assure good ilight patti guidance with this fa i led system hut presumably
could complete th, flight safely but perhaps with some degradation in
performance . This aircraft with this type of system would be carefully
checked to see that it met the CONCAVE DOWNWARD requirements suggested
as an IER criterion In at~ earl ier section of this Report.

Admittedly, the max imum time—constant of 0.S seconds appears to be
a very large increment in the requirement for the SINGLE—PILOT , NORMAL—
MODE boundary (Figure 4—22). However , it should be noted that the
ftrst—order time—const ant scale Is non—itnear when p lot ted in this way
and tends to exaggerate the diatances for inc remental changes. For
example , another SINGLE—PILOT, NORMAL—MODE boundary is shown (or
comparison (Figure 4 — 2 3 ) where the arc is drawn with a t ime—constant of
0.6 seconds (a worse system with less angular damping). -

Us. and Interpretation of the boundaries shown In FIgure 4—22 (and
Figure 4—23 )  can be made for the TWO—PiLOT cases In similar fashion to
that described above for ONE—PILOT. The maximum First—order time—
conutants are somewhat tess (0.9 and 1.2 secends) and the damp ing
ratios for the higher frequency regions are reduced (less stability).

Application of Minimum Damp jng Parameter to Boundaries

In the MIt. SPEC. for the Flying Qualiti es of Piloted V /STOL Aircraft ,
MIL—F— 83300 (Reference 7) ,  the short term longitud inal response
requirements define minimum value boundaries for the damping parameter ,

~ n~ 
These are specified for two levels o f f lying qualities (LEVE L

1 and LEVEL 2 in Reference 7) and appear as:

• LEVEL 1; • 0.5 rad/sec

• LF.VEI. 2; 
~~~

, — 0.25 red/sec .
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Longitudinal Dynamics Boundary,
Short Term Response Character istics , PERIOD FRLQ. FREQ .

Maximum First—Order Time—Constant T~ jWnd

Equal to 0.6 seconds. sec cyc/se - rad/sec
-u -u

TWO-PILOT, FAILURE-MODE - —.,• i c.~....,i j .1.2 .
NO—PILOT, NORMAL-MODE ~

or 
~ ~“i. — .76 — 4.8

• ONE-PILOT , FAILURE-MODE ~

I I
ONE—PILOT, NOR L-MODE 1s~ 

. 1.5

— .64 — 4.0

____— — -~~~~~~~ — 2 — .51 — 3.2

______  ______ ______- — .38 — 2.4

‘3

_ _ _ _ _ _  -- . 4  — .25 —

I I  i~~~~~~~~~~~ 

T

:.8

0.25 0.3 0.4 0.5 0.7 1 2 5 —5 —2 —l
T1,, , TII~ TO HALF AMPLITUDE, sec-a — ... .  DOUBLE , T2
‘1 1 1 1 1 L i  (unstable)
0.33 0.4 0.5 0.7 1 2 5 ~T63 , FIRST ORDER TI1~ CONSTANT, sec

t & 1 1 1 1 1 1 1
—3.2 —2.4 — 1.6 —0.8 0 0.8

DAMPING PARAMETER, a • — , rad/s ec

Figure 4—23. New Boundary for One—Pilot
Normal—Mode IFR Operation ,
(Case II: T63 — 0.6 sec).
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These two values are incorporated into the SINGLE—PILOT , NORMAL—MODE
and TWO—PILOT, NORMAL—MODE (or ONE—PILOT , FAILURE MODE ) boundaries as
shown in Figure 4—24. They appear as straight lines parallel to the
imaginary axis and specify the minimum values of the damping parameter

~~ 
as shown for the two cases.

Also, in Reference 65 (by CHALK), use of the minimum damping
parameter technique is made for a transition boundary between the
constant damping ratio lines and the minimum frequency arcs as stated
therein: “...vith tran8ition from one boundary to the other along
lines of nearly constant ...“. This same technique is used here for
the NO—PILOT, FAILURE—MODE boundary when the constant damping ratio
line ~ 

— 0.055 reaches the value of u — 2 rad/sec. At that point a

vertical line representing (cw~ — constant) is extended vertically

downward to intersect the minimum frequency boundary.

These modifications are added to Figures 4—22 and 4—23 and appear
as shown in Figures 4—25 and 4—26. The pertinent values used for the
construction of these boundaries are shown in Figure 4—24.
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PERIOD FREQ. FREQ.

Tp jUDd jUnd
sec cyc/sec rad/sec

______  ______  — —
• t8501A. IFR FA LURE—M0DE~1C¼ • 2. — o.oss f . ~ç - -_~4 1.2

rINTERIN cRITERLA and I
NIL. SPEC. 6501A . ~~~~. - 1— — — .76 — 4.8• 1C½ • 1, ~ — 0.11 Nr.,

1~nNIMUM DA3~~ING RATIO
I~~ o5i DATA OR ITR A/C . —~LC~ — 0.5, t • 0.2 ( 1.5

— ____ — _______ — .64 — 4.0

MiNIMUM DAMPING PAJ~AMETER
~ FROM NIL. SPEC. 83300

n — — ‘ — 5 1 — 3 2SHORT TERM LONG. RESPONSE
LEVEL 1; ~~~~ 0.5 r.d/sec ..~~~~~ -

LEVEL 2: ~w • 0.25 r a d/a .cI ~~
\
(, 

-

MINIMU M VALUE OF ~~~ 
-

~~~
- - .38 — 2 . 4

n
FOR ~ 2.0 rad/s.c ~~~~~— . •

(Fros C. CHAI N Refer .nce).

• — .25 — 3 .6
MAX I MUM F IRST- ORDER
TIME-CONSTAI4T S . • 5

~:: : :~ ~~ 
~~~~~~~~~~~~ 

i .13 0.8

— 
~~~~~ L/

T63 2
~~~~ 

~. 
— — 0

0.25 0.3 0.4 0.5 0.7 1 2 5 1—5 —2 —1
1½ ,  TIME TO HALF AMPLITUDE, sec 

~~ 
—s-.~~~~~ DOUBLE , T2

I I I 1 1 1 (unstable)
0.33 0.4 0.5 0.7 1 2 5 ~

163, FIRST ORDER TIME CONSTANT, sec
I I I & I i l t i  e I

—3.2 -.2.4 —1.6 —0.8 0 0.8
DAMPING PARAMETER, a — ~~~ , t ad/ sec

Figure 4—24 . Definition of New Requirements Boundaries
(References 4 , 5, 6, 7, 42 , and 65).
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Longitudinal Dynamics Boundaries , Short

Term Response Characteristics Using 
PERIOD FR.EQ. FREQ .

MiniuRim Damping Parameter Va lues , T~ JuDd
(1

63
.0. 5 eec, Single—Pilot, Normal Mode) . sec cyc/s.c rad/sec

I -- — —
TWO—P I LOT, FAI LURE-MODE ••)

I I C~~~~~~~p1 1.2 .

TWO-PILOT , NORMAL-MODE ~or I?4 
~~ 

— — — .76 — 4 . 8
ONE—PILOT, FAILURE-MODE ~

I I
ONE—PILOT, NORMAL-MODE-li I 1.5

_____- ___— ___ — — .64— 4.0

\ 

‘ 

. ~ 
.51 3.2

______  _______  _____ — -_J _ -- - - ----—— — .38 — 2.4

~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ - .25 - 1.6

-I 

~~~~~~~~~~~~A I ~~~~~~~L 1~~~~~~~~~~~~~~~~

IT 8

0.25 0.3 0.4 0.5 0.7 1 2 ~ 1—5 —2 —1
1½ , TIME TO HALF AMPLITUDE. sec — 4— .... DOUBLE , T2

I 1 J I 1 1 (unstable)
0.33 0.4 0.5 0.7 1 2 5 •

T63 , FIRST ORDER TIME CONSTANT , sec
I i I ~ I ~ I iL_ I I I

—3.2 —2.4 —1.6 —0.8 0 0.8
DAMPING PARAMETER, a — — , red/sec

Figure 4—25. New Boundaries Using Minimum
Damping Parameter Values ,
(Case I: T63 — 0.5 see) .
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Longitudinal Dynamics Boundaries , Short

Term Response Characteristics Using PERIOD FREQ. FREQ .

Minimum Damping Parameter Values. IF jw~~
(T 63 — 0.6 eec, Single—Pilot, Normal Mode) . sec cyc/sec red/sec

-r -u -, —- ______  — —
TWO-PILOT, FAX LURE-MODE

.1.2 ,
TWO-PILOT, NORMAL-MODE )
ONE—PILOT, FAILURE-NODd M~ 

— — .76 — 4.8

I I
ONE-PILOT, NORMAL-MODE”?J~ i.~

— ___— ___ — — .6 4 — 4 . 0

.2 .51 3.2

_______ ________ _______ — — . - — — .38 — 2 .4

.3

_ _ _ _ _  ____• 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~i 4  — . 2 5— 1 . 6

