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SYMBOLS

‘Values are given first in U.S. Customary Units followed by ST units.
The measurements and calculations were made in U.S. Customary Units,

axFP E

az

CAB

EPR

A8

" IEFR

IVSL

kg

kt
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Perturbation inertial acceleratlon along axis aligned with the
aireraft flight path, positive forward —

Perturbation inertial acceleration along axis perpendlcular to_
aircraft flight path, positive downward

Coefficient of the highest order term in the numerator polynomial
of velocity perturbstion due to elevator deflection

Coefficient of the highest order term in the numerator polynomial
of pitch attitude perturbation due to elevator deflection

Coefficient of drag
Coefficlent of 1ift

Calibrated airspeed

 Total drag

Engine pressure ratio

Fllght director for control column input

- Flight dlrector for throttle input’

Grav1tat10nal constant

Amplitude ratio of the real (o) or 1mag1nary (Jm) part of the
transfer functlon

Transfer function shaplng of the feedback partlcularlzed by
i= ax, u, 8, ete.

Perturbed altitude

Indicated airspeed

Indicated engine. pressure ratio

Instrument flight rules

- Instantanecus vertical speed indicator

Kilogram

Knot, nautical mile per hour
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K; Feedback gain particularized by i = ax, u, 6, etc.

Kps ?ilot gain in the feedback loop particularized by i

KIAé‘ Indicated-airépeed in kﬁots |

m ... Unit of length, meter

M Mach

Mpp Design dive limit Mach

Mao Maximum operating'limit Mach

N . Unit of force, Newbon

'N%‘ Numerator of the ith perturbatlon due to the Jth forc1ng function;

i=ay, u, 0, etc.; j = Ba, de, ug, ete.

q : . Dynamic pressure

R/C Rate of climb

s ‘ Laplace operétor, s =0 % jo
_ISOP Standard operating procedure .

T - Tﬁrust

Tg o Time consﬁant of the engiﬁe first-order lag

T Time constant of the flrst order sheping in the effectlve fllght

director feadback

T; Time constant of the real root for the numerator partlcularlzed
: by i = h, u, 8, ete. -

Tr Time constant of the first-order lag filter in the ith feedback

L

oy Tpo Time constants of the two real roots for & phugoid mode with
' greater than unity damping ratio

- Tyo :";¥T1me constanf’of flrst order hlgh‘paSS‘fllter (or—washeut) —;gf- _—
u -'lPerturbatlon inertial velocity along the fllght path
Uy, Perturbaﬁlon veloc1ty along the fllght path relative to the air
mass
Ug Horlzontal component of the air mass gust velocity
v o Total velocity or speed
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Calibrated velocity or speed

Design dive 1imi£ veloclty or speed -
Equivalent velocity or speed

Maximum operatingAlimit velocity or“spéed
Tnitial’ climb speed following takeoff

Vertical componént of the air mass gust vélocity
Weight

Sum of aerodynanic forces along x stabllity axis divided'by
the vehicle mass a ' '

dx/0i where 1 = u, w, a, or

Sum of aerodynamic forces along z stability axis divided by
vehicle mass , : :

dz/di where i ='u, w, a, or B
Perturbation angle of attack
Elight path angle relative to the horizontal

Potential flight path angle related to instantaneous. 1nert1a1
acceleration perturbation

Control deflection specialized by J = e, e, T, TL

Denomlnator of the open-loop airframe transfer functlon also-
used to denote perturbatlon 1n motion quantltles ,

Pitch angle relative to the horizontal

Real part of the Laplace‘OPQrator

: Imaginary part of the Lapléce'operator

Undamped natural frequency of the Second*order made partlcularlzed
by the subscrlpt :
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SUbscripgs

¢ - Control eolumn

8 S Elevwator |

¥D _ Fliéht director
T Phugoid

SP . Short period

T Thrust .

L Th¥ottle lever

Notes

Dot over gquantities (e.g., 8) indicates derivative with respect to time

Primed quantity (e.g., Tﬁ2) denotes root of closed-loop system
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SECTION I

INTRODUCTION

Turbulence upset is a temporary loss of control brought about by éevere
turbulence encounters. It can result in sudden loss of several thousand _
feet of altitude, passenger and/or crew injuries or fatalities, alrcraft N
structural damage, etc The severe turbulence of concern here is that
ass001ated with IFR fllght conditions rather than clear alr turbulence (CAT),
Over the past few years the occurrence of such turbulence-induced upsets has
decreased markedly within the continental United States. -This is largely
due to improved weather monitoring, reporting, and communication systems,
both groundbased and airborne {pilot reports), which permit avoiding areas
of severe turbulence. However, upsets continue to be encountered cut51de
the U, 5. and especially over the oceans where there are few weather
reporting stations and a sparsity of air traffic. In Tact, the most recent

incidents have occﬁrred during transoceanic flights. A new investigation
‘ of jet transport "upsets" has therefore been undertsken because the occae
sional but continuing occurrence indicates the problem was not "solved"

in past analysis and simulation. o - -

The core of our approéch_is recognition that upsets are basically a
poorly understood closed~loop pilot/display/aircraft Procedural and control
problem, sometimes aggravated to the point of loss of-confrol by severe
turbulence. Even without (or with slight) turbulence, upset-like excursions -
have been observed on flight recorder traces and are blamed on poor pilot/
alreraft stability (Fig. 1). But, before jumping on the poor pilot, it
should be noted that at least two recent "incidents" occurred while on
autopilot (Refs. 2 and 3). '

In light of this and perhaps especially pértinent to the.neﬁ generation.
of transports entering service, it was felf that a fresh view, unencumbered
by the urgency usually associated with a post-accident 1nvest1gatlon and
involving application of updated pllot/dlsplay/alrcraft analyols techniques,
might provide new insight to the ' 'problem.”  The specific cbjectives of

this research were to:

ITR=100%-2 ' 1



® Increase understanding of the fundamental control
"problems involved in turbulence penetration and
upsets.

@ Determine if "loose" attitude control (the presently
recomnended marnual or automatic piloting procedure)
always prevents upsets assuming reasonable atmos-
pheric inputs. '

@ Determine the proper definition of "lcose' attitude
control,

® Investigate strategies and/or cues the pilot can use
to establish proper "loose" attitude control and to
disregard distracting "secondary" motiloms.

@ Develop flight director and auﬁopilot design guide-
lines to: .
— minimlze gust upset tendencies

— provide alrcraft motions in harmony
with normal pilot expectations

— minimize unsafe aircraft excursions

—  maintain sstisfactory ride qualities

& Valldate the concepts in a moving-base piloted
simalation.

This interim report is devoted mainly to the fifth objective: synthesis

of a turbulence penetration flight director and autopilot to:
é Minimize gust upset tendencies.
@ Minimize unsafe aircraft state vector excursions.
® Maintain satisfactory ride gualities.
® Provide harmoniocus display éndraircfaft motions,

However, it also contains a review of and additilonal information regarding
factors contributing to upsets. " A later report will cover validation of the
display and aubopilot systems in a moving-base piloted simulation and estab-

lishment of design guidelines.

The accomplishment of the first four objectives has been documented in
Ref. k., This included a critical review of past investigations, simulations,
ete., to eliminate from consideration those specific mechanical shortcomings

already overcome (e.g., for new aircraft), and to probe for possible

ITR-100%2 2



remaining soft spots. Recurring dynamic control aspects were identified
which have not been adequately explained or considered in past investiga—
tions., For example, past ‘studies concentrated on upsets.initiated in hlgh
altltude cruise fllght vnder severe random turbulence, yet:

<] The majority of upsets occur in low to mederate altl—
tude elimb or descent (Table 1),

@ ‘The actual "upset" is usually preceded by 51gn1flcant _
changes in aircraft trim energy state.

" @ The flight traces often reflect one or more cycles of
large phugeid-type motions prior to loss of control

(Fig. 1).
Thes recurring aspects led to a feview o' the basic stability of an acro-

elastic aireraft during sudden encounter with large discrete vertical gusts,

TABLE 1
TYPICAL UPSET SCENARIO

(Re?, h)_
DATE LOCATION ATRCRAFT | PEASE |CLLARANCE h v k LOSS TURBULENCE
1951 tLisbon ) B Ciimb IFR 6,000 £t * &, OOQ £% | Light/Moderate
_ 1963 |Miami A Climb IFR 17,500 270 kt{17,500 Severe
1963 |0'Neill A Climb | IFR  |37,000 |250 26,000 Severe
196_3 ¥ashington, D. C. B Clirb -IFR L,000 280. 2,700 Severe
1963 {Houston B Climh IFR 19,000 260 | 13,000 Severe
1963 |uebee B | Gumd | IR | 6,000 - v | 6,000 Light
1964 |New Orleens B Clind IFR 7,05;0 250 7,000 Mc;demte/s‘e-.rere
1964 |Formosa B |Crutse| IFR 37,000 ? 17,506 . Heavy
5967 Ceribtbeen D | Cruise IFR 30,000 7 {11,000 Severe
1968 [Detroit E Climh IFR ' b,500. o270 7,500 Severe
1970 Fentucket F .| Cuimb | IFR (26,000  |280 | 4,000 Moderate

ITR-1003-2 5
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to é search for large, discrete, high shear gradient disturbances, to a ?eview
of piloting techniques, and to a dynamic analysis of the closed-loop control
task when following the recommended technique of Yloose" attitude centrol,

The results presented in Ref. b strongly supported the suspicion that poor
pilot/display/vehicle stability iIs a root cause. This immediately raised the
specter of aircraft static stability (short period), but this was found not

to be a significant factor. Rather, the problem appeared to lie with speed
stability charactefistics and path control difficulties, i.e., energy manage-
ment, With today's Jumbo Jets having huge inertias, low thrust-to-weight
.ratios, and very low drag, the pilot must continually be operating 2-3 minutes
ahead of his slrcraft. He must avoid situationé requiring rapid changes in

- speed or large attitude excursions which result in exchanging vehicle kinetic
energy for potential energy and vice versa. "Loose" attitude control should
prevent upsets providing the disturbance does not induce sudden lérge alrspeed
deviations, However, large horizontal gusts such as obtained in frontal wind
shear activity are a reality, and therefore large airsPeéd deviations can be
expected and will cause the pilot to adjust either attitude or thrust (or both).
No satisfactory strategy or cues were found to enable the pilot to judge proper
"loose” attitude control or energy management using current displays. GQuite

- the contrary, it appeared that current attitude and thrﬁst references are

inadequate and contribute to the control proplem which can lead to upset.

