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ABSTRACT

Analyses of available handling qualities data were performed to
determine lateral/directional dynamic requirements for VTOL aircraft
in hover and low speed flight.

The basis for this treatment is an examination of the pilot/vehicle
as a closed-loop servo system., The quasi-linear pilot describing funection
is applied. The results of the studies suggest that the primary factors
identifying satisfactory and unacceptable hover mode dynamic features
are related to the closed-loop deficiencies,

Detailed consideration is made of the control task and piloting
functions in transition flight., The results of this generic appraisal
are evoked to confirm and justify preliminary lateral/directional
regquirement for control in transition.
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Speclal Subscripts:

C

CL

e

eff

hi

0L

sp

S8

Command; crossover; controlled element {vehicle), collective
Closed loop

Error, or elevator's pitch control {longitudinal cyclic)
Effective

Gust

Altitude mumerator for control input

High frequency

Bagie (unperturbed) condition

Open-loop

Phugoid

Pilot

Yaw control (tail rotor or differential lateral cyclic)
Roll subsidence

Spiral

Short-period

Steady state

Throttle; thrust; lag

Alrspeed mmerator for control input

Special Superscripts:

Primes denoting loop closure. Primes on a transfer function
or time constant indicate that it has been modified by inner-
loop closures, the number of primes corresponding to the
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Denotes derivative with respect to time, d/dt

Denotes second derivative with respect to time, d2/at?
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Mathematical Symbols:

< Less than

> Creater than

<< Much less than

>> Much greater than

/ Not (e.g., #, not equal to); divided by

1

Approximately equal to

— Fed to; approaches

) Partial differential

7/B Generalized transfer function, X (s)/5{s)
] OQuter loop with inner loop(s) closed

bl Angle

| | Modulus

e 2.7183

X Pole

O] Zero (root of numerator)

| | Closed-loop root

(1/T1) First-order factors of transfer function
(&5 s e0q] Second-order factors of transfer function

Notatlonal Rules for Closed-Loop Quantlties:

1. The number of primes present indicates the number of loops closed
previously.

2. The notation for the closed-loop factor is the same as that for
the open-loop factor (plus a prime) when the closed-loop and open-
loop forms are the same. TIn this casSe The Ol‘lgll’l of the closed-
loop factor is always at hand (e.g., ag —--a;d, g —-—mq}, Tp —= T,
Tcp -—-i--Tq)_', Td-‘l "'Tdv etc. )
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3. When the closed~loop factors differ in form from their open~loop
origins, several possibilities exist.

a. For closed-loop factors which have the same form as,
and are approaching, open-loop zeros, the closed-loop
factor notation is that of the open-loop zeros (plus
a prime). For example, open-loop quantities (s+1/Tg)
and (s+1/Tq,), which couple to form a quadratic
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would give rise to a closed~loop factor ordinarily
denoted as (s24-2§§u§s-+w§2).

b. TFor closed-loop factors which differ in form from both
the open-loop poles from which they depart and the open-
locp zeros which they ultimstely approach, a specilal
notation is coined which ordinarily reflects the origin
of the factor, For example, closed-loop factors which
start from s=0 and s=—1/Tg, couple to form a quadratic,
and subsequently decouple to end finally et two real
zeros, would be denoted s°+ 2pwps +wR® in the quadratic
region,

¢. Cleosed«loop factors which have no readily identified
origin or end point, such as one starting at s=0 and
approaching s =« as gain increases, are given a specially
coined notation, e.g., 1/T;.

4., When the application of these rules by rote would result in great

confusion in the local context, a new form is substituted for the
closed-loop factor involved. Primes, however, are always retained.
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BECTION I
INTRODUCTION

Over the past two years, under the VTOL Integrated Flight Control Systems
Program (VIFCS), a significant increase in the detailed understanding of
flying quality requirements for VTOL aircraft has been obtained through
application of pilot/vehicle closed-loop analyses. Such analyses, when
correlated with available pilot rating (and commentary) data, established
that longitudinal dynamic requirements for hover control were primarily
related to cleosed-loop plloting functions. This led to the conscolidaticon
of the results of past handling gquality experiments for this control mode
and a preliminary prediction of the requirements for longitudinal control
in hover (Ref. 1}. Two recent VIFCS programs (Refs. 2 and 3) have provided
some experimental validation of these requirements. Also it is noteworthy
that the pilot compensation characteristics derived from the experimental
date of Ref, 2 are in good asgreement with these analytical predictions.

Encouraged by the success of these previous efforts, the analytical
studies were extended to cover lateral/directional control aspects. This
report presents the results of this second series of analyses which, again,
covers both hover and transition flight regimes. Since these lateral/
directional studies represent an extension of the longitudinal efforts
reported in Part I (Ref. 1), much of the background justification and the
procedures for application of the pilct/vehicle analysis techniques given
therein are omitted here. For this reason it 1s suggested that the reader
may find it desirable to refer to Part I occasionally for background.

Section IT summarizes the basic manual control requirements defining
satisfactory and unacceptable lateral hover dynamics. These reguirements
are identified in terms of vehicle dynamic characteristics and, where
possible, their equivalence is expressed in terms of aerodynamic deriva-
tives, The hover dynamic requirements identified cover the airframe without
augmentation {e.g., conventional helicopter dynamic characterigtics) and the
airframe dynamics as modified by angular rate and position sugmentation
schemes and by translation augmentation schemes. The pilot/vehicle control
situations associated with each level of augmentatlon are discussed briefly
to support these requirements and as a means of gaining overall understanding.

Section ITI then expands the hover mode consideration by examining some
effects of the nonidealized flight control system (i.e., including nonline-
arities and controle~coupling terms). Emphasis is placed on gaining insight
to illustrate how such control systen properties affect the closed-loop hover
control.

The lateral/directional transition studies are presented in Section IV.
These efforts start with detailed generic studies of the vehicle's stability
and control characteristics as they change from hover to transition, and pro-
ceed to illdstrate the pilcoting control problem associated with various
closed-loop control tasks. The stability derivatives of a tilt-wing air-
craft are used to provide a reslistic basis for these analyses. With this



background study of lateral/directional control in transition, the results
from several handling quality experiments are examined and the closed-loop
analyses are used to explain the root causes for the good and bad pilot
rating.

Conclusions to be drawn from the results of these studies and recommenda-
tions for further experimentation are presented in Section V.

The appendices contein substantiating dats which were considered too
detailed and/or mathematical for presentation in the body of the report.
Appendix A provides case studies and analytical treatments covering the
dynamic requirements derived for the hover mode.



SECTION IT
MANUAL CONTROL REQUIREMERTS FOR IATERAL HOVER

In the longitudinal studies of Part I (Ref. 1) it was established that
the primary mamial control problems in hover are associated with closed-loop
pilot/vehicle deficiencies. Because the characteristics of the longitudinal
and lateral modes in hover are dynamically equivalent, we would anticipate
gimilar, if not identical, manuasl control requirements, That is, if we
maintain the pilot model concept and adjustment rules as employed in the
longitudinal study, the same or similar regquirements would evolve for lateral
control, Despite such expectations, it was considered desirable and necessary
to proceed with a complete examination of the lateral closure aspects, and
corresponding data, in order to:

1. B8olidify preliminary predictions (based on longitudinal
results) into a suitable set of lateral dynamic require-
ments.

2, Tllustrate the detailed effects of various gust-sensitive
derivatives on pilot compensation needs and error per-
formance.

3. Study a broader cross section of dynamic features
resulting from various augmentation schemes.

L, Consider the effects of flight control system
properties and control cross-coupling terms.

A review of the above studies is accomplished in this section. For the
detailed supporting analyses associated with these items the reader is
referred to Appendix A.

A, IATERAL DYNAMIC REQUIREMENTS

To establish the dynamic requirements which ldentify satisfactory
(3 < R <'k4) and unacceptable (6 < PR < 7) boundaries for the lateral
hover mode, a detgiled survey was made of the dynamic characlteristics
experimentally tested in Refs. 2 through 10. The results of the survey
including the dynamic characteristics, which are described by families of
Bode plots representing both opinion levels, are given in Appendix A. This
review of open-loop features follows the procedure developed and utilized
in the longitudinal studies of Part I (Ref. 1). Essentially this involves
a breakdown of the airframe dynamics into "effective vehlcle" classifications.
In msking these distinctions, we again subdivided the dynamic features into
controlled elements representing one of the following:



Conventional VTOL systems (including subsidiary forms)
Attitude augmentation systems

Position- or translational-loop augmentation systems

Combined attitude and translational systems.

The requirements derived from the survey for each controlled element classi-
fication are reviewed and some of the pertinent closed-loop Implications are
noted after first briefly considering the bases and form for their presenta-
tion,

1. Basls for Specification of Dynamle Requirements

An underlying problem associated with specifying dynamic requirements is
finding an appropriaste set of parameters or indices of merit. In general,
for a given control task or pilloting situation, suitable criteria should
reflect consideration of:

® Pilot/vehicle performance merits (e.g., regulation
errors, closed-loop responses, ete.)

@ Closed-loop pilot effort and compensation requirements
® Vehicle only (i.e., open-loop) dynamics
® Derivatives

® Transfer function factors
® Response time histories

For a given task, the vehicle (controlled element) dynamics determine the
required pilot effort and compensation, and the resulting task performance,
Thus criteria based on controlled-element dynamics are, perhaps, most
inclusive of all the above considerations, for a given task. Furthérmore,
although the aspects of closed-loop control may really dominate a given
situation the present gtate of art (e.g., Ref. 11) does not permit the use
of pllot-related guantitative factors for the establishment of firm require-
ments. Nevertheless, a study of the closed-loop aspects is very instructive,
can be used to make comparisions and extrapolations, and often reveals the
underlying basis for the requirement on the vehicle-only dynamics {e.g.,
Ref. 1), Accordingly, while the main thrust of the data correlations is
directed along the line of vehicle dynamic parameters, closed-locp studies
are later invoked to provide understanding and a basis for extrapolation

to different situwations.

The remaining consideration on the use of vehicle dynamic parameters is
whether to define the criteria in terms of the aerodynamic derivatives, the
transfer function factors, or response time histories. In any case, the
general sultability of the resulting criteria will depend on which form is
more closely related to the true or primary causal effect. Furthermore,
any such criterias will be subject to some conditional exceptions because
of the approximations and assumptions involved in derivation of the key merit.




Based on the longitudinal analyses of Part I (Ref. 1), and the detailed
lateral correlations in Appendix A, the transfer function factors are

favored as the meang of specifying the hover dynamic requirements.

This

selection stems from the fact that the dominant factors in the pilot opinion
of the hover handling qualities do apparently involve the closed-loop aspects.
However, for same of the simple controlled elements associated with conven-
tional VIOL aircraft, the criteria will also be expressed in terms of the
aerodynamic derivatives.

2|

Conventional VIOL Leteral Dynamics and

Bimple Attitude-Rate Augmentation

The conventional lateral dynamics are those controlled elements which

are specified by the vehicle's aerodynamlc properties (see Table I).

As

such, the tie between the controlled element dynamics and the aserodynamic

TABLE I

EFFECTIVE LATERAL CONTROLLED ELEMENT FORMS

FOR CONVENTIONAL VIOL SYSTEMS

BASTC FFATURES AND

PRIMARY CONTROL,

SECONDARY CONTROL,

SUBSIDIARY FORMS ATTITUDE /3 POSITION y/8
1. Inertial Form Ig gLa
(i.e., Y'V' = —'é —E-
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2. Angular Damping g
Torm (Ip # 0, _.__.Ls;..._ 3_._1_'6_...
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derivatives can be made with reasonable ease (Eqs. 1 through 4). 1In
addition, the factors governing pilot/vehicle performance, such as rms
errors and control activity, can be related both to specific derivatives
and to the pilot activity (e.g., gain and lead).

The review of extant open~locp dynamic data presented in Appendix A
shows that the dynamics features for the lateral mode which define satis-
factory (3 < PR < 4.0) and unacceptable (6.0 < PR < 7.0) boundaries are
essentially the game as the longitudinal., Table II shows the comparison
between the longitudinal mode features from Ref. 1 and the present lateral
study. The longitudinal criteria are identified by the subscripts p, sp,
g, u3 the lateral by the subseripts d, R, ¢, V.

The lateral dynamic boundaries differ from longitudinal only in the
level of the aperiodic mode (roughly given by the rotary damping, Lps €8
Eq. 1) required for a satisfactory rating. Basically, the minimum
acceptable roll subsidence mode inverse time constant is 1/TR >1.25 sec”1
which corresponds approximately to a minimum effective airframe damping of
~Ip > 1.0 sec”l. ‘This level of rotary damping results in an oscillatory
mode damping, {4, always greater than zero. Such a level of oscillatory
damping is apparently required to yield an acceptable rating regardless
of whether or not motion cues are available in the simulation, whereas
less stable dynamics are rated as satisfactory for longitudinal control
when motion is available* (Ref. 1).

The satisfactory boundary level from Table II can be expressed in terms
of the aerodynamic derivatives by the relationships of Egs. 1 through k.
The results of this conversion are given in Fig. 1, which also shows the
criteria values of 1/Tp = 1.25, ag = 0.5, {4 = 0. Because the longitudinal
and lateral modes are dynamically similar in hover the rotary damping,

, can be replaced by its longitudinal equivalent, » and gl by —aMy;
thus, except for the slightly higher 1/TR cutoff in Fig. 1, these require-
ments could apply equally as well to the longitudinal mode (see longitudinal
counterpart to Fig. 1 in Ref. 1).

The unacceptable dynamics (6 < PR < 7) of Table II show essentially the
same characteristics for both lateral and longitudinal control with the
dominant features being the unstable oscillatory mode near 1 rad/sec (i.e.,
t: < 0). The higher frequency oscillatory mode stems primarily from the
high lateral stability term gL, although a very low angular damping, Ip,
tends to increase wy (e.g., see Eq. 3).

*The damping differences noted here between the longitudinal and lateral
requirements represent s statistical difference between the mean values;
therefore, the discrimination between acceptable values of 1/Tg, and 1/Tg
is subject to a low confidence level. Nevertheless, it is considered
indicative of the trend for higher minimum satisfactory damping levels
for the lateral axis.



TABLE IT

COMPARISON BETWEEN LONGITUDIWAL AND TATERAL CRITERTYA COVERING SATISFACTORY
AND UNACCEPTABLE RATING LEVELS FOR CONVENTIONATL VTOL DYNAMIC FEATURES

DYNAMIC
PROPERTIES

SATISFACTORY
3 <PR < 4

UNACCEPTABLE
6 <PR <7

Abttitude Loop
1. Osgeillatory Mode
a. Frequency, Wy

wp < 0.5 rad/sec

wp > 0.8 rad/sec

b. Damping, {p QP > 0 (stable) EP < =0.15 (unstable)
or fywp > 0.2%

a. Frequency, ug wg < 0.5 rad/sec wg > 0.8

b, Damping, {4 g >0 tawg > 0.15
2. Aperiodic Mode

/%5 11g > 1.25 115 £ ug
3. Numerator Term o

2 1/Tg. or < 1/2
1/Tg, oF 1/Tg, ] /Ty /2 op
02 1/Tg or < 1/2 g

4, Dominant vehicle

asymptotic dynamic o

form near 2 rad/sec K/s K/s

e g OF Weq,
5. Phage margin near t = 00

limiting wp or ag A > O % <
6. Lowest frequency 4 -

. 1.0
* for stability, wcf ey < 1.0 Peq >

Position Loop
1. Dominant vehicle

asymptotie dynamic K/sﬁ K/sh

form near 1 rad/sec
Pxer Yye

*Requires moving-base or flight test simulation conditions (i.e.,

angular motion cues).

tCenditions required only for gpmp > =0.2.

+The lowest frequency for which the phase margin ls zero.
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The above requirements slso apply to the simple attltude-rate
aungmented aircraft because such augmentation simply increases the
effective rotary damping. However, the consequence of attitude feed-
back and the means of expressing the boundaries {e.g., the s-plane
presentation of the criteria is more appropriate) need further consid-
eration, as suwmarized next.

3, Attitude Augmentation Systems

The effective conbrolled element forms for attitude augmentation systems

may be subdivided into two categories.
the ratio of the angular position feedback,

These categories are expressed by
KW’ to the angular rate feed-

back, Kg (i.e., 1/Tg = K,/Kz) relative to the basic aircraft aperiodic

mode (i.e., the unaugmented roll subsidence mode), 1/Tg.

Reference i

discusses the longitudinal equivslent of such considerations in some
detgil and illustrates the changes in the controlled element dynamics
resulting from the selection of 1/Tg greater or less than the airframe

aperiodic mode (1/Tgp
effective controlled gl

or 1/TR in the present case).
ement forms approprigte for lateral hover are

presented in Teble III below for reference,

ATTITUDE AUGMENTATION SYSTEM

TABIE IIT

The two resulting

BASIC FEATURES

PRIMARY CONTROL
ATTITUDE, /%

SECONDARY CONTROL
LATERAL POSITION, y/&

Category I
1/Te < 1/
/T% : /TR La(s-+1/T¢1) —gLy,
Wy 2wy
d (s-+1/Tﬁ)(52—+2§é¢ﬁs-+ué2) s(s-+1/Tﬁxs?+-2§ém&s-+m&2)
Category II
1/Tg > 1/Tg L gl

(s-+1/T¢1)/(s-+1/TR) =1

s° + 2§émés + mée

s2(s2+ 2t jwg s +w&2)

Baslcally, Category I systems have low stiffness and they exhibit

responses equivalent to conventional VTOL dynamies.