_ __  

_  

~~~~~~~~~~~~~~~~

0.25 0.3 0.4 0.5 0.7 1 2 5 I—~ 
—2 —1

T ½~ 
TIME TO HALF AMPLITUDE, sec~~ i_a.... DOUBLE . 12

_) I I I 1 1 1 (un&table)
0.33 0.4 0.5 0.7 1 2 5 •

- 163, FIRST ORDER T IME CONSTANT , sec
I. I I I I i I i I f_ _i

—3.2 —2.4 —1.6 —0.8 0 0.8
DAMPING PARAMETER, a — — , tad/s ec

Figure 4—26 . New Boundaries Using Minimum
Damping Parameter Values.

(Case II: T 63 — 0.6 eec).
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DYNAMIC STABILITY. LONG TERM _RESPONSE CHARACTF.RISTICS

Genera l. Long Term Lo~gitudinal Dynamics Characteristics

In class ical airplane, longitud inal stick—fixed dynamic stability,
vehicle motions are characterized by two oscillations. One is a stable,
well damped short per iod and the other is a long per iod, lightly damped
oscillation (phugoid) that may be Btable or unstable. The long term
motion or phugoid is generally considered as an oscillation that is
characterized by large amplitude variations in velocity and altitude.
The motion is always accompanied by excursions in pitch angle whereas
angle—of—attack varies hardly at all and is frequently considered
constant. Usually the airplane motion is slow enough that the inertia
and damping force effects are very minor. It has frequently been
described as a slow interchange of the potential and kinetic energy of
the airplane about some energy trim condition.

in unaugisented helicopters the longitudinal stick—fixed dynamic
stability, long term vehicle motions can be quite different. On the
complex plane, long period or long term modes are represented by roots
plotted close to the origin. In general, the roots represent oscil—
latory motions with periods of greater than about 10 seconds or a
combination of real roots close to the origin, mild convergences and/or
divergences. The oscillatory roots are lightly damped or frequently
unstable. If the oscillatory roots are very unstable and the diver-
gences very strong (represented by short times to double amplitude),
these roots will dominate the short term motion . When the primary
long term mode of motion is osc illatory, periods can range from about
15 to 25 seconds depending on many factors such as speed , size, c.g.,
and configuration. The damping ratio for the long period of the
“basic” helicopter is usually nearly zero or quite small , ranging
around plus or minus one or two tenths depending on whether the oscil-
lation is stable or unstable. Frequently , for the unstable long period
motions near hover or at slow speed, use 18 made of Young’s—bar (Bell
or Hiller Stabilizer bar) to aid in slowing down the unstable oscilla-
tion. Sometimes, depend ing on flight configuration and condition, the
bar can even stabilize the motion to a degree . It prov ides what is
ca lled “a lagged—rate feedback” to the rotor . At certain frequencies,
the bar provides an effect similar to a small amount or combination of
rat e damping and a synthetic or apparent “attitud e—stability ”. Although
the var ious bar stabilizer systems can sometimes stabilize a mildly
unstab le oscillation, they cannot completely stabilize instabilities
represented by real roots (divergences) and caused by static insta-
bilities such as angle—of--attack or velocity instability. If the
strong static instabilities cannot be corrected , the bar devices, at
best , can only elow down the departure rates a little bit. It takes
“real” attitude feedback signals (vertical gyro , derived rate and
attitude ) to completely cancel aperiodic divergences.

4—94

-- ~~~~~~~~~~~~~~~~~~~~~~



- - 
- - -

~~

For artificially augmented helicopters , use is frequently made of
“means” called Rate and Attitude Stability Augmentation Systems. On
most recent Bingle—pilot helicopter IYR certifications, Automatic
Stabilization equipment is installed to prov ide workload relief for the

- pilot as well as total attitude stabilization of the aircraft through
the use of autopilot systems . Both Attitude Stability Augmentation
Systems and Attitude—Hold Autopilots utilize classic pitch rate and
pitch angle feedback techniques and, given sufficient actuator authority
along with the proper gains, can damp the short period motion quite
heavily. Also, with sufficient authority, the phugoid may be adequately
damped and suppressed with the attitude commands. Even unstable
phugoids may be handled very well.

Generally, the use of rate and attitude feedbacks is a fundamental
concept used to control the longitudinal dynamics of aircraft.
However, if the feedback system of a helicopter is of the high gain
type, then limited authority actuators (simplex , duplex, triplex
systems in series) must be used in order to handle the control hardover
problem. When these limited authority actuators saturate due to large
inputs (e.g. during moderate to heavy turbulence) , the aircraft response
will revert to its “basic” stability and control. If the basic aircraft
response is very unstable, then the modes of motion of the aircraft
responses will tend toward these instabilities as the actuators tend to
saturate. Under these circumstances (and depending on the relative
values, limits , and characteristics of the influencing parameters and
equipment), the pilot may begin to recognize the resulting Irregular
response behavior as a non—linear type of stability, control, and gust
response characteristic.

LonR Term Oscillation Boundaries, Interim Criteria and 8501A

The Interim Criteria address the long term motion area (close to
the origin of the complex plane) under items 3 and 4 of paragraph
(d) , as:

“(3) Any oscillation having a period greater than 10 seconds
but less than 20 seconds must be at least lightly damped.

(4) Any oscillation having a period of 20 seconds or more may
not achieve double amplitude in less than 20 seconds.”

The MIL. SPEC. 8501A addresses long term oscillations under two
separate paragraphs. Using the reasoning put forth in an earlier
section of this report labeled “Intent of [FR Paragraph 3.6.! of the
NIL. SPEC.” both of these oscillation boundaries are construed as IFR
boundaries, and for long term motions are labeled here and read as:
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In Longitudinal Dynamic Oscillatory Boundaries, 8501A

• Normal—Mode (Ifl long—period statements of paragraph 3.6.1.2).

“Cc) Any oscillation having a period greater than 10 seconds
but less than 20 seconds shall be at least lightly
damped.

(d) Any oscillation having a period greater than 20 seconds
shall not achieve double amplitude in less than 20
seconds.”

• Failure—Mode (V1~R long period statements of paragraph 3.2.11,
Including interpretation of paragraph 3.6.1 for IYR use) .

“(c) Any oscillation having a period greater than 10 seconds
but lese than 20 seconds shall not achieve double ampli-
tude in less than 10 seconds.”

Regarding long term oscillation boundaries of 8501A , one item
should be noted. Under 8501A, the IFR Failure-Mode oscillation boundary
(also the oscillation boundary for Normal—Mode VFR flight) does not
detail requirements for periods longer than 20 seconds for VFR flight,
however, other paragraphs In Section 3 do Impact on the long term
behavior requirements.

Depiction of Long Term Dynamics Boundaries

The long term portion of the oscillation boundaries detailed by
the Interim Criteria and the MIL. SPEC. 8501A are shown in Figure 4—27
and 4—28. The TYR Interim Criteria boundaries are identical to the IFR
Normal Mode boundary of 8501A. The IFR Failure—Mode boundary of 8501A
is also shown. The boundaries are labeled in accordance with the
discussion offered earlier in this Report under “Definition, Interpreta-
tion and Labeling of Oscillation Boundaries”.

When analyzing the boundaries that permit unstable longer term
dynamics, a strict interpretation of the words of the Interim Criteria
and their graphic presentations indicates that greater negative damping
ratios (unstable) are allowed as period lengths increase past 10
seconds (for NO—PILOT, FAILURE—MODE ) and 20 seconds (for TWO—PILOT,
NORMAL-MODE and ONE—PILOT, FAILURE—MODE). This occurs because the long
term boundaries are drawn along lines of constant “Time to Double
Amplitude”. Since lines of constant “Cycles to Double Amplitude” (and
lines of constant damping ratio) are represented by rays or straight
lines radiating from the origin, then as period length increases the
ntnnber of cycles to double amplitude decreases and damping ratio
becomes more negative (Figure 4—28).
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PERIOD FREQ. FREQ.
Tp ~~nd
sec cyc /sec r&d/sec

______  ______  ______ ____ — ~~ .19 — 1.2

. 6
.8501* IFR, TWO PILOT ,____ ____ — .16 — 1.0

FAILURE-MODE

I I • 7
INTERIM CRITERIA AND - -

~8501A IFR, TWO—PILOT,— 
— - — 8 — .13 — 0.8

NOR}IAL-MODE

- 9  ‘ -

~~10
_______ _______ _______ _______ — ____ — .10 — 0.6

• 12

— -. ________ ________ _______ — _____ 
- 15 — .o~ — 0.-.

• 20

• 30 — .03 — 0.2

• 50

— — 0 — 0
1 I I ~I I ~I~i ’~I I
1.0 1.5 2 3 5 10 1—2 0 —5

Ti,, ,TIME TO HALF M~’LITUDE, see a— -~~~~~ .. DOUBLE . T2
i i , (unstable)

1.5 2 3 5 1 0  •

FiRST ORDER TI)~ CONSTANT, sec
I I I -~~ I ~ I -i I 1~__i

—0.8 —0.6 —0.4 -0.2 0 0.2

DAIU’ING PARAI~~TER, a — Ciu~ , r&d/ sec

Figure 4—27. Plot of Interim Criter ia and Requirements
of 8501A for Long Term Response Region .
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PERIOD FREQ. FREQ.
T~ JWnd jW

d
sec cyc/sec r&d/sec

—I 8501A IFR, TWO-PILOT,
FA~~~REI~~DE 

10 

H 

.10 

H 

0.6

I
BOUNDARY FOR j. — 

_________________ —
NEUTRAL DAMPING 1 .08 0.5

~ — —0.215

/ C2 — 0.5

_______ _______ ____ _______ _______ — .06 — 0.4

—

_______ ________ 

P — 20
_ _ _ _  _ _ _ _ _  _ _ _ _ _- — .05 — 0 . 3

1 / ’
I /

INTERIM CRITERiA AND C - 0.19
8501A lYE, NO—PILOT / 2
NORMAL-NODE AND IFR, \ — / 1 — .03 — 0.2

ONE-PILOT FAILURE M0DE~~ / - 0.7

/ -
~

‘ C2 — 0.11 
— 50

_____ _____ — .,L__ . — .02 — 0.1

/ ~~~~~~~~ C — —0.9
- C2 

— 0.05 — 100 . -
— — 

I — • — 0 — 0
1 I I  1 1  1 I
5 10 20 —20 —10 —5 —3

HALF ~ . T2, TIME TO DOUBLE AMPLITUDE, sec
• j ,  [ • (unstable)

S 6.7 10 20
T63 ,L____ 1 1 ~ ~ I • I • I

-0.2 -0.1 0 0.1 0.2 0.3
DAMPING PARAMETER , 0 — — CW~~ , red/s.c

Figure 4—28 . ComparIson of Current Interim Criteria
and NIL. SPEC. 8501A.

4—98

-- -



_ _ _ _ _ _ _ _ _  - 
-