A continuing search of the literature has uncovered several items which
provide additional support for some of the coneclusions of Ref. 4, .The first
~is an incident which occurred while the aireraft was undex controlef an
attitude hold antopilot. Iigure 2 summarizes the event (described in Ref. 2).
While this may, or may not, be considerad an actusl upset, it certainly is a
"near miss" and demonstrates that attitude control alone is not sufficient %o
prevent, and could easily contribute to, an upset by overpowering the normal

aircraft speed stability and allowing speed to decay.

ITR-1003-2 I 5



Aircraft IFR/Climbing/On Autopilot/300 kt (154 m/sec) IAS

“ercssing FL 270: captain started to decrease Sﬁeed to
250 kt (124 m/sec) and increase R/C
at FL 280: 265 kt (136 m/sec)
— moderate to severe turbulence

— attitude reference decreased (to
accelerate to 275 kt (142 m/sec)
penetration speed)

—  speed actually decreased; R/C
showed 2500 fpm (12,7 m/sec)

- sttitude reference decreased
further

—  speed continued to fall rapidly

230 kt (118 m/sec)
© -~ stall warning/AFCS cutoff

— pilots pushed control column
© forward

-~  aircraft broke into clear air
- Speed regained through altitude loss"

"Autopilot successfully'countered

L-5000 fpm (20-25 m/sec) updrafts'
6 7000 fpm (50 25 m/sec) 'downdrafts’

but permitted 35 kt (18 m/Sec) speed loss

and necessitated manual takeover”

Figure 2. Summary of Bevere Turbulence Penetration
Whlle on Auvtopilot

ITR-1003-2 6



Another bit of support was found in a recently published flight testing
handbock (Ref. 7). The advice for accomplishing thunderstorm penetration as
an adjunct to testing for effect of inclement weather and flight conditions
on jet engine performance, etc., is: - ‘ |

"During thunderstorm penetrations, the attitude control
technique should be used primarily, but not exclusively.

Tempered correctlons in airspeed and altitude should be
made &5 necessary; bub not to the extent that an over-
- control results....

Attempting to Tly pure attitude control on the other
hand will result in large airspeed excursions and possible
'upset. !

The best technique in large subsonic aircraft is to con-
centrate primarily on attitude control while maintaining

airspeed within predetermined limits by varying altitude,
attitude and power as necessary.’

Discussion of additional incidents is contained as a part of Section IT,
in which some characteristics of Alrceraft F are examined. Thisg aircraft has
Vbeen galected as the subjecli vehicle for fhis synthesis and simalstion @ré-
gram. It is considered typical of jumbo jet characteristics and, most impor-
tant, = compiete data package for a previous NABA simulation'is avallable.
This previously mentioned energy management problem is also rev1ewed in some
detall in Section TL., A new turbulence penetration system,concept is synthe-
gized in SBection III., This system consists of a flight direétor indicator
for control of lobse attitude and airspeed via elevator and a director indi-

- cator for manual thrust setting to achieve a desired flight path. The attitude
and alirspeed director also provides the basgic reference signal for an improved
avtopilot turbulence mode. The results of a preliminary, three-degree-of-
fréedom 51mulat10n are presented in Section IV, The purpose of thls 51mula—
tlon was -to finalize system gains and some nonllnear leogic aspects of the

director system. Conclusions and recommendations are summarized in Section V.

TTR- 1003-2 T



SECTION II

REVIEW OF THE PROBLEM

It was indicated previously that a large percentage of upsets have
occurred prior to establishing high attitude cruise conditions. In this
section we ghall briefly review standard operating procedures for initial
and en-route climb. These will be compared with turbulence penefration
standard operating procedures and "rules of thumb” which evolved from
previous studies (circa 1964) and are cﬁrrently practiced. Attention is
focused on overall energy management aspects which were determined in

Ref. % to be the major probleus.

One of the major end items of this research program is to be a valida-
tion of improved turbulence flight mode display and auto@ilot concepts in
a moving-base piloted simulation at the NASA Ames Research Center.  For a
realistic simulation of conditions surrounding, and possibly influencing,
turbulence upset, it is necessary to inciude a continmious variation of aero-
dynamic coefficients over a sighificant portion of the flight envelope,
incofperate nonlinear serodynamics effects, engine-thrust dynamics, ete.
As a result of a recent large-scale simulation program the'necessary data,
programs, etc., for Airéraft F are on file at the NASBA ARC., Therefore, tﬁis
alrcraft, one of the new generation of jumbo Jets, was selected as the sub-

ject vehicle for all further systems analysis, synthesis and simulation.
A. STANDARD OPERATING PROCEDURES — EN-ROUTE CLIMB

The flight envelope and nominal ¢limb profile for Aircraft F is shown
in'Fig 5 The envelope is bounded at hlgh speed by the maximum operatlng
limit (VN@, Mvp) and design dive limit (VDF: Mpp). The low-speed boundary
is the stall speed which varies with aircraft weight, flap settings, ete.
The 200 kt (103 m/sec) equivaient velocity boundary shown is conservative
for stall but does represent the severe buffet region. The nominal ciimb
profile is identified by the dotted line. Climb is generally divided into
several segments. The first two involve flight in the immediate vicinity

of the airport, i.e., noise abatement and initisl climb departure. Following

'ITR-100%-2 _' o 8
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these, the aircraft is under an FAA-imposed speed limit of 250 ki (129 m/sec)
to 10,000 £t (3048 m). Above 10,000 ft (3048 m) the path and speed may be
selected based upon tradeoff of operational cost and other pertinent con-

giderations.

Throughout climb the basic flight reference is congtant indicated (orr
calibrated) airspeed or Msch. The segments are flown at constant thrust
setting. In changing from oné segment to another, large thrust changes may
be reguired to achiéve target speeds and flight path, Since thege aircraft
operate near hinimum drag where there is no well-defined thrust setting for
desired raté of climb and speed, a rule-of-thumb EFPR setting is used for
each segment and the attitude adjuéted to achieve the desired airsﬁeed.
Unfortunately, engine EPR is not a precise reference for thrust since a |
given setting will provide different thrust at different speeds, altitudes,
engine states, ete. Large variations in alrcraft weight also affect the
thrust required which further mitigates against reliance on "canned" EFR
settings. Thus, following the preselected EPR setting, performance instru-

ments (IAS, IVSI, and h) are observed for indications of the desired change.

ITR-1003-0 9



If these do not occur, further EPR adjustment is reguired and the prccess
is repeated untillthe desired stable fligﬁt path is achieved., A walting
pericd is inherent between EFR (and attitude) adjustments to allow the
aireraft to stabilize. To compound matters further,rtimé lags between

throttle movement, EFR change, and thrust change are generally gquite large.

In the process of establishing the desired elimb thrust/airspeed
relationghip, piteh attitude, also adjusted iteratively, is the primary
means of controlling to the desired flight path (rate of climb or descent).
Once the trim thrust and flight vector are éet, any further spaed deviation
is controlled with small attitude correction. Like EPR, "camned" attitude
references are not'possible.becauSe trim attitude varies with altitude,
atmospheric’ conditions, and aircraft weight. The changes in attitude are
shown in Fig. La for Aircraft F during a nominal climb (3:0 KIAS, 175 m/sec) -
but without observing the 250 kt (129 m/sec) speed limit below 10,000 ft
(3048 m) sltitude. It is readily apparent that attitude, thyust (IEFR), and
flight path‘(R/C) indicatioﬁs all vary significantly throughout the eclimb. '
Furthermore, the change in trim attitude reverses at 25,000 ft (7620 m) alti-
tude where constant Mach becomes the reference. The circled points at
20,000 ft (6096 m) identify trim attitude and thrust for level flight at the
recommended turbulence penetration speed of 280 KIAS (1Lk m/sec). Thus, if
the pilet were to elect to level off and reduce speed for penetration; a

‘gignificant (approximetely 15%) change in.thrust level-must be made but the
attitude ig increased only'about 0.7 deg. This attitude change may hordef
on the readability of the attitude indicator in buffet or heavy turbulehce,
[If the pilot were to elect to hold & constant (at the climb attitude) and
only reduce thrust to achieve the 280 KIAS (144 m/sec) penetration speed,
the rate of climb would change from +91h fpm (4.6 m/sec) (y = +1.06°) to

—695 Tpm (3.5 m/sec)(y = ~0.94°).]

When the low altitude speed limit is taken into account, the change in
trim attitude with speed and altitvde is much greater, as shown in Fig. Ub,
Pressure ratio and climb rate have not been calculated for this case, and
the acceleration from 250 KIAS (129 m/sec) to 3L,0 KIAS {175 m/sec) has been
arbitrarily assumed to consume 5000 £t (1524 m) of altitude. The major poiﬂt'

of these figures is to indicdte the severe fluctuations in trim attitude

ITR-100%-2 | 10
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during nominal climbs and the difficulty a pilot might encounter in estimating
the required {rim attitude for continued climb or level-off with a change in
speed for penetration., Similar difficulty would ehsue'with thrust lever

estimation.
The normal climb procedures and problems may thus be summarized as:

® Basic flight reference is airspeed:

— 250 kt (129 m/sec) IAS speed limit up to
10,000 £t (30L8 m).