Thus the dominant

response is that. of attitude rate proportional to control input (i.e.,

9/8 = K/s).

The Category II, or high stiffness, system is dominated by

the high frequency second-order mode and the camand response to stick

input is attitude (i.e., 9/8 = K).

The separation of the dynamic cate-

gories according to the attitude response properties becomes fuzzy as




effective augmentation lead, 1/Tg, approaches 1/Tg and as the rotary
damping, s approaches zero., However, the method of classificatlon

for Category I and II gystems remains valid regardless of the airframe aero-
dynamic derivatives. This is significant because we are concerned here
with prescribing conditions under which a given set of handling quality
requirements will apply.

The reader is further cautioned not to confuse the net derivatives
L., and with the feedback gain terms, K, and K. Generally, these
tgrms are not equivalent since the inherent airframe stiffness or
damping is lumped with similar artificially created terms when the
derivatives Ly, and L are used.

With these comments as background, the dynamic requirements for
attitude augmentation systems are reviewed. These were eshablished
initially by applying the governing closed-loop considerations deter-
mined as important for conventional VIOL dynamics. These closed-loop
aspects were flrst derived in Ref., 1 for longitudinal control and are
applied in Appendix A to cover lateral control. Essentially, this means
that the same pilot compensatlon and performance merits (i.e., lead,
crossover frequencies, ete.) predicted for the satisfactory conventional
dynamics were used to define satisfactory regions for the attitude system.
The confirmation of these predicted boundsries was then obtalned from the
experimental results in Refs. 2, 9, 10, 26, 27, 28. Data from these sources
encompass both Category I and IT systems., Again, detailed discussions of
the documented results and verification of boundaries gre contained in
Appendix A.

a. Category I Systems (1/Tg < 1/Tr). Basic dynamic requirements for
satisfactory hover control covering the Category I or rate-type damper
systems are identified by the dynamic regions in the s-plane plot of
Fig. 2. These open-loop dynamic characteristics constitute boundary or
limiting pilot control situations. The regions identified by letter
relate the dynamic characteristic to the appropriate closed~loop pileting
factors as tabulabed in Fig. 2.

Region A is generally where the unaugmented VIOL aircraft oscillstory
dynamics fall and the handling qualities range from unsatisfactory to
unacceptable. The most significent control deficiency in this region is
the so~called "boxed in" situation (see Appendix A). This situation refers
to the pilot's inability to improve closed-loop control by adopting lead
compensation (anticipation). In fact, for these control elements (i.e.,
region A dynamies) we find that the pilot can improve his performance only
by reducing his high frequency lags (e.g., the pilot's reaction time neuro-
muscular delay, Te). While significant reductions in such lags can be
accomplished by the highly skilled pilot, particularly where motion cues
are provided, the neuromuscular system dynamics do represent a physical
upper limit on his control capabilities. Also, reductions in the pilot
reaction time delay, 14, are accampanied by low frequency a-effects* (see

*The exact cause of these low-frequency aspects is not clear at this time.
Recent evidence suggests that the effect is asscciated with time-~varying
pilot gain and remnant (see Ref., 35).
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Aperiodic Mode
BandC

I/Tg 2125 -1.0 o

jw

£=3

Oscillatory Mode
Ca wq

REGION PILOT CONTROL SITUATTON
A Unsatisfactory to unacceptable; lead compensation in
attitude loop relatively ineffective ("boxed-in");
position-loop crossover marginal along £ = 0.3 boundary.
B&C Batisfactory, multiloop control; small lead compensation
in attitude (T1,_ = Tg); adequate margins; outer-loop
crossover at legst 0.3 without lead.
Figure 2. Category I, Dynamic Requirements for Hover Mode
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Ref. 1, Appendix D}, The 1o and o effects are inversely related; thus,
an increase in low-frequency phase lags accompanies a decrease in the
effective delay, ve. This conflict between low- and high-frequency phase
lags for the pilot is graphically described as a "boxed-in" situation.

With progressive penetration of region A, the oscillatory mode
divergence time decreases (i.e., the effective time constant, =2 1/-tw
increases) and the handling qualities ratings deteriorate very rapidly.
In fact, as noted in the longitudinal studies (Ref. 1), the dynamic
features in the crucial region of crossover are quite similar to those
of a second-order "critical task"™ (Ref. 14). The critical task dynamics
are designed to push the pilot to the limits of his neuromscular and
lead-generating capabilities. Any vehicle approaching such dynamics
requires full-attention control and is accordingly considered hazardous
to fly.

Region B, defined by wgq = 0.5 and-{g = 0, is identified separately
because this is where the oscillatory mede is normally located for moderste
gain rate augmentation (i.e., augmentation or a Category I feedback system
where 1/TE = 0). With these simple angular rate damper schemes, the degree
of positive damping for the oscillatory modes depends on the position of
the numerator zero, 1/T¢ , (see
adjacent sketches) as well as
on the rate feedback gain, K.
In some cases, notably helicop-
ters with large Y. terms, the
value of 1/T,, 1s negative
(positive on the ¢ axis) and
the osc¢illatory mode remains
unstable regardless of the
feedback gain (e.g., as shown
in the sketch). The resulting
low frequency oscillatory
divergence causes the pilot
cnly moderate concern and
depénding on the task (e.g.,
hovering without gust) such
systems mey be rated marginally
satisfactory (PR = L). This
appears particularly true when Gnet
the corresponding aperiodic
root, 1/Tg, is significantly {Lqrwy)
grester than 1.25 (see Fig. 1).
However, a neutral or stable Ki
oscillatory mode is necessary to Pincr.
insure a satisfactory rating
(PR < 3.5) for precision hover
tasks involving moderate (oy = ~eg— q o
5 fps) gust disturbances or } | |
conditions. Thus, in Fig, 2, T; TE T;
the boundary between satisfactory |
and unsatisfactery (i.e., FR = Typical Gain Loci for Rate Damper
3.5) 1s the jw axis or neutral Systems (i.e., 1/Tg = 0)
damping (i.e., {5 = 0).

12



Region C covers the remaining Category I systems where 1/Tp < 1/Tg
but greater than zero. The crucial boundary condition is that for
£q3=0.3 which shows that the oscillatory mode roots must lie to the
left for satisfactory manmual control. As shown in Appendix A this
requirement is directly related to that specifying a minimum position to
attitude loop crossover freguency relationship (Fig. 2). The upper constant
frequeney boundary (wg = 1.25 rad/sec) of region C is more a practical
implication than a rigid requirement. This is a consequence of the basic
airframe frequency, ay, the effective
augmenter lead, 1/Tg, and the zero,
1/Tp, . For example, we see fram
the tketch that increasing augmenter
gain drives the poles (lg, wg) to
the centroid between 1/1g and 1/Ty, .
Practical limits on ayg suggest thak
"inherent aerodynamic" levels* of ay
and 1/Tg are between 1 and 2 rad/sec,
thus we can assume that for the
Category I system the oscillatory
roots will fall within region C of
Fig. 2. Furthermore, as will be
illustrated later, this region also
convenlently provides an overlap of
Category I and II requirements.

jw

Fxcluding for this discussion
simple rate augmentation systems
(i.e., 1/Tg = 0), we find good
verification for these boundaries in the experimental results of Refs. 2,
3, and 27. In Fig. 3, lhev. results are superimposed on the sugsessed
boundaries. To emphasize the boundaries, the available data are segre-
gated as to either FR > 3.5 or PR < 3.5. Detailed pilot ratings are given
in Appendix A.

b. Category II Systems (1/Tg > 1/TR). Category II requirements are
shown in Fig. 4. Fror Category 11 systems only the oscillatory mede is
specified since the second-order characteristics dominate, These regions
are based on the closed-loop requirements inferred from the Category I
and conventional dynamics studies, The various pilot control function
and compensation regions identified in the figure are briefly outlined
below,

*Je use "inherent aerodynamics” to infer the absence of any mechanical
augmentetion schemes (e.g., gyro stabilizer bars} which might result in
larger uy and 1/Tg values.

13
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REGION PILOT CONTROL SITUATION

Unacceptable: A multiloop control structure with
large lead compensation (T, > 1 sec) required in
both attitude and position to obtain desired cross-
over freguencies {we, = 2.5 rad/sec; wey, = 1 rad/sec)
A with the compensation for & K/s=like outer-loop
closure. Poor regulatory contrel of aftitude dis-
turbances due to low broadband gain features of
inner loop. Due to low stiffness attitude dynamics
appear as K/s° to the pilot.

Marginal Situation: Same loop structure required,
but somewhat reduced pilot compensation (T = 1 sec)
in both loops. Regulatory control of attitude dis-
furbances marginal due to poor error control, For
this situation the broadband gain region is near the
minimm of 6 dB for the crossover e, = 2.5 rad/sec.

Satisfactory: Quasi-multilcop control structure with
no lead or moderate pilot lead (TL, = 1/we,) required
C in the attitude loop. Moderate lead (TLY = 1 sec)
required in position closure., Regulatory control of
attitude disturbance is good.

Batisfactory: Single-loop control of position with

moderate lead ( < 1 sec) for a K/s-like crossover
D near we, = 1 rad/sec. Attitude commend, ¢, with

stick rgquired, otherwise pilot is gain or control
power limited at higher freguencies (m¢ > 3 rad/sec).®

Unacceptable: Low attitude-loop damping restricts

position~loop bandpass. Boundary suggested by desire

to keep wcy/mcCp approximately eonstant ratio. A mar-

ginal region exists between { £0.3 (i.e., wcy/mcm==0.3)
_and Lw=0.75.

Fach region for the Category II systems identified above clearly places
the pilot in a somewhat different closed-lcop control situation. For this
reggon, it is worthwhile expanding on some of the key aspects of concern
even though detailed considerations are given in Appendix A.

In regions A and B, the pilot is faced with a relatively low stiffness
attitude system (i.e., wy < 1.7 rad/sec) which although stable ({ > 0)
requires excessive compensation to achieve reasonable performance in the
presence of digsturbances. Thus the key factor for these two reglons is
the level of attitude excitation. Without disturbances, a satisfactory
rating (PR = 3.5) is normal, even for a zerc stiffnese system (e.g.,
hover-~buggy, lunar landing craft, etc.), for VFR, motion-flight conditions.

*Attitude commrand refers to the mechanization features associated with
systems in which a stick signal acts as a bias to the feedback signal.
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Likewise, wery large, high inertia vehicles which have low frequency
dymamics could also be expected to fall in this region. Agsin, the degree
that these wvehicles can be disturbed will determine whether such low
stiffness systems can approach a satisfactory handling quality level,
However, considering the handling quality data surveyed, the "normal"
vehicle response characteristics and disturbance levels tested, and the
predicted pilot compensation required, it appears that the minimum
vehicle stiffness falls between 1.7 and 1.0 rad/sec. A stiffness of
1.0 rad/sec can be inferred as an absolute minimum for most precision
hover tasks. For these frequency conditions, the predicted "minimum
broadband gain" for suppression of disturbances is —6 dB (i.e., with
the pilot's crossover between 2 and 3.0 rad/sec).*

Fram a closed-loop or piloting control viewpoint regions C and D
are somewhat similar and disturbance regulation is not a problem,
Attitude response for control inputs can be the cruciasl factor for the
higher stiffness system (w > 3.0 rad/sec) if control power is low.
Attitude command systems are generally required to keep the response
per inch of stick equal to or greater than about 0.1 rad in the first
second, This response level has been suggested from several studies
Ee.g., Rifs. 2, 8, and 20) for rate systems as well as attitude systems

Ref, 29).

Experimental verification for these requirements is evident from
Figs. 5, 6, and 7. In these figures, the results of Refs. 2, 9, 10, and
27 are superimposed on the suggested boundaries, The resulls of Ref. 10
shown in Fig. 7 are particularly noteworthy as confirming the control
functions and compensation features of regions A and B. Superimposed
on the suggested boundaries and regions of Fig. 4 is the satisfactory
Ref. 10 boundary (PR = 3.5) derived from experimental testing of the
attitude camand system. The agreement between regions is remarkably
good for the high frequency systems above reglons A and B. Furthermore,
region B, identified as marginal due to regulatory control from a closed-
loop viewpoint, coincides with the observed changes in the satisfactory
boundary (PR = 3.5) when angular acceleration (sirmulated gust or ground
effect) disturbances were introduced. Note alsoc that in these experiments
an attitude command feature was used to prevent the feedback signals from
limiting the attitude response. For this reason, no upper limit on stiff-
ness (i.e., frequency) was encountered in the Ref. 10 testing. However,
inadequate control response was cibed ag restricting the pilet control in
Ref. 26 (Fig. 6) which did not use an attitude command feature.

It appears reascnable, therefore, to conclude that the closed-loop factors
previously identified do account for the restrictions imposed on the damping

*Suppression of externsl disturbances and minimization of errors
are obtained in a closed-loop situation such that G{jw) >>1 over the
frequency range of the substantial input. The data suggest thet a
factor of two (6 dB) reduction over the frequency range below crossover
is adegquate.
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Figure 5. Comparison of lateral Dynamic Requirements for Category II
Augmentation Systems (1/Tg > 1/TR) and Ref. 2 Data
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Figure 6. Comparison of lateral Dynamic Requirements for Cetegory IT
Augmentation Systems (1/Tg > 1/Tg) with Experimental Data.
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Figure 7. Oscillatory Mode Requirements for Category II (1/Tg>1/TR)
Attitude Stabilirzed Systems; Comparison with Ref. 10

and frequency for attitude systems. BSpecifically, the handling quality
merits indicate that the following restrictions are imposed:

1. A minimm freguency, awy > 1.7 rad/sec for
conditions where disturbances are expected.
This is to insure a good broadband gain and
pilot closure near w crossover of 2-1/2 rad.

2., A minimum damping ratio, £ > .3, to prevent
the immer loop from restricting the outer-
loop piloct closure. This is in eddition to
the 2-1/2 rad/sec attitude bandwidth which
ig necessary alsc for good outer-loop control.,
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As a final point, we note from Fig. 8 that the oscillatory mode dynsmic
requirements for the two attitude augmentation system categories overlap
and have a common £ = 0.3 boundary requirement. Furthermore, this uniformity
of the oscillatory mode dynamics requirements can be considered to extend
also to the basic vehicle case which, in essence, is a Category I system with
zero gein and 1/Tg. Accordingly 1t is feasible to specify the general
satisfactory boundary as being either:

1. The gperiodic mode should have an effective
inverse time constant 1/Tg > 1.2% rad/sec, or

2. All oscillatory modes greater than 0.5 rad/sec
shall have a deamping ratio £ > 0.3. Freguencies
below 0,5 rad/sec will be at least neutrally
damped (i.e., { = 0).

4, Other Augmentation Concepts

Based on the closed-loop criteria inferred, as above, the dynamic
requirements can be extended to inelude more elaborate gugmentation and
camand control schemes. However, at present, little confirmation of
such predictions can be made except for two concepts for which limited
experimental results are available; i.e.,

1. Command schemes employing rate ordering and
attitude hold features.

2. Translationel rate demping systems.

a. Rate Ordering, Attitude Hold. Thils system represents one form of
command system which attempts to combine the desirable response charac-
teristics of rate systems with the stiffness and regulatory features of
the attitude stabilizetion schemes. These features can be achieved by the
schematic arrangement shown in the block diasgram below: In thls concept,

Oy,

9
Pilot Input +'
3
=T ! Kg/s i Pl A P

K${5+I/TE)F"——'

20



Solid PR >3.5 Boundary System 14
Open PR <35 s Category I
I/ Te = Ky /K LeLLss Category I
I/ Tq = Roll Subsidence Mode
jw
Symbol- Ref. :
JAN 27
© - 2 [
o 9 3
[=03
8
o 1°
e N
i
o we
o L
© oalli:
L1 * o
T Th -
Rcine?
L. R, A LR
D TE 2 TR // @o'sw £05
1.4 ‘irad/sec
T T A 4
l | 1 %
-3 o -2 -
Figure 8. Hover Mode Dynamic Requirements for

Attitude Augmentetion Systems Composite of Categories I and IT
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pilot control inputs are introduced as commands to the attitude stabilized
vehicle through a rate network (an integrator). Thus, to the pilot the
vehicle response to stick appears as angular rate. Without a stick command
(i.e., stick neutral), the wvehicle is stabilized in attitude and resists
all external disturbances. These characteristlcs are depicted by the Bode
sketch below.

o
T

Attitude Hold Mode

Attitude response to
-18L pilot controt input,

ie. 8/8s1k |6¢jw))|

Amplitude (dB)
o

] tllllll 1 1 Ill__llll L LlLlLll.l

1.0 10.0 100
w(rad/sec)

Bode Sketch of Rate Ordering Attitude Hold System

In hovering control the pilot is required to function .within the
muttiloop framework because the stick is now an attitude rate ordering
system; therefore he must function to control attitude as well as position
in essentially the same series multiloop configuration as envisioned in
Ref., 1 and shown below,

r___ﬁio?"_“ _Il If_ —VEWCE_}
3
Ye Ye | Yp, Pc Pe Yp¢ I} y/8 | y _

| i I |

: | |

L | ¢
| |
I
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With this series arrangement a simple gain closure is quite satisfactory
for closing the inner loop (i.e., the attitude loop) provided the control
system bandpass and damping are adequate to permit meeting the requirements
of we > 2-1/2 rad/sec. The primary restriction on the attitude stabilization
frequency, ay, therefore, is that it be greater than 2.5 rad/sec. This is
because values below this require the_pilot to introduce excessive lead com-
pensation. That is, the inherent K/sJ character of the 8/8o transfer func-
tion for @ > wy requires the pilot to generate a double lead to permit
crossover near or greater than uy; and such compensation activities are
opposed to good pilot ratings.