~~~~ 

- - -

~~

—

~~~~~~~~~

-- _ _

This Is in contrast to the formulation of other shorter period
boundaries of the Interim Criteria (paragraph d , items 1 and 2) and
NIL. SPEC . 8501A (paragraph 3. 2.11, items a and b) which define bound-
aries drawn along lines of constant number of Cycles to Half Amplitud e
(lines of constant damping ratio). Also, in Reference 3, the FAA
“Interim Standards” for helicopter IFR certification are apparently
excerpted from a document cited therein. The Dynamic Stability
oscillation requirements are summarized there and the first three
statements are essentially identical to that listed in this report but ,
the number (4) statement in Reference 3 reads:

“Oscillations with a period of more than twenty seconds shall not
double amplitude in less than one cycle.”

If this interpretation Is app lied In place of the boundaries constructed
along lines of Constant Time to Double Amp litude , the boundaries are
drawn along lines of constant Cycles to Double Amplitude and would
appear as shown in Figure 4—29 . In that Figure, the boundary is

- constructed along a line where y~çi~s to Double Amplitude equal

one (C
2—1 ) 

as stated for the FAA “Interim Standards” excerpted for
Reference 3. One ef fect  of drawing the boundaries for this reg ion In
this way is that It tends to limit those long period unstable oscIlla-
tions where the damping ratios are becoming more and more negative
(greater apparent instability) .

The Flying Qualities Specification , MIL—F—83300, for V/STOL
aircraft (Reference 7) also establishes oscillation boundaries , in
this unstable region, along a line of constant cycles to double ampl i-
tude (constant damping ratio) instead of along a line of constant time
to double amplitude.

Discussion of General Long Term Dynamics Boundaries

A review of the different closure paths or boundary possibilities
near the origin Is offered by the following discussion. The discussion
centers primarily on the unstable area of the comp lex plane where
unstable periods that are 20 seconds or longer are controlled by an
Interim Criteria Boundary (Item 4 of Paragraph d). This unstable area
(shown cross—hatched on Figure 4—27) is closed by a boundary that
follows a path where, as period length increases , rime to double
amplitude is held constant (T 2 — 20 seconds). A general review of

the actual character of the time histories of the modes of motion that
exist or represent this area is helpful in understanding this discussion.
The cross—hatched area is enclosed by lines that represent paths where
Time to Double Amplitude are constant , Cycles to Double Amplitude are
constant , OscillatIons are Neutrally Damped , and Period Is Constant.
The path where Time to Double Amplitude is constant is described and
detailed In the Interim Criteria . The path where Cycles to Double
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Figure 4—29 . Closure of Long Term Boundaries Along Path
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Amplitude is constant (Damping Ratio is equal to a constant) Is
detailed in the previous sub—section. The neutral oscillation line and
the constant period lines (T~ — 20 second s and T~ -~. co) are shown

and discussed in order to complete the review of the pertinent paths
covering this unstable area.

These various paths are identified in Figure 4—30 by lines with
labels a through e. The points a through e represent four different
period lengths and a limit case. The periods are 20, 30, 50 and 100
seconds. For this discussion, it Is convenient to trace what the
approximate motions might look like by actually sketching the response
time histories along the various different boundary paths of interest
in this region. This Is helpful in visualizing , in a pictorial way,
what the pilot would experience, ideally , if exposed to the respective
dynamic behaviors. These time history sketches are shown in Figures
4—3 1 to 4—34.

In CASE I, Figure 4—30, a trace is made down the boundary line for
constant time to double amplitude equal to 20 seconds for the four
example period lengths. These time histories are sketched in Figure
4—31. The envelope Is constant with a time to double amplitude equal
to 20 seconds. An initial upset of five degrees nose—up pitch attitude
is considered and the resulting oscillations for the various periodic—
ities is shown. If the oscillations are unstable, (and allowed to

• persist), the pilot always wants to know if there will be a “free
return” or “incipient peaking” of the unstable response , how soon will
it occur and what will be the maximum pitch attitude achieved at the
first peak. This can be visualized by drawing just the first peaks of
the previous responses (for the case where w~ t equals r equals 180

degrees, the first peak). These “first peaks” for the above example
cases are shown in the lower sketch of Figure 4—31. As expected , as
period length increases, the oscillation amplitude shown by the first
peak increases and becomes a divergence or aperiodic response (when
period time approaches infinity — the real axis) denoted by the
envelope for  T2 — 20 seconds.

A second case Is selec ted and defined as CASE II in Figure 4—30 ,
where a trace is tuade down a boundary line for the long period region
where “Cycles to Double Amp litude” are a constant and equal to one
(constant damping ratio equal to —0 .11). This case was discussed
earlier In this Section under Depiction of Long Term Dynamics Boundaries.
It is also referenced there as a stated FAA boundary for the “Interim
Standards” as excerpted for the study cited in Reference 3. For periods
greater than 20 seconds the boundary would appear as shown in Figure
4—29. The time histories along that boundary are sketched in Figure
4— 32. The envelope of the oscillation now changes depending on the
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period length. As the period Lengthens, the value of the damping
parameter (r~w5) is changing and the value of T2 Increases (less

instability). The same analysis of the “free—return” or incipient
peaking characteristics can be made as before and is shown in the lower
sketch of Figure 4—32. It should be noted that the first peaks for the
different period lengths are limited to a constant amplitude. This can
bs seen fr om the express ion below where 

~ 
— constant and ~~ t — - 180

for the f irst peak:

— f (w ~t) • e cos w~t

CiTt~O — f ( w )  e cos ii

~O — —e~~ — Constant

The interesting observation by the pilot is that he will
always see the same amplitud e at “peaking ” regardless of period length.
However , as period time lengthens (mov ing toward the origin) , t ime to
“firs t peak” or amplitude reversal Increases.

A third case is selected and defined as CASE III, PATH 1 In Figure
4—30, where a trac.~ is made from the origin out the positive real axis
to lesser times to double amplitude (Increasing instability moving to
the right on the real. axis and outvard from the origin to a value where
T2 • 20 seconds). Points along the real axis represent non—oscillatory

responses. The oscillation boundary apparently does not apply and the
limit value of 20 seconds is arbitrarily chosen here. The aperiodic
modes are commonly called DIVERGENCES and represent that class of
motions where no “free—return ” or peaking of the response occurs. They
are defined by exponential departures or growths and are shown in the
upper sketch of Figure 4—33.

A four th case is selec ted and defined as CASE IV in Figure 4—3 0
where a trace is mad e along the imaginary axes, the boundary line
between stability and instability where only neutral oscillations
occur, (no damping). The roots travel from a point representing a
neutral oscillatory period of 20 seconds and move toward locations
representing increasing period length until the roots coalesce at the
orig in, Period approaches infinity. A representation of these neutral
oscillation. is shown in the lower sketch of Figure 4—33.
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A special case Is selected and defined as Cane III Path 2 in
Figure 4—30. This path closes the top of the unstable area where a
trace is made horizontally along the path for a 20 second period . The
time to double amplitud e is decreasing (greater Instability). Points f
and g mark- the top of the IFR, NO—PiLOT, NORMAL—MODE and IFR ONE—PILOT ,
FAILURP.4IODE unstable area. Point h (figure 4—28) marks the tip of the
lower boundary for the IFR, NO—PILOT, FAILURE-MODE boundary where the
period is equal to 20 seconds and the time to double amplitude equals
10 second s (C

2 
.0.5, C —0 .215). Compliance with this IPR, NO—PILOT,

FAILURE—MODE boundary (8501A) permits an oscillation, with a period of
almost 20 seconds, to be sufficiently unstable that it will double
amplitude In one—half of a cycle.

Depiction of New Long Term Mode of Motion Boundaries

A study of the previous figures and the responses associated with
the various boundaries suggests that the long period , lower frequency
boundary of the Interim Criteria be considered as a boundary along a
line of constant damping ratio , rather than a boundary based on Time to
Double Amplitude. Utilizing boundaries equivalent to lines of Time to
Doub le Amplitude permits oscillatory responses to become quite confus-
ing or deceptive to the pilot in that it may be difficul t for him to
detect what the incipient character of the unstable response will be
like. Similarly, the pilot cannot tell what the developed response
will look like by viewing the character of the Inc ipient departure.
For example, consider an unstable oscil lation like the one shown in the
lower sketch of Figure 4—31 where the period length is representative
of roots close to the origin. Using the curve shown in the Figure,
where the per iod length is 100 seconds, an interesting observation
can be made. This curve starts out with an initial upset of five
degrees of nose up, pitch—angle. The response indicates that for the
next 25 seconds the nose moves down (in a somewhat gradual manner) to a
level pitch attitude and passing through. At this point , the pilot may
have very little cue of the coming behavior of this  long period ,
unstable motion. Should he choose to let it continue , he may be
surprised by the response that occ urs in the following few seconds
after the nose passes downward through level flight. In the next five
second s it picks up about a five degree nose down attitude. Within
about the next three seconds, it doubles amplitud e (ten degrees nose
down attitude) and is on its way to rapidly Increasing to almost 30
degrees nose down attitude before peaking . Note that if the pilot
cannot determine where the aircraft is settling , he cannot trim it
(i.e., he is unable to reduce the residua l to zero , especially in
conjunction with light upsets). Closing the Interim Criteria boundary
(for this region) along a line of constant damping ratio (though still
permitting unstable oscillations) would restrict this type of unstable
dynamic behavior. If this were done for the 8501A VFR boundary and the
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Interim Criteria as well , the curves could appear as shown in Figures
4—29 and 4—35 . The boundaries depicted in Figure 4—29 allow less
instabilities in that they prevent all long term unstable oscillations
from doubling amplitude in less than one cycle. The boundaries depicted
in Figure 4—35 are a little more lenient and allow greater long term
instabilities.

The NO—PILOT, FAILURE-MODE boundary allows an unstable oscillation
(with periods greater than 20 seconds) to double amplitude in less than
one—half of a cycle. The boundary proposed for TWO—PILOT, NORMAL-MODE
(and ONE—PILOT, FAILURE-MODE) would be less tolerant of long term
oscillatory instabilities and require that an unstable oscillation must
not double amplitude in less than one cycle (Figure 4—3 5 and Figure
4—29 ). On Figure 4—35 the boundaries are drawn along two different
values of Cycles to Double Amplitude whereas on Figure 4—29 the bound-
aries are drawn along the same line or value of Cycles to Double
Amplitude and a common boundary (for the two cases) exists for periods
longer than 20 seconds.

Importance of Long Term Dynamics to Single—Pilot Certifications

It has been judged that the long period mode for -airplanes does
not have a strong impact on flying qualities if the phugoid dynamics
are not too unruly, Reference 70. The period is usually long enough so
that , if it is lightly damped or even slightly unstable, the pilot can
easily control it by staying in the loop part of the time and providing
control inputs. For tightly controlled prec ision flight (either IFR or
VFR) ,  this presents very little problem since the pilot will probably
be making control inputs as frequently as one input every second or
two. The full phugoid motion will never have a chance to develop and
will probably not even be perceived by the pilot. However , for instru-
ment flight in the cruise condition and especially for single—pilot
manning levels, the pilot may find an unsatisfactory phugoid a fatigu—
ing nuisance if he has to continually stay in the loop during long
enroute f light times just to “catch” the phugoid motion periodically
and prevent large aircraft upsets. His ability to relax and prepare
for a difficult ItS approach is impaired and the ability to perform
auxiliary tasks is compromised . That is, the pilot workload will tend
to be too high for single—pilot IFR flight. He would much prefer dfl

aircraft that is easy to trim and has a well behaved mode of motion so
that the aircraft tends to stay on—course , on—altitude, and on—speed if
there are no appreciable external disturbances .

In airplanes the classic phugoid motion is always depicted as a
strictly longitudinal degree of freedom motion. The airplane is
presumed to be highly symmetric . When it is disturbed, it Is assumed
that there are no significant power effects or cross coupling into
other axes etc. and the motion that ensues is the ideal slow inter—
change of potential and kinetic energy (about a trim point) in the
longitudinal degree of freedom only.
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Figure 4—35 . Alternate Closure of Long Term Boundaries Along
Paths of Constant Damping Ratio.
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For hell cçp ters the sit in, t ion I a quit ” iii i.~ ren t • WI th a basic
hel 1r’opter none of these cond It Ions typica ll y prt~va1 I without sign!—
fica nt augmentation. The haii l.r helicopter 1*3 hIghl y non— symmetric ,
iu*3Il RhI y powerful l y (:oupled , ve r y  trim sensitive about all axes to speed
changes, and has a relattvely higher equivalen t drag (a “dirtier”
machine) than an airplane . It may he much more difficul t to trim
accuratel y and may also have a very shallow pitch att i tude gradient
versus trim speed characteristic making it difficul t to trim easily and
quickly. If it is disturbed from trim and knocked off speed , it will
probably yaw, roll , and descend over the long term. If allowed to
continue , the roll angle may increase to large values just because it
is off of the trim airspeed . The helicopter may make extreme attitude
departures and continue to lose altitude with no attendant recovery due
to the classical phugoid. The phugoid motion probably will not take
place as an “ideal” longitudinal degree of freedom motion display but
will show an unfamiliar “wallow” or roll off to high speed. This is
not too surprising since in many cases, even tight control of pitch and
roll attitude, as obtained from an ATTITUDE—HOLD, AUTOPILOT, will not
guarantee that a particular helicopter will stay on heading, altitude
and airspeed very well. Additional feedback loop closures using
heading, altitud e, and airspeed Information are typically required for
acceptable automatic tracking control (in order to achieve accurate,
coupled flight path guidance).

It would appear that, for the single—pilot IFR certification of
helicopters, the phugoid or long term motion of the helicopter takes on
greater significance and importance compared to other aircraft and
flight conditions. The subject of single piloted IFR helicopters is a
relatively new area and it is difficult to find any directly applicable
criteria stated anywhere on the acceptable long term dynamics required
for a level of safety. Given that the single pilot must perform
auxiliary tasks as well as fly the helicopter, the need for a fairly
well—behaved phugold or general long term motion about the pitch and
roll axes should be apparent. This is especially true for those cases
where the enroute portion of the IFR flight is one that requires heavy
participation in auxiliary tasks. The single pilot will require that
the helicopter “fly itself” for short intervals so he may take his
hands from the controls in order to accomplish the auxiliary tasks
necessary for the orderly, professional, and safe conduct of the
flight. If the flight is being conduc ted at low altitudes , then the