—  climb, descend at constant IAS (or Mach
at high altitude}

~  flight segments are flown at constant
thrust (whenever possible)

® Large thruat changes may be required between clinmb
and level-off with iterative adjustments of altitude
and thrust until desired alrspeed and zerc rate of
climb are esbabjlshed

® Gonstant TAS, changes in gross welght, ete., then
result in continuously changlng pitch attitude for
equlllbrlum elimb.

& TAS deviation is used as attltude change reference —
watch rate of SPeed change.

@ There is no adequate engine parameter for thrust lever
reference. - '

B. TURBULENCE PENETRATION STANDARD OPERATING PROCEDURES

When flight through severe turbulence cannot be avoided and sufficient
warning permits, it is generally recommended that level flight be established
at an altitude and airspeed which provide adeguate weight-dependent margin
for the avoidance of high-speed buffet, stall, excessive load factors, etc.
Unfortunately, outside the continential U, 5. there is a high probability that
the severe turbulence encounter will come as e surprise, IFf already in a
stabilized elimb condition, the pilot may or may not chocse to level off. Due
to the urgency of the 31tuat10n he might be expected to utilize the rule-of-
thumb penetration speed shown in Table 2. As indicated previously, this SOP
was developed as a resuli of the rash of upsets prior to 196M and isg still

applied to the new Jumbo jets,
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TABLE 2

COMPARATIVE STANDARD OPERATING PROCEDURES

HOMIIAL CLIMB PENETRAT I0M

Basic Ilight reference EZdenl penctration varies with gross
Depart sirpert st Vp welght and sltitude

LTRSPEED ! 3 : Fule of thumb: 280 kt IAS; h < 53,000 f%
: 250 Kt speed 3imit below 10,000 ft FeE R LS S N 351000 b
340 kt to 0.82 M above 10,000 Tt Do not chase airspesd
Continuously changing with IAS, Mach, W, Attitude is primery reference
NEUTIUDE h, ete. ) Maintein winge level and desired pitch.
Adjust ettitude to minimize rate of changze] attitude :
of speed Do rot use sudden large control inputs
Meet aasigned altltude/sirways schedule Allow to vary — do not chase
ALTTTUDE Sacrifice altitude to maintain sttitude
and speed
Large thrust changes sy be required Contimuous ignitlon on

between climb scgments Meke initisl thrust setting for target

TERUST Iverative edjuétments mey e reguired to speed

: e M P
:;k;mvissii:ci;lzizuzb ;;L}Edui:m:g;ofor Change thrust only in case of extreme
re precise eng Ba airspeed variation

thrust lever reference

SDAZILIZER | Triw as necessary ' Do not, change trio

Whefher ér not the proper penetration trim conditions are established
prior %o the encounter, the "loose" attitude control technigue of Table 2
is recomended while within severe turbulence; The basic premise of this
techniqﬁe is to do nothing except smoothly apply eclevator and aileron con-
trol to restrict attitude deviations from the pre-encounter trim attitude,
- This technique increases the path {phugoid) damping and does not aggravate
the control task by disturbing the basic aireraft trim. Tt thus maximizes
the probabiliﬁy of successful penetration préviding the disturbances are

not 80 severe as to cause "extreme" airspeed variation.

Unfoftﬁnately, there are several shbrtcomings with this operating
procedure. First, the pilot is supposed to instantly relegate the primary
reference (IAS) of many thousand flight hours.to & secondary role and to

control to a "reference" attitude. If, due to a surprise turbulence encoun-

ter, the attitude is severely disturbed and the pilot’'s short-term memorj

2

is degraded, the "reference” attitude recalled may be considerably in error
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and result in speed buildup or bleedoff. If in a climb (intended or otherwise)
the "reference" attitude selected may improve with time or may become more

in error. For best results, the pilot shonld utilize an adjustable attitude
reference to avoid such probléms. However, training manuals warn against

this practice and recommend the pilot "memorize! various “safe" reference

rattitudest

Second, if thrust is varied (either to correct for an initial off-
penetration airspeed or to counter "extreme"” airspeed variations during the
‘encounter), the trim airspeed/attitude/flight path is additionally disturbed,
the previous attitude reference is no longer valid, and there 1s no way to
establish the new trim relationship except by trial and error. If the
engines are podded under the wing, any alteration of thrust will introduce

an additional pitch mistrim.

Thus, - lack of adequate references for either attitude or thrust manage-
ment is a basic problem. If the pilot is once.forced to alter thrust and/or
attitude to correct for unsafe airspeed excursions, then alrspeed must continue
to be relied upon to reestablish equilibrium flight. Tt then becomes a mabber

of definition as to whether the pilot is Ychasing airspeéd.”

Finally, it was concluded in Ref. & that headwind or tailwind shear may
be the strong contributor to past upsets. This is based on a conflict between
the two primary cues (attitude and airspeed) in the presence of such distur-
bances and because wind shear is fully reflected as indicated alrspeed devia-
tions which may then induce the pilot to "chase" airspeed via attitude or
throttle or both. A sudden and large increase in headwind would also contri-
bute to the “pitch-up in updraft” reported in several of the actual upsete.
This'reaéoning has been recently COrroborated by a report (Ref. 8) that the
upset shown in Fig. 1b was triggered by flight through a strong weather front
shear which rapidly shifted to a-40 kt tailwind to a 40 kt headwing, However;
the pilots described the disturbance as a "sudden strong updraft with uncon-

trollable pitch to 18 deg nose-up."
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C. AIRCRAFT CONTROL AND PERFORMANRCE
RELATED FACTORS

It has been pointed out thus far that the upset.problem may center
about the low-frequency vehicle characteristics. This includes the static
attitude control problem, speed to atititude sensitivity, flight @ath sta-
bility, and thrust/weight ratio. These parameters are further identified

by examining typieal longitudihal control characteristics.

’ Stebility derivatives and transfer funétion factors for t;o representa-
tive flight conditions are presented in Appendix A: 250 kt at 10,000 ft
(129 m/éec; 3048 m) reflecting the low altitude speed limit caée; and 280 kt
at 26,000 £t (144 m/sec; 7925 m) reflecting an en-route climb turbulence
penetration case, Three handling quality parameters are of particular
interest at this point, One is the time constant for airspeed change due
to attitude change (Tg1). Another is the magnitude of airspeed change for
step attitude change (~gT91). The third is the flight path change due tp
attitude change (Te?/Th1). Values of these parameters at the two flight

conditions are shown below. DNote that a velocity change of 25 to 30 kt is

h £t (m) 10,000 (Z048) | 26,000 {7925)
v kt (m/sec) 250 (129) 280 (1&&)
Tg, _ sec : | N g1
8701 | 1og méjzc) 25.2 (1.68) | 30.2 (9.2)
Teq/Thy | — ~0.91 | - 0.076k

obtained per degree of pitch attitude change and is achieved in about 1.3 to
1.5 minutes. Thus imprecisze control of attitude due to any cause (selection
of improper attitude reference, inadequate resolution of display, pilot inatten-

tioh, etec.) will result in appreciable wander in airspeed.

For a positive increase in attitude, positive values of T91/Th1 indicate
the flight path angle will increase (frontside operation) while negative
values indicate the flight path will decrease, i.e., the aircraft will actuéliy

“descend (backside operation). The latter requires adjustment of thrust te
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stabilize the flighf path divergence. UNote here that the aircraft is on
the backside at the 10,000 £t case selected and is very nearly so for the

- 26,000 Tt case. This proximity led to a check of the frontside-backside
boundary for two alrcraft weights representative of initiél climb. The
results are plotted in Fig. 5 for level, 1 g flight. %This shows ﬁhat the
more heavily losded aircraft are indeed on the backside during fhe initial

' cliﬁb.bhasés and, more important, can be on the backside when at the recom-

mended turbulence penetration speed at altitudes above 20,000 .ft (6096 m).

The three‘circléd roints in the region bhetween the two front-backside
curves of Fig. 5 represent conditions at which "upseit-like" inecidents have
recently oceurred with Alrcraft F. The conditiohs surrounding each are
sumnarized in Table 5, The aircraft was in 2 slight ¢limb in two of the

rcases and was at, or near,'recommended penetration speed in two just prior

to the sudden flight path perturbations. In Incident I the pilot had reduced

E 40 - ,: 600,000 1bs (272,000 kg)
< : / | 650,000 Ibs { 295,000 kg )
8 -~ —  Aircraft Ceiling
— at 650,0001bs
S 3O ~ (295,000 kg)
- o
o 8
:Q_ '-é.
i
s 20F B
-U e .
2 .. | Backside
= + .
< O
o 10O gﬁ o
S 1] >.E
2 &
T, 7. 4]
220 240 260 280 300 320 340 360 (kt}

(13 124 134 44 (54 (65 (75 185 (m/sec)
C_alibro?ed ﬁ\irspeed,\a’c_

Figure 5. Approximate Frontside-Backside Bourdaries; Level, 1 g
Filight; Thrust Effects Tncluded
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Ll

. RECENT UPSET "INCIDENTS" INVOLVING AIRCRAFT F

TAELE 3

Z-C00L ~gIT

INCIDENT

DATE

PHASE

WEATHER

h

v

Hh

TURBULENCE

NOTES

I

Nowv,

1970

Climb

300 fpm
(1.52 m/sec)

IFR

26,000
(7925 m)

300 kt
(175 m/sec)
‘280 kt
(1:h m/sec)

— L4000
{1219 m)

Moderate

Initially on turbu-
lence mode (AFCS)
Pilot reduced power
to achieve pene-
tration speed
(Ref. %)

I1

Feb.
1971

Climb

50 fpm

l(.25h m/see)

IFR

55,200
(10,119 m)

270 %t
(139 m)

+ 750

(229 m}

— 1350
(-411.5 m)

Severe

At penetration V
Initiated turn at
1.25 deg/sec
{.O436 rad/sec)
Lost 10 kt in speed

(5.15 m/sec)
Started losing
altitude
Divergent h
{oscillatory)
(Ref. 9)

ITI

Jurie

1971

IFR

30,000
(914l m)

280 kt
{144 m)

— 2000
(609.6 m)

At penetration V
Developed divergent
phugoid — steep
- dive T

(Ref. 10)




 thrust and was in the pfbcess of sioﬁihg the aircraft to the recommended
Yenetration speed when the sudden loss of zltitude occurred. It should also
be noted that the autopilot was "on" and in "turbulence" mode during this

ineident. N

1t may be purelv coincidental that all three irncidents lle between the
two Front-backside boundaries calculated here since the actual aircraflt
weight is not known for Cases IT or ITII. It is known that the Case T alr;
crait was at a gross weight of approximately €00,000 1b (272,000'kg). In
any event, it is quite apparent that the rule-of-thumb penetration speed may
not be very appropriate for the higher gross welght aircraft durlng climb or

early cruise.