Another restriction on the crossover frequency is imposed by the damping
ratio of the attitude stabilized mode, {y, as sketched below. That is, to

Effect of Attitude Damping on Bandwidth

wy

0dB

avold instability the gein must be less than that corresponding to the
amplitude peak at wy; thus the maximum crossover frequency, w,, approaches
a value which is equal to 2yuy.

This simple spproximation is valid only for damping ratios much less
than critical, but with this restriction in mind; and with the previous
requirement on w, > 2.5 rad/sec we now obtain the requirement that {y be
greater than 1.25/uy.

The two requirements derived above; i.e.,

1. The effective attitude-stabilized frequency, wy,
must be greater than 2-1/2 rad/sec

2, The effective damping of the second-order mode
for the stabilization system must be such that

are plotted as (dashed line)} boundaries on Fig. 9. The experimentally
derived 3.5 reting boundary velues of Ref. 10, also shown (the actual
experimental data points were not presented) are in quite good agreement.
Note finally that the { = 0.3 ecutoff line shown in Fig. 8 for the "pure"’
attitude system does not apply since for the present rate comand, attitude
hold system the outer loop is characterized by two second-order bresks, one
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Figure 9, Rete Ordering Command System Dynamic Reguirements, Ref. 10

at we (the inner-loop pilot crossover) the other at ay, the attitude
stabilization frequency. Thus the peaking at ay due to {y does not
interfere with the outer-loop crossover.

b, Translational Rate Augmentation.* Tentative estimates of the
dynamic requirements for translation rate augmentation schemes (see
Table IV) can be implied from closed-loop considerations. The estimations
are confirmed to some degree by the large Yy data tested by A'Harrah (Ref. 7),
which are presented in Appendix A. The requirements for translation rate
augmentation, again, stem basically from the lateral oscillatory mode
damping considerations and the bandwidth requirements for good lateral
position control. In fact, as shown in the closed-loop analyses of
Appendix A, the interplay between controlled-element form, and pilot
compensation needs affords the key to the translation system require-
ments. The pertinent controlled-element forms are given in Table IV.
In Case 1, the augmented aperiodic mode, 1/T and the nmumerator zero,

1/T¢1, are approximately equal (i.e., Yv = Tcp1 * 1/TR) which means

*The translation rate augmentation as used here in effect changes
the derivative Yy by suitable feedback of translatlon or drift velocity,
¥, to a lateral-force producer.
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TABLE IV

CONTROLLED-ELEMENT FORMS FOR TRANSLATTIONAL RATE AUGMENTATION
[Position-Loop Feedback, BT/V = Kv(Tvs-fl)]

PRTMARY CONTROL —— SECONDARY CONTROL ——

BASIC FEATURES ATTITUDE, /5 POSITION, ¥/5
Case 1

1/Tg, = 1/T4 = %

i R 82 + 2L jugs +a)® s(s + 1/TR) (8% + 2L Jugs + wg?)
1

Case 2 Ly (s +1/Tgp,) glg

1/TE101 g < 1/Tg{ (s + 1/T§)(52+ 2tawgs +m('12) s(s + 1/Tf{)(se+ egémé_s +mc'12)

that the attitude controlled element looks like a second order system
(i.e., Category II attitude system). In the second case, the augmented
oscillatory mode, cué, is nearly equal to the numerator zero, 1/T4,. As

a result, the attitude controlled element form more closely resembles the
Category I attitude rate augmentation systems shown in Table ITI. Thus

as noted previously in Ref. 1 for the longitudinal mode, the use of trans-
lation velocity feedback to a
lateral force does not alter
the general character of the
loop dynamics. In fact, the
two forms indicated are essen-
tially the same as those | :
resulting from the ¢ and 8 X 0090
feedbacks. These similarities Attitude :
infer that the restrictions i

which relate to attitude con- Rc-qumr?jments
trol must be satisfied in oundary
addition to any which stem S
from position loop considera- .‘ ®
tions. This conclusion is =
reasonably well confirmed by

the adjacent sketch where the Symbols
Ref. 7 data 1= compared to the

attitude system requirements. Open PR<3.5
Again open and solid symbols Solid PR>3.5 0
are used to emphasize good and

bad dynamics, respectively.

05

Tentatively, then, the results
suggest that translational rate I
gsystems must meet elither the 05
Category I or II lateral attitude -
dynamic requirements.




SECTION III
OONSIDERATION OF PRACTICAL CONTROL SYSTEM ASPECTS IN HOVER

In the preceding discussions the flight control system and control
surface regponse funciions were assumed to have idealized dynamic
properties. The actual manual flight control system can have dynamics
which may appreciably alter the effective controlled element charac-
teristics. Typically, the system between the pilot's manipulator and
the control surface is nonlinear to some degree, although many of the
more common effects can be closely approximated by simple linear rela-
tions. For example, actuator and control system properties are typically
approximated by first-order lags. Other nonlinearities are strong func-
tions of the forces on the manipulator, e.g., friction and detent or
nonlinear bobweight forces; the former will be treated but the latter
are beyond the scope of the present studies, which were directed at the
system factors most important in closed-loop control in hover. Another
set of considerations relates to control coupling between angular and
translational terms. That is, the control forces applied to the airframe
do not result in a pure angular accelergtion response but a combination
of both translational and angular. These couplings modify the numerator
terms of the wvehicle response to control inputs and may significantly
affect the closed-loop pilot/vehicle control.

As the starting point for these discussions, the latter area, the
control coupling term, is treated first. Generally, this 1s because there
is more handling quality data awvailable for analysis and thus provides a
logical extenslen of the conventional hover control trested in Section II,
In the remaining part of this section, we will examine the effects of the
control system dynamics and nonlinearities. By necessity, a more theo-
retical viewpoint is taken here since there are little or no handling
quality data. The prime purpose of these analyses is to show which control
system properties could have significant handling qualities effects when
typical VTOL hover dynemics are considered. Obvicusly then, the conclusions
are not well substantiated, but are based on conventional nonlinear analysis
technigues in combination with the closed-loop considerations evolved from
the studies of Section IT and Ref. 1. However, the background furnished
by these studies has implication for future experimental efforts.

A. EFFECTS8 OF DIRECT FORCE CONTROL~COUPLING TERMS

Translatory control of the typical VIOL is generally obtained by direct
tilting of the thrust vector (e.g., an attitude change); and direct force
conbrol-coupling is normally negligible. However, in order to reduce
attitude control power requirements, it has been suggested by several
sources (e.g., Refs. 164, 17, and 26) that the normal angular acceleration
control should be supplemented to provide a substantial translational
camponent. Several simulator programs have been undertsken to determine
the best relation for such cross-coupling between angular and translation
components for manual hover conmbrol. Generally, the results of these
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programs have been inconclusive as Lo the best relation of the cress-coupling
components. In fact, in several incidences, control cross-coupling had a
deteriorative effect on mamual control. The alternative but more obvious
reason for considering control coupling is that future VIOL wehicles such

as the jet-lift configuration will probably have some degree of coupling,
either by design or circumstance. In this case the question is, "What is

an acceptable level of control coupling in hover?"

For the foregoing reasons, the effect of the translational coupling
term, Xg, on manual hover control was analyzed from the closed-loop view-
point. Because of the close correspondence, in hover, between the longi-
tudinal and lateral transfer functions and dynamics of interest, the
conclusions are generally applicable to either mode. Several case con-
figurations were analyzed, including situations rated by the pilots as
satisfactory and unacceptable., These configurations were selected from
the experimental results in Refs. 16 and 17. However, only two configura-
tione are examined in detail to illustrate the consequence of control
coupling.

a. Effects of Control Coupling Terms on Open-Loop Transfer Function.
As a prelude to the closed-loop analyses it is worthwhile to consider
generically how the open~loop atiitude and position transier function
numerators are changed by including the coupling terms.

The effect of Xg on the attitude response transfer function, B/8, is
determined by the magnitude of M;. This is evident from the transfer
funetion shown below:

XMy, 1
o Mﬁ(s_x'll'!'Ma) ) MB(S-FT_G—-I-)
B 55 - (Xu-l-Mq)s2 + Xuqu + g, (s + T;PE [s2 + 2§P g + ab]

For a vehicle with no aerodynamic derivatives sensitive to airspeed (e.g.,
M, or %) the attitude response reduces to:

¥
s(s—-Mq)

DN o

For real values of Mu the numerator becomes a function of Xg, My, and X;:

Ng = B%:G’"'Xu + EEEQ)
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With a stable speed stability term, positive M,, the normally negative
axial force to moment ratio, Xg/Mg,* moves the zero into the right half
plane (RHP) as the product, MXs/Mg, exceeds X,.

The effect of Xg on the position-loop transfer function is determined

by the magnitude of (gMES/Xa) and Mq as seen from the response numerstor
belows:

N = x[se—Ms—EMﬁ = Xe s + =[5 + =
¢ Sl q Xg 5 Ty, Txp

These break up into a complex palr of zercs when ¥, is small or a real
pair spproaching s(s—M,) for Xy very large with réspect to My. A root
locus showing the zero %oca.tions is sketched below:

jw ® Effect of increasing Xy
c_) holding fixed Mq
® M. determines the left-right
P -x g Increasing R zéro position, fw
— §
T — '§ o
N
A AN
Mq
‘ E Limiting value of zeros
0

In sumary, the above shows that the primary effect on the controlled
element numerators, N§ and Nf due to Xy are

® The N° zero, 1/Tg, may become a nomminimum phase
(RHP location) factor if Xg or M, is large.

e Nf chenges form and factors into two zeros which
are either resl or imaginary.

*X5 /Mg is negative since in a conventional helicopter a positive axial
force as commanded by the stick produces a negative angular acceleration,
gince the thrust-acts above the c.g.
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b. Closed=-Loop Effects., The two configurations selected for detailed
examination here were chosen to illustrate that the consequence of control
coupling on closed-loop control can involve either the attitude or position
closures. The deciding factor, as will be shown later, is whether the speed
stability term, M;, is significant. The first case study considers the
control situation when M; is an important factor.

In Ref. 16, a variety of stabilization schemes in combination with a
range of alrframe dynamic characteristies (i.e., variation in M, Mg,
etc.) were tested for a hover task., We have considered only the con-
figurations employing simple rate damping (i.e., angular rate feedback).
The attitude closure for the example case where M, is important is showm
in Fig. 10. This configuration was rated as marginal (PR = 4.0) by the
pilot, and as such represents the point at which increases in either M,
or Xg caused rapid deterioration in pilot opinion.

Because of the nonminimum phase zero, 1/Te1, the stable closure region
is restricted to very low gains and, correspondingly, a low bandpass con-
dition (i.e., we, <<wp) results. While a simple gain closure (i.e.,

Yp = K,e™"8) is Illustrated in Fig. 10, it is obvious from the sketches
shown below that the introduction of attitude lead, Tg;, will not improve
jw
Reference
UJp | N
* For TB Swp
Departure £ )Xo |
L oo,
spz
No Lead
N 0 7 d
TSPZ T9|
jw
Reference
\ A\ > A
Al
~—_] With Lead
%—N\—@ -©
1 LN d 4

"Effect on Lead Compensation on Attitude Closure
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the closure. In fact, because the additional zero supplied by 1/Tg
adversely shifts the departure angle of loci from the phugoid, the
stable gain region is reduced and is entirely eliminated as the lead
becomes infinite (i.e,, pure rate feedback, 1/TL8 = 0). Thus the
attitude-loop closure is relatively deficient because of the low fre-
quency divergence which resulis.

The outer position-loop closure ig shown In Fig. 11. Here a simple
gain closure, nct shown but easily visuvalized by removing the small
pilot lead, TLE = 1/2.75, results in a stable multiloop control situation
with an outer-loop crossover frequency of £ 1.0 rad/sec.* The NF
zeros which are due to Xy account for the ﬁ?ﬁ features shown in the Bode
diagram and enable this loop to be gain-stabilized. A small lead, Tl to
cancel the adverse phase contribution of the pilet delay term, € 7%, Pro-
vides an extended K/s region for crossover and additional phase margin, as
can be geen in PFig. 11,

The closed=loop control situation described by the outer-loop survey
is controllable, but the restriction imposed on pilot compensation to
maintain a stable inner-loop, attitude, closure with adequate bandwidth
apparently confirms the marginal pilot rating.

A rapid deterioration in the closed-loop control situation and
corresponding degraded opinion is predictable from the above if either
My or Xg increases. This is evident because the consequence of such
increases is to make the numerator zero, 1/Ty, more unstable {further
in the right half plane}. A stable closure o} the attitude loop becomes
exceedingly difficul:, and to obtain the desired crossover frequency
the closed-loop divergent mode will increase (i.e., the time to double
amplitude becomes smaller). Because of this unstable situation, the pilot
must eventually rely entirely on the final outer-loop position closure o
stabilize the system.

The second case of interest is the situation when M, is negligible,
This condition was examined in the simxlator program of Ref. 17. In this
study, Xg was varied to simulate the relatively small amount such as
obtainable through Mg gearing changes or in going from one type of heli-
copter to another. The test vehicle was an inertial body with rate damping
(i.e., M,) but without velocity derivatives (l.e., X, = M, = Zy = 0).
Because %he pilot's evaluation task was to accelerate to a specific speed,
not position, the u/ﬁ loop is therefore analyzed, the corresponding transfer
fanction being:

(sgqus)Xa — g
sj— (Xu+Mq)52 + XpMys + gy

ole

*The advantage of Xy is obvious from the position-loop amplitude feature
of the x/x, Bode, since the desired K/s-like characteristics are evident
after clogsure of the attitude inmmer loop. The low frequency divergence or
.norminitmm phase characteristics are of course neglected.
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As shown earlier, this zero-M,,X; case reduces the attitude transfer
function to nearly a pure integrator where changing X has no effect.
The speed or position-loop, however, retains the Xy zeros found to be
helpful in posibtion control for the "serodynamic" vehicle analyzed above,
Since Xp does not chenge the inner mumerator term, Ng, it cannot affect
the 6-closure; thus the effects of Xy are here confined to the outer speed
Joop closure, Figure 12 shows sketches of the outer loops as Xg/Mg is
increased fram O to —10 to -20 ft/rad, respectively. For a given gain
margin, the crossover freguency is a maximm at the midvalue of X.. For
the larger Xg value the crossover frequency is reduced and the zeros are
approgching the real axis. The possibility of reduced crossover fregquency
for the outer loop becomes the factor potentially influencing the wvehicle
control. That is, the secondary "hump" in the Bode plot intersecting the
0 dB line corresponds to a "nuisance" mode at a frequency of 2-3 rad/sec
superimposed on vehicle response,

When both Xg/Mg and M, are lowered (see Fig. 13), the oscillatory
zeros and poles are biased more toward the RHP, introducing an "wyp/wg"
effect commonly eppearing in a conventional aircraft's lateral/directional
mode (e.g., Ref. 28). TFor small Xy this mode is at a high enough frequency
as not to be objectionable, and the increased crossover frequency due to
Xp again improves the pllot ratings. Increasing Xz beyond this spparent
optimum reduces the crossover frequency again. The low damping of this
zero also results in s possible instability for a certain closure range.
This wy,/ag-like restriction on the positiom-loop closure was reflected in
the p??ot ratings of Ref., 17. The ratings initially improved with Xy, then
repidly degraded as the level was increased beyond the apparent optimum.

In summary, from the results shown here, we conciude that the effects
of Xs will be generally detrimental to the manual hover control task
although they do tend to improve position control., This is apparently
due to the difficulty the pilot experiences in closing the attitude control
loop in a stable region,

Te minimize the adverse effects of Xy on the attitude loop, speed
stability, M,, must be small and the damping terms, -Xy and My, large.
When M, is large, excessive pilot compensation is necessary unless Xy
is substantially increased or the sttitude control function is performed
by separate augmentation schemes.

When the speed derivatives are zero ( ='Xu = 0), the magnitude Xg
may restrict control due to a possible "w,/uyg" interaction of the x-loop
zeros and the closed-inner loop poles set by the pilot or by an augmentation
gystem.