proximity of the earth and the unusual attitude, accidental upset , or
unattended roll—off take on even greater significance.

From the above discussion, it would appear that for single-pilot
IFR flight in helicopters, the long term motion should be good enough
to provide the pilot with , at least , short intervals of relief from
hands— on control in order to accomplish auxiliary tasks. This would
seem to rule out any unstable modes for the longer term dynamical
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motions of the helicopter. If single or multiple axis ATTITUDE SAS,
ATTITUD E SCAS and/or ATTITUDE-4IOLD AUTOPILOTS provide this capability
satisfac torily, then the long term motion will probably be sufficiently
suppressed or stabilized and the requirement will be met.

Also , if the basic helicopter disp lays good inherent stability
characteristics so as to provide the pilot wi th adequate long term
dynamical characteristics that allow him to get out of the flight
control ioop for the intervals needed for auxiliary tasks , then
the requirement will be met.

Since no present single—pilot dynamical boundaries exist in the
curren t Interim Criteria and no requirements are specifically detailed
for single—pilot IPR helicopter operations, it would appear that
additional studies and research are needed to determine the minimum
requirements in this area. Also , if the necessary long term dynamics
and handling qualities are obtained without artificial augmentation and
automatic stability systems, it must be carefully determined that they
are not obtained at the expense of the short term dynamics.

Although there is insufficient information available in usable
form now for constructii~g a ONE—PILOT, NORMAL-MODE long term dynamics
boundary, a candidate raquirement based on the comparison with previous
long term boundaries an4 the discussion above is offered in Figure
4—36. The boundary I~~~ nonjectural and draws on the previous remarks
made above, i.e., that probably no instability should be allowed for
the longer term motions , As the long term frequency increases, the
ONE—PILOT, NORMAL (‘lODE boundary is “stepped” similar to the other two
boundaries, i.e., increased damping (along lines of constant damping
ratio) is required as a function of the period of the long term motion.

I.
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Figure 4—36 . Depiction of a Single—Pilot , Normal—Mode: Long Term Boundary.
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SUMMARY OF DYNAMICS BOUNDARIES AND DEFINITIONS

Throughout Section 4 many subjects are covered under the main
section heading of DYNAMIC STABILITY. They cover areas dealing with
Handling Qualities, typical dynamic behavior of helicopters, stability
control as related in the Interim Criteria , FAR , Military Specifica-
tions and other data sources, test procedures , aircrew manning level,
use of additional displays , definition and label ing of oscillatory
boundaries, short and long term characteristics , single—pilot require-
ments, augmentation systems, automatic stabilization systems, and the
long term dynamics boundaries. Among the specific items covered were
the construction and identification of new longitud inal dynamics
boundaries. Using the discussions offered in Section 4, two existing
boundaries were identified , namely the TWO—PILOT, NORMAL and FAILURE—
MODE boundaries. These two boundaries were redrawn to provide separate
requirements for short and long term characteristics. They were
supplemented with additional boundaries and SINGLE—PILOT, NORMAL and
FAILURE MODE boundaries were added . These newly constructed and
labeled boundaries are summarized below and are shown together in
Figure 4—37. Also, the current Interim Criteria oscillatory dynamics
boundary is listed and labeled according to the conclusions reached in
the discussions offered earlier in this section.

DYNAMICS BOUNDARI ES

CURRENT INTERIM CRITERI4

Short and Long Term, (Longitudinal and Lateral/Directional)

Oscillatory Dynamic Stability Requirements, Figures 4—11 and 4—12.

• TWO—PILOT, NORMAL-MODE.

NEWLY CONSTRUCTED (AND DEFINED) BOUNDARIES

Short Term Longitudinal Dynamic Stability Requirements, Figure 4—25.

. NO—PILOT, NORMAL AND FAILURE—MODE.

• ONE—PILOT , NORMAL and FAILURE—MODE.

Long Term Longitudinal Dynamic Stability Requirements, Figure 4—36.

• TWO—PILOT, NORMAL AND FAILURE—MODE.

• ONE—PILOT, NORMAL AND FAILURE—MODE.
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In the discuss ions on shor t and long term charac teristics offered
in earlier sub—sections, two additional aetf% of boundaries were con-
structed for comparison purposes. In Figure 4—26, an alternate set of
short term boundaries is shown. In that graph , the ONE—PILOT NORMAL—
MODE boundary is drawn so as to be more lenient (allow a lesser degree
of stability as compared to Figure 4—25). Tn Figure 4—29, an alternate
long term set of boundaries is shown. In that graph , both the TWO-PILOT ,
NORMAL-MODE (or ONE—PILOT, FAILURE-MODE) and the NO—PILOT FAILURE-MODE
boundaries are drawn along a line of constant cycles to double amplitude
equal to one (

~ — —0.11). This is a more constricted boundary on the
instabilities as compared with those of Figure 4—36. All unstable
oscillations must not double amplitude in less than one cycle. If
these two boundaries were utilized in place of the ones drawn in Figure
4—36, the SINGLE—PILOT, NORMAL—MODE boundary (as shown in Figure 4—36)
would be added to complete the set for Figure 4—29.
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ADDITI ONAL COMMFNTS

Lateral/Directional Dynamics, General

Although the Lateral/Directional Dynamics are addressed in common
with the Longitud inal Dynamics in the Interim Criteria and only par-
tially covered in aome parts of this section , a few additional comments
are offered . The Interim Criteria also cover the Lateral/Directional
case with the blanket criteria which covers both long and short term
responses. However, several specific points were noted for lateral!
directional dynamics while addressing the longitud inal dynamics. For
example, Tapscott’s and Reeder a work at NASA Langley with the variable
stability helicopter also suggest minimum damping values in roll and
yaw for IFR approaches (References 11 and 42). The minimum dampings
for instrument flight for roll and yaw are specified as damping to
inertia ratio values equal to about —2.5 per sec, (time—constants equal
to 0.4 seconds or shorter). Also , accord ing to some limited response
data on an IFK certified helicopter , attitude type augmentation raises
the frequency of the response of the helicopter to reg~ ‘s where
periods are shorter than S seconds (depending on flight ~ondition and
c.g.) with the shortest periods seen on the order of less than two
seconds. With SAS OFF the periods lengthen somewhat and the damping
ratio is difficult to estimate accurately from the traces that were
available.

Some yaw time history data was available for an IFR certified
configuration with roll and pitch augmentation but with no yaw augmen-
tation. It revealed a yaw period ranging from approximately 3 to 5
seconds (depending on flight condition and c.g. location) with roll and
pitch augmentation OFF. The damping ratio ranged from 0.1 to about
0.25. With augmentation ON, at cruise speed ,the period shortened to
almost two and one half seconds and the damping ratio increased to
about 0.3.

It appears that boundaries for the Interim Criteria for the
lateral/directional case could be predicated in much the same fashion
as that utilized for the longitud inal dynamics detailed previously.
The motions should be divided into short and long term response charac-
teristics and treated from the same standpoints of gust/control response,
ability to trim, handling of the long term dynamics and the long term
remnants of gust upsets.

Smoothing of Dynamics Boundaries

It would appear desirable to delete the “steps” from the dynamics
boundaries as they now exist in the current Interim Criteria and some
of the boundaries constructed in this report (Figures 4—1 2, 4— 13, 4—29
and 4—36). These steps or corners occur at period lengths of 5, 10 and
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20 as onds. Smooth curves have been used for boundaries of this
type by avoiding the sentence statements for period and cycles to half—
amplitude (Figure 4—12) and resorting to graphs without great discon—
ttnuities as utilized in References 61 and 67. Also, the use of
displaying curves on graphs for dynamics boundaries in place of the
word statements is quite co~~on and is shown in the Airplane and V!STOL
PIlL. spgcs. (References 6 and 7).

Effects of Size on Flyj~g Qualities Criteria

Numerous studies have been made and criteria established on the
effects of size of the helicopters on minimum required angular damping,
control sensitivity, and general flying qualities (References 5 and
60). Most of the data asssabl.d and referred to in the previous
discussions were for small to medium sized vehicles. The test results
of Reference 60 for the pitch and roll axis revealed that the value
representing the angular damping and control sensitivity characteris-
tics could be reduced as the size of the vehicle increased. Reference
S provides for this effect also (e.g., paragraphs 3.2.13 and 3.2.14).
The conclusions reached in Reference 60, especially those pertaining
to instrument flight , are interesting. Accordingly , allowances for
size effects should be made in the criteria. The conclusions of
Refer ence 60 are excerpted below:

• Values for minimum control sensitivity and angular—velocity
damping combinations found to be acceptable for visual and
instrument flight tasks for the large transport helicopter
generally confirm the downward trend with vehicle size shown by
the established flying—qualities criteria.

• Higher minimum combinations of control sensitivity and angular—
velocity damping for both the pitch and roll axes were required
to obtain satisfactory pilot ratings for instrument flight task
than to obtain comparable ratings for visual flight tasks.

• Satisfactory pilot ratings for minimum control sensitivity
values are closely related to the level of angular—velocity
damping in a given test configuration.

• Before acceptable values of angular—velocity damping can be
adequately defined for a given axis, consideration must be
given to the level of damping reflected by other axes in order
to assure that some measure of “damping harmony” exists.
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SECTI ON 5

CONCLUSIONS

INTRODUCTION

The current procedures for IFR certification of helicopters have
appeared to some, as an inconsistent , incomplete , and somewhat cumber-
some process, but this study was unable to identify any unsafe practice
or result for the Ifl approvals stud ied in this report. The essential
key for the IFR approval procedure or acceptance prac tice is the f inal
determination by the FAA certification team (pilots/engineers), that
the helicopter can be flown in the NAS with a level of sa fe ty ,  and wi th
satisfactory performance and workload, for a critical scenario of IFR
operational conditions and configurations. However, it is this “accep-
tance practice” and not “compliance with the engineering requirements”
(of the Interim Criteria, PAR and other regulatory documents) that is
responsible for the current level of flight safety and success of the
system. Regardless of any changes or modifications to the engineering
criteria , the importance of this acceptance practice as a fundamental
requirement should be emphasized and the principle retained as an
essential part of the certification process.

Br iefly stated , helicopter IFR certification approval depends on:

• Flying qualities judgment that the helicopter can be flown
under HP conditions with a level of safety.

• Compliance with specific, measured minimum stability and
contr~ l engineering criteria.

• Aasessment by the testing pilot that the workload for the minimum
airerew is acceptable and that the pilot’s fl ight control
performance levels are satisfactory .

It appears that the principal determinant for a successful IFR
approval of a helicopter is the flying qualities judgment that the
aircraft can be flown with a level of safety on instruments by the
minimum aircrew. Thi, flying qualities judgment appears to dominate
the measurement and documentation process that assures compliance with
the engineering criteria. The determination of compliance with the
dynamic stability and control (and trim) engineering criteria is
important in itself and because it appears to dominate other engineer—
ing criteria such as the evaluation of compliance with static stability
(force and position) criteria and documentation. Pilot workload/perfor—

~~nce assessment is important (especially for single—pilot IFR certifi—
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cations ) because of the requirement of the minimum aircrew to satisfac-
torily par t ic ipate  in and successful ly perform the aux i l i a ry  tasks
(ATC/CmIM INAV , etc .)  required for instrument  f l i g h t .

General

The results of this stud y of the IFR c e r t i f i c a t i o n  process ,
Interim Criteria , and associated information indica te the following
general conclusions :

A. The current Inter im Criteria :

1. were found to be most applicable to IFR certification of
essentially unaugmented helicopters using two—pilot
aircrew manning levels but additional requirements and
changes are needed to make the document more complete;

2. contain a section on dynamic stability oscillatory
boundaries that are identical to that determined in
MIL—H—8501A that are based on the equivalent of two—pilot
aircrew levels. These oscillatory boundar ies of 8501A
were originally determined for the longer term motions
associated with essentially unaugmented , tail—less heli-
copters for the hover/slow speed flight regime;

1 3. establish minimum dynamic stability requirements that
are not readily applied to recently certified IFR heli-
copters. Many of these IFR aircraft are equipped with
advanced stability and control augmentation systems and
attitud e—hold autopilots and exceed the minimum dynamic
stability criteria to such a large degree that the estab-
lished minimum requirements appear difficult to apply or
utilize ;

4. do not prov ide adequate information on precise engineering
criteria to be documented ( type and format), formalization
of flight—test data acquisition techniques and standardi-
zation of data analysis reduction , and presentation
methods. When existing documented engineering criteria
data were analyzed f or this study, frequently it was
difficult to properly reduce some portions of the data in
a manner that would permit easy applica tions and/or
comparison to certification requirements. This can be
variously attributed to the quality of the data, the
variety of f l ight—test  techniques ut i l ized , and the type
of information documented;
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5. do not sufficiently relate or formalize how each different
workload incrsment associated with —

• different minimum aircrew level (one or two—pilots)
• different certification objectives (CAT—I or Non—

Precision Approach)
• different augmentation, autopilot, control systems

• • different display and avionics systems
• low and high—density ATC traffic situations

impacts on or facilitates an effective approach to the
• total judgment of workload/performance in the IFR certifi-

cation process of helicopters.

B. Th. dynamic stability and control statements of the current
Inter im Cr iteria:

1. address only oscillatory dynamics and apparently exclude
or neglect the very common but extremely important
aper iodic dynamics of helicopters. Quantitative con-
sideration of non—oscillatory motions needs to be included
in the requirements;

2. do not distinguish between requirements needed for short
term dynamics versus long term dynamics and cover them
both for all axes with a blanket specification. Separate
criteria should be stipulated for short and long term
dynamics;

3. do not cover or address certain other significant dynamic
stability and control criteria important to the achieve-
ment of an acceptable rating of IFR handling qualities.
For example , the cr i ter ia  appear incomplete in that
special or additional needed s tabi l i ty and control criteria
items such as the “concave downward” requirement , specifi-
cation of minimum allowable short period frequencies,
minimum damping and control power, etc., need to be
included.

C. All single—pilot IFR certified aircraft studied in this report
• utilize some type of augmentation and/or autopilot systems to

resolve stability and control criteria and/or pilot workload/
performance requirements. The judgment of acceptable pilot
workload is especially acute for single—pilot IFR certifica—

• tions and needs to be formalized since there is the strongest
interplay between the handling qualities factors of the