The effect of significant disturbances or maneuvers when near backside at
‘such zititudes is shown in Fig. 6. Trim points for the nominal 340 KIAS
(175 m/sec) climb and 280 KIAS (7129 m/sec) level flight at 26,000 f& (7925 m)
and 600,000 1b (ETB,OOO kg) are indicated. A +0.25 g lncremental load factor
or a —30 kt wind shear when at the 280 KIAS penetration cbndition places the

M

6 o ~8M _ | _
——————— = .25g {12.7m/sec?) or V-30kt {54 m/sec)
5 |
S ——— Level, Ig {(9.80m/sec2), 280 KIAS (144 m/sec)
4 - \
3 l=— —— /4 ———— Nominal Climb 340 KIAS (175 m/sec)
21— - W =600,000lbs (272,000kg)
. h = 26,000 (7,925 m)
| - : .
0 LN b )
“ 0l 02 03 04 .05 06
Co

Figure 6. Cp, vs. Cp, Aircraft F
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aircraft on the backside. Such changes are readily encountered in severe
turbulence and may-lend further significance ito the location of the three

"incidents" in Fig. 5.

One final aspeet of concern is the Aircraft F airspesed response to
throttle. At 0.7 M and 26,000 ft (7925 m) the aircraft has a full thrust
capability of about 50,400 1b (224,190 N). Of this, 31,500 b (140,119 N)
is required to wmaintain level flight, so a positive increment of only '
19,000 1b (84,516 N) is available to accelerate or combat disturbance
effects. If the aircraft gross weight is 650,000 1b (295,000 kg), the
maximum acceleration capability is 0.029 g or 0.56 kt/sec2 {0.29 m/sec?)

-and requires full forward throttle motion (roughly 38% of the lever move-
ment available. Thus, massive changes in thrust must be applied for appre-
ciable time periods to change airspeed via thrust only. On the other hand,
it requires only 2 deg flight path change to produce a gravity acceleration
equivalent to application of 22,600 1b thrust.

D, SUMMARY

- R . . .

Piloting of jet aireraft is a demanding task even under normal conditions.
A portion of -the problem appears to lie with speed stability characteristics
and path control difficulties, i.e., energy management. The huge inertias,
low thrust-to-wéﬁght rétios, and operation at near minimum drag (therefore
speed and path sensitivity to attitude deviation) requires the pilot to be
continually operating E'to % minutes ahead of his aircraft. He must avoid
situations requiring rapid changes in speed or large attitude exeursions which
result in exchanging vehicle kinetic-energy for potential energy and vice
versa, The task is complicated by inadequate attitude and thruss management
references which require trim attitude to be obtained via an iterative pro-
cess. Once trim is established, airspeed becomes the primary reference and
deviatioﬁs from the desired speed determine needed change in pitch'éttitudé.
For constant airspeed climb the pitch attitude steadily decreases with increas-
ing altitude. When turbulence is encduntered; the recommended practice ig to
fly "loose" attitude and to not "chase" airspeed. However, in case of extreme

airspeed variation, thrust changes are permissible and may be reguired. The
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combination of changing priority of motion quantities (airsPééd versus
attitude), poor attitude and thrust references, possible conflicting moﬁion
cues; and severe enviromment with possible physiolbgical‘and psychological
degradation appear to render the recommended turbulence penetration piloting
technique marginal without the aid of improved energy management displays

and/or autopilot modes.
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SECTION III

TURBULENCE FLIGHT DIRECTOR SYNTHESIS

This seﬁtion presents the detéiled closed-loop analysis and synthesis
of longitudinal control column and thrust flight director systems for turbu-~
ience penetration. The guidance and control related requirements are indi-
cated in Fig. 7. A basic mechanizationsal concept (antopilot and Tlight -
director) meeting these goals was developed in the previous effort (Ref. L).

Additionally, consideration must be given to the pilot-centered requirements:

® Provide harmonious display and aircraft motions, e.g.:

=~ director commands consistent with normal and
turbulence piloting standard operating proce-
dures.

— director display consistent with other status
information (low-frequency bar motions reflect
path or speed deviations, mid- ~frequency motions
reflect vehicle attltude deviations, and higher
frequency content greatly attenuated)

@ Provide flight dlrector/vehlcle dynamice that approximate

a pure integration, K/s, over the frequency range of

interest,
The next two subseé@ions describe the system synthesis to meet the pilot-
centered dynamic requirements. Attention will be focused first on.ﬁhe attitu&e
director and then on the thruét director. -Both will initially be synthesired
for the nominal penetration flight condition of 280 kt (14i m/sec) at 26,000 ft
(7925 m). The system dynamic characteristics will also be checked for the
20 kt; 10,000 £t (129 m/sec; 2048 m) case to determine sensitivity of the
system to change in flight conditions.

A. CONTROL CQBUMN FLIGHT DIRECTOR
1. 'Synﬁhesis

While a specific definition of Mloose" attitude control has not been found,
it was determined in Ref. 4 that an attitude loop closure sufficient to damp.

airframe ghort-period excursions (i.e;, nominal autopilot gain) resulted in a
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Minimize control upset tendencies in the presence
of severe randem turbulence with large inbedded

wind shear.

Command control column and thrust responses with
respect to the relative air mass and inertial space
which will: |

— minimize unsafe alrecraft state vector
excursions '

~ maintain satisfactory ride qualities

Permit utilization during all phases of coustant
speed flight (climb, descent, level)

= bprovide change in trim speed and/or path
at any time

— provide smooth trapnsition with minimum
delay in stabilizing at new trim
Provide compatible flight director and autopilot
operation through utilization of the same basic
references and feedback loop structures to:
— ease pilet monitoring function

~ enhance pilot confidence (and acceptance)
of its proper functioning

ITR-100%~2
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harsh ride (high normal acceleration) in vertical gusts and extremely long

airspeed recovery times for horizontal wind shears.

Conversely, low attitude

and high_airsﬁeed feedback gains resulted in large altitude excursions for

nearly all disturbances,

An acceptable compromise appéafed to lie in a com- -

bination with bbth gains low which merely increased the airframe phugoid

damping and provided an airspeed recovery time constant of approximately

15 to 20 sgec. Therefore, these simple requirements serve as preliminary

goals until they can be verified or modified in later piloted simulation.

A block diagram of the column director éystem is shown in Fig. 8. The

display presented to the pilet iz a column cormand, e.g., bar up; pull back.

The vehicle follows a prescribed gnidance law when the bar is maintained in

 the null position.

Pitch attitude, 0, and airspeed relative to the air mass,

Ua, are the primery feedbacks. Both are heavily lagged to attenvate display

motilon due to gust contributions in the freguency band above the flight path

modes of intereat hére. Pitch rabe (sensed or derived) feedback provides

lead at alrframe short-period freguencies to prevent degradation of short-

It will be noted

period characteristics upon closure of the director loop.

that neither the ug or 8 feedbacks are washed out.
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. done to prevent standoff errors between the two feedbacks. It is not neces-
sary here because airspeed error is also fed back via the thrust director
(discussed later) and any standoff calls for thrust or flight path adjustment.
- The third feedback in Fig. 8, control column displacement, 50; is utilized in
a manner to decrease the gain of the innermost loop (display, pilet, and Gac)
and thereby force the "loose" effective control. This feedback is washed
outlto avoid display standoff or bias when control column trim position is
changed. Tt is further lagged to avoid high-frequency command bar mosions

due to pilot remnasnt, -

Note that’altitude or rate of change of altitude is not & feedback. This
is in keeping with the standard operating procedures for turbulence penetra-
tion, i.e., not chase altitude. Generally, proper regulation of attitude and
airgpeed will minimize altitude excursions and therefore these quantities are

not of prime concern unless the aircraft is at very low altitude.

Flight director dynamics seen by the pilot thus reflect the combined

dynamics of the vehicle and the three feedback loops, viz.,

-

_ ‘ o ., Ks, (1)
. Trg(s + 1/TLg) °° * Tio(s + 1/10,) (Ko, /Ka)s “ in.
?Z: - . _ A - * TLs(s + 1/TL6)(S + 1/Tyo) rad

where Nge and N%e are the pitch and airspeed to elevator nmumerators and A is
the airframe characteristic equation (denominator). The task is to adjust
the feedbacks such that the guidance and control and pildt—cen@ered require-

ments are satisfied,

In keeping with turbulence penetration SOP, pitch attitude is-the primary
controlled parameter which is bidsed as necessary to maintain the secondary
parameter excursions (airspeed) within acceptable hounds. Figure 9 is a
survey plot for a simple gain closure of the attitude loop about the basic
airframe at the 280 kt; 26,000 1t (1hh-m/sec3l7925 m) flight condition. It
will be noted that increasing gain, Kpg, drives the complex phugoid mede to -

the real (~o) axis where it splits into two first-order modes, one of which
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drives into the zero 1/Tg; (speed mode) and the other into the zero 1/Top
(path mode}. Thus, as the attitude loop gain is increased the closed-loop
airspeed recovery time constant (T§1) increases (undes;rgble) vhile the
path time constant‘(Tﬁgj decreases (desirable). If the attitude loop gain
is decreased to prevent the change in the airspeed mode, then low~freguency
attitude control becomes imprecise (because 1/Tgy << wp) and this can allow
large alrspeed error buildup (recall u/8 = 30 kt/seg) — also undesirable.
It therefore is desirable to have 1/Toy = wp. This is accomplished via
proper ratioing of the u and 8 components in Eq. 1. The effective zeros

of these combined feedbacks are the roots of the ratio:

GulNES . KuTLoha (s + 1/Tuq M8 +1/Trg) S (e
GGNS - KéTLuAB(S+1/T81}(S+1/T92)(S+1/TIMJ(S +KO/Ké)
e i

A plot of thé flight director zero migration'(without the column feedback)
is presented in Fig. 10. Here the filter lags 1/TLe and 1/TLu have been set at
0.25 rad/sec”, the pltch rate lead Kg/Kg sct at 1.%5 rad/sec, and the airframe

W

BuMg  Kuo4 25 (as)(75)
Ge N5,

Kg & -1.5 " (OI1)(47)(25)(1.35) s

.