33



u . Ko [9My KT gine5Ke-100?
Yeigws s 2UariBB)[sZ 20372027

Mg = -10 T

:! . :amd/ i 208 J6t-ert]
!“ (T ard N
T |5 i

Ly -;!:

LT T 3

(a) " . -3 £
wg
"\__ L

). /M6 =0 Tt 12

°! ® et O

" Kpu Ko Tig Xn (5 + L5)3 -1 o2 + 20 28011808 + 1181

Ye gy s(1+(98H4+ 10.T8) {2 + 2 37N2T s + (2 7]
Mq =IO
Xy *-lO
(b) My = Irod/secin, 2048 Jt-eo]
+L’-|.5 w g - K3
X /Mx = =10 £t .o + 8
6/ Y M E 4B for Gy = 608

B -2 | 1
T
uw Kpu KpgTg Xp 0+ 18)s-101]s2 s20 30002708 e 2712]
Velgea ola+ 198} s +18.8) [s%+ 2137)2 00+ 27)F]
Mg «-l0
Xy *-2.0
Mp v rod/seeYin.
3 =18
L —
(c) o g
ﬁ:’ =200 ) g
L3
= - ft -3
X% / MB 20
-2

VR

o
3 -2 t"| -
|

w (rad /sec) 100

Figure 12. Effect of Axial Force Control Term, Xz/My, Airspeed Closure

3k



37 = = /9 ¢Toagumop pesdsity uo MW/ pue Py o 9083E 4L eanSid

%. 7 ﬁ H | o - T ,_ T T 1 b
Eo ‘ ; _ ; 3
1] 1 HIE ™ S ——
m?_ﬁr N o.L ; L@Wv. or || L _ ;
|- ! ! : ' : u
F | | .
iy S NN ik s W
F L ™ E
T moo_-.m
-t ., : + - ET’\“ wl.lrftﬁ i‘l.w m
. | B
e T.; |t :
| I : :
s | e B
._J_T l‘\x L JJH o

el ©
inBuoiy uioo oy T |
PSO="Higpo |

Lol

B
——

(8P) spnyijdwy
T

=

———
r
ad Aol

Lo '™
- : [ e = 1|m — Hb-n q!c

s nln o e s
I E 9...%

i : it di N

e, comay : : a Waw/poigZ s TN
EYDL sisaoeny . s/ o= 8
EAE T e g6z 26z 2N6E 12+ 8] (VBI+ SNELI8)s €Oy e :M.. ..“

astangy [etemanescz +s5to-)t1+ ) ¥ Fnag n

35



B. EFFECTS OF CONTROL BYSTEM DYNAMICS AND NONLINEARITIES

The preceding discussion of control coupling terms has assumed "ideal"
control system characteristics, In this subsection, we will consider the
effects that typical control system properties have on the manuasl control
situation.

Figure it} (extracted from Ref. 14) shows a simplified control system
identifying some of the more detailed characteristics present in manual
gontrol systems. Several of the nonlinearities were chosen for examination
together with other effects such as actuator lag and high frequency dynamic
modes. The specific control systemproperties studied in this analysis
are:

—
-

Effects of actuator lag

2. Effects of high frequency dynamics
3, Control system backlash
b

Control system threshold, including control
feel system breakout forces

5. Actuator velocity saturation
6. Valve friction and flow forces
T. BStability augmenter authority limits
Two airframe dynamic configurations, representing a satisfactory
and an unacceptable handling quality rating were chosen as the basic
controlled elements in these analyses. These hover configurations are

listed below for reference and were selected from the conventional VTOL
dynamics analyzed in Appendix A. The closed-loop pilot/vehicle system

CASE AERODYNAMIC DYNAMIC
CHARACTERISTICS FACTORS
Yy Ly Ly /g, | /TR t w
Satisfactory
. . -2, 0. 2. . A
(PR = 2.7) —0.037 | —0.01 | —2.50 037 55 | =0.018 | 0.36
Unacceptable
(PR = 7.3) ~0.037 | ~0.0k | -1.25 | 0.037 | 1.70 | =0.239 | 0.87

without the adverse control system features is viewed as the base condition,
With this as a starting point, we show how inclusion of nonlinearities or
other control system features can adversely affect the closed-loop control
situation, From such considerations we attempt to judge, where possible,
just what level of the characteristic will cause a significant deterioration
in the pilot opinion or handling qualities.
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1. Effects of Actustor Lag, T,

A genersl sensitivity expression is derived in Appendix B to show the
effect of the actuator lag on the closed-loop roots. Sinee the inner-loop
closure requires the highest bandpass, the expression as developed considers
only this closure, The primary effect of the lag from a closed~loop view-
point is to reduce the effective bandwidth of this closure. This effeect is
shown by the migration of the closed-loop oscillatory mode, aé ( approximately
equal to the crossover frequency, ﬂb} as sketched below. As values of actuator
lag become very large the rocts of the dominant wﬁ mode beccome colncident with

jw

Desired Crossover- ‘ 3

Region, w,
N\,

B Piloted Closed-Loop Condition
No Actuator Lag

\ —2 === Loci of Closed-L.oop
Pole, wy for Increasing

¥ /\\ Actuator Lag

Increasing
Actuator I
Lag I/ T, \
l * wgy {Bare Airframe Mode)
T,
1 -l i
T Lw T

Sketch of Closed-loop Roots as a Functlon of Actuator Lag, 1/7,
(Attitude Loop Only)

the Dutch roll roots of the "basic" vehicle. This is logical since, if the
actustor is viewed as an extremely low pass filter, then pilot comand inputs
are essentlially completely attenuated and the system reverts to basic vehicle
open-loop characteristics., The desired inner-loop crossover frequency reglon
(w, > 2.5 rad/sec) is shown as a band on the sketch. When actuator lag
becomes greater than some nominal value, the pilot is required to change

his compensation to maintain the desired crossover frequency, we, and a
stable attitude closure. This provides the basis for estimating the level
at which the lag will affect handling qualities. As noted in previocus dis-
cussions and shown in Appendix A, we can assume that a significant degrada-
tion in pilot opinion will oceur if values of pilot's attitude loop lead
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time constant greatly exceed 1 sec and/or the lead is ineffective as a
means of compensation, We will apply these simple rules to estimate the
effects of actuator lag on the satisfactory and unacceptable cases. Root
locus sketches are used in the following discussions for clarity; however,
the conclusions are based on detailed system surveys.

a. Satisfactory Case. For the satisfactory dynamics (i.e., wg<0.5 rad/
gec and [ = 0), the frequency* of the actuator lag must be ten times greater
than the bare airframe Dutch roll frequency ((1/T.)/wq > 10:1] to ensure
that no significant deterioration in pilot opinion will occur. This is
shown by the root locus traces in Fig 15a which illustrate how the cloged-
loop attitude root mﬁ changes for wvarious combinations of lags and pilot
lead compensation. Basically, if no adjustment in compensation is assumed
as the lags increase, the closed-loop performance deteriorates (i.e., both
bandpass and damping decrease). However, for the condition where 1/Tq 210wy,
a lead of approximately 1 sec (TL==1.0) will compensate for the system lag
and the closed-loop performance will be maintained. For larger actuator
lags the closed-loop situation cannot be restored without additional pilot
compensation (e.g., increased lead, Ty , and/or reduced pilot effective
delay, Te). This is obvious from the Figure, since the closed-loop roots
are of lower frequency for the larger lags.

Limited verification of these predicted effects is shown by the Ref. 2
data reproduced in Fig. 16, Here the estimated T,'s for which a significant
change in PR is predicted (i/T,= 10 wy) are superimposed on the actual (longi-
tudinal) data. For the two dynamlc conditions tested, the predicted values
coincide with the onset (APR = 0.5) of pilot rating degradation.

b. Unacceptable Case. When the basic airframe dynamics are unacceptable,
the closed~loop performance trends with increasing lag are essentially the
same as for the satisfactory case. Thig is shown in Fig. 15b, where we
again note that the bandwidth decreases when the pilot's lead compensation
remains constant (i.e., 1/TLp = 1/Tg). Moreover, the relative improvement
in the closed-loop frequency and damping when lead corresponding to Ty, =1
is used is far less than for the acceptable cases. However, Fig. 15 dges
indicate that if the lag break "frequency” is, again, approximately 0.1 of
the bare airframe frequency ay [i.e., (1/Te)/wg > 10:1] the closed-~loop
situation is nearly unchanged; we infer therefore that there would be no
significant deterioration in pilot opinion for such vslues of T,.

Unfortunately there are nc data, as of this writing, to check this
conclusion for the case in question. However, the unacceptable bare air-
plane oscillatory frequency is about 0.85 rad/sec (see Fig. i5b ) which is
about halfway between the frequencies corresponding to the two conditions
shown in the data of Fig, 16. Except for the difficulty of easily identifying
APR's of 0.5 for basic ratings of 6.5 (see Ref. 11) we would therefore antici-
pate similar résults for the unacceptable case in question.

2. Effects of High Frequency Dynamics

High frequency dynamic modes associated with the control system, hydraulic
actuator or hasic airframe can be approximated by an overell transport lag

*Bandwidth and crossover frequency are assumed equivalent teo the closed-
loop roots for simplicity.
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—~1e8., This approximation, based on the assumpiion that high frequency
ic modes exhibit negligible attentuation but significant phase lag
in the frequency range of interest, is used in the analyses o follow,

a. Satisfactory Case. Figure 17a illustrates how the dominant closed-
loop roots for the satisfactory case are affected by increasing values of
transport lag (1). The major effects are reductions in bandpass and damping
ratio. Lead generation on the part of the pilot can restore the original
performance of the system for values of v less than approximately 0.6 sec
without pilot opinion degradation (i.e., Tp,>1)., If a nominal transport
delay of 0.4 sec is attributed to the pilot then the effective additional
delay due to high frequency dynamics and other sources must be limited to
0.2 sec in order to avoid significant opinion degradation.

b. Unacceptable Case. The effect of inereasing transport lag on the
dominant mode of the unacceptable case is shown on Fig. 17k, Reduction of
bandpass and damping ratio is again evident. In this case however pilot
lead is ineffective in restoring system performance. Thus in order to
improve the system dynamic performance the pilot is forced to abandon the
conventional technique of lead generation, and to adopt some other tactic
such as reduction of his basic reaction time delay (te). This implies that
he 1s operating close to the performance limits of his neuromuscular
system and as a consequence pilot opinion will undergo rapid degradation.

The nature of the dynamics for the unacceptable cage therefore makes
this situation much less tolerant of variations in system parameters
(such as transport lag) than is the case for the satisfactory rated
dynamics., Such intolerance to variations in system parameters appears
to be one of the hallmarks of configurations which receive unacceptable
ratings., This feature can be extremely useful in preliminary analysis
for delineating "erucial" configurations likely to receive a poor pilot
rating.

3. Control System Backlash

Effects of control system backlash are shown on the gain-phase plot
of Fig. 18, The linear portion of the loop G(jw) is plotted (with w a
parameter along the plot) for satisfactory and unacceptable cases; the
~1/N function, the negative inverse of the nonlinear describing function
is plotted for inereasing values of the oscillatory amplitude and is
frequency-independent, The intersection of G{jw) and —1/N produces a
limit cycle condition at the corresponding G{jw) frequency and the —1/N
amplitude (e.g., see Ref, 31)., Changes in the linear system gain shift
the G(jw) plot up and down relative to the —1/N plot; and the Fig. 18
levels of gain used are considered representative of expected pilot
adaptation in the sbsence of any backlash. The predicted 1limit cycle
for the unacceptable case cccurs at a higher frequency and larger ampli«
tude than the satisfactory case. It is evident from Fig. 18 that reduc-
tion in pilot gmin for the satisfactory case does not significantly alter
the characteristies of the limit cyecle until very low values of gain are
reached. For the unacceptable case, however, a much smaller reduction
in pilct gain produces a rapid increase in limilt cycle amplitude. This
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is primarily due to the narrower stable gain region in the unacceptable
case which resulted initially from the higher value of Dutch roll frequency.
Of course, increases in gain will rapldly drive the linear system unstable;
i.e., when the amplitude of G(jw) at —180° of phase is greater than O dB.

For the limit cycle predicted in the gatisfactory case, amplitude of
aircraft oscillation (attitude and displacement) were calculated for various
values of backlash magnitude (see Fig. 19). Experimental data from the
simulstor investigation of Ref. 2 provides pilot rating and comments for
various levels of control system backlash, Vehicle dynamics for the test
vehicle of Ref. 2 and for the satisfactory case in this analysis are similar.

3
o
3 6| Pilot Pilot
§ 25— g Rating . Rating
o x~ <3.5 - >35
o S 51 (Ref.2) (Ref.2)
= 2
& ;4p
D
S 51 a
] T 3
2 e e
= 3.2-_
g | 2
S
P 4 N T T T O B

0123456783910
Control System Backlash (in.)

Figure 19. Effect of Increasing Backlash on Amplitude
of Predicted Limit Cycle (Satisfazctory Case Example)

From Ref., 2 data when the levels of backlash exceeded 0.4 in. the pilot
rated the flying qualities as unsatisfactory. At this level of backlash
the pilot also commented that precision control of attitude was difficult
and that the aircraft exhibited a tendency to oscillate in position. The
calculated 1limit cycle amplitudes for a backlash value of O.4 in. are of
the order of #0.5° attitude and #1.3 £t in lateral position (see Fig. 19).
Frequency of the predicted limit cycle was in the region of 0.5 rad/sec.
Since it hes already been shown in Ref. 1, and inferentially demonstrated
by the correlations in Section II, that typlical crossover frequencies for
the attitude loop are in the region 2 to 3 rad/sec and for the position
loop 0.5 to 1 rad/sec, it would appear that the predicted limit cycle
would be more troublescme to the pilot in controlling position. Also,

a8 lateral displacement of the aircraft of £1.5 ft is in the region of
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average error for control in a hovering task and as such would be readily
discernible to the pilot in the Ref. 2 simulations. A logical deduction,
therefore, is that the cobserved downrating was primarily due to the
resulting position wander.

On the other hand, for the unscceptable case studied, the predicted
limit eycle amplitudes are *+2° in roll and #0.4 ft in lateral displace-
ment. The decrease in lateral displacement amplitude is due to its
significant attenuation at the higher frequency of the predicted 1limit
cycle. This suggests that, as the 1limit cyecle freguency increases, the
emphasis as regards system degradation would be shifted from position
control to attitude control. Unfortunately there are no specific
experimental data to support this deduction,

4. Control System Threshold

Effects of control system threshold are shown in Fig, 20. The same
value of threshold magnitude will produce s larger amplitude and higher
frequency limit cycle in the unacceptable case compared with the satis-
factory case. This is primarily due to the smaller steble gain region
in the unacceptable case which results from the higher Dutch roll freguency
of the basic wvehicle,

It is evident that reduction of pilot gain in the satisfactory case
does not alter the characteristics of the limit cycle significantly until
low values of galn are reached. In the unacceptable case, however, reduc-
tion of pilot gain produces a rapid increase in the 1limit cycle amplitude.
A given value of contrel system threshold, therefore, is much more likely
to produce deterioration of pilot opinion in the unacceptable case than
in the satisfactory case.

Unfortunately there are no available experimental data which bear
directly on these predictions.

5, Actuator Veloclty Saturstion

Effects of actuator velocity saturation are shown on Fig. 21 . The
predicted limit cycles for both satisfactory and unacceptable cases are
unstable; that 1s, whenever the rate saturation limit is exceeded, the
amplitude of the oscillation in the pilot/vehicle loop tends to increase.
Increased amplitude produces increased phase lag because of the saturation
effect and the osecillation amplitude tends to diverge. The fundamental
regson for this divergence lies in the characteristics of the basic air-
frame. Because the basic vehicle has an unstable Dutch roll mode the
response characteristic exhibits a single crossover with the saturation
function —1/N. If the basic vehicle were stable the characteristics would
be similar to those shown in Fig. 22, Residual oscillations tend to cone
verge toward the stable limit cycle point resulting in an oscillation of
finite amplitude. In the Fig. 22 case the system can be designed so that
the 1imit cycling is either eliminated or is small encugh to be negligible.
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It would appear, therefore, that if the damping of the basic vehicle modes
1s not positive the actuator rate must be set to aveid saturation and
attendant divergence problems.

6. Valve Friction and Flow Forces

Effects of valve friction and Bernoulll flow forces were estimated
using a simplified model of the type shown in Fig. 23. Bernoulli flow
forces were assumed to be a linear function of valve displacement.

The resultant effect is to increase the time constant of the actuator
and, therefore, to reduce the actuator bandpass [time constant is
increased from T = 1/Ky to Te = (X1, +Kp) /KKy, see Fig. 23]. Thus

the effect of Bernoulli flow forces on the pilot/vehicle loop is similar
to the effect of increasing actuator lag which was discussed previously.

Applying describing function techniques, effects of valve friction
reduce to an effective acceleration feedback loop, the feedback zain
being a function of amplitude (see Fig. 23}. The major effect of this
feedback is to increase the phase lag of the actuator as input amplitude
to the nonlinear element decreases (see Fig. 24a). Increased phase lag
for the satisfactory case (Fig. 24Db) tends to decrease both the maximum
phase margin and the stable gain region. Thus as values of valve friction
increase, the satisfactory case tends to exhibit characteristics similar
to the unacceptable case indicating a trend towards poorer pilot opinion.
Maximum phase margins are already small for the unaccepteble cage and
additional phase lag due to valve friction will be even more detrimental
than for the satisfactory case.