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pilot/vehicle system (stability and control , dis p lay s, tasks
performance, augmentation systems, avionics , etc.) and the
workload capability required by the pilot . Moa t sing e—pilot
HR certifications appear to require the ArTTTUDE—HOLfl mod. as
provided by an autopilot to provide flight control workload
relief to the pilot so that he may participate in the perfor-
mance of auxiliary tasks .

D. Although several viewpoints have been offered on the DISPLAY!
COWTROL SYSTEM/~~RKL0AD tradeoffs , most FAA personnel felt
that there should be some minimum acceptable level of stability
and control for a given required display sys tem and aircraf t,
and that no trade off between display sophistication and
stability/control/augmentation sophistication should be
made.

E. Envelope Tailoring appears to have gained some acceptance as a
satisfactory method of facilitating IFR certifications of new
helicopter configurations.

P. The Interim Criter ia need to specify separate stability and
control requirements for one and two—pilot aircrew manning
levels. There is also an important need to establish separate
requirements for failure—mod e operation.
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APPENDIX A

INTERIM CRITERIA FOR HELICOPTER IFR CERTIFICATION

The Federal Aviati’n Administration developed and issued Standards
for IFI certification of helicopters as early as 1970. These early
criteria are mentioned jn Reference 3 which cites a Federal Aviation

• Administration document i  Letter SW—2 16 , FAA—Southwest Region, “IFR
Instrumen t Pl ight Requirements for Bell Model 212 Helicopter”, Glen V.
Welsh , and is dated July 1, 1970. Al so , it should be noted that
portions of the current hel icopter HR Interim Criteria (e. g. section

• on dynamic oscillations) emulate closely or were drawn from an already
existing Military Specification on this subject; namely, MIL—H—850].A,
General Requirements for Helicopter Flying and Ground Handling Quali-
ties dated 7 September 1961. The contents of the Interim Criteria
relate to helicopter trim , static , dynamic, and artificial stability,
controllability, equipment for IFR operations, operating information —

limitations , and evaluation of miscellaneous items on actual IFR flight
such as in—flight HR workload demands on the minimum required flight
crew and handling of the helicopter in rough air turbulence. A collec-
tion of copies of the IVR Interim Criteria from various sources such
as the FAA regions and aircraft industry reveals minor deviations in
parts included or verbiage used. In addition to the complete Interim
Criteria of the FAA excerpted below, examples of the changes noted in
one of the two other versions are shown.

As excerpted , the subjects covered in this (Helicopter IFR Interim
Criteria) are:

a) Trim. It must be possible to trim the longitud inal,
lateral, and direc tional control forces to zero in steady flight at all
approved IFR airspeeds, power , and configurations appropriate to the
type. This must be accomplished by a recentering button or conven-
tional trim controls. The trim device may not introduce ~ny undesirable
disconttnuities in the force gradients, and its operation must he such
as to provide gradual trimming without abrupt changes in the force or
position. At these trim conditions, the control must exhibit positive
self—centering characteristics. If it is necessary to turn the trim
controls to operate, the direction of rotation must be such as to
produce similar rotation of the rotorcraft about an axis parallel to

• the axis of the particular control.
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Cockpit control free—play may not be excessive on the lateral
and longitudinal axis. Motions of the control from the trim position,
which result in no control surface response, may not cause objection-
able handling charac teristics , nor in any case exceed ±2 percent of
total control travel.

(b) Static longjtudinal control force stability. The
helicopter must, at all forward speeds and at all trim and power con-
ditions specified in thi, paragraph, possess positive static longi—
tudinal control force stability with respect to speed. The slope of
the control force versus airspeed curve must indicate that any signi-
ficant change in airspeed is clearly perceptible to the pilot through
a resulting change in stick force. Minimum perceptibility is inter-
preted to mean 1 pound per 6 knots speed change, excluding control
friction. ~~en the control force is slowly released with the rotor—
craft at any airspeed within the applicable range specified in this
paragraph, the airspeed must return to the specified trim speed ± 5
percent or 5 knots, whichever is greater.

The tests specified in subparagraphs (1), (2), (3), and (4)
of this paragraph must b~ conducted at the critical weight and c.g.,
with the landing gear retracted (if retractab le). Static longitudinal
control force stability ~ust be shown as follows:

(I) Climb. The stick force curve must have a stable
slope over an airspeed range from 20 knots above to 20 knots below the
trim speed with —

(i) Maximum continuous power; and

(ii) The rotorcraft trimmed at the best rate of
climb speed or the minimum approved IFR airspeed , whichever is greater.

(2) Cruise. The stick force curve must have a stable
slope over an airspeed range from 0.7 to 1.1 times VH 

or
whichever is lover; and

(1) Level flight power at 0.9 times or VNE.
whichever is lover; and

(ii) The rotorcraft trimmed for level flight at
0 9 or VNE, whichever is lower.

(3) Slow cruise. The stick force curve must have a
stable slope over an airspeed range from .90 times minimum approved IER
airspeed to 1.30 times minimum approved IFR airspeed , with —
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(i) Level fl ight power at 1.10 times minimum
approved IFR airspeed; and

(ii) The rotorcraft trimmed for level fl ight at 1.10
t tmes minimum approved TYR airspeed .

(4) Letdown at 500 feet per minute ~[t./min.). The
stick force curve must have a positive slope over an airspeed range
from 20 knots above to 20 knots below the recommended approach speed
with landing gear extended and retracted , if applicable, with —

(i) Power required to maintain 500 ft./mln.
letd own at recommended approach speed; and

(ii) The rotorcraft trimmed at the recommended
approach speed.

(e) Lateral and directional static stability. for climbs of
1000 ft./ain. or maximum continuous power climb , whichever is less, and
for rates of descent of 1000 ft./min., at all approved HR airspeed .

(1) In straight steady sideslip —

(I) At angles of sidesl ip up to 15 degrees, either
side, the lateral and directional control movements and forces must
increase in the stable direction and must be substantially proportional
to the angle of sideslip as it is increased;

(ii) At angles of sideslip above 15 degrees, either
sid e, up to the angle at which ful l directional control is employed or
up to the maximum stdeslip angle appropr iate to the rotorcraft type,
which*ver is less, the directional control pedal forces may not
reverse, and increased control deflection, if available, must produce
increased ang les of stead y sidesl ip;

(iii) Sufficient bank must accompany steady side—
sl ips to i’*dicate clearly any departure from stead y unyawed fl ight ;

(iv) There may not be any undesirable discon—
• tinutties in lateral or directional force gradients; and

(v) There may not be any undesirable high breakout
forces for the lateral and directional controls.

A-)

—~~~ -‘- —--“.--~—-~



(2) The directional stattc stability , as shown by the
tendency to recover from a skid w i t h  d i r e c t i o n a l  controls free , must he
posit iv e, w t t h  the landing gear r et rac ed ( i f  r et r a c t a b l e) .

(3) The lateral static stab ilit y as shown by th~
t.~nden~-y to recover to level attit ud e from a sidealt p with the lateral
controls fr ee, must be positive with landing gear—retracted (if
retractable).

(d) Long i tud ina l— la t e r a l—di r ec t I on  l _4znamic s t ab i l i ty .
Longitudinal—lateral—direct ional oscillations with controls fixed
following a single disturbanc e in smooth air must exhibit the follow-
ing characteristics:

(1) Any oscillation having a period of less than five
seconds must damp to one—half amplitud e in not more than one cycle.
There may not be any tendency for small amplitude oscillations to
persist.

(2 )  Any osc i l l a t ion  having a period of from 5 tc 10
seconds must damp to one—half amplitude in not more than two cycles.
There may not be any tendency for undamped small oscillations to
persist.

(3) Any osc i l la t ion having a period greater than 10
second s but less than 20 seconds must be at least lightly damped.

(4) Any oscillation having a period of 20 seconds or
more may not achieve double amplitud e in l ess than 20 seconds.

(e) Artificial stability . If the basic rotorcraft
utilize s artificial means to meet the stability requirements in para-
graphs (b), (c), and (d) of this Appendix , the reliability of
artificial means must be substantiated .

( 1) An a r t i f i c i a l  means may be used without a back-
up or standby means provided the rotocraft —

(i) Wi th the means inoperativ e, has all of the
fl ight character is t ics speci f ied  in Sub part  B of this Part and , in
addition , has positive lateral , longitudinal , and direc t ional stick
posit ion s t a b i l i t y  and is free from tendencies t owards excessively
rapid or dangerous divergence.
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(ii) Can be flown IFR w i t h o u t  undue d iff i cu lty
by the m 1~ imum crew with the means inoperativi’ for .i length of time
equivalent to the useable fuel supply of the helicopter , but in any
event not less than one hour. If ueeable fuel capacity of the
helicopter is increased after certification , the requirement of this
subparagraph must be met with the new fuel capacity , or else the
length of time established with the previous fuel supply must be
applied (either in the flight manual or on a placard) as an operating
limitation .

(2) If the conditions of subparagraph (1) of this

• paragraph are not met , an equivalent backup or standby artificial means
suit be provided. Careful consideration must be given to the manner
(e.g., automatic or manual switching) in which the backup or standby
means is activated when the primary artificial means fails or mal-
functions.

(f) Controllability . Throughout the approved IFR airspeed
range there may not be dangerous divergence and uncontrol lable  tenden—
ctes following a sudden failure or malfunction of the artificial
stabilization means or following the failure of a powerplant.

The control authority of an automatic stabilization device may not
be of such magnitude that in case of failure of the device, insuf-
ficient control remains wi th the pilot for maneuvering in both normal
and emergency conditions .

(g) Equipment for IFR operations. In addition to the basic
equipment and installation requirements specified in Subpart F of this
Part , the f?llowing apply:

(I) There must be provided and installed such
additional items of equipment (e.g., flight instruments, navigational
instruments, radio equipment and navigational aids) as are appropriate
to the ground facilities to be used when operating under instrument
fl ight rules.

(2) The following are required instruments:

(i) Non—tumbling gyroscop ic bank and pitch—indicator
• with a five—inch diameter unless smaller instruments are found satis-

factory during flight evaluation.

(ii) Cyroscopic direc tion indicator with a five—
inch diameter unless smaller instruments are found to be satisfactory
dur ing flight evaluation.
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(iii) Rate of climb (vertical speed) indicator (no
lag type).

(3) Systems that operate the required flight and
navigation instruments which are located at each pilot’s station must
meet the requirements se; forth in §29 .1333.

(h) Instrument systems and other systems essential for IFR
flight that could be advereely affected by icing must be provided with
adequate ice protection , whether or not the rotorcraft is certificated
for operation in icing conditions.

(i) Operating information and limitations. The pertinent
information and limitations necessary for proper and sate operation of
the rotorcraft under the instrument flight conditions for which approval
is sought must be presented to the minimum required flight crew in the
form of suitable placards or in the rotorcraft flight manual or both.
A minimum approved IFR airspeed must be based on the technical merits
of the rotorcraft characteristics.

(j) IFR fligb.~~ The rotorcraft must be flown in the air
traffic control system under actual IFR day and night conditions for a
period of at least five hours. The items evaluated during this period
must include:

(1) Ability to operate the rotorcraft satisfactorily
under IFR conditions in the air traffic control system without undue
pilot fatigue or exceptional pilot skill or alertness.

(2) Cockpit leaks in preciritatton as affecting
pilot comfort and rotorcraft airworthiness.

(3) Pilot visibility in precipitation during low
approaches.

(4) Glare and reflections from exterior lighting at
night in clouds or fog or both.

(5) In—flight IFR workload demands on the minimum
required flight crew.

(6) Handling of the rotorcraft in rough air turbulence.
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Two other versions (Versions 2 and 3) of the criteria and standards for
IFR certification of halicopters were obtained during the course of
data acquisition.

Vers ion 2 contained the heading shown below and listed essential ly the
same material detailed in Version 1 (shown in its entirety above).

Version 2 Hsading:
Interim Criteria for Helicopter IFR Certification

FAP 2l and 29
Summary of Inter im Criteria

However , Version 3 contained some changes and/or additions as compared
to Versions 1 and 2. Version 3 also contains the Introductory paragraph
show~ below:

IFR
INSTRUMENT FLIGHT REQUIREMENTS

HEL ICOPT ERS

Tne following criteria and standards are prescribed under the authority
of Federal Aviation Regulations CAR 7.120/FAR 29.141—CAR 6.120/FAR
27.141 in the absence of specific requirements for type certification
of a category A transport helicopter for instrument flight to insure
equivalent level of safety . These criteria and standards constitute
the certification basis for obtaining approval for instrument flight of
helicopters.

The introductory paragraph cites the old CAR 6 and CAR 7 (updated to
FM 27 and 29) and mentions “. - - certification of a Category A
t ransport helicopter . . .“. Some of the changes or additions as
compared to Vers ion 1 (shown above) are detailed below:

Static Longitudinal Control Force Stability
(1) Climb .

Note : If the applicant selects a higher climb speed than
the basic helicopter performance data shows, the climb
requirements of CAR 6.112(b) must be demonstrated at
the higher airspeed selected .
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(4) Letdown at 500 Feet Per Minute (FtJMin). The stick force
curve should have a positive slope between 20 knots above and
20 knots below the recommended approach speed with landing
gear extended and retracted, as applicable, with:

(a) Power required to maintain 500 ft/mm letdown at recom-
mended approach speed.

(b) Trim at the recommended approach speed.

Note: ~~en the applicant proposes a three axes automatic
stabilization equipment system to meet the minimum IFR
requirement, noncompliance with the stick force trim
and stability requirements noted above on the basic
helicopter may be considered acceptable iF equivalent
safety is provided by that stability system and it is
so demonstrated during the IFR certification program.

Lateral and Directional Static Stabi1.~~~~

(I) In straight steady sideslip at all approved IFR airspeeds and
for climbs or rates of descents of 1000 ft/mitt (if maximum contin-
uous power climb is under 1000 ft/mm , the aircraf t should be
stable at maximum rate of climb), the lateral and directional
control movements and forces should increase in the stable direc—
tion and be substantially proportional to the angle of sideslip up
to 15 degrees either side as the angle of sideslip is increased.
At greater angles up to that at which the full directional control
is employed, or a sideslip angle appropriate to the type is
obtained, the directional control pedal forces should not reverse
and increased deflection should produce increased angles of 8teady
stdeelip. Sufficient bank should accompany steady sideslipping to
indicate clearly and depar ture from steady unyawed flight and
there should be no undesireable discontinuities in either the
lateral or directional for ce gradients nor should there be any
undes irable high breakout forces.
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(2 )  The s tat ic  directional s t a b i l i t y ,  an shown by the tendency to