B = Numerator Roots
Hor Ky fKkg= o018

7}93
— 20
. Kp o1
T T,
Ke B U\ 1

Figure 10. Plot of Flight Director Zero Migration with
Varying Airspeed and Attitude Feedback Gain

*This filter lag was found to provide adequate gust smoothlng in a cruise
throttle airspeed cantrol and dlsplay for a KC~135 (Ref. 11).
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zeros 1/Tgy, ]/Teg,'and‘i/Tu1'are obtained from Appendix A. The effective
Zeros T/TFD]; 1/TFD2, and‘1/TF93 are seen to vary with the gain ratio K,/Kj.
Increasing K, increases 1/TrDy (the apparent or effective speed zero),
decreases 1/Tppy (the effective path zerc) and decreaSES']/TFD5 (the effec-
tive lead equalization). Fortunately, the percentage change in 1/TFDy is
greatest per unit gain change. Tt is not desirable to set the gain so

high that'1/TFDT is greéter than the airframe phugoid frequency since this
results in overdriving attitude to effect speed contrcl. When the gain

ratio Ky/Kg = —0.0018,- the combined numerator is:

(0+0) KeTr Ag(s + .061)(s + 43)(s + 1.32)(5—25) '
e © = TLoiLals T -25) (5 ++25) )

and the effective controlled element, without column feedback, is shown in

- Fig. 11. DNote that 1/TFD1 has been moved out to the phugeid frequency.
Although the wmid-frequency amplitudé appéafs K/s-like, the display response
at short-period frequencies has been attenuated 14 dB from the basic atti-
tude response shown in Fig. 9. Consequently, the flight director will aﬁpear
very sluggisﬁ and non-regponsive to pilot control actions. An undesirably
high pilot gain (lafge inpgt).will be necessary to obtain a viswal short~ .
period indication of response to his control input. This then results in

the pilot overdriving the-system and excesgsive vehicle motion. Furthermore,
the dropoff in amplitude and phase above 1 rad/sec indicates loop closures

in this region will result inp quite oscillatory response.

Addition of column feedback amplifies the high-frequency response of the
displey and prevents the pilot from overdriving vehicle atbtitude. The effec-

tive controlied element transfer function is:

KéTEug@(s-k.O61){s-&.h})(sfki.BQ)(ETPngj . ngs[gx;iab][gsp 5 g ]

=< = TLGTLHﬁS*.'E5j(§ﬂF?2§) ‘ TLyls +1/T15) (s + 1/Tyo ) ()
e | [§p5“’p][§sp3msp3 _
FAY
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Again, the numerator is evaluated in a root locus plot, as sketched in

Fig. 12.. Here the column washout (1/Two) and filter (1/T14) locations have
been selected to attract the root emanating from wp. Wote that if Kgg is
infinite the gain ratio is zero, the numerator roots are those identified

as (¥), and the fiight director zeros are identically the same as the air-
frame poles plus the lags introduced in the feedbacks. Thug, pilot control
to the flight director has no effect on the airframe since he is, in effect,
controlling to mull the control Qolumn. Decreasing the Ky, moves the numera-
tor rcots aleng the locus shown in Fig. 12. A gain ratio Ké/Kae = 0.2% pro-
vides roots indicated by the solid rectangles () and the complete column

“director transfer function is:

e o= K DHlR (A)(2)(038)[ 05 125) 55 1]
B T X P, (250 2500 25) (11055 5 -0561[ 535 1.27] >/

The survey plot for this system is shown in Fig. 13. Note from Eq. 5 and
Fig. 13 that the complete flight director numerator now contains two palrs
‘of complex zeros with one pair near the phugoid and the other near the short-

period modes! No matier how tightly the pilot closes the director_loop,‘the

K&TL,Tisho(s +.067) (s + .43 (e + 1‘.32)@#/.‘25(5(3 +1 /Ty ) (s +1/TLs)
KooTLo oy (8)(S + . 25) (8.525) [y ; 0 1 Lap § Pp]

}?’;g3< Wgp

jw

Figure 12.° Influence of Column Feedback on Flight Director Zeros
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phugoid and short-period modes are dfiven into thelr respective counterpart
zeros, and thus these modes cannot be overdamped or driven unstable. Figure 13
indicates tﬁat a pilot gain, KP = 5 in. /in., results in & crossover about

1.5 rad/sec, which is normally considered as "comfortable” for closed-loop
compensatory control., This provides a closed-loop phugoid of mﬁ = 0.12 rad/sec
and gé = 0.38 and a short-period gép =-0.37. This is exactly what would occur
if the airframe-alone attitude loop of Fig. 9 was closed at about 0.1 rad/se;,
i,e., very loosely. Decreasing the pilot gain a factor of five does not

. significantly change the closed-loop root positions (see Fig. 13).

The system gains and time constants are summarized in Fig. 13.
2. (losed-Loop Response

Time responses for recovery from large shear inputs using the $1ight
director and an analog pilot are presented in Fig. 14, The assumed pilot
gain, Ky = 5 in. &e/in. FD reflects the high gain line in Fig. 13%. The

airframe dynamics are for 280 kt at 26,000 ft. Discrete disturbance inputs.
reflecting the 8 directions of Fig. 15 were used. The gust magnitude is
fixed at 85 f%/sec‘(26 m/sec) for both the vertical and horizontal COMpo-
nents with an onset ramp of 2 sec. For quartering gusts (2, 4, 6, 8} this
results in & gust magnitude of 119.5 ft/sec (36.4 m/sec). It should be®
pointed out that these aré extremely largerdisturbances which, although
possible (Ref. 12), are very rarely encountered. The vertical gust was
washed out with a 20 gec time constant to aveid steady-state climb rates

which tend to saturate the computer.

Figures 1ha-14d present the closed-locop response of attltude (6}, airspeed
(ua) altitude (h), and vertical acceleration (az) to the gust ‘inputs. (Open-
. loop airframe responses for the same inputs are presented in Appendix A fdr
' compsrison. ) Gusts from Directions 4 and 8 (Figs. 14a, A-b4, and A-8) provide
the greatest excursions in all motion-quantities: 1attitude,rair5peed, alti~
tude; and vertical acceleration. The aircraft initially pitches up into the
downdraft component (Gust 4) and then the director commands a pitch down to .
regalin airsPeed This occurs at the expense of greater albitude loss than
would be incurred if the initial attitude excursions were just returned to

zZero and held. - Note that airspeed recovery is not initiated until after
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- Figure 15. Directions of Discrete Disturbance Inputs

the aircraft has pitched down about two degrees. This results in a delay
of Se#ﬂral seconds before the pilot can be ascured vié the airspeed indi-
cator needle that iow airspesd has been arrested. The airspeed then
exhibits & récovgry time constant of approximately 10 sec which is well
within the initial target response. Without the director, the pilot would
have to recegnize that the initial attitude deviation is in the opposite
direction to that desired for airspeed recovery. Any delay on his part
wduld result in e#en greater airspeed excursions which, together with the

“recovery time lags, could induce an overcontrol situation.

The initial spike 1in the vertical acceleration trace of Fig. 14a is a
direct airfraﬁe‘response to the gust, i.e., Zuug + Zywg, and cannot be alle-
- viated by a director system. In this case the two gust components are rein-
forciﬁg and hence‘produce a large spike. However, &ufing the commanded
- pulleut to level flight, the induced vertical accelerations are less than
1/% g (2.5 m/sec?) which should be acceptable. Although not shown, elevator
required for the maneuver is about *2 deg which represents about +1/8 in.

(0.318 cm) of colunn displacement,
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‘ The next worst gusts from the standpoint of vertical acceleration are
Wumbers 6 and 2, i.e., updraft tailwind or downdraft headwind, sece Fig. 1hb,
The sharp doublet form of the vertical acceleration shpuld he quite uncoﬁ;
fortable or dangerous for passengers. In all other respécts,'therre5ponses
are rather mild. The attitude change necessary to regain airspeed opﬁoses
the vertical gust, hence the altitude change is minimized. The airspeeﬂ
indicatioﬂ immediately assures the pilol that the control action is indeed

correct and will result in recovery.

It is interesting to note that the Numbers 2 snd 6 disturbance inputs
are Judged most confusing with the conventionsl IFR diéplay and the loose
attitude control, (only) technique in Ref. 13 because all instruments (TAS,

.h, R/C) and the seat of pants (a,) "command" corrective control action which
is opposite to that "commanded" by the attitude indicator. However, these
disturbances are Egz-crucial from the standpoint of delayed pilot action,
since the initial attitude excursion is in a direction to reduce the airspeed

excursions.

The straight horizontal gusts (Wumbers % and 1) produce nesrly the same
attitude and airspeed excursion as the previous gusts from the four guadrants.

The main difference is the reduction in vertical acceleration.

In the last figure, it can be seen that fhe straight vertical gust produces
the least excitation except for the initial ay spike. The altitude change
obtained is somewhat meaningless, since it is a function of the Wy washout .

time constant used in this simylation.