T. 8tability Augmenter Authority Limits

Stability augmenter authority limits effectively reduce the SAS
feedback gain as a function of amplitude. As amplitudes of vehicle
angular rate increase beyond some fixed level of saburation, the wvehicle
dynamics tend toward the unaugmented characteristics as in Fig. 25. It
is possible therefore to specify saturation welues, as a function of
angular rate amplitude, which will provide a minimm desired level of
sugmentation,

Effect of pitch rate stabilization awthority was studied experimentally
in Ref. 2 (see Fig, 26). Control usage in terms of vehicle pitch rate was
mesgsured as g3 = 0.045 rad/sec based on oy, = 5.1 ft/sec. Figure 25 shows
that in order ‘o maintain macimum damping Tevel as provided by the SAS
system 8gpmy/® = 10. The required sajuration limit corresponding to
o = 0.04571is therefore 0.158 rad/sec”. From Fig., 26 this corresponds
to a pllot rating of 3.0 which suggests that pilot opinion degradation
will be negligible if the saturation limits are specified by o3 for a
design gust of 5.1 ft/sec. To interpret this result in another way, if
the saturation limits are such that less than 32 percent of all pitch rate
amplitudes exceed the saturation limit, then pilot opinion degradaticn
will be negligible. For higher probabilities of exceedance corresponding
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to smaller fractions of oy, pilot opinion degradation oceurs as shown in
Fig. 27. This curve is based on the saturation values required to produce
the probabilities of exceeding the limits in response to gust oug:=5.1 ft/sec.

8. Control System Breakout Forces

For this analysis the pilot is considered to produce gtick force
commands in response to vehicle motion cues while hovering in a gusty
enviromment. For small amplitudes of control motion, increasing the
breakout force decreases the effective controlled element gain (open-
loop gain) by a factor of Kg/(Xp+Ky), where Kp is the stick force gra-
dient, and an approximation for Ky, utilizing analytic describing function
properties (e.g., Ref. 36), is given by

F
.
Bg
where Ky = gain contribution of the breakout force
I, = breakout force
og,. = rms calculated control stick

amplitude (based on gust inputs for
Oyg = 5 ft/sec)

The effects of reduced controlled element gain on pileot opinion rating
is shown in Fig. 28. The predicted combined breakout and stick gradient
forces required to produce a degradation of four units {(Cooper Scale)
(gain reduced to 0.23 optimum) are shown in Fig, 29. This prediction is
based on the notion that in the "mean operating range" (05 ——-205 s

68% —= 98% of probable stick motions) the effective gain is 0.23 times
optimum and the corresponding decrement in pilot opinion rating is four
units. In order to control the vehicle with small control motions, the
pilot has to increase his gain due to the breakout force. This is the
cause for his probable poor opinion rating and complaints of low stick
sensitivity.

From a closed~loop view of the "unacceptable"” case the reduction in
open-loop gain that would result in a linear divergence is determined to
be a factor of 1/5 (see Fig. 30, low frequency crossing of the jw axis).
The combination of breakout and stick gradient forces to effect this
reduction of (force) gain is calculated similarly to the "acceptabie”
situation. 1In this case, there is the possibility, for small control
motions, that a finite 1limit cycle may ensue. Figure 31 presents the
combined breakout and stick gradient forces that could produce such a
finite 1limit cycle. If is not conclusive, however, that the pilot will
allow the vehicle to become uncontrollable, but wowld rather resort to
large control motions to eliminate the limit cyecling,
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In conclusion, the results of these anslyses indicated that the effects
of control system dynamics and nonlinearities are strongly related to
inherent wvehicle oscillatory mode dynamics. In the case of VIOL a stable
vehicle is desired to minimize such control system properties, From a
manual control viewpoint, nonlinear effects are reflected in a tendency
for closed-=loop limit cycle situations. Such limit cycle tendencies will
be reflected as either position or attitude oscillations depending on the

basic vehicle oscillatory mode.
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SECTION IV

ASFECTS OF IATERAL/DIRECTIONAL CONTROL
IN IOW BPEED AND TRANSITION FLIGHT

, This section presents a study of the closed-loop piloting problems
associated with the lateral/directional modes in the transition region
from hover to low speed flight. The objective of this effort is an
improved understanding of the pertinent handling quality problems for
this flight region; and the study is an extension of the similar transi-
tion studies presented in Ref. 1. As in these previous studies, which
explored longitudinel control, the basic approach here is to consider the
piloting problems from the closed-loop viewpoint using sppropriate gquasi-
linear pilot models. By so doing we hope to isolate the erucial vehicle
parameters and factors which play a key role in establishing good and
bad handling qualities.

In the first part of this section we will generically develop and
appraise the closed-loop mamial control techniques or tasks in transition.
An example VIOL aircraft is used here to illustrate how the pileot control
techniques are influenced by cheanges in the vehicle characteristics. The
purpose of this part of the study is to follow step-by-step the interplay
of pilot and vehicle characteristics through transition, In other words,
we show how, in transition, the pilot may use the aileron and the rudder
for control, the employment of either or both heing directly related to
the particular vehicle dynamic characteristics at the given point in
transition. Such generic analyses serve to identify those derivatives
which are most crucial in determining the control characteristics assceiated
with transition flight.

In the final subsection we examine the results derived from available
lateral/directional handling quality experiments. In many cases we are able
to evoke the factors identified by the preeeding generic studies to explain
the root causes for the pilot rating trends or comments. Furthermore using
these experimental results we are able to establish both good and bad levels
of the key lateral parameters.

A, GENERIC ASPECTS OF CLOSED-LOOP
MANUAL CONTROL IN TRANSITION

As a prelude to the detailed analyses of the available lateral/directional
handling quality data, we will consider the types of tasks and maneuvers that
the pilot will be required to perform in the transition flight regime. An
adequate delineation of such piloting functions is necessary before evolving
feasible control techniques and/or predicting handling quality requirements.
However, we will not consider those aspects of transition which involve the
time-varying effects (i.e., the continuous transition). Furthermore, since
closed=loop control functions are s primary consideration in regard to the
pilot assessment of handling qualities, we restrict our studies to control
tasks and maneuvers which can be described by closed-loop situations.
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1. Types of Manual Closed-Loop Tasks

Closed-loop control tasks in piloted flight encompass two basic functions:

a, Comand maneuvers
b. Regulation tasks

The command maneuvers for the lateral/directional mode include:

a. Bank angle change, .

b. Heading change, v,; this might include banked or
flat turn, hover turns or decrab maneuvers.

c. Lateral displacement changes, y.; this might
include maneuvers such as lateral drift or sidestep.

In regulatory tasks we can expect that the pilot would maintain either
attitude and/or ground position while subjected to self-induced or externally
‘applied disturbances.

Each of the above functions implies that the pilot is active in performance
of the closed~loop control task. Table V summarizes symbolically the appro-
priate loop structures and feedback functicons that may be involved in accom-
plishing both the command and regulatory tasks. The breadth of coverage is
adequate to span control situations from hover to forward flight.

TABLE V

CONTROL STRUCTURES AND FEEDBACK FUNCTION FOR CLOSED-LOOP TASKS

COMMAND STRUCTURES REGULATORY STRUCTURES
TASKS
SINGLE SINGLE
LOOP MULTILOOP LOOP MULTILOOP

‘P""'aa:'ﬁ""ar.
P =By ;T == Op

Bank Angle (o) P3| @B, ;P =By | p—=B,

\II—a-&a,}Cp—-—aa_

ng(‘lf) W a 1If+5a§q3+5a \1{ r 14 r,cp—-- a
5—--5]?

Lateral 5 ¥y > 8a3 P =By -3 Y %50 b

Displacement (y) |V ™ "a | B0 =05 |V T 2 |T 5,30 = b,

11;—-—6& ’ w—--f')r
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2. Manuel Cleosed-Ioop Control Features
of XC-142 in Transition

In this subsection we examine the closed-loop control features (for
a typical VIOL airplane) at various points in transition. This exercise
ie used to:

a. Illustrate how we may evoke closed-loop performance
and piloting merits as a means of predicting good
and bad handling qualities.

b. Show how the vehicle's basic changes in stability
characteristics influence the control structures
(i.e., piloting technique) required to perform
elementery regulatory and maneuver tasks.

A typical vehicle for consideration of the control structures described
in Table V is the XC-142 whose derivatives and transfer functions are
presented in Appendix D. The following represent the applicable control
structures.

a. Regulstory Control

1) ¢ —=38g
Attitude
2) v~ Br](P - By
3 y-=op-=25, I Lateral Displacement

b. Maneuverlng Control

1) Heading Control
q;—-@-*-aa
2) Coordination Control
—— 3
1’)‘ -~ CP a]B —— ar

The primery regulatory control loop ¢ —+ & is considered first, with and
without pilot lead compensation since thisg 1lp~p is basic to all others.
The regulatory and maneuvering loops are€ then evaluated to point our their
deficiencies or advantages.

e. Regulgtory Control

1) Bank angle regulation, ¢ -=85. Figures 32, 33, and 34 show
the Bede and roct locus representation of bank angle control for hover,
mid-transition, and end transition, respectively. The open-loop pilot/
vehicle bank angle transfer function is of the form:
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Pilot Vehicle

This includes the pilot lead compensation required to form the K/s
crossover region near 2-3 rad/sec. In mid-transition, lead is
required just to obtain stability, and the lead requirements are
moderately large (Ty_. = 1 sec) from hover through transition. The
low de gain at hoverFindicates very low steady state bank angle to
command step aileron which will influence the maneuvering control
aspects to be discussed later, and suggests that low frequency control

of disturbance (e.g., gust) will be poor.

Bank angle control is considered marginal for conditions at and
below the mid-{ransition point due to the fact that the basic wehicle
is unstable and continuous pilot effort and concentration are necessary
to generate the lead compensation required for stable closed-loop
control. Further complicating the control problem is the overall
intolerance of the closures to small changes in pilot compensation.

2} Heading regulation, | —= 5,
s —h—&r]

(p—--f)a

Rudder control of heading errors is normglly employed in a
closed-~-loop manner when tight control of the airplane is regquired
(e.g., for regulation against lateral gusts). Where the airplane
roll and yaw modes are coupled (e.g., in conventional flight), the
pilot will be required to use the ailercns to keep the wings level,
also. Thus, two control structures are envisioned in the transitlon
region: the single-loop § -» &, control near hover and the multiloop
situation where the ¢ ~» &, inner loop is stabilized, depicted below,

r— 7

Ve - Ve ! : 3¢ '
- Y, F— -
! : V/STOL
! S Aircraft

$c $e | | ©a $
- Yp¢ A S S

g ! ' -

[ pilot !
L Vg

Heading and Bank Angle Regulation Using Aileron and Rudder,

\h-—--ar (p—-h-ﬁa
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Both contrel situations are shown for the three transition conditions in
Figs. 35, 36, and 37 without pilot lead and with maximum (zero phase margin)
gain., Comparison of the single- and multiloop plots illustrates how heading
performance is improved by the roll closure as speed increases. For example,
in the top {rudder only) diagrams of Figs. 36 and 37 the low Dutch roll mode
(and associated numerator, mr) damping generally limits the attainable cross-
over frequency; and system performance is poor. In the lower plots, the roll
clo ure has modified the w, zeros by combining them with the coupling numerator,
, and has effectively cancelled them with the closed-loop roll-spiral mode
. Also, the Dutch roll damping has inecreased; and the combination of these
ewgects permits higher crossover frequencies. These observations do not, how-
ever, apply to the hover case, Fig. 35, where there 1s no difference due to the
inner loop because rudder activity does not generate bank angle and bhank angle
does not change heading, i.e., IB = 0, and rU, = O.

The primary change in rudder-only control occurs as the airplane becomes
more coupled (i.e., approaches end of transition) as shown by the location of
the w, zeros of the numerator, Ni , in the right half plene (see Fig. 37). Such
unstable zeros are traceable to the large lateral stability, LV, and the positive

(i.e., —gly[1—-Nylg /Ns,] >0) as established by the generic considerations
(e 2., see Ref. 37). Because of these zeros the bandpase of the | -8, closure
is restricted to a relatively low value {i.e., we, < 0.3 rad/sec) due %o phase
margin. Similar characteristics are apparent for mid-transition (Fig. 38)
except that because the vehicle is directionally unstable (Qd < 0) rudder
control of heading is, at best, essentially neubrally stable. Purthermore,
lead compensation makes this situation worse,
the effect of additional lead being to keep the
system unstable at the Dutch roll frequency, wg,
as indicated by the (exaggerated) root locus
sketch. Here the locus from the ay pole does
not cross into the stable left half plane,

g

“d With the ¢ —=8%_ loop closed, the regulatory

wy control of heading is significantly improved
because both numerator and denominator are thereby
stabilized, thus permitting the desired improve-
ment 1n bandwidth,

| I
= T = 5 Anocther regulatory ccontrol problem emerges as
T T Ts Toy gu-avory P &

the directional stiffness gets larger (i.e, o >>0).
Basically this is a much more subtle effect and has
to do with the ability of the pilot to reduce or adequately control the errors due
to disturbances. Fundamentally, a broad K/s region in the openeloop controlled
element engsures that the closed-loop system wiil have good closed-loop error
control.* However, we note in Figs. 36b and 37b that, as the dynamics approach
a conventional vehicle, the desired X/s features are not evident. In fact, over
a relatlvely broad frequency range between the zero, 1/T' and the Dutch roll pole,
uHJ the system has the K-like appearance normally a55001ated with moderately
damped second-order controlled elements. Because of this feature, good error

*The adjustment rules for pilot closures are based on the "crossover'" model
concept which requires a broad K/s region for valid application of the pilot
model,
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control becomes largely a function of the bandwidth of the dis-

turbance the pilot is attempting to control. Likewlse, proper

pilot equalization is largely dependent on the disturbance band-

width. For example, if the disturbance bandwidth is less than 1/Tr,

the pilot may use lag equalization (i.e., smooth control inputs) as
shown in the sketch below. This produces a K/s region and allows a
crossover frequency which is sufficiently greater than the input to
obtain good error control. However, when the input bandwidth approaches

T Wy

0dB

-100 — —_ \
.
-180° - >

- — ~
i YN
Ol wlrad/sec) 10

Use of Lag Equalization 17T/

m& (the Duteh roll frequency) then obtaining a bread X/s region with
the crossover frequency greater than the Input fregquency is much
more difficult. This situastion corresponds to That noted previcusly
for low frequency second-order attitude control systems in hovex.
The pilot is now foreed to introduce lead compensation near md a8
sketched below to obtain the desired K/s region.

"
}

e
-100 — \
o \
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Use of Lead Equalization at w}y
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Unfortunately, the addition of lead does not, however, yield much
improvement in error reduction although the crossover frequency is now
near 2 ra.d/sec. This is graphically illustrated by the sketches bvelow
which show the increase in closed-loop (dotted line) mid-frequency

-180° -
wg
} — =1\, 0dB
~— e -~ ‘
Moderate Lead Weopmax
177 2wy
-180° - =X h

Large Lead
VT <w}
'IBO = \
| | I
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End of Transition Example
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"droop" associated with increasing lead. The pilot appears to be
approaching a point of diminishing returns for his additional lead
generating effort. In effect he becomes "boxed in" because:

a) Decreasing Ty, reduces the potential crossover
frequency and eliminates any stable K/s regions
greater than the input bandwidth.

b) Increasing Ty, end maintaining a given phase
margin (i,e., increasing crossover fregquency)
will not reduce the errors, '

3) Lateral displacement regulation, y —= @ —=&5. The loop
structure for lateral displacement control with inner-loop bank
angle closure is shown below. The outer loop characteristics for
three speeds in transition are shown in Fig. 38. The hover condition
is the only case where a stable region exists without outer-loop lead

Y

-

v e fal v, | Ba_|v/sToL
%_ ~ Aircraft )

Lateral Displacement Control Through Aileron with

Bank Angle Inner Loop, y —== aa]q) -3
a

compensation, because of the pilet lead, T[,., used in the inner,
attitude loop. As the speed increases therg, is only a very small
stable region for a simple outer-loop gain closure and no K/s region.
Therefore, lateral displacement cannot be closed on directly wiless
outer-loop lead is generated. Since y = Ugy+v, it is generally more
practical for the pilot to provide snticipation or lead by cloasing
two inner aileron loops, bank angle and heading. Under these circum-
stances the intermediste heading control leocop sets the bandwidth of
the lateral deviation closure, That is, as shown in Ref. 20, if the
airplane has good heading control in forwerd flight the lateral
deviation control will be good.
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b. Maneuvering Control

1) Heading control, y —= ¢ —=3_. TFigures 39, 40, and 41
present the heading to alleron Transfer function characteristics,
with and without inner-loop bank angle control, from hover through
transitions. The asscciated block diagram is shown below. The
outer loops are shown closed without lead to permit simple com-
parisons. Pilot closure of the roll immer leoop is necessary to

'*E

V/STOL

I
| Py ? Pé Aircraft

Heading Contrel Through Aileron
with Bank Angle Inner Loop, ¢, ¥ -5,

stabilize and/or demp the lateral oscillatory mode as well as to
improve the ocuter-loop bandpass for the heading closure., At hover

the vehicle does not possess directional stiffness* and therefore
cannot be turned with the ailerons. This is evident from the fact
that the y — By closures with or without ¢ — &y are unstable. As

the speed and directional stiffness increase, turning heccomes possible
with the ailerons if the bank angle inner loop is algo closed. At the
end of transition, Fig. 41, bank angle needn't be closed, but the
heading bandwidth is relatively low (wey < 0.3 rad/sec) and the closed-
loop control depicted is, in fact, wvery poor. This is due to the loca-
tion of the numerator factors in the right half plane, as a consceguence
of the combination of yawing moment due to aileron, Nag» lateral

*The reader is reminded that in the hover condition the lateral
oscillatory mode, ay, is defined by the lateral stability temm, I,
not N,,.
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stability, Ly, and dlrectlonal stlffness, Nvi which results in a
positive value of g(ig /Na NBaLv/IG As a result, there
is a large effectlve tlme aelay in the headlng response to aileron
cammands, as shown, for example, in the fellowing sketch.