recover from a skid with directional controls free, should he
positive at all appr oved IFR airspeeds and for climbs or rates of
descents of 1000 ft/sin. (If maximum continuous power climb is
under 1000 ft/mm , the aircraft should be stable at maximum rate
of climb.)

(3) The static lateral s tability, as shown by the tendency to recover
to level attitude from a sideslip with the lateral controls free
should be positive at all IFR airspeeds and for climbs or rates of

• descents of 1000 ft/sin. (If maximum continuous power climb is
under 1000 f t/sin, the aircraft should be stable at maximum rate
of climb.)

Longitudinal—Lateral—Directional Dynamic Stability . Longitudinal—lat—
eral—directional oscillations with controls fixed following a single
disturbance in smooth air should exhibit the following characteristics :

(1) Any oscillation having a period of less than 5 seconds should damp
to one—half amplitude in not more than one cycle. There should be
no tendency for undamped small amplitude oscillations to persist.

(2) Any oscillation having a period of less than 10 seconds should
damp to one—half amplitude in not more than two cycles. There
should be no tendency for undamped small oscillations to persist.

(3) Any oscillation having a period greater than 10 seconds but less
than 20 seconds should be at least lightly damped .

(4) Any oscillation having a period greater than 20 seconds should not
achieve double amplitude in less than 20 seconds.

Note: Dynamic stability shall be tested by pilot inputs to the
appropriate control system; the inputs shall be sudden
pulse type inputs with immediate release. Inputs shall be
of at least one inch deflection at the cyclic control stick
grip and/or appropriate rudder pedal deflections.

A-9 

- ~_:



Ar t I fical  S tabiU ~~ -

( 1)  In the event that  the basic rotorcraft does not meet the
stabil i ty requirements stated above , but util izes ar t i f ic ia l
means to do so. the in teg r i ty  of the artific ial means should
be of a high order. One manner of complying with the require-
ment (i.e. providing equivalent in tegr i ty)  would be to use
equivalent back up means (e.g., duplicate equipment); in this
event careful consideration should be given to the manner
(automatic or manual switching) in which the backup or
standby means is brought into action when the primary artifi-
cial means fails or malfunctions. The reliability of the ASE
shall be considered using Advisory Circular 29—1 as a means
of compliance .

(2) If the helicopter is provided with a primary, artifical or
boost means as noted above, a backup or standby system stay be
omttt.d provided the rotorcraft meets the following

(a) Has all of the flight characteristics specified in the
other parts of CAR 6/FAR 27 and in addition, has
positive lateral , longitudinal and directional stick
position stability and is free from tendencies towards
excessively rapid or dangerous divergence.

(b) Can be flown under 1FR conditions without undue difficulty
with the primary (and only) artifical means inoperative
for a length of time equivalent to the usable fuel
supply of the hel icopter , but in any event not less than
one hour. If the usable fuel capacity of the helicopter
is increased after certification , the requirement of
this paragraph should be met with the new fuel capacity,
or else the length of time established with the previous
fuel supply should be applied . (An operation limitation
shall be shown either on a placard or in the flight
manual.)

A- 10



Controllability (FAil 29.143). Throughout the approved IFR airspeed
rang. there should be no dangerous divergence and uncontrollable
tendencies following a sudden failure or malfunction of the
artifical stabilization means or following the failure of a
pow. rplant.

The control author i ty  of the electronic stability devices should
not be of such magnitude that in case of a failure of the device,
insufficien t control remains with the pilot for maneuvering in
both normal and emergency conditions.

Note: Controllability tests shall include tests in the IFR
mode, i.e. pilot in the loop with reference to flight
instruments — hooded flight.

Instrumentation — Co~tmunicationa.
Requirement

(1) Bank and pitch instrument (VGI) Five inch diameter*

(2) Directional gyro Five inch diameter*

(3) Vertical speed instrument IVSI

*Five inch instrument size is predicted on current standard
instrument flight presentations with satisfactory response and
acuity standards. Sizes deviating from these dimensions may be
used if found satisfactory during evaluation.

The cothmunications and navigation installation8 shall comply with
the IFR equipment requirements appropriate to the facilities to be
used , i.e. positive control area, positive control route segment,

• etc.

Instrumentation (PARs 29.1321 , 29.1331 and 29.1333). The essential
flight instruments shall be satisfactorily arranged and have a
separate pow.r source and each pilot display must be independent
of the other system.

-
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tcifl& Cond1tioJi!.~ Although the helicopter shall be limited from
flight into known icing conditions . systems which are essential to
fligh t and are subject to any degree of icing in IFR weather
condit ions should have ad.quate protection against icing; these
systems include :

(1 ) Pttr~t/static airspeed system — (FAR 29.1323)

(2) Vent systems

(3) Prima ry control systems (i.e., hy draulic actuators , servos,
etc.)

Exterior Liaht. During Instrument Operations. The anticollision
ligh t and other exterior lights should cause no adverse conditions
affecting the pilot during instrument flight.

IFR Fliiht. As part of the certification flight testing, the
helicopter should be flown in the air traffic control system ,
including high density areas, under actual 1FR day and night
conditions for a period of at least five hours.

Minimums for IFR operations will be those prescribed on approach
plates for the facilities to be used .

Some of the items to be noted during operation in IFR condittons
are

(1) Overall system airworthiness of the pilot—helicopter
combination in common ATC system .

(2) Cockpit leaks in prec ipitation as affec ting pilot comfor t and
airworthiness.

(3) Pilot visibility in precipitation during low approaches.

(4) Glare and reflec t ions fr om exterior lighting at night in
clouds and/or fog.

(5) In—fl ight IFR workload demands on the minimum certificated
crew , including operations in a high—density environment.

A-12
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(6) £valuating handling of the helicopter in rough air turbulence.

Operating Informa tion and Limitat~~~!.~ The pertinent information
and limi tations necessary for proper and safe operation of the
rotorcraft under the instrument flight conditions for which
app roval is sough t should be presented to the minimum flight crew
in the form of suitabl , placards and/or as a part of the rotorcrat t
flight manual. A minimum approved IFR airspeed should be based on
the technical merits of the helicopter character is t ics .  The
recommended operating proc sdures for the use of ice protection
equipment must be furnished in the rotorcraft flight manual.

A— 13 /A —1 4
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APPENDIX B

HANDLING QUALITIVSi DF.FINITIO AN~~~~~?T._ RATING SCAL E

General

For pilot/vehicle systems that are required to comply with a given
set of Standards and Criteria with a satisfactory level of safety,
workload , and performance; pilot rating is the most accurate and
simplest method of assuring a suitable assessment of acceptability of
the complete pilot/vehicle system for an intended task . Man y studies
using ratings in the evaluation of aircraft hand l ing qualities have
been accomplished by numerous agenc ies and the most noteworthy and
familiar efforts have been accomplished by Messrs. George Cooper of
NASA I.angley and Robert P. Harper of the CALSPAN Corporation . fiuffalo,
MY.

Definitions and Rati n g Scales

In order to narrow and constrain some of the definitions and
variables used in judgm ent on IFR helicopters , certain accepted and
well recognized definitions , and rating scales are utilized bert? for
convenience (excerpted ‘~erbatim from Reference 38). The terminology
and ideas are useful in structuring certain of the other sections on
Workload and Stab ility discussed in this report. Some of the most
pertinent dci initlona needed in this study are shown below.

Handling Qualities — Those qualities or characteristics of an
aircraft that govern the ease and precisLon with which a pilot
is able to perform the tasks required in support of an aircraft
role.

Mission — The composite of pilot—vehicle functions that must he
performed to fulfill operational requirements. May be sped —
fled for a role, complete flight , flight phase, or flight
subphase .

Flight Phase — A designated portion or segment of a complete
flight . A mission phase. A flig ht phase may he represi~nted by
one or more separate tasks. Example: Takeoff , ~~tmb , cruise ,
descent , approach , and land ing, (and emergency conoitlons).

Flight Subphase — That part of a flight phase having a single
objective , and a single configuration or change in a t’n n f t g u r a —
tion. Examples: Terminal area holding , glide slope capture ,
localtzer capture, ItS tracking, wave—off.
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Task — The actual work assigned a pilot to  be performed in
completion of or as representative of a designated flight
segment.

control — That part of a task which requires continuing actua-
tion of the principal controls and use of the selectors as
required . Examples: Movement between specified point , tracking,
ILS or W~R tracking .

Auxiliary — That part of a task which involves the pilot in
actions other than direc t control of the aircraft. Examples:
Navigation, communication monitoring , and selection of systems.

Workload — The integrated physical and mental effort required to
perform a specified piloting task.

Physical — The effort expended by the pilot in moving or
Imposing forces on the controls during a specified piloting
task.

Mental — Mental workload is at present not amenable to quanti-
tative analysis by other than pilot evaluation, or indirect
methods using physical workload (input) and the task performance
measurements. An example would be the improvement associated
with flight—director type displays which reduce the mental
compensation normally required of the pilot .

Performance — The precision of control with respect to aircraft
movement that a pilot is able to achieve in performing a task.
(Pilot—vehicle performance is a measure of handling performance.
Pilot performance is a measure of the manner of efficiency with
which a pilot moves the principal controls in performing a
task).

Compensation — The measure of additional pilot effort and atten-
tion required to maintain a given level of performance in the
face of deficient vehicle characteristics.

Special Conditions — The special circumstances pertinent to the
evaluation (i.e., aircraft environment and pilot stress).
Examples: Special conditions of weather and environment,
turbulence, wind shear , ce iling, visibility — night, etc.
Pilot awareness , surprise, or distraction with respect to
impending failure or disturbances. 
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Failure State — A steady—state failure charac terized by the
various failed systems that affect the handling qualities (or
possibly the need tor flying qualities). The dyn~wti~ effec t of
a failure is ca] led a chang. of state and should be not ’d
separately. ~~~~~j j~: Any failure resulting in loss of
selected function. Engine failure, augmentation system,
failure in stability, autothrottle, pr imary flight control
system (power boost , electric stick , servo control feel , etc.)
or secondar y flight control system (trim, aerodynamic brake,
etc.).

Pilot Rating Scale — The following f igure is provided as an
example of a typical, well known Pilot Rating Scale used during
flight evaluations of airc raf t  handling qualities and is
discussed in detail in Reference 38.

The terms Handling Qualities and Plying Qualit ies  are equivalent.
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APPI ND!X C

REFE R ENCE INF ORMAT ION ON
PROPOSED HELICOPTER REQUIREMENTS FOR

OPERATING DURING AND AlTER ENGINE POWER LOSS

NOTE: The material in this appendix was excerpted from one section of
a Report on a Rackground and User’s C u i d e  for the proposed
version of MIL—H—R5Oi . It has been circulated but not yet
finalized (Reference 72).

The Section on Enpjine Power Loss (Section 3.6) has received
generally favorable response and is offered here for general reference
an information. Portions of Section 3.6 could be of use by research
activities that may become involved in future rule making efforts.
Section 3.6 Reference 72 reads:

3.6 ENGINE POWER LOSS

R EQUIR E~IENT

3.6 Engine power loss. The requir~ nents of 3.6.1 through 3.6.9.3
apply following an engine power loas of a single engine. In demonstra-
ting compliance with theøe requirements, a realistic delay time (3.6.2) - -

shall be incorporated between engine power loss and pilot action.

DISCUSSION

Paragraphs 3.6 through 3.6.9.3 address flying qualities requirements
following an engine power loss of g single engine. The corresponding
requirei~ents of MIL—H—8501A, MIL—F—83300, and of proposed V/STOL
specifications were, in some areas, very general in nature and also
non—mission oriented . The requirements therefore have been expanded
considerably and in some cases are completely new.

The approach taken in writing these requirements was to address sepa-
rately those events which occur between the onset of engine power loss
and the completion of the autorotative landing . The following was
considered to be a logical progressive structure by which to address
the requirenents:

Phase I: This phase begins with the onset of engine failure and
terminates when the first intentional recovery action is
initiated by the pilot.

• Phase II: This phase begins with the initial pilot recovery action
and terminates when the helicopter is first under
control in a steady descent. C
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Phase Ill : Partial power or autorotative descents and maneuvers
prior to the final deceleration to landing .

Phase IV: The final deceleration to landing (flare , land ing and
rollout).

1.6.1 WARNING TIME

REQUIRFIIENT

3.6.1 Warning time. That interval of time from engine power loss
until a clear and unambigous warning is furnished the pilot shall
constitute the warning t ime . The warning may be a natural one such as
acceleration , rate , displacement or sound , or it may be provided
artificially , If an arificial warning device is required , it shall be
reliab le and essentially free from false alarms, and functional failure
of the device shall be indicated to the pilot .

DISCUSSION

Certain parameters such as power setting , airspeed , density altitude,
etc., may general ly influence the time interval between powe r loss and
p ilot recognition of an inherent warning cue . For example, a pilot
experiencing a power loss in hovering flight in a single—rotor heli-
copter would most probably receive an immediate warning due to the yaw
attitude change . The same helicopter in a high—speed , low—power dive
would probably prov ide little or no inherent warning until the pilot
Initiated a dive recovery . The designer must consider the entire
operational spectrum and dec-Ide if adequate and timely inherent cues
will be available. If not , then some type of engine—out—artificial
warning system is required . If pilot recognition of engine failure U

depends on an artificial system then functional failure of the warning
device must be indicated to the pilot .

3.6.2 DELAY TIME

RE QUI RE~4ENT

3.6.2 Delay time. The delay time shall be the warning time (3.6.1)
plus a variable pilot reac tion time. The period of time from initial
loss of power to the time where a definite recovery input must be
initiated to assure continued flight within the Permissible Flight
Envelope shall not be less than the delay time. The following delay
t imes are for single—engine helicopters and for multiengine helicopters
for the first engine failure:

For visual flight operations the delay time shall be the warning
time plus 0.5 seconds, except ,

C—2 ’
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For those Flight Phases where pilot attention must be diverted
f rom the piloting task , or where the collective and/or cyclic
control are unattended , the delay time shall be the warning time
plus 1.0 seconds.

For instrument flight operations the delay time shall be t~ie
warning time plus 1.5 seconds.

For subsequent engine failure of multiengine helicopters the delay time
shall be the warning time plus 0.5 seconds.

DISCUSSION

MIL—H—8501A requires a 2—second delay time prior to initiation of a