It should be mentioned that there may be slight differences between these
simulation responses and those predicted by the smell perturbation transfer
functions. These are due to resolving the gust inputs into inertial coor-
dinates in‘the simnlation and wtilizing a nonlinear airspeed-to-attitude gain.
The latter is changed as a function of the sign of airspeed error. The stated
gain ratio applies when airspeed is low, since it is critical to get airspeed
back as soon as possible. When airspeed is high, the gain is reduced 25% %o

redice thercommanded attitude change,

Also, all the time responses were obtaiﬁed with fixed throttile. Although
the thrust has no short-period effect, it will increase the path mode demping
and reduce the attitude excursions. The throttle director system is discussed _

Iater.
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3. System Performance at Low Altitude

Thus far the analysis has been based on the vehiecle characteristics for
. 280 kt (1k% m/sec) level flight at 26,000 .t (7925 m). It was indicated in
. Section IL (Fig. 5) that the 10,000 i (%048 m) altitude and speed limited
250 xt (129 m/sec) condition might be more crucial, at least in terms of
backside operation. Again, derivatives and transfer function factors for
this condition are given in Appendix A. In addition to the negative 1/Thy
and slightly decreased speed Sensiﬁivity to attitude change discussed in .
Section II, the data of Appendix A indicate this condition has a slowly
divergent phugoid (gp - —~0.00%6). It will be shown in this subsection that
these differences in flight condition end dynamic characteristics actually
have negligible effect on the flight direétor dynamics and closed-loop

response,

A Bode plot of the effective vehicle (FD¢/Bc) at this lower altitude
flight condition is shown in Fig., 16. . Cbmparison of this plot with that
of Fig. 13 indicates essentially no difference. This is further reflected
in the time traces of Fig. 17. Comparing Fig. 1T7a with Fig. lha, a somewhat
. higher initial vertical acceleration is obtained (due to larger Zywg) and

about 600 ft (183 m) less altitude is lost [since the true speed is 120 kt
(62 m/sec) slower]. 'Pitch attitude change and airspeed recovery time are
virtually identical. The remaining gusts B and @, & and (), and (P vand
(3 are also nearly identical with those dleigs. Tha, 1hc, and 14d, respec~
“tively. Therefore, it is concluded that the attitude director iz quite

insensitive to change in fiight condition.
B. THRUST DIRECTOR
1. Synthesis

The purpose of the thrust director is to aid the pilot iﬁ setbing trim
thrust for any selected flight path and airspeed. If preparation for turbu-
lence penetration is encountered during climb, it may be desired to level off
as well as change airspeed (C1, is higher during climb and therefore there is
greater danger of backside operation, stall, etc.}. On the other hand, after
entering the turbulence it may be desirable to'cbange altitude to escapes
from prolonged exposure. In the event of large discrete gusﬁ disturbances
the thrust director also calls for thrust. changes to overcome airspeed

excursions and hence works in consort with the control column director,
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It was pointed out in Section II that thrust is relatively ineffective
in changing airspeed. This means that the director cannot be used by the
pilot in a closed-loop compensatory control fashion. Rather, he can only
make discrete adjustments to the power and wait for things to develop. This
‘method of operation is probably more consistent With'tﬁe‘“no director"” situa-
tion and more desirable from the pilot worklead and passenger anxiety stand-
point, Therefore, for the thrust director we will be moré concerned with the
guidance énd control regulirements than.with the effective controlled element
response and pilot closure characteristics, i.e.; the pilot-centered
requirements, ' ) | ‘

Several thrust director concepts were studied at NASA Langley (Ref. 14)
for energy management under conditions of no turbulence, One of these, the
potential flight path director, was further developed in the preceding
effort (Ref. 4) for application in severe turbulence and wind shear environ- .

ments., This director is based orn the approximate equation for flight path:

P~ A ) Batyp
= — + gin = (6)
W g 7 g

The motion quantities 1 and y are obtainable from sensors of the inertial .
navigation systems now used in many Jjet transports The quantity aygp is

the inertial acceleration of the aircraft along the instantansous fllght path
(7) as influenced by changes in thrust, drag, or external disturbances and

is called the potential fllght rath (7P). “ A key factor in the concept is
simultaneous use of the attitude-to-control-column flight director to main-
tain constant airspeed (or, at high altitude, constant Mach). Thus, any
change in current kinetie energy (i.e., AT} will be transformed into poten-
tial energy (flight path change) at the same airspeed. To prevent the two
diréctors from coﬁmanding opposing responses to any reference éirspeed

changes, the latter must be supplied to both directors.

"A block diagram of the thrust director system is shown in Fig. 18. The
engine dynamics are assumed to be a first-order lag with a time constant of
2 sec. The airspeed feedback Shaplng, Gy, &lso is assumed to be a first-
norder lag as in the column director system. As a starting point the airspeed
loop is assumed to be the inner loop. Considering a severe turbulence envia
ronment, 50 kt alrspeed error is selected to provide 1 inch 6f director

displacement. Thus, Kop = 0.02 in./kt = 0.012 in./fps. Figure 19 indicates

g T
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the resulting director dynamics with only the lagged airspeed feedback but
operating iﬁ conjunction with the column director system of Fig. 16 closed
with 2 pilot gain Kp = 5. Note that full thrust leverl(TOOO) per inch of
director display does not cross the amplitude plot. Thus, precise closed-
loop control of airspeed is not possible via thrust. This is caused by the
low thrust/weight ratio of the aircraft, the limited throttle travel available

(from trim), and the assumed display gain restrictions. Also, the effective
controlled element {vehicle, engines, display) exhibits excessive phase lag

at mid-to-high frequencies. For the director to be of benefit it therefore
 is desirable to increase the low-to-mid frequency gain and decrease the
‘mid-to-high frequency phase lag. This is accomplished by adding the longi-

tudinal acceleration feedback shown in Fig. 18.

The ay gain selection is strongly influenced by vehicle gust sensitivity
because the initial thrust director response to a horizontal gust will com-
‘, mand & throttle application opposite to that regquired to return airspeed.
This can be shown analytically by deriving the thrust director to Ugr transfer

function as shown below. Assume for simplicity that sin ¢y =y = @, then:

Ky (1 ~ug)

&

‘ 1
.
Ky + Gax (s T )Es , Kuug

(3+L) u - (S“_) b Gayge  (7)

Ty

FDr = Guua + Caxex + Gax{d + go)

It

For a disturbance due only to s horizontal gﬁst:

sSu ~ qu = - Xullg - gB
gty — 28
u = 2L
8 - Xy

gnd the feedback becomes:
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Ky +Gay (s, + )s . ,
: Ty, ~Xqug ~ g0 Kpug _
: { L (s u)
; 84— 8+
) T
K
ﬁquaxs[S-F(%EHFXuél )
% . 7 :
= ] (ug + g8) . (8)
(S +~T-E)(S'—Xu)
eXuGaxs[s-+XuGax]
gt 1Jis X
(7 ) e =xa)
The flight director response to a Uy is thus:
X “u | 4
T ng -
= - 1 . G T8 A?) ' (9)
N | |

Since the derivative Xy is very small and negative, Kn/Xula, 1s negative
and the zero is non-minimum phase. This reSulfs in the initial director
response to a ug belng of opposite sign to that desired and strongly
influences the accéleration gain ﬁhich can be utilized. For example,
using & gain Kgy = 0.12°in. FD/(ft/sec?), a gain ratio Ku/Key, = 0.1, and
~assuming the elevator flight director loop is closed, gives the following

7 transfer function:

r . —.00066 s(s=~3.9)[s2+2(.61)(.096)s + (.096)2]  in.

" ug (s+.04)(s+.25)[sZ+2(.38) (. 12)s + (.12)7] Tt/sec
| (10)
The initial response (i.e., s =w) to a 50 kt (or 84.5 f£t/sec) headwind

gust is:

FDp = —.00066 ug = —.00066(-8L.5). = +.05 in. (11)
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The positive sign indicates a "down" bar, i.e., an "add power" command which

is the vwrong direction for = heédwind. The command reverts to the correct:
sign after a‘period t = 1/3.9 = 0.25 sec. This relatively small displacement
and time constant should not be troublesome but is undesirable. Increased _
acceleromater gaiﬁs move the zero to lower frequency and increase the magnitude

of the initial response. Thus, the reversal is larger and of longer duration.

In most cases there is no problem for vertical gusts. For example, the

ax term in a 50 kt downdraft gust would move the bar the followihg distance:

FDp = Kay(Xwwg) = {(.12)(.0231)(+85) = +.2% in. (12)

ayx due Wy

- Although this is a significant movement, the command is to "add pover"” which

is the correct sense for a downdrafi.

Only in the case of Gusts Nos. 6 and 2 (Pig. 15) will the gust components
command reinforce a wrong throttle movement. In this situation a tailwing p-
draft'{NQ..é), for example, will initially {due to ax) command a "reduce power”
due to the ug component and a further "reduce power".due to wg. For a step
70 kt gust from Directions 2 or 6, the ug and wg components of bar movement
add up to a possible 0.28 in. of "reduce power" command initially. Since
catching the low airspeed is assuﬁed to be more important than stopping the
ensuing rate of climb, we would not want to reduce power. However, it is
unlikely the gust will be a true step. In a more realistic situation the
'gusts vould have a finite rise time. Assuming 25 kt/sec for each component
results in the time trace of thrust director response shown in Fig. 20. The
reversal in director motion is less than 0.1 in. which would probably not
be detectable by the pilos.