A point to be reiterated here is that good heading control depends
on favorable locations for the numerator zeros of the @/& and w/&
transfer functions (i.e., in left half plane) These zeros change
drastlcally with relatively small changes in the control derivative,

Naa

2) Coordination Control., A final pilot control funetion which
may be desirable or ﬁuportant is the act of coordinating turn or
heading maneuvers, i.e.; using the rudder to keep the body-oriented
lateral acceleration actlng on the sirplane zero. This acceleration
is defined by = vV—gp+rU, = Y, v at the vehicle c¢.g. In forward
flight v is usually small so keeping the lateral acceleratlon, ay,
or sideslip, v, near zero hy proper use of rudder provides a coordinated
turn rate equal to gp/U,. However, as speed decreases, rU, becomes
negligible and the initial response in v to a bank angle is also small.
Therefore, to begin with, bank angle maneuvers are automatically
coordinated so that =v =0 and v = gp; but this camnoct be main-
tained since as the vehicle increases side velocity v diminishes to
zero ag a first order washout given by

—zs

The end resuli is a constant speed lateral drift with the component
of gravitational acceleration along the y body axis (i.e., gp) balanced
by aerodynemic reaction Y v.

Wey » Crossover Fraquency

wey = 5
Wey =3

~F

1
[ \:;gg_,,f" 3 4 5 6
l tisec)—=~
Effective Deloy

Heading Response Delay Characteristics to | Command
at End of Transition (v, ¢ —=38, Heading Closure)
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Figures 42, 43, and 44 show the y —= g —= 83'5 . eontrol

structure. Closing the p loop has moved the Dutch roIL'L root, aJd_,
to a higher frequency {compare to previous figure of y —= ¢ —= By
alone) and this stiffens the airplane. Unfortunately, the uncom-
pensated B —»5, closures used here to provide sn.mple comparlsons
tend to reduce the damping of the Dutch roll mode, tawg, and the
¢ —= By mmerator factor, {yn,. As a result, no overall improve-
ment is achieved in the heading closures. B1 fact, the reduced
damping tends to restrict the heading bandpass due to the peaking
of the closed-loop Dutch roll mode (e.g., see Fig. 43). The
restriction of the heading bandwidth because of the numerator
factor, gqﬂ)cp: was explored in Ref. 20; and the results of this
study asre considered later in this section. Basically, it is
sufficient to note here that the tlg;htness of the heading closure
depends on this numerator damping term Cq)‘nrp

9



¥y

o) |
YP!PYP‘# (Néu+YpB NSr sn) .

Velyos, S(A+Yp¢Ngo*YpﬁNg.*Yv¢YPaNgu§r)
B~8r

wé’ )("'3

Amplitude {dB)

.

5

ook -

Phase {deg)
“')
S
]

~

10
wlrad/sec) .

O.l

00 -

Figure 42,

Heading Control with Aileron Using Rudder Coordination;

V, @ -=B8,, B -»=5,.; Initial Transition (Hover)

E o,
g r Br X ™~ OdB pr =58 Yo
i] _ Yvw"psp(“an*’-‘pﬁ"srsu) s 40| " —\ _
= _ ‘ g
“’c ;:::I 5(A+Yp¢N§o+YppNg,+Yp¢YppNg,§r,) % _/x
' E
AR e T~
" 7 #qWr Wgs i
Wgs juw [O;d]
-2 T;
-100}
| wﬁ *J-‘ wr 'y
. TSM ‘ (O ".;' -200} "|80°"F— -
32 L,'il | £ ool
T Tl-¢ Od 10 0o -
wirad/sec)
Figure 43. Heading Control with Aileron Using Rudder Coordindtion;

Uy @ =By, B —w8,; Midtransition

80




05
™
Amplitude (dB)
|.._ 8 _..l
[« 8
o

3
B~8r o,
wps 713
jw
-12
¥
Wy -I00 -
Ll %o | 3
| \ Ts TL‘# E -200
Y -3 -2 ,e-* - £

0.l |

0

wlirad/sec)

Figure 4L, Heading Control with Aileron Using Rudder Coordination;
¥, ¢ =28y, B =5, End Transition

B. CONSIDERATION OF EXPERIMENTAL RESULTS

The results of several experimental programs covering lateral/
directional control at low-speed conditlons will be considered in the
following subsections. The understanding gained from the foregeing
generalized congiderations of pilot/vehicle control are applied to
the case situations examined experimentally in Refs., 18, 19, 22, and 25.

This is done by detailed closed-loop analyses for selective flight
tested configurations. The majority of these dynamic confipgurstions were
tested for several different piloting control situations and tasks which
included I13 tracking, hovering turns, and general low-speed flight with
and without synthetic lateral turbulence. Only an overall pilot rating
was given after completion of the test serles, and no weighting was asgsigned

by the pilot to the various tasks. As a result,; in these analyses we con-
gider plloting techniques and closed-loop control structures covering both

regulatory and meneuver control situetions to find a cause for the given

rating. Note, also, that conclusions as to the probable cause will often
be directed at a single closed-loop deficiency.

Thus, in thils discourse,

we are suggesting that in many cases a single adwverse factor accounts for
the rating, and, in the pilot's eyes, overshasdows all other desirable
features. Where possible, pilot comments are used to support such con-

clusions, but in general the evidence consists primarily of the anlytical

review of the data.
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1. Directional Demping, N,., and Stablllty, N,

The in-flight model-following similator experiments of Refs. 18 and 19
studied the lateral/directionel handling qualities of tandem and single
rotor helicopter configurations respectively. The two experiments were
designed to determine the requirements on directional stability, N v and
damping, Ny. In the NASA tests (Ref. 18) the pilot task was to null the
localizer and glide slope indicators on an ILS approach, while in the
NRCC tests (Ref., 19) the pilot maintained a ground track and glide slope
through visval alignment of a ground-fixed indicator. A closed~loop
analysis of the two experiments was performed In Ref. 20, the results
of which are discussed briefly in the following paragraphs because of
their overall pertinence to the present study and for general reference.

Since the basic IIS task was maneuvering the airplane to zero the
deviations from the localizer beam the minimum control technique would
be § == p—=5 . Lateral displacement control is not considered because,
as was pointed out in the previous sectlon, it is always nearly g¢/m and
therefore has a very low bandwidth.

The important conclusion derived from the IIS fracking task was the
influence of the numerator damping term §¢Dm or 1/T¢] on the heading loop
crossover frequency.

More specifically, the extent to which the headlng gaein and crossover
frequency can be increased depends on the value of ngH; which in turn is
most strongly influenced by the basic value of {juy and the roll/aileron
numerator damping { P In effect, the heading loop crossover frequency
(or bandwidth or dominant response frequency) is determined by the value
of §¢”w’ which in turn is approximately given by .

~Y,—N,.

Cqpp =

The other terms associated with this approximation (such as Ly, L&ys
and Ng,) are either negligible or were not present in the simulator.

A similar dependence of the achievable heasding response speed {or
crossover) is found when the /8, numerator is nonoscillatory, i.e.,
when Mg < (¥, —N. )2 which occurs for low directional stability, N,. In
this case the most critical parameter in the heading closure is the closed-
loop pele of the roll closure, which becomes almost equal to 1/T(p1 The
approximate factor for this zero, for the above condition on NE, is

H)
= =Y, +
To, v 'Y N
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Figure 45 shows the correlation obtained in Ref. 20 using the above
basic g-numerator charscteristics as metrics. In this figure all the
NASA data of Ref. 18 and the three low N, NRCC cases of Ref, 19 were
plotted to establish a boundary value of §¢m¢ (or 1/T¢1) = 0.4/sec
associated with the 3-1/2 rating. The low Ny cases were chosen to
minimize pilot rating changes due to gust effects, This value for
t w (or 1/T¢1), which, as explained above, is to be taken as a measgure
of Pue heading response, converts to a heading-loop crossover freguency
between about 0.25 to 0.3 rad/sec. For crossovers less than 0.25 to 0.3
rad/sec, the pilot will begin to complain that the alreraft will not follow
into a turn using "alleron" control. These results are in good agreement
with the conclusions reached in Ref. 271 where ‘the supersonic transport
configurations studied are very much different in size and epproach speed.
In fact, the two in-flight simulators of Refs. 18 and 19 are themselves
much different in size and weight, but the pilot ratings of similar dynamic
sltuations in the two alrcrafi gave surprisingly good agreement, as indicated
in Fig. 45.

The | —= ¢ = 8, control structure therefore requires ( or
1/Tp, 2 O.%. When this requirement is not met rudder control of heading
(rather than with ailerons), i.e., | —= b, may be attempted; but this is
directly influenced by the level of Ny. In the maneuvers discussed above,
the influence of gust disturbances was slight since, generally, N, < 0.01.
Since increasing values of Ny will change the disturbarice level directly,
Ref. 19 also concerned itself with a regulatory pilot task of maintaining
heading in the presence of pust induced heading disturbances. Because the
gust disturbances were only directional in nature (i.e., Ly was zero) and
the vehicle's roll characteristics were suppressed (high —Lp), the pilot
was assumed to be interested primarily in the single-loop regulation of
heading with pedals. This is similar to the hover dynamics case where
the inner-loop bank angle closure does not affect the y —= 3, closures.
The pilot's ratings in these tests were a strong function of the direc-
tional damping, N, the directional stability, Ny, and rudder effectiveness,
N3,.. The important analytical results of Ref. 20 were:

a. The pilot's rating shows a strong correlation with
rms heading response, Tys and with rms control
deflection, og,..

b. The directional damping, N,, requirements are a
strong function of N, and the gust level, g
as reflected in the value of Oy

2, Lateral Stability, L,, and Directional Damping, N,

The experiment of Ref. 22 is essentially a continuation of the variable
stability measurements made in Ref. 19 for L, = O and discussed above. In
the Ref. 22 experiment various levels of dihedral, accompanied by changes
in directional damping and control sensitivity, were tested. The effects
of lateral dynamics were supposedly suppressed by keeping the roll damping
and roll control sensitivity at a high but constant value. However, note
that a large value of roll damping can be a significant factor in defining
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the airplane oscillatory mode response for low Nz conditions (i.e., the
oscillatory mode can become equal tngLv-/Lp instead of‘/NB). The aero-
dynamic coupling derivatives Np and L, were considered negligible and Y
and Y,. were shown to have an insignificant effect on the dynamic charac-
teristics. The wvisual flight task performed by the pilot during the
evaluation included hovering turns and a complete circult terminated

by a low=-speed (30 kt), steep angle (11°), VFR approach to touchdown.
Both a simulated steady wind and synthetic lateral turbulence were intro-
duced inteo the simulation. '

The results of the experiment for the circuit flying task are shown
in Fig. 46. The results for the hovering task are very similar, as
expected, since the hovering was dene into a simulated 15 kt headwind.
The line connecting the points of minimum directional damping on Fig. 46
represents the variation in optimum control sensitivity; 1.e., increasing
or decreasing Ng, about these points degrades the pilot rating. Analyzing
points along this line tends to eliminate the contribution of sensitivity
to the pilot ratings as the dynamic properties of the vehicle itself change.
The stability derivetives for the optimum control sensitivity conditions of
Fig. 46 as well as the alleron and rudder transfer functions are presented
in Appendix D.

Since the major camplaint of the pilots participating in these experiments
céntered on the ability to control the disturbance caused by the turbulence,
only the gust regulation piloting functions are given detailed consideration.
Basically, aileron control as related to the bturning ability of the vehicle
was not effectively tested in this experiment, and we would not expect the
ratings to be influenced by the heading to aileron control technique. That
is, the r/&a mmerators are identical in all cases and 1/T¢ or §¢n@ are
approximately equal to 0.3 except for the satisfactory case at Ly = ~0.05
where 1/Tg. = 0.2. Consequently, we will exclude the {, ¢ —= B, closure
from the glscussion. .

Turning directly to the gust regulation task we see, from the tabulated
data in Appendix D, that all the 3-1/2 rating cases have ag < 0.5 with the
spiral mode canceling the 1/Tq, zero, or in more familiar terms, hover

amics. The multiloop control technigue in this case would be  —»= 8,
The reason why the inner roll loop has to be closed is that for positive
dihedral (L, # O), the side gust feeds through the aerodynamics (i.e., Iy)
to produce roll disturbances as well as heading disturbances. The added
roll disturbances not only require the use of ailerons to suppress them
directly, but can also complicate the heading response to further degrade
the performance for the heading control task.

]CP '-'-"Ba-

A typical heading closure for a 3=-1/2 pilot rating case and moderate
dihedral {~L, = 0.02) is given in Fig, 47. In the attitude roll closure
(considered the inner loop) the Dutech roll (uy) and the corresponding
rudder numerator second order (w,.) are both easily modified (to wj and wp)
so as to improve the outer loop characteristics. Inner-loop crossover
frequencies near 2.5 rad/sec with phase margins of 30° to L0 and b4 to
6 dB of gain margin require only pilot's gain adaptstion {i.e., no lead).
The resulting outer rudder control loop has a large K/s region which extends
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from approximately 1/T('p1 to 1/T¢2. The larger the yaw damping, N,
in this case, the longer will be“the K/s region since

._NI_ & -
T
N8 . 4
_—N-; = E for smail Y’V‘

Actually a good multiloop situation is one where a simple inner-loop
closure will provide a good control structure in the outer loop, i1.e.,
minimal or no pilot compensation with a K/s characteristic in the region
of crossover. In this case, Fig. 47, the outer-loop crossover is about
2.0 rad/sec in a K/s region with approximately the same gain and phase
margins as for the inner loop and without any need for pilot's lead.

The conditions for satisfactory In can therefore be derived from these
results and interpreted in terms of Bubeh roll frequency; that is,

of = gLv/LE < 0.25, where N2 > UN;. This is identical to the hover
requirement shown in Fig. 2 for Category I systems.

For the 6-1/2 rating cases, Ng < Mg and the vehicle resembles a
conventional alrplane since the roll numerator is complex and in the
vieinity of the Dutch roll mode. The traditional handling qualities
rules regarding W @5 §¢, and {4 now apply.

The closures typical for any of the 6-1/2 cases (i.e., —L, = 0.02)
are shown in Fig. 48, 1In this case the inner-loop closure (o —==3,)
cannot modify the Dutch roll (wy) characteristic, although it does
modify the corresponding rudder numerator (w,). The net effect on
the outer loop is small, so it is essentially independent of the inner-
loop closure, The dominant airplane gust response motion with both loops
closed, not obviocus from Fig, 48, consists of the more conventional
coupled roll and yaw disturbances due to the aerodynamic terms, L, and
Ny

Since it is evident from Fig. 48 that the roll attitude control features
exhibit good gust regulatory cheracteristics (e.g., a broadband K/s region
with simple gain compensation for the closure), we turn to the heading
control characteristics for the cause of the 6-1/2 rating. Here the evi-
dence pointing to poor heading control with the rudder is the relatively
low frequency second-order character of the y/y. Bode with the ¢~loop
cloged. It will be remembered from the discussion relative to Fig. 37
that such features pose a compensation dilemma to the pilot. In essence,
because the dominant oscillatory mode frequency, wy, is near 1 rad/sec
the effective gust bandpass 1s likewise nearly the same, the pilot cannot
obtain the desired high-gain, broadband K/s region for crossover with
either lead or lag compensation. In fact, the lead compensation needed
to obtain a K/s region reduces the low frequency gain and consequently
the gust regulatory performance oy a8 shown in the plot below. This
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plot was computed in a mamner similar to that outlined in Appendix E for
the determination of the rms values of vy, ¢, Ng,.dy, and Ig_Ba without lead.
The results of the latter computations are shown in Table VI, below. In
this table, the y-excursion provides a measure of the pilot's success in

TABLE VI

SUMMARY OF RMS RESPCNSES FOR Uvg = 1.0 FT/SEC

CASE GW N5r05r 95, T { Laacaa 98,
.| <L, | PR |(deg)|(deg/sec?) | (in.) |(deg) | (deg/sec®) | (in.)
2.210.01 | 3-1/210.23 1.23 0.027 10,022 0.115 0.0012
3.310.02 | 3=1/2 10.157 11k 0.020 | 0.048 0.35 0.0036
5.7(0.05 | 3=1/2 | 0.091 1.09 0.01% | 0.108 1.38 0.0k
0.7 ] 0.01 | 6=1/2 }0.%5% 1.01 0.030 | 0,021 0.071 0.00072
0.7]0.02 | 6=1/2 |0.350 1.01 0.029 | 0,04 0.1 0.001k
0.7]0.05 | 6=1/2 | 0.340 0.994 0.025 | 0.101 0.3 0.0036
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the principal task of maintaining heading. The g-response describes the
roll sttitude deviations of the vehicle from a "wings level" condition.