collective control recovery input and no minimum delay time for the
pitch, roll or yaw controls. Flight tests have shown that this require—
ment is unrealistic in that the collective control may not be the
critical recovery control following an engine failure. Flight tests of
the All—iC, for example, indicate that 4 the critical control may be
collective, longitudinal or lateral depending on airspeed and power
setting at the time of failure (Ref. 73 and 74). The approach taken in
this specification is to specify a delay time which applies to all
controls. In defining a realistic delay time, the time interval
between warning and pilot reaction should be consistent with the
piloting task at the moment of engine failure. The general breakdown
of piloting tasks in 3.6.2 are: VFR closed—loop , VFR open—loop and
instrument flight operations. The variable reaction times assigned-to
these tasks seem reasonable.

3.6.3 ENGINE POWER LOSS ON THE GROUND

3.6.4 ENGINE POWER LOSS IN FLIGHT

REQUIR~~IENTS

3.6.3 Engine power loss on the ground. It shall be possible, without
excessive pilot compensation , to safely control the helicopter following
a sudden engine power loss while conducting all ground operations, to
include running takeoffs and landings. For rollouts on a level surface
(paved or sod) , the ability of the pilot to control heading and bring
the helicopter to a complete stop shall not be limited by stability or
controllability along or about any axis. This shall include rollouts
with downwind and crosswind components up to the limits of the Service
Flight Envelope and with initial forward ground speeds of:

Class I 35 knots
Class II , IV 45 knots
Class III 55 knots

C— 3
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3.6.4 !~&1~fl~ ~~~~~~~~~~ i~~
_f~1i~ht . it shal I be possible without

excessive pilot compensation , to safely control the helicopter following
a sudden engine power loss at any combination of airspeed . altitude .
normal acceleration , power setting and load i ng within the Service
Flight Envelope. From L onslderattons of operational requirements , the
procuring activity shall designate  which of the following requirements
app ly af ter the power loss.

3.6.4.1 Continue rni.eion Multtengtne helicopter s required to continue
the mission shall meet at least Level 2 requirements within the Opera-
tional Flight Envelope tor all remaining Flight Phases.

3.6.4.2 Abor1 rn1a~ iot~ 
Hultiengine helicopters required to terminate

the mission shall be capable of safe withdrawal from Category A Flight
Phases and shall meet at least Level 2 requIrements within the Opera-
t ional Flight Envelope for Category B and C Flight Phases.

3.6.4.3 Safe lindth.& Helicopters that must execute a partial power
or autorotative d.sc.nt to a safe landing shall meet the requirements

~~ 3.6.3 through 3.6.9.3. All helicopters shall be capable of satisfying
the requirements of 3 6.5 through 3.6-9 (excluding the landing) under
instrument conditions .

1-6.4.4 Crew .ac~~e Where an ejection system (or equivalent) ii
provided the helicopter motion shall not diverge so rapidly that the
ability of the crew to escape is impaired -

DISCUSSI ON

The primary purpose of paragraphs 3.6 3 and 3.6.4 is to assure that the
helicopter is safely controllable immediatel y following an engine power
loss. These paragraph. address power losses during toth ground and
flight operations . Th. last sentence of paragraph 3.6.4 recognise.
that there are several possible situations tha t  could exist following
an In—flig ht failure . Briefly these situations are:

1. Continue mission
2. Abort misaton
3. ~cecute a forced land ing
4. Crew escape

It is not the purpose of this specification to decide which of these
situations should be applied only to specify the flying qualities for
each situation . The procuring activity will specify which of 3.6.4.1
to 3.6.4.4 shall apply.
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APPENDIX D

COMPLEX PLANEI TYPICAL MODES OF MOTION)
AND PLOTTiNG OF CHARACTERISTIC ROOTS

Introduction

When performing analyses on the dynamic motions of aircraft, it is
convenient to plot or map the locations of the calculated characteristic
roots, dE picting the modes of motion of the vehicle, on the complex
plane. Also , in the performance of experimental flight tests, certain
quantities pertinent to the criteria may be measured or evaluated from
the documented time history behavior of the aircraft. They are primarily:

e the lengths of the periods of oscillations in seconds

e the number of cycles (or fraction of a cycle) for an oscillation
to either halve or double its amplitude

e the time (in seconds) for an oscillation to either halve or
double its amplitude

e the damping ratio of the oscillation

• the approximate first—order , time—constant (in seconds) for
non—oscillatory , aperiodic type motions.

This flight test information is also conveniently and properly displayed
on the complex plane.

Expressions and Equations

Various expressions and equations are also useful in plotting ,
interpreting and analyzing the mode of motion , root locations on the
complex plane in order to facilitate comparison of the acquired data
with the minimum dynamic requirements of paragraph (d) of the Criteria .
The oscillatory dynamics criteria are stated in terms of the Period of
the Oscillation and the frequency dependent cyclic damping parameter
called Cycles to Half (or Double) Amplitude. Equations and expressions
defining these parameters and other useful terms are listed at the end
of this APPENDIX.

During the course of the documentation of the aircraft , the time
history behavior of the aircraft motions (due to a specified input) are
recorded and analyzed . If the motion is oscillatory, the period is
measured and the number (or fraction) of cycles to half (or double)
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amplitude are determtned . Also . if the motion a~pj~eara to a & ~a~~~~
first—or typ~e ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ the first-order
t ime—constant  is of interest and may be evaluated . Any textbook on the
response of physical system. may be reviewed for  methods used in
approximating ftrst—ord~ r, t ime—constants from time histories as well
as determining damping ratios etc ., for oscillatory systems (Reference
17 ).

Descriptions_and use of the Co~~1ex Plane

In Figure D—l , the five pert inent regions or locations of the
complex plane are shown. In Figure D—2 , typ ical time histories of the
dynamical motion are shown together with the most commonly applied
nomenclature and characteristics for the five discrete modes of
motion - In the previous two figures the lower case letters (a, b , c ,
d , e) of Figure D—2 depict and classify the modes of mot !on that exist
in the regions similarly labeled in Figure 0—1 . in region (b) of
Figure D—l . only stable_oecIll~atjone with different damping ratios
(or equivalently, number of cycles to half amplitude ) can exist. In
Figure D—3 , typical stable oscillation time histories for region (b)
for various damping rat$os (cycles to half amplitude) are shown.
Also , on the same figure . the lower right hand graph displays a plot of
damping ratio versus percent overshoot (of the first peak of the
oscillation) for a typical second order system . For example , it can be
determined from this  plot for  a damp ing ratio of 0.055, (Interim
Criteria , paragraph d , statement 2 where C1,2 

— 2 is equivalent

to a damping ratio of 0.055) that the first peak of the oscillation
overshoots the final steady—state value by almost 90 percent . Also
for damping ratios on the order of 0.6 or 0.7, the overshoot of the
first peak is already less than about 10 percent . Although this
heavily damped motion is still a true oscillation , a test—pilot
experiencing the motion would probably consider the response e8sen—
tially aperiodic since he generally cannot easily perceive the small
overshoot or the remnant of the oscillation at these higher damping
ratios and presumes that damping ratio is approaching a value of one
(equal real roots, no—oscillation). However, the recorded time history
will reveal that the motion is still oscillatory and ~he damping ratio
and period can be determined if the appropriate parameter is measured
and the quality and gain of the trace is handled properly (e.g. large,
easy to read traces of pitch angular acceleration or pitch angular rate
versus time).

The quantities and notation associated with plotting or mapping the
characteristic mode of motion roots on the complex plane are shown tn
Figure D—4. A typical point, representing a root , is plotted for the
example where the period of the oscillation is 8 seconds (T~~8 see)
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MODES OF MOTION NOMENCLATURE

+1 (a) UNSTA BLL OSCI LIA IION
(UndampeLl Osc~ flation)

o ______________________ Trn~ 
(Divergent Oscil lation)

I I ~C~~P1e~ Roots: Po t ’e Real Part )
.1 

~~ 
r_Pe

~
od

+1
(b) STABLE OSCILLATION

-~~ Damped O s c i l l a t i o n )

~
, 0 , Time Convergent Osci l lat i on)

Decreasing Osci l lat ion)
I 
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Figure D—4. Plot of Typical Root on Complex Plane.
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and the time for the oscillati on to aubside to hal f amplitud e is 8
seconds (T 112—8 sec). Aln o , for this case It In obvious that the

number of cycles to hal f amp l i tud e is one (C 112 1 ) and the damp-

ing ratio (ZETA) can be calculated to equal 0.11 ( r,~— + 0.11) by
equations D—6 and D—14. Note that when plotting roots, only the
top—half complex plane is used (because of top/bottom complex plane
symmetry) and therefore only one (the positive imaginary part) of two
roots is shown for a complex pair.

An important po in t to be considered when analyzing aircraft
response data for period and damping Information is the type and
parameter being used for the measurements. For example, if a longi-
tudinal osc illatory time history of aircraft pitch response is being
analyzed for usable period and damping information, the listings below
deta il the particulat parameters that may be measured and the probable
resulting quality/accuracy of the desired data :

• For angul ar , short—term type response information:

Recorded A ircraft Parameter Quality and Acuracy of T)ata

Pitch angular acceleration Excellent information. -

trace —

Pitch angular rate trace — Good information

Pitch angular attitude trace — Probably poor information or
essentially no usable
accurate, easily discernahie
information for documentation.
Qualitative information only.

• For Phugoid (velocity/displacement), long—term type, response
information;

Recorded Aircraft Parameter Quality and Accuracy of Data

Aircraf t  velocity, at t i tude, Excellent Information
altitude, vertical—rate
traces —

Angle of Attack trace — No usable information

D- 7
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The exclusive use of atti t ip l e traces in the determinat ion of
minim um requtraments of the short term motion (period and damping of an
a i r c r a f t  osc illation) from fl ight—test data will only provide rough
approximat ions  of the n l r c r a f t s short term *itabil icy or depar ture
tendenc ies and will not yield documentation type data. Although all
th. short term motion information is always contained in all the traces
(e.g. angular acceleration , rat , and attitude) It in usually much
harder to extract meaningful data on short term pitch osc tllatton
pe r iod and damping from attitud e traces than it is from the angular
acceleration and rate traces. Unless sophisticated techniques and
anal yses are util t~ed on the ~ttttude information, little , I f  any ,
accurate , usable info rmation will he gleaned on the short term oscil—
latory motion of the  aircraft with regard to the requirements of the
cr i t e r ia .

T n we l l  damped systems , rough approximat ions  can somet imes be made
on the short term period and damp ing of an oscillation by analyzing an
a t t i t u d e  trace.  Whether these approximations are good enough depends
on the required accuracy,  the intent of the analysis, and the quality
of the short term period and damping data needed . For lesser damped
systems or unstable systems t iti ’ ‘node of mot ion may be such that the
pilot may allow only one, two or possibly three “rate peaks” to occur
before starttng a recovery . For this case, the attitude trace will be
of quest tonable use since probably no usable informat ion on the short
term period and damping wil l  be noted .

Dur ing the inspection of some attitude trace informa t ion obtained
dur ing the stud y,  It van noted t ha t  the t races were greatl y reduc ed in
apparent stat’ and that the important short term frequency info rmation
had been largely filtered out or not Intended for  analysts.  (Tht’ f ir s t
in f o r m a t i o n  pe.ok on the short term o s ci l l a t i o n  is usua l ly  always
filtered out or missing In the a t t i t u d e t race) . The pi tch angular
accelera t ton trace and then the p i tch angular ra te  trace ( i f  recorded)
would have been much more informa t ive than the a t t i t u d e trac e in
determining the needed short term I n f o r m a t i o n .  It Is obvious tha t , the
attitude trace Is one integration away from the rate data (or two
Integrations away from the angular acceleration data). On some of the
data reviewed , only the attitude traces are shown for documentat ion
wh i l e  the ra te  and acceleration traces are not presented . Considering
that  many of the a t titud e !~imented a i rcraf t  contain a primary motion
mod e of interest (namel y ,  a short—term oscillation) that has a period
length  of less than five seconds and a damping ratio of less than about
0.6, attention shoul d he given to the recording and anal ysts  of the
float revealing t ime history information in order to document this
motion and determine the dynamic character of the system and compliance
wtth the certtftcation requirements. Also , If the aircraft does not
contain some attitud e feedback function , then charac ter of the pi tch
mode (as approximated by the first—order , time—constant) is of interest.

0-8
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Tn reviewing other data for rert if icatt un of IFR hel (copters, it
was noted tha t for  a i r c r a f t  equ i pped with m u l t i ple axis augmentation
(e.g. pitch and roll actuators Installed) , invest igation and docuinenta—
tion was made for Stability Augmenta t ion System failures or hardovers.
In some of these data teat flights , one axis of the SAS system was
locked in a “hardover” position and the response of the aircraft was
documented . Following the hardover input in one axis, the aircraft was
permi t t ed  to respo nd in a m u l t i p le  degree of freedom fashion. For
e*ampl e , for  d o c u m e n t a t i o n  of the l ongitudinal degree of freedom dyn amic
s t ab i l i ty  characteristic ., a l ong itud inal cyclic pitch hardover was
applied and the time histories of longitudinal motion were recorded.
However , dur ing this long itt~iInal free response measurement (and with
the airc raft free to pi tch 1 roll , and yaw) the SAS roll actuator was
still on and operating and working hard . Its eff~ct could readily be
seen coupl ing into the pitch response . As the aircraft pitched and
rolled off attitude, the coupling between axes became more pronounced
and the SAS roll actuator trace showed larger excursions. The pcint
made here is that the documentation anal yst should he careful when
investigating stability augment ation system OFF or “hardover” for a
single axis. For e’cample, he should avoid assi gning an oscillatory
characteristic to an unaugmented axis when in fact the apparent oscilla-
tory unaugmented (p i tch)  response Is the direct resul t of the remaining
augmented axis (roil SAS ac tuator ac t ion) which is cross—coup ling into
the unaugmented axis (pitch).

Tabular Information

If the period and damping of the motion have been measured and
determined , then var ious calculations and evaluations can he nade
wi th the equat ions and expressions provided at  the end of t h i s  Appe ndix .
Also, list ings of some approx imate value s of frequency, damping para-
meter, time constants and dam p ing rat ios are provided in add i t iona l
Tables at the end of this Append ix .

: 
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TABLE 0—1

Useful Eq~at ions and Eiçpress Ion

• Period of the Oscillation, T~ (sec);

(sec ) — Damped natural frequency, Wnd 
— 
W
fld 

(rad/sec) (1)—i)

and similarly;

• Damped Natural Frequencies of the Oscillation,

(rad/sec) - (D—2)

or

~ad (cyc/sec) 4— (0—3)

• Qycles to Half (or Double) Amplitude , C
½ 

(Non—dimensional , ND) ;

C
½ 
(ND) — [Damped natural frequency, W

d 
(rad/sec)] (D—4)

times [Time to half amplitude , T
½ 

( sec)]

divided by [2w].

or

(ND) — [Damped natural frequency, W
d 
(cyc/sec)] (D—5)

times [Time to half amplitude , T
½ 
(sec)].

and

— 
Time to Half Amplitude 

= 