The effective controlled element transfer function for the throttle
director using aifspeed and longitudinal acceleration feedbacks is shovm in
Fig. 21, The low~-frequency gain is increased épproximately Lk dB from that
obtained iﬁ Fig. 19 and the mid- to high-frequency gain is increased signi- *
ficantly. Unfortunately, the gain Kpy = 0.12 in./fps provides a display
displacement of only G.067 in. perldegree of potential flight path change.
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To improve readabiliiy in a severe turbulence environment the display.gaiﬁ
should be aé high as possible, Bince display panel space is at a premium,
a8 gain of 1'in.'per 5 deg-will be assumed for this preliminary design phase.
This requires a threefold increase in Kay. The adversé gust sensitivity
noted above then hécomes objecticnable, The gust response can be reduced
by lag- 1ead equalization of the acceleration feedback which attenuates the
mid- and hlgh -frequency gains of the total effective controlled element,
FDp/8p, but does not affect the K/s-llke response in the region of pilot
closure. Figure 22 ghows the effective controlled element response for the
throttle director system with lag-lead equalization of (3s + 1)/(10s + 1).
Note that the high-frequency gain is consistent with that of Fig. 12 and
that the response is very K/s~like beyond 0.1 red/sec. The thrust command

trangient in the presence of a gust from Direction § is shown below. The

. 1.0
RETARD "

FDt
{1n)

“ADD"
1O

- gust magnitude is the same as employed.iﬁ Fig. 20. The transien£ is shown

"in terms of thrust‘cbmmand'ani 7 display perturbation to facilitate direct

- comparison with the Fig. 20 response. It is obvious that the lég~lead shaping
has offset the'larger initial revérsal which should have resulted from the
higher acceleration feedback gain., Again, this small initial adverse transient
should not be objectionable or even noticeable in a severe randcm turbulence

“env1ronment
2. System Closed-Loocp Response

It should be noted in Fig. 22 that- the galn line for full (100 deg) thrust
lever diSplacement per cone inch director dlsplacemenL gives a crossover on

the amplitude plot at about .17 rad/sec. However, the actual lever travel
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available to the pilot will depend upon the trim fiight condition. For
Aircraft F ét 280 kt and 26,000 £t level flight the usable thrust lever is
approximately i}O'deg. This does nob permit the gain line to cross the
amplitude plot and therefore proportional closed-loop control of flight path
with thrust is not always possible. Rather, the display response to a step
throtile displacement may be a first-order lag. This can be seen in Fig. 23
in which manusl control of flight path is accomplished via the thrust director
but the column directer loop is closed via the analog pilot (or autopilot)

s in Subsection A-2, preceding.. For this fiight condition a 2-1/2 deg fligbt
path increase requires nearly full power. Without any ability to overdrive
the system (i.,e., thrust limited), the response looks like a simple Ffirst-
order lag with a 10 sec time constant. However, when leveling out, i.e.,
setting rp = 0, there is twice the incremental throttle capability, the gain
line crosses the amplitude plot in Fig. 22, and the system respense reflectis
well-damped second-crder dynamics with a considerable improvement in restnse
time. It is important to note in Fig. 23 the few number of thrust adjustments
to transition from steady climb back to level trim conditions. Also note how
well the director-guided'vehicle {both column and thrust directors functipn-
ing) holds airspéed in the transition to climb, during climb, ard in the level
off. The maximum deviation is but 10 ft/sec (5.9 kt). The peak transient in
normal acceleration, az, is about 0.18 g. Although this is not 1afge in terms
of severe turbulence penetraﬁion, it might be uncomfortable during maneuvers
preparatory to the'tufbulence'encbunter.' Thus, the pilot might voluntarily
restrict system ﬁerformance under normal conditions and not take full advan-
tage of the dlrector system capablllty unless the urgency of a 51tuatlon

" should demand it.

The response of the complete sysﬁem to a,gﬁét from Direction &% is shown
in Fig. 2& (Again control via the thrust director in manual and an analog
pilot or autopllot is used for control to the column director. Comparison
of this response with that of Fig. 17 for column director only‘shows the com-
plete system results in considerably less perturbation in a, and 8 and & some-
vhat faster airspeed recovery. Unfortunately, greater altitude loss was also
incurred by the piloﬁ antiéipating thrust director motion and actually

decfeasing thrust too soom.
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5. BSystem Performance at Low Altitude

Again the 250 kt, 10,000 £t case is used to determine the influence of

change in flight condition. The main effect on the thrust difector systen

is & }?5% inerease in Xgp, the thrust per unit throttle deflection. This
nearly doubles the gystem gain and strongly influences the command response,
i.e., the -director is more re8ponsive'to throttle change. This can be seen
from the amplitude ratio of the effective controlled element Bode shown in
Fig. 25, Compared to Fig. 22 the dec gain is increased from 0.6 in./BO deg

to 0.6 1n./16.35 deg. The mid-frequency gain is also increased. Figure 26
shows the director response and vehicle motions for a 35 deg desired flight
path change, Again, the thrust director loop is closed manually and the
column director loop is closed via an analog pilot. It is apparent that

the thrust director greatly aids in arriving at the trim thrust required

for the desired flight path. The rapid thrust changes employed here actually
resulted in path angle overshoot. In actual flight 1t 1s doubtful the pilot
would employ such Step-llke thrust changes for fear of damaging the engines.
It is more likely he would use a ramp-l:ke throttle input. This would allow
the director to follow the input more closely and hence preven+ the overshoot

in both csmmanded thrust and vehicle response.

With both director systems closed (control column with autdpilét, thrust
manually), the vehicle response to gust No, 4 is shown in Fig. 27. Compared
to Fig. 2l there is no significant difference except that the throttle is
reduced from full'power sooner because of the much greater longitudinal
acceleration at this‘flight condition. The main conclusions are therefore
that fhe director systems will not reguire galn changes for moderate changes
in the vehicle characteristics or dynamic presSure and an increase in thrust/
we1ght ratio increases the usefulness of the throttle dlrector system by re.-
ducing the lag between ﬁhrottle dlsplacement and vehicle response and tiereby
providing more direct control of the potential flight path

:?'p
C. COMBINED DIRECTDR SYSTEMS
A block diagram of the combined column and throttle director gystem is

presented in Fig. 28. 1In addition to the feedbacks developed in the preceding

subsections, this figure indicates the means.for inserting the trim commands,
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the computation of the reference pitch attitude, and a possible thrust
director display format. The latter is scaled in degrees flight path angle
with the “bug" reflecting the 7p &b 21l times. Thus, this display differs
from the more common "zero reader" type director. A conventional attitude

director display is used for the column director,

It should be noted that the constant airspeed, potentlal fllght path
mechanization employed here is most accurate for fllght path changes invol-
ving 1evellng of'f from climb or descent or for. initiating relatively short
duration climbs or descentu. As discussed in Ref, L4, for constant indicated
alrspzed and constant flight path climb, an aireraft has a finite inertial
acceleration. Unless a Mach and temperature correction term is incorporated
to modify the acceleration feedback in Fig. 28 the flight path angle will
actually decrease as the c¢limb rrogresses., However, the error due to omis-
© sion of the term is not large, i.e., for a constant 300 IAS c¢limb from sea
level to 15,000 ft, the terminal flight path error is 15%. If the initial
flight path angle were 5.6 deg (3000 fpm) the path at 15,000 £t would be
L.75 deg, an error of 0.85 deg. The error increases slightly at higher alti-
tudes and decreases at lower airspeeds bﬁt, in general, is not significant
'since.it is not necessary to maintain a prescribed climb or descent flight
path angle dﬁring en route operations. Thus, this simplified director system

should be of value during all phases of flight.
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SECTION IV

' PRELIMINARY PILOTED SIMUTATTON

A three-degreeaof-freedom fixed-base gsimulation was conducted as a
preliminary test of the elevator and trim thrust director systéms derived
in Section IIT. The simulation was used to assess system gains and
features, gust and turbulence models, and pilot workload with and without -
the director system. A 10—minu€e flight scenario required speed and flight
path changes while negotiating ligh%t or severe random turbulence and the
8 discrete gﬁsts (Fig. 15). The random ug and wg turbulence was obtained
by passing white noise through a 2 sec lag., The rms g level was adjusted
to about 0.25 g (2.5 m/sec®) for the severe and less than O. 1] g (1.0 u/sec?)
for the light turbulence. This was found to be compatitle with actual
flight traces (see Fig. 29). The discrete gusts were the same as discussed
in Section III. The scenario was flown with a conventional IFR display -

{raw data) and with column and thrust directors.

Because of equipment limitations it was not possible to simuiate all
functions of the flight director. PFor example, the reference airspeed
could not be selected by the pilot‘gnd the small perturbations about a
fixed flight condition did not-reqﬁire archanée in pitch attitude reference.
These were pre-set. for the simulation and provided "fly-to" references

whenever the directors were turned on.

This section contains a descripiion of the simulatioh scenario and
- example time traces of the disturbance inputs, pilot control activity
(column and throttle) and pertinent vehicle responses. Time traces are
presented for flight with conventional IFR digplay (raw data) and with
both directors on, Pertlnent comments and suggestions of the engineer-
pilot are presented regarding system performance and/or mechanization

changes desired before initiating the formal, moving-base simulation.
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Actual Flight Troce

Piloted Simulation _
{Gust direction 4 and turbulence director off )

Figure 29, Comparison of Normal Accelerations Obtained in Severe Turbulence
with Aircrafi F, Simulation vs. Actual Flight
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A, BCENARIO
Bach £1ight began at 280 kt (144 m/sec) and 26,000 £t (7,925 m) and
had the following scenario: '
1. Accelerate 30 kxt (15 m/sec) at constant altitude.
2, Climb at 1000 fpm {306 m/min) at constant sirspeed.

3. Encounter random turbulence during clinb. Starts
' light and goes to severe,

4. Turn on FD systems. Level off and slow down 30 kt
(15 m/sec) to proper penetration speed.

\n

Gust No. 6, 30 seconds after transition.

92

Fly out of tufbulence, recover to straight and level.
Encounter gsevere random turbulence again. |
8. Gust No. 2.

9. Fly out of tﬁrbulence. Turn off FD systems.

10, Accelerate 30 kt (15 m/sec) while level.