Finally, Ng By; Op and Ig,85; By provide a measure of both the required
rms control power and the rms conbrol defiection exercised by the pilot.

Although the rms gust velocity was 8.9 ft/sec (an extreme value) in
the tests, Table VI summarizes the computed values of the rms responses
for a unit rms gust input. The six cases were chosen to represent low,
medium, and high dihedral (-L, = 0.01, 0.02, and 0.05) at the 3=1/2 and
6-1/2 pilot rating boundaries. When the analybtical results of Table VI
are compared with the observed pilot ratings, there is a reasonable
correlation with heading performance, o, , and the given ratings. This
correlation is verified by pilot commentary (of low N, cases) as reported
in Ref, 22: "...at low damping, the pilots mainly objected to the dis-
turbances caused by the turbulence, and they insisted on dampings high
enough to keep these motions small."

The effects of lateral stability, Ig or Ly, have not been mentioned
here because of the "good" ¢-loop features., That 1s, the pilot is capable
of maintaining good bank angle control with only moderate effort., In
addition, the cases selected from Ref. 2k correspond to the lower Ly
conditions where NZ < g

Coming back to the effects of lead as shown in the preceding sketch
the pilot's general reaction to this control situstion has been observed,
also, in the Princeton variasble-stabilibty Navion experiments reported in
Refs. 23 and 2%, Although tested for higher directional stability levels,
the y=-loop Bode diapram sketched helow for these Princeton tests has a very
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similar appearance to that of Fig. U48e¢c. In the present case, the
deterioration of pilot opinion was specifically attributed to excessive
turbulence sensitivity in yaw and to the predaminant yawing motion in
the airplane's response which could not.be preclsely controlled with
rudders. An increase in N, for these configurations permitted the pilot
to make an acceptable "feet-off" approach.

In terms of our initial findings from the Ref. 22 experiments, when
N% < YNy and the pilot's desire the y —» ¢ -= &, control structure, N,
should be determined such that € > 0.4 (i.e., N, > 0.8). This is
approximately the level of dlrecgmgnal damping deemed necessary in
Ref. 24 to provide satisfactory control. Furthermore, with N, below
this level, a rudder to heading control is forced on the pilot due %o
the predominance of yawing motions, but this is a fubile exercise and
leaves the pilots, as reported in Ref. 24, "...with undesirable heading
excursions they are forced to live with." Froam the control technigue
standpoint, these resulis may be summarized in the following way:

Heading control with the rudders can be satisfactory
whern N > IN., in which case the pil pilot rating is directly
prQPOrtlonal to oy. When N2 becames less than AN, the
rudder technique 1is no longer acceptable and the pilot
transitions to an aileron control of heading. In this
case the ratings are directly proportional to N,., with
0.8 being the minimum acceptable,

3. Alleron-Rudder Control Cross-Coupling Effects, Ng, end Ig,

The data analyzed here were obtained from the Ref. 25 variable-stability,
gingle-rotor helicopter study in which the control coupling terms Neyg and Lg,,
were varied, The piloting task in this experiment consisted of hoverlng
turns cut of simulated wind, transitions to forward flight, a consteant speed-
constant angle siteep approach, and a decelerating transition with landing.
The results of Ref., 25 (Fig. 49) are presented in the form of contours of
constant pilot opinion separating the "normal operation," "emergency opera-
tion," and "no operation” regions (3-1/2 and 6-1/2 boundaries) as assessed
by three pilots while performing the visuwal flight tasks in the presence of
a simzlated turbulence,

The stability axes derivatives used in the basic vehicle were zet at
values which produced a "good" vehicle before the control coupling terms
were added. The derivatives were obtalned from Ref. 25 and are presented
in Appendix D.

Since the task of performing turns out of wind is nobtably a difficult
maneuver some mention as to the method of simulation mechanization is
pertinent. In this experiment, side velocity due to wind was simulated
by displacing the ailerons and rudder in proportion to Uy sin y, where Uy
was the simulated wind speed of 15 kt. As the helicopter rotated out of
the wind (i.e., changed heading) aileron and rudder were therefore required
to control the rolling and yawing moments due to Iy (Up sin ) and Ny (Ug sin vy)
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Figure 49. Lateral/Directional Control Cross-Coupling
Handling Qualities Boundaries (Reproduced from Ref. 25)

respectively. With the proper control displacement ratio the helicopter
could be hovered at 90° without any side translation and without any
bank angle. In a true wind this would be impossible unless the side force
derivetives were zero. Also, since the similated wind was not actually a
moving air mass, the ground translation was directly atbributable to side-
slip. In a true wind, the vehicle may be translating with respect to the
ground but may be stationary (i.e., p=0) with respect to & moving air
mass. In any case, the task is one in which aileron and rudder control
coordination during the maneuvering phase is required. Again the many
different tasks performed by the pilot may be divided inte the two basic
closed-loop categories; maneuvering tasks where attitude (g9 and/or y) is
changing, and regulatory tasks where it 1s desired that attitudes remain
fixed.

Analysis of both the regulatory and maneuvering tasks provides the basis
for our appraisal of the resulte of the Ref. 25 control cross<coupling
experiment. Regulatory tasks (i.e., maintaining bank angle, ¢ —==8,, and
heading, —--61_) under gust conditions are considered first; and favorable
and adverse aileron and rudder coupling terms are covered. Next we consider
maneuvering with conventional aileron heading contrel, v,p -m=8gy, for various
combinations of Np, and Lgp. Finally, because of the extreme levels of the
coupliing terms we also consider the need for rudder coordination during the
heading maneuver. Accordingly we add & parallel § -3, loop to supplement
the basic ¢ - ¢ —= &5 heading maneuver structure.
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a. Regulatcry Control

1) Npg variable, Lg, = O. For analysis of the regulatory tasks we
selected cases where the effect of one variable could be studied
independently of the obther. Appendix D presents the selected cases
with their corresponding wvehicle characteristics and pilet ratings.

The closures for four levels of aileron yawing moment are presented

in Figs. 50-53. These closures show the /8, loop and the /8, loop
with ¢ -» 3, closed, The closure details show a combination of problem
areas but none sppear sufficient to consigtently or asdequately account
for the change in pilot rating and the pilots' general objections. TFor
the high proverse yawing moment cases (Fig. 50), heading regulatory
control is considered only fair because of the relatively poor low
frequency ¥-loop gain (i.e., less than 6 dB). In the case of high
adverse yaw (Fig. 53) the regulatory control problem appears in the
fp=loop and is reflected by the poor dc gain features of this closure,

For all cases, the closures can be made with very little pilot lead
(Treg < 0.1 sec) in the inner (@) loop and no lead required for the ocuter
(¥) loop. All crossovers are attainable in the desired frequency regions
at —20 dB per decade slope with adequate phase and gain margins. In
summary, the roll and heading closures show 1little differences for all
N3y cases, and good closure can be achieved except for the low dc gain
problem in the two extreme Ng, cases.

Using these closures and the corresponding gust-numerators, the
calculated error performance to side gusts given below does reflect the
rating changes. This "correlation” is consistent with previous analyses

SUMMARY OF RESULTS ON Ng, EFFECTS

N3a, S/ ovg
vad/sec? Vs, /15, RUDDER CONTROL PR
in. deg
ft/sec
0.75 1.13 0.32 6=1/2
0 0 0.15 3-1/2
0,2 0.3 0.12 3-1/2
~0.75 -1.13 0.26 6m1/2

(e.g., Ref. 20) where degraded error performance, o,, was indicative
of the poorer ratings. However, in the present ins%ance this is but
one facet of the total piloting problems revealed by the totality of
analyses conducted.
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2) N, = O, Iy, varisble. For the cases of Ng, = O and Ig,
variable The resulting closures were found to be identical to
Fig. 51 for all cases, i.,e., the effects of Ly, on the closures
were negligible (see Appendix F). For example, closure of the
inner aileron loop easily brings the adverse N§  zeros in the right-
half plane into the left-half (stable plane) th%ough the favorable
low-frequency lead provided by the coupling numerator. The closures
are therefore essentially the same as those presented in Fig. 51
where Ng_ = 1g, = 0. Also the gust performance (oy/oy ) for rudder
control aoes not change with ILg.,. and the associateg ra%ing change.
In short there is no noticeable effect of I, on the gust regulation
problem. The rating degradation is possibly due to maneuvering
problems which are considered next.

b. Maneuver Contrel

The maneuver control aspects considered in the following are
gpecifically related to heading control. Heading control problems
are traceable, in part, to basic changes in the vehicle dynamies as
speed is reduced; i.e., the effective decoupling of the lateral/
directional axis due to loss in directional stiffness, N,. This of
course implies the inherent destruction of aileron heading control
unless the pilot uses the rudder either to augment the directional
stiffness or to provide equivalent coordination., Rudder and aileron
eross-coupling effects complicate such control situations. The
results of Ref, 25 are analyzed here to provide a defailed under-
standing of the piloting prcblems involved.

1} Alleron Only. If the pilot does not utilize a coordination
structure and attempts turning or heading changes using the ailerons
only in the manner of the sketch below the outer loop heading control
has a restricted bandpass due to aileron yaw, This bandpass (i.e.,
crossover frequency) restriction is due to the effect of negative Np,
(adverse yaw) on the Nga numerator factor, 1/T¢1, when Ny = O or {yng,

Ve $c 8 | v/sTOL

Yoy 8 Yog Aircroft ¢

Heading control through aileron & ,¢ =&,
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when Ny > O, i.e., 1/Tcp 4 decreases with increasing negative Ng_.
Table VII, the results br Selailed analyses, shows the bandpass  °
restrictions as a function of negative Np,. The large adverse yaw
case (i.e., Ng, = —0.75) produces a complex pair in the r/®, mmerator;

TABLE VII
EFFECT OF ATLERON COUPLING ON HEADTNG PERFORMANCE

PREDICTED
ALLERON YAW HEADTNG BANDPASS PIIOT
Nog, ey RATING
2.
ra.d/sec /11'1 . rad/sec
0 0.0 3-1/2
-0.2 0.30 3=1/2
6=1/2
0.5 0.1 (PI0)
Unstable >6=1/2
-0.75 (Reversal in (Uncontrollable)
heading)

and the heading loop cen no longer be closed by moving the stick

in the direction of intended turn, i.e., Kp = positive. The root
locus gain being negative (Np,) ccmseq’u.en‘t:lf{iE results in the aperiodic
instability shown in the sketch below., We may presume that the
restricted bandpess and mstable control atbending sileron~only
usage will force the pilot to use the rudders to improve the hesding
response.

N quLAr/Ba[se +2tkts +wh2] (s +1/18)

Yoo [s®+atiels +alfl(s+1/T) (s +1/TY)
wix |(jw

Unstable
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2) Aileron with Rudder Coordination. For these analyses it is
most informative to consider cases involving both Np, and L, since
pilot comments describing the vehicle behavior indicate PIO condi-
tions when both coupling terms become large (e.g., Fig. 49). Due to
the symmetry of Fig. h9, it is not necessary to explore all combina-
tions of Ng, and Lg . This is true also because, and is a reflection
of' the fact that, N%a and Ly, appear as a product in the coupling
numerators and in the rudder required for coordination. Although
both signs of Ig, are used in the analyses to follow, Lar > O presents
a more difficult task in turns out of wind than Ly, < O. For example
note that from the generic root locus plot for the numerator, Ng P
sketched below, that the zeros are in the right half plane for Lgr > 0,
An attempt to coordinate the wehicle with rudders under such circum-
stances may lead to a destabilizing condition regardless of what Ny,
is because the g -3, closure drives toward this zero. Another
reason Lg, < O was not as difficult as Ig, > O was due to the wind
gimulation previously discussed. Because the mechanization of wind
was independent of the vehicle's side velocity, the rolling moment
generated due to Ly (i.e., Uy sin y) when the pilot puts in a rudder
deflection cancelled the rolling mement due to Lg,br and resulted in
no ground translation. Without any movement over the ground the
pilot naturally assumed there was no sideslip and therefore did not
need to move the ailerons. In a true wind this would not be the case
since some bank angle would be required to produce the slip necessary
to overcome the side force due to the wind.

jw

i S— L8,<O

Ygf
(High Frequency)

Sketch of the Zero Locus for

- N,/ Y
. Ng . 1a Elﬁr r/ By
r S(S"Lp)(s"NSon/YSr)
101

ML Ll QL GL UGy RS s LWL LS DR ’llEgle clusure.,



The consequence of the large control coupling terms (i.e., Ng,
and/or Lgy) can be vividly illustrated by considering the ability
to coordinate the vehicle in the given situation (e.g., in the wind
or during a turn maneuver). The turn maneuver coordination task is
illustrated in the block disgram below as a closed-loop situation,
in which sideslip, B, is mainbtained zero with the rudder and the
desired heading, ¥, is controlled with the ailerons through a series
bank angle command structure.
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Ng,=--5 rad/sec®/inch
Lg, = +6 rad/sec¥inch

Coupling Numerator
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Figure 57. Effect of Sideslip Closure on Yaw Rate Numerator
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Furthermore, this closed~loop structure exhibits the
familiar PI0 syndrome. That is, introducing a small lag
in the heading loop {e.g., smocthing the control inputs),
the pilot may increase his gain, which cerrespondingly
increases the heading bandpass (see sketch below). With

- quivalent Closure B K
%/ with Increased Gain \ I D
Ysr (Unstable) \ Increase
f :\ Aw, /\ in Gain
Lagged Closure 4
| {Stable) Wy, agged ' Loop
1_-n_m; O, ug

this lagged control technique (dashed lines), the system
iz stable at the higher gain. However, if this lag is
removed while retaining the higher gain setting, the y-
loop is violently unstable. Thus, while the relatively
modest performance at the gain levels shown would warrant
an increase in gain, the system is susceptible to a PIO
if the pilot tries to tighten up control of any of the
loops.

b) Positive Ny (Favorable) and Negative ls, (Adverse).
With favorable aileron yaw, the PID tendency is very apparent
in the ¢~loop if the B~loop is closed (see Fig. 59). Increasing
the B-loop gain drives Dutch roll poles and zeros into the right

half plane. To have a stable p-closure, P must therefore be
kept loose.

Without the lg, coupling term,
this PIO condltlon would probably
not exist. The main effect of Ig
is to modify the galg of the cou-
pling numerator, N With
Is,. = O, the poles #itne mketch
(zeros of @/Sa} a5 do not
become complex Bnd %ﬂerefore do
not produce the destabilizing

/wg "effect" in the bank angle
i?osure that is responsible for
the PIO tendency.
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¢} Positive Ns, and Lg,. For the final case, where both

Npg and g, are positive, the problem is a sluggish turning
response. In order to turn, it is necessary to establish a
bank angle; unless, of course, the vehicle is at hover with
no wind where a pure rotation may be called a turn.

Since the response to a rudder input will have a large

roll component due to Lg, the pllot must crossfeed rudder

to aileron to get a relatively "pure" yawing response. That
is, to make the net rolling moment identically zero, the
ratio of aileron to rudder must be d5/8, = —Lg./ls,. For
the extreme values of Lg , tested, this ratio 1s greater than
one, numerically, which imposes severe coordination problems
on the pilot's open-loop use of the rudder. PFurthermore,
the net "pure" yawing moment, assuming perfect cross control
(i.e., zero roll as above) is given by Np,8p(1 LarNBa/La o) 3
similarly, the net "pure" rolling moment with perfect yaw
cancellation is given by 1g,8s(1—18,M5,/lg,No,) . The cross
products, Iy N5, and L N, thus flgure heavily in the net
"pure” control power avallable about each axis; and positive
values (upper right and lower left quadrants in Fig. 493 can
drastically reduce the control power to where response is
considered "too sluggish."

In suwmmary, voth regulatory and command tasks employing aileron and
rudder control show the consequence of changes in the variocus stability
and/or control derivatives. Regulatory control tasks are extremely
sengitive to such key derivatives as Ny and Ny; and pilot ratings appear
to correlate reasonably well with error performance merits (i.e., Tys Ty
08 » etc.) for simple dynamic situations. However, for complex dyna;micsCP
{e.g., complex, nomminimum phase zeros) such correlations may not be as
conclusive, In these cases careful inspection of the experimental con-
ditions and pilot comments lead to the additional consideration of control
structures more appropriate to maneuvering control,

Several of the primary piloting difficulties stem from the derivatives
Ig as they affect the level of oscillatory mode frequency, wg.
T%ese difficulties which imply increased pilot workload (i.e., in terms
of compensation needs) and rudder control usage are cited below:

8. With low directional stiffness (i.e., N, —=0)
the lateral oscillatory mode defined by and
the pilot must use the rudder to coordinate turn
mepeuvers.

b. Large directicnal stiffness (N >> 0) increases
the gust sensitivity of the wvehicle and tends %o
compromise the effectiveness of the rudder control
as a means for suppressing the resulting hesding
disturbance,
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C.