~~~~~ 
(sec) 

-

½ Period of Oscillation T~ (sec)

where

• Time of half amplitude, T½ 
(sec):

T (eec) — 
0.693 0.693

½ Damping parameter , a —
~~ w (rad/sec) (0-7)
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TABLE 9—1 ( C o n t .)

Useful  Equations a~ d Expressions (Cont. )

• Additional useful expressions are:

a — —
~~ , damping parameter (0—8)

C— cos 0 — — -—— , damping ratio (D—9)

- undamped natural frequency (rad/sec) (0-10)

Wnd — ~~ ~~i - , damped natural  frequency (rad/sec)

And , just as importantly , although na~ alluded to in the Dynamics
paragraph (d) of Interim Criteria , the expression for the First—
Order , Time—Constant as applied to non—oscillatory aperiodic type
motions :

• The First Order Time—Constant, T63 (sec);

1
T63 (eec) — —.

Damping parameter , a

T53 ( see) — 
—

~~ ~ (rad/sec) (0—12)

Also , the relationships between Cycles to Half Amplitude and Damping
Ra tio may be der ived as:

0.693 1 —

C
½ 21T (0—1 3)

and similarly for the Damping Ratio , t (ND) ;

1 0.01217 1
½

— I 2 I (D—14)

I (CQ + 0.01217 j

D-l1
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TAB1.F~ 9—2

~~~~~~~~~~~~~~~~~~~~~~ Period Values for Oscillat~~~~

Damped Natural Damped Natural Period of
Frequency Frequency Oscillation

lWnd 
JW d 

T~

rad/sec Cyc/sec Sec

0.126 —— — — —  0.02 — — —  —— —  50.
0.2 0.03 3 1.4
0.209 0.033 30.
0.314 —— —— — 0.05 ——— —— — 20.
0.4 0.06 15.7
0.419 0.066 15.
0.52 ——— — —— 0.082 ——— —— — 12.
0.6 0.095 10.5
0.63 0.1 10.
0.7 — — — ——— 0.111 ——— —— — 9.
0.79 0.126 8.
0.8 0.127 7.9
0.9 — — — — ——  0.143 — ——  — — —  7.
1.0 0.159 6.3
1.05 0. 169 6.
1.2 —— — — — —  0.190 ———  ——— 5.2
1.26 0.2 5.
1.4 0.223 4 .5
1.57 ——— ——— 0.25 ——— ——— 4.
1.6 0.2546 3.9

• 1.8 0.286 3.5
2.0 ——— —— —  0.318 — — —  ———  3.1

0—12

- -- - - -

~~~ 

— ~_ t .
_________________ —~~~~~~~-~~~~

- — - -~~~~~~~~ ---~~~~~~~~~~~~~~ - - — -~~~~~-~~~~~~~~~~-~~~~ -~ ----



~~~~~~ - • -~~--—- -- ~~~~~

TABL E D — 2 (Con t . )

Listing of Frequency and Period Values for Oscillations

Damped Natural Damped Natural Period of
Frequency Frequency Oscillation

jW d ~
°nd

rad/8ec cyc/sec sec

2.09 0.333 3.
2.2 0.35 2.9
2.4 —— — —— — 0.38 ——— —— — 2.6
2.6 p .4 14 2.4
2.8 O.4~ 5 2.2
3.0 ——— — —— 0.48 ——— —— 2.1
3.14 0.5 2.
3.2 0.509 1.96
3.4 ——— ——— 0.541 1.85
3.6 0.573 1.75
3.8 0.605 1.65
4.0 ——— ——— 0.637 —— — ——— 1.57
4.19 0.667 1.5
4.2 - 0.668 1.49
4.4 ——— ——— 0.700 —— — ——— 1.43
4.6 0.732 1.37
4.8 0.764 1.31
5.0 —— — ——— 0.796 —— — ——— 1.26
5.2 0.828 1.21
5.23 0.833 1.2
5.4 —— ——— 0.859 ——— ——— 1.16
5.6 0.891 1.12

I
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TABLE 0-3

Listing of Da~~ing Psramete~ ~~~~~~~~~~~~~~~~~~~~~~~and F ir st-Or Or Ti-consc yatqe!

Damping Time to First Order Time
Parameter Half Amplitude Constant for
or Factor for Oscillations Aperiodic Motion

T
½

1 °
~~

93 T63 -~~

(or T2)

rad/sec sec sec

0.0346 —— ——— 20. ——— —— — 28.9
0.0693 10. 14.4
0.0866 8. 11.5
0.139 5. 7.2
0.2 ——— — — —  3.46 — — —  — — —  5.
0.231 3. 4.33
0.347 2. - 2.88
0.4 ——— ——— 1.733 ——— —— — 2.5
0.6 1.15 1.66
0.693 1.0 1.44
0.8 —— — ——— 0.866 ——— ——— 1.25
0.99 0.7 1.01
1.0 0.693 1.
1.2 —— — ——— 0.578 —— —— — 0.83
1.386 0.5 0.72
1.4 0.495 0.71
1.6 ——— ——— 0.433 ——— ——— 0.63
1.732 0.4 0.58
1.8 0.385 0.56
2.0 ——— ——— 0.347 ——— ——— 0.5
2.2 0.315 0.45
2.31 0.3 0.43
2.4 ——— ——— 0.289 ——— —— — 0.42
2.6 0.266 0.38
2.77 0.25 0.36
2.8 ——— ——— 0.247 ——— ——— 0.36
3.0 0.231 0.33
3.2 0.217 0.31

• 
- 0— 14
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TABLE D—4

Listing of Values of Cycles to Half Amplitude
vs Damping Ratio and Angle

Cycles to Damping Angle of
Half Amplitude Ratio Zeta

• (Zeta)

• 
C
½ T  C co s O  O cos

(ND) (ND ) deg

I . .  0~ — — — 90.
12.6 0.009 89.5
6.3 0.017 89.0
4.2 — — —  ———  0.026 —— —  — — —  88.5
3.2 0.035 88.0
2.5 0.044 87.5
2.2 — — —  — ——  0.05 — — —  — — —  87.13
2. In t e r im Cr i te r ia  0.055 86.84
1.1 0.1 84.3
I. Interim Criteria 0.11 ——— —— — 83.73
0.54 0.2 78.5
0.35 0.3 72.5
0.295 ——— ——— 0.35 ——— ——— 69.5
0.25 0.4 66.4
0.19 0.5 60.0
0.15 —— — ——— 0.6 ——— — — — 53.1
0.1125 0.7 45.6
0.1103 0.707 45.0
0.082 ——— — —— 0.8 —— — — —— 36.9
0.053 0.9 25.8
0.036 0.95 18.2
0. -—— ——— 1.0 ——- -—— 0.
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APPI~N91X E

THE DIVERGENCE CR ITERION OR CONCAVE
DOWNWARD REQUIREMENT

A specific requirement or a me thod of assessing the longitud inal
handling qualities of a helicopter is the NASA Divergence Criterion
or the Concav e Downward requirement of MTL—H—8501A. The pertinent
paragraph is 3.2.11.1 and reads:

3.2.11.1 The following is intended to insur e acceptable maneuver
• stab ility characterist ics. The normal acceleration stipulations are

intended to cover all speeds above that for  minim um powe r required; the
angular velocity stipulations shall apply at all forward speeds,
including hovering.

(a) After the longitudinal control stick is suddenly displaced
rearward from trim a sufficient distance to generate a 0.2
radian/sec. pitching rate within 2 seconds, or a sufficent
distance to develop a~nórmal acceleration of i.c g within 3
second s , or 1 inch , whichever is less, and then held fix ed ,
the time history of normal acceleration shall become
concave downward within 2 seconds following the start of
the maneuver , and remain concave downward until the attain-
ment of max imum acceleration. Preferably, the time history
of normal acceleration shall be concave downward throughout
the period between the start of the maneuver and the
attainment of max imum acceleration. Figure 1(a) is illus-
trative of the normal acceleration response considered
acceptable.

(b) During this manuever , the time history of angular velocity
shall become concave downward within 2.0 seconds following
the start of the maneuver , and remain concave downward
until the attainment of maximum angular velocity; with the
except ion that for this purpose, a faired curve may be
d rawn through any oscillations in angular velocity not in
themselves objectionable to the pilot. Preferably, the
time—history of angular velocity should be d i s t inc t ly
concave downward throughout the period between 0.2 second
after the start of the maneuver and the attainment of
maximum angular velocity. Figure 1 (b) is illustrative of
the angular velocity response considered acceptable.

E—1
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MIL-H-8501A

1.5 LIMIT FOR DEMONSrRAT ION I
NO’r TO
EXCEED

1.25 O SECONDS I

1 1 1 
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TI1~ -

(a) NORMAL ACCELERATION RESPONSE

0.2

~ 0 • 1 ~~~~~ .0 SEC ON DS~~~

TTh~ - S )NDS

(b) ANGULAR VELOCITY RESPONSE

Figure E-1. Typical Normal Acceleration and Pitch Rate Response
(Reference 5).
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CLOSSARY — GENERAL DEFINITI ONS

AIR TRAFFIC CONTROL. Service operated by appropriate authority to
promote the safe , orderl), and expeditious flow of air traffic.

AREA NAVIGATION (RN4V). Method of navigation that permits air-
c r a f t  operations on any desired course within  the coverage of station—
referenced navigation signals or wi thin  the l imits  of self—contained
system capabil i ty.

AUTOROTATION. Rotorcraft flight condition in which the lifting
rotor is driven entirely by action of the air when the rotorcraft is in
motion .

CATEGORY II OPERATION. With respect to the operation of aircraft,
a straight—in ItS approach to the runway of an airport under a Category
II ItS instrument approach procedure issued by the Administrator or
other appropriate author i ty .

CEILING. Height abQve the earth’s surface of the lowest layer of
clouds or obscuring phenomena that is reported as “broken”, “overcas t”,
or “obscuration”, and not classified as “thin” or “partial”.

DECISION HEIGHT. With respect to the operation of aircraft , the
height at which a decision must be made , during an ItS or PAR instru-
ment approach , to either continue the approach or to execute a missed
approach.

VISIBILITY. PLIGHT. Average forward horizontal distance, from the
cockpit of an aircraft in flight , at which prominent unlighted objects
may be seen and identified by day and prominent lighted objects may be
seen and identified by night.

VISIBILITY, GROUND. Prevailing horizontal visibility near the
earth’ s surface as reported by the United States National Weather
Service or an accredited observer.

HEL IPORT. An area of land , water , or s t ruc ture  used or intended
to be used for the landing and takeoff of helicopters.

LFR CONDITIONS. Weather conditions below the minimum for flight
under visual fligh t rules.

IFR OVER—THE—TOP. With respect to the operation of aircraft ,
means the operation of an aircraft over—the—top on an IFR flight plan
when cleared by air traffic control to maintain “VFR conditions on
top”.

C—i
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MINIMUM DESCENT ALTITUD.~~ The lowest ~iltitude , expressed in feet
above mean sea level, to which descent is authorized on final approach
or during circle—to—land maneuvering in execution of a standard instru-
ment approach procedure , where no electronic glide slope is provided .

NON—PR ECiSION APPROACH PROCEDURF. A standard instrument •~pproach
procedure in which no electronic glide slope is provided .

OVER—THE—TOP. Above the layer of clouds or other obscuring
phenomena forming the ceiling .

PILOTAGE. Means navigation by visual reference to landmarks .

PRECISION APPROACH PROCEDURE. A standard instrument approach
procedure in which an electronic glide slope is provided , such as ItS
and PAR.

RNAV WAX POINT (WIP). Predetermined geographical position used
for route or instrument approach definition or progress reporting
purposes that is defined relative to a VORTAC station position.

ROUTE SEGMENT. Part of a route, 1.c. each end of that part
ident i f ied  by —

(1) a continental or insular geographical location; or

(2) a point at which a definite rad io fix can be established .

VFR OVER—THE—TOP. With respect to the operation of aircraft ,
means the operation of an aircraft over—the—top under VFR when it is
not being operated on an IFR flight plan.
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