11. Deécend at 1000 fpm (306 m/min) at constant airspeed.

12. Encounter severe random turbulence, Turn on Fh systems;
Slow 30 kt {15 m/sec) and level off, .

13. Gust No. 8.

4. Light turbulencé. Recover straight and level,
15. Severe ran@bm turbulence again. Gust No, L,
16.7 Light turbulence. Gusts Wos. 1 and 5,

17. Recover straight and level.

In each case the gcenario is started with the pilof Mying basic IFR
instruments. Also the horizon line of the ADI was offset seversl degreeg
80 the pilot did not have a precise pitch attitude trim reference. This |
approximated the real climb situation as noted in Section IT. TFor the
no-director case the pilots were instructed to Tollow severe turbulence

penetration recomendations (Ref. 4) to maintain:
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@ Loose attitude control, 8 < +10°

© -Speed < *25 kt (%12.88 m/sec) but avoid low IAS

® Altitude < #1200 £t (i365'76 m) Saérifice to maintdin

@ ~ Rate of climb < £1400 fpm (426.7 m/min 6 and TAS

@ Use thrust only in case of:
— necessity to achieve penetration conditions.

— ' extreme airspeed deviation
~B. TIME HISTORIES

Time traces of the vehicle motions with and without the two directors
are shown in Figs. 30-32 for Gusts Nos. 6 and 2, 8 and L, and i and 5,
respectively. The "a" and "b" portions compare the director-on with the
no-director tasks. The scenario event sequence is identified at the top
of the traces. The scenario Tor Figs. 30a and 30b is to set up the-ﬁroper
penetration condition upon encountering severe turbulence, i.e., Event L.
decrease speed 30 kt {15 m/sec) and 1evei of'f, encounter Gust No. & —
-(Event 5); fly out of turbulence, recover to straight and level (Eveni 6);
encounter severe turbulence and discrete Gust No. 2 (Events 7 and 8); and
fly out of turbulence (Event 9). The scenario events Tor Figs., 31 and 32

may be identified similarly.

Essentially ailryariables exhibit gignificant diffefences between the
two cases. Attitude changes are more pronounce& znd decisive with the
‘director system on. Director off, e.g., Figs. 31b and 30b, attitude
is maintained almost constant even in the presénce of the large discrete
disturbances. 'Aifspeed shows less wandéring and is returned to the trim
speed mach socner with the director, Throttle activity is‘significantly
reduced with the director, i.e., number of changes, magnitude of change,
and time duration' from the trim thrust setting. The high thrust activity
and small attitude changes when flying without the director indicates .
the pilot tended to use thrust rather than coordinated thrust and atii-
tude for airspeed correction when flying basic IFR instruments. Column

Position also shows more activity in the raw data situation, which
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indicates tighter attitude control than with the director. This last
result might be different iﬁ a moving-base simulator where the g level
would certainly influence the control inputs. However, it is apparent
from the decreased control activity (column and. throtflé) when using
the directors that the pilots workload is decreased significantly.

.In all cases the random vertical acceleratlons are approximately

- ¥1/2 g (5 m/sec®) about trim., Although the acceleration appears somewhat
less with the director. The discrete gust—lnduced accelerations added

1/2 g (5 m/secz) spikes to this level (except Nos. 1 and 5). As indicated
previously, the discrete gusts used here are of much greater magnitude and
severity than normally encountered. However, the fact that such disturb-
ances can be encountered (and the realism of this éimulation) is demonstrated

by the comparison of normal acceleration traces previously shown in Fig. 29.

The time histories of Fig. 33 are presented to indicate the smoothness
of director (bottom trace) display in the severe turbulence similated. |
Although some random turbulence activity is apparent, it was not objec-
tioneble to the pilot and the 4 gec gust filter in the airspeed feedback
appears adequate. The overall energy management afforded by the'combined
director systems is slso reflected in Fig. 33. The throttle setting
required to establish the desired flight path is gccomplighed in a deci-
sive and precise manner, the associated attitude change iz equally decisive
and precise, and there ig no airspeed perturbatlon associated with the

maneuver,
€. PILOT ASSESSMENT

Pilot opinion of the turbulence director system was favorable ag expected,
Workload was reduced noticeably. The severe random turbulence did not produce
conmand bar motion in the control column director and hence it was easy to
track. There was no noticeable coupling from thrust into thé column direc-
tor and vice versa. Thus the scanning workload between the two directors
was minimal. There also was no confusion between the director commands

and the vehicle responses during the large discrete disturbance inputs.
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N

Figure 33. Tlme History of Constant Alrspeed -2-—1/2 deg Descent
and Level Off Using Throttle Dlrector
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Airspeed recovery was considered to be more than adequate. Even
for the largest airspeed disturbance, if the control column command bar
was followed closely:it was immediately apparent that the airspeed was
moving in the right direction to correct the situation. It was Telt that
any increase in tﬁe airspeed-to-attitude gain ratio would merely compro-’
mise normal acceleration and altitude excursions W1thout appre01ably '

1mpr0V1ng airspeed control,

The feature most appreciated was the thrust director., The aﬁility to
set‘the throttle to the trim value for any desired change in flight path
- was congldered a desgirable feature for flight management in general (i.e.,
 for all phases of flight). |

There were two significanf recommendations for system improvement prior
to the formal simulation evaluation. One involved turn-on transients.
When the director was turned-on at an airspeed other than that set For
the column director reference, a step atiitude change was commaﬁded. Any
attempt to follow this initiel command resulted in excessive chenge in
“altitude. A simple fade-~in circuit is needed for the airspeed error -

Teedback to reduce this transient.

The second recommeundation was that the airgpeed error_feédback gain
should be a function Of-fhe sign of airspeed error and/or aircraft rate
of descent. That is, low airspeed should have greater weighting than .
high airspeed. But, if slow and descending rapidly, the attitude command
should not be allowed to require negative pitch attitude in order to
~minimize altitude excursion —— especially if at low altitude.  The reverse
also applies if a headwind is encountered and accompanied by a high rate-
of-ciimb. It also appeared that an increase-in airspeed feedback gain
for the thrust director would help reduce the commanded attitude response

to alrspeed error and hence help reduce altitude . excursions.
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SECTION V
SUMMARY AND RECOMMENDATIONS

The preceding sections have presented the analysis and synthesis of
a control column and throttie director'system_for use in severe turbulence.
The column system minimizes airspeed excursions without overdriving etti—
tude and insures looge attitude control regardless of how tightly the
.pllct attempts to close the loop.  The throttle system augments the air-
speed regulation and provides an indication of the trim thrust regqulred
for any desired flight path gngle. In both director systems the effective
controlled element (flight director and vehicle) dymamics were tailored.
to meet a set-of pilot-centered requirements unique to manual coﬁtrol
tasks. This insured good pilot opinion (and minimm workload) as ﬁell ag

good closed-laop performance in spife of the severe turbulence enviroument.

- A preliminary fixed-base piloted simulation verified the analysis and
provided a shake-down for the-complete moving-base simulation to be accom-
plished next: This preliminary simulation utilived a flight scenario
concept that was quite successTul at combihing piloting tasks, random
turbulence, and discretergusts to create a high but realistic pilot worlk-
load conducive to pilot error and potential upset. The turbtulence director
system significantly reduced the pilot workload and minimized unsalfe air-
craft excursions. The director system is therefore con51dered Lo have

met the design objectives.

However, based on the preliminary 51mulat10n, the feollowing improvements
and refinements should be considered and possibly included in the final
simulation.

1. Increase the airspeed feedback gain in the throttle
director, e.g., K, = 0.018 in/(ft/sec), so that more

use will be made of thrust to combat airspeed error
and hence reduce the attitude excursions.

2. Make the airspeed feedback gain in the elevator

director nonlinear, so that high airspeeds are not
weighted as heav1ly as low alirspeeds, '
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Include attitude logic in the elevator director as a
function of airspeed error and altitude rate to reduce
altitude excursions.

Use a fade-in circuit for the airspeed feedback fo

avoid altitude excursions when the system is turned
on with an airspeed error,
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10.

11.

12,

13.

.
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AFFENDIX A

ATRCRAFT F OFEN-IOOP CHARACTERISTICS

This appendix presents the vehicle stability derivatives [in body-fixed
stability axes) and transfer functions for Aircraft F at the following two
flight conditions: '

1. 280 kt at 26,000 £t [M = 0.68, g = 247 psf]
Yo
W

It

—~1 deg
590,000 1b

I

2. 250 kt at 10,000 £E7IM = 0.45, q = 207 psf]
. 70 = +5.2 (for B = +10 deg)
W = 600,000 1b

It also presents time responses of the open-loop vehicle motiong to Gusts 1,
2, 3, and 4. Gusts 5, 6, T, and 8 would be identically the opposite.

The transfer functions are presented in the following shorthand notation:
For éxample,.
Nogy = Auls + 1/Tu))[s2 + 2(6,)(@a)s + (wn)?]
By u / w1, u/id)s thy

is written as:
Ay
(1/Tu1) ‘
({83 oy, Re, Im))

The d.c. gain is shown in angle brackets < >
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Figure A-1. Open-Loop Gust Responses; Figure A-2., Open-Loop Gust Responses; Gust 2;
Gust 1; 250 kt (129 m/sec) at 10,000 Tt - 250 kt at 10,000 ft; y_ =5 deg
(3048 m); 7, = 5 deg SO
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Figure A.B; Open~Loop Gust Responée;  Figure A-k.. Open-Loop Gust Response;
Gust 3; 250 kt at 10,000 ft; y =5 deg Gust l; 290 kt at 10,000 ft; y =5 deg
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Fipgure A;5; Open-Loap Gust Reépoﬁééj Pigure A-6. Open-Loop Gust Response;
Gust 1; 280 kt at 26,000 £t; Yo = 5.deg Gust 2; 280 kt at 26,000 ft; Yo = 5 deg
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Figure A-7. Open-Loop Gust | Figure A.8. Open-Loop Gust Response; Gust k4;
Response; Gust 3; 280 kt at - 280 kt at 26,000 ft; 7, = D deg
26,000 1't; 7o T 5 deg . '

ITR-1003-2 - 79