Where large aileron and rudder cross-coupling terms
of opposite sign are present, there is a strong
tendency for pilot-induced osciliations (PIO). For
Ng,, and Ly, of the same sign, increasing magnitudes
produce inereasing sluggishness of control due to
the effective cancellation of aveilable control power
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BECTION V
CONCLUDING REMARKS

The results of the studles in this report suggest that the predominant
effects of VIOL stability and control characteristics on handling gqualities
are, in general, closely related to the closed-loop aspects of the pilot/
vehicle system. This overall conclusicn is clearly reflected by the
following more detailed conclusions drawn from the data and analyses
presented in the text.

A. FRELIMINARY IATERAL HOVER DYNAMICS REQUIREMENTS

The fundamental dynamic requirements for lateral hover control are
essentially the same as those for the longitudinal mode. These require-
ments were derived from the correlaticns and study of avallable experiments,
and confirmed by the predicted closed-loop pilot control functions and
desires. Thege generally applicable {i.e., for conventional vehicles,
too) closed-loop desires are not summarized here (see Ref, 1) but they
do provide a fundamental basis for expressing the requirements in terms
of the open-loop airframe dynamic factors, as summarized below.

1. Besic Dynamic Requirementes

Basic dynamic requirements for satisfactory manual control in hover
which cover conventional VTOL characteristies plus angular rate or position
feedbacks are:

a. Lateral oscillatory mode uy < 0.5 rad/sec

1) Oscillatory mode damping; {43 > O, or
2) Roll subsidence mode; 1/Tg > 1.25 sec |
b. Lateral oscillatory mode; g > 0.5 rad/sec
1) Oscillatory mode damping; £4 > 0.3
Note that the above form of specification deoes not include the detalled

effects of some combinations of gust sensitive aerodynamic derivatives
or control system dynamics, as partially covered below,

2., Control System Aspects

The effects of translational control coupling terms (e.g., ¥g or YS)
were found to be generally detrimental to manual attitude control. How-
ever, a potential improvement in hover control can be achieved with
proper tailoring of the wvehicle's angular and translational damping

13



(i.e., My and X, terms). This is a consequence of the migrabtion of
hover nurierator terms, 1/Tq, or 1/Tg;, into the right half plane (i.e.,
nonminimum phase zero) caused by the relation between the control trans-
lation term, Xg or Ys, and the speed stability terms, My or L.

The "effective" system lags due to physical limitaticns in the flight
control system tend to degrade manual control if the ratio of the lag
break frequency Lo the Dutch roll frecuency is less than 10:1 (i.e.,
1/uqTe > 10). For other nonlinearities such as control system backlash,
threshold, or actuator velocity saturation, the basic vehicle dynamics
should be stable to avoid divergent pilot/vehicle limit cycles.

B. IATERAL/DIRECTIONAL CONTROL IN TRANSITION AND LOW SPEED FLIGHT

The lateral control problem in transiticn is analogous to the
longitudinal problem in that the multiloop aspects of manual pilot
contrcl are dominant. Control of bank angle with the aileron as an
inner lcop is usually essential for heading control; and one of the
primary uses of the rudder is to coordinate aileron turn maneuvers
(i1.e., ¥, @ —8,) when the directional stiffness is low or the level
of aileron adverse yaw is high, A secondary task for rudder control
is the regulation of heading disturbances. Here. gquantitative, generally
applicable, requirements are not too clear-cut. The basic considera-
tion as indicated by the analyses presented is the achievement of
reasonably good gust suppression (ay/ov_,low) with moderate pilot effort
(dg/0y, low) Use of the rudder by the p%lot either as a means of
c00rdf%ating the vehicle during turn maneuvers or to suppress yaw
disturhances is strongly affected by the relation hetwean yaw damping,
Ny, and directional stiffness, Ny or H;. The basic requirement for
good heading control is that the outer heading loop crosscver freguency,
we (without pilot lead), be greater than about 0.3 rad/sec (e.g.,

Refs. 20, 21). For simple, uncomplicated dymamics (e.g., minimal
roll-yaw coupling terms) this requirement reduces (see Ref. 20) to

§opp oF 1/Tr1 > 0.40. For control-coupled cases, i.e., large aileron
yaw and rudger rcll, it may be impossible to achieve w, = 0.3 without
exciting PI0, In any event the above simple criterion on Q‘QD, T/T@1
is no longer applicable and more detailed study of the situation is
required.

C., CONSIDEDATICH OF FUTURE EXFERIMENTAL PROGRANS

Because of the evidence gained from the analyses of this report and
those of Ref., 1, it now appears that the centrel problems wnderlying
handling qualities ratings. ean be recognized by pre-experimertal closed-
loop analyses, Basically, the feazibility of such an approach is dus to
the fact that a compatible set of closure rules have now been evolve
which encompass both longitudinal and lateral control problems, Thus,
it is possible to search for cruecilal sitwations and cite tne probakle
reasons for the expected piloting preoblem. From an experimental design
viewpoint, it 1s obvious that such a procedure can minimize the number
of experimental points snd configurations necessary for a pilet evaluatlon.
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AFPPENDIX A
PILOT/VEHICLE ANALYSES FOR IATERAL HOVER

INTRODUCTION

The basic lateral mode dyramic requirements presented in Section IT
have been substantiated from pilot/vehicle analyses. This appendix sum-
marizes these closed-loop analyses and the VTOL dynamic characteristics
reviewed in developing the requirements. The major portion of these
dynamics were assembled from the documented experiments in Refs. 2-10.

Approximately 30 detailed pilot/vehicle closed-loop analyses and more
than 50 closed-loop survey sketches were made during the studies. These
closures considered the multiloop-attitude/lateral-position hover task for
a broad range of aerodynamic properties and transfer functions which include
both satisfactory and unacceptable handling qualities levels., A complete
listing of these dynamics, transfer function factors, and pilot ratings
are included for reference. However, it is neither worthwhile nor practi-
cal to include each detailed closure analysis. Therefore, we include here
selected case studles which exhibit the analytical details of the closed-
loop treatment and substantiate key handling quality aspects and dynamic
requirements of Section II.

The appendix starts with a brief review of the available open-loop
VTOL dynamic characteristics culled from the references., These charac-
teristics are separated into three contrclled element forms encompassing
conventional helicopter dynamics plus various levels of attitude and trans-
lational augmentation., The pilot/vehicle closure aspects are discussed
next with the detailed system surveys (i.e., root locus and Bode frequency
responge diagrams) shown for the example cases., The pilot's describing
function used in these studies is described as a prelude to the latter.

OPEN-LOCP AIRFRAME DYNAMICS

The latersal hover mode dynamics selected for the closed-loop analyses
are shown in Tables A-I, A-IT, A-IIT, A-IV, and A-V. The selection of
these configurations is based on the identification of the houndaries for
gatisfactory and unacceptable dynamics characteristics shown in Table I
of Section TI. The characteristics in the tables encompass & range of
attitude dynamic characteristics, Ngﬁ&, which represent three types of
angmentation systems:

1. Conventional and simple attitude rate feedback —
augmentation — Tables A-T, A-II, and A-III

(/TR < 1/TR).

2. Attitude position feedbackm—-Lm augmentation —
Table A-IV (1/Tg > 1/Tr).
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3. Translational or lateral position rate feedback —
Yy augmentation-—Table A-V (Yy >> Ly and 1/TR = Yy).

The remaining data uged in this study are ligted in Tables A-VI,
A-VITI, and A~VIII. These dynamic characteristics were used to isolate the
important aerodynamic parameters and to identify the boundaries for satis-
factory (3 <PR<L4) and unacceptable (6<PR<7) handling qualities levels.

TABLE AT

OPEN-LOOP PARAMETERS FOR SELECTED CASES
(Ref. &)

AERODYNAMIC DYNAMIC*
CONFTG. CHARACTERISTICS CHARACTERISTICS R

Yy Ly Lp 1/Tcp1 1/Tg Ea g

1 —0.0371-0.01| —2.5 | 0.057)2.55 1 -0.018 ] 0.36 } 2.7 | o\ nrapnamory

2 —0.037 | ~0.01 [ =1.25 | 0,037 | 1.k2|—0.134 | 0.5 | 3.7 | CASES

-0.037 | =0.03 | =3.75 | 0.037|3.82|-0.029|0.5 |5.5

UNACCEPTABLE
—Q.O5T ~0.0k | 2.5 0.037 | 2.68 | -=0.104k | 0.69 | 6.5 | CASES

= |

5 —0.037{ —0.0L | —1.25 | 0.037 |1.7 |—0.239| 0.87| 7.3 *

P
N (s + 1/T. )
*Denotes form 3 #

(s + 1/TR)[82+ 2(Cq)(wa)s +w§]
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Before considering the closed-loop aspects, a few additional comments
on the open-leoop dynamics and the source of the data in the tables are
worthwhile.

Conventional and Simple Rate Augmentation Systems

The conventional low Yy dynamic cases of Table A-I are normally asso-
ciated with VIOL or helicopter aircraft and were considered an example of
conventional helicopter characteristics. The satigfactory cases exhibit
a lower Dutch roll frequency and a smaller value of negative damping ratio
compared to the unacceptable case, This is because Iy is smaller and the

damping is greater, i.e., ay = ‘,gLv/LP » bg = Yy/2uq.

The reason for selecting the configurations of Table A-II from Ref. 7
was the level of the static lateral stability term, L,. Here L, is
0.16 rad/sec®/fps for all configurations. This L, is the highest level
tested of all the experiments reviewed. By using this extreme L, value,
we are able to explore conditions which:

1. Have the highest level of Ly rated as satiSfactory
from any source.

2. DProvide a basis for comparing the ef'fectiveness of
attitude and translational damping augmentation
schemes for large lateral speed stability levels.

Configurations in Table A-IT are classified as having conventional
helicopter dynamic characteristics plus Ip augmentation simply because
the attitude damping term, Ip, is much greater than the corresponding
translation term, Yy. However, this translational term, Yy, which is
approximately 1 for both satisfactory configurations, is somewhat larger
than would be expected for a helicopter or VIOL. As a result, the numera-
tor term 1/Tg, and wq are almost equal. This relation causes ¢/6 response
not only to be stable, but also to exhibit a moderate degree of attitude
gtiffness. These features are indicated respectively by the gain and
phase characterigtics shown in the $/5 Bode diagram of Fig. A-1. It
will be shown later that the above dynamic features tend to reduce the
required pllot compensation, but adversely affect the closed-loop attitude,
¢, response to gust.

Attitude Stabllization Bystems

Rlock diagrams representing the vehicle with attitude and rate feedback
are shown in Fig. A-2. Based on the relation of 1/Tg to 1/Tg, the augmented
vehicle exhibits either the increased stiffness associated with an "attitude"
system or basically a rate output for a step stick command (see Fig. A-3).
When related to the frequency domain, or Bode diagram, these definitions are
clearly shown, Where the mid-frequency open-loop Bode feature is a K/s
region, the system is defined as a rate system, although it may contain
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Figure A-1, Large Yv, Attitude Rate Augmentation, ¢/8,
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attitude feedback compensation. An attitude system, on the other hand, has
a flat region in the Bode form., This system may also contain rate feedback.
Flgure A-3 shows the Bode features. The ratio of attitude to attitude rate
feedback gains (Kgq/Kg) (i.e., 1/TE = Ko/Ky) determines which category a
given attitude augmentation level fits.

UARL Lateral Attitude Stabilization Study (Ref. 2). The UARL augmenta-
tion did not contain X¢, only an increased Lp value. If this Lp is assumed
to be Ky, then a value for 1/Ty based on a realistic basic value of Lp must

be sought for purposes of classifying the systems. From the approximate
factors of Ref. 37 we note that

L. 3e— dpXy
e

when lgggl >
g

For the magnitudes of gLy used (e.g., 0.333 and 1.0)

(since Yy and Lp are usually small, we can neglect the Yy component and assume
is zero). Using this "basic" value of 1/Ty, the relationship between
1/Tg and 1/TTBASIC is then determined.

The UARL attitude stabilization studies covered the range of attitude and
rate augmentations as shown in Tables A-IIT and A-IV, when divided into the
two categories of 1/Tg < 1/Trpagre (i.e., 1/Trpagic = 1,gLv) and

Category II Systema, 1/Tg > 1/TR (Refs. 9 and 26). With no aerodynamic
derivatives the vehiclées tested in the Boeing and NASA reports (Refs. 9 and
26)reduced to inertial bodies where ¢/® = K/s°. Rate and attitude feedbacks
were then used to provide stabilization. The characteristic equation is
given by

2 . L5
2 52 + Kilgs + Kol
~Lj, wg



Hence .
t = EQ Eé
2 KQ
®n = LyKe

Since 1/Tg = O, obvicusly 1/Tg > 1/Tg. These are therefore true attitude
or (ategory II systems as indicated in the Bode plots of Fig. A-h.

For the low stiffness conditions where wp is small, attitude feedback
(K,) is small, there is a high amount of bank angle for : given stick
input and the domlnant response approaches that of a K/s or inertial
body system in the desired region of crossover.

felmirs, Ref. 27, In a flight test experiment on a single rotor
helicopter performed by Salmirs (Ref. 27), an attitude stabilization sys-
tem was evaluated while flying low-speed instrument landing approaches.
The helicopter configuration used for comparison supposedly possessed good
basic flying qualities. The attitude-to-rate feedback ratio (1/Tg) was
quite small and therefore did not greatly improve the overall system.
Figure A-5 is the open-loop Bode plot for the basic and estimated augmented
vehicle, The exact augmentation was not derivable since the ratio of stick
angle to stick displacement was not given., The estimated values were
assumed based on an effective stick gain.

The value of was glven, but the other aerodynamic derivatives were
taken from Ref. %7 for the H-24, a similar vehicle.

The pilots reported a significant decrease in concentration required,
although only a small general improvement in the roll axis, As can be seen

from the figure, the basic system was made stable by the attitude feedback
(1/Tg < 1/Tr), but the frequencies were only slightly changed,

Trensletionel Augmentatlon Systems

The large Yy data fram the fixed-base experiments conducted by A'Harrah
(Ref. 7)) is considered representative of effective translational augmentation.
In this case the lateral dynamics are defined approximately as

1/TR = =Yy and 1/Tq, = 1/Tg
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The /8 dynamic characteristics for a satisfactory handling quality level
are given in Fig. A-6, Again, since the attitude numerator zero 1/Ty, and
the aperiocdic mode 1/TR are gpproximately equal to Yy, these terms cancel
in the qﬂ& regponse and the Bode diagram has the appearance of a low fre-
quency sttitude system.

PILOT/VEHICLE CLOSED-LOOP CONSIDERATIONS

The basic closed-loop control envisioned for the lateral hover mode
will not differ from that assumed for the longitudinal analyses in Ref. 1,
primarily because the effective controlled elements involved are the same.
Therefore the brief review of the pilot model and control structure, which
is presented here for continuity, is governed by those concepts previously
noted for the longitudinal analyses.

Pllot Model

The primary task in the hover mode is to control lateral deviations
fran & point on the ground or along a path, As shown below, this task is
normally accomplished by controlling roll attitude, ¢, and lateral deviation
from the path, y, with the control stick, . Implied by this control
structure is a multiloop control technigue in which the pilot functions
in series. Thus the pilot is concerned with both the inner attitude loop
dynamics as well as the outer position loop features.

The closed-loop system represented by a series closure is therefore one
in which the pilot directs translabtion by reference to and commands of
attitude. The block diagram below shows the series closure and definitive
symbols which will be used throughout this study. The underlying reason
for this more complex technique is the fact that the direct closed-lcop
control of y — & is unacceptable (i.e., unstable) and this deficiency
can be corrected by the additional control of the inner loop.

Aircraft

orf<

[m.ﬂ.
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The basic closure aspects which have governed the present analyses are
specifically: {1) the pilot model, (2) the pertinent multiloop contral
structure, and (%) the adjustment rules for the pilot compensation require-
ment in the imner and outer loop (see Ref. 1), The pilot compensation
requirements which will be discussed here are those associated with the
quasi-linear describing function form of the crossover model which rep-
resents the overall average or long-term piloting control characteristics
ag explained in Ref. 12, Adaplation by the pilot is assumed to take place
as necessary during precision hover to compensate for the aircraft dymamic
deficiencies and to achieve acceptable closed-loop error performance, The
basic pilot ratings are affected both by the extremes of such adaptation
and the resulting performance,

The form of the pilot describing function adopted for these analyses
is based on the crossover model concept described in Ref. 12 for single-
loop control. This concept is extended to include the multiloop control
situations in Ref, 38, The pilot describing function containsg only lead
equalization and a time delay, i.e.,

Y.

~Tad 1
P = er e(S+ﬁ)

By using a second~order Pade approximation for the delay term, te, this
expression becomes

Kp(s~4/1e)%(s +1/T,)
(5 + Ufre)”

A nominal level of ~0.L sec is used to 1o to approximate the effects
of the neuromuscular lag and to account for the fact that the pilot is
acting in a multiloop task.

The adjustment rules governing the pilot selection of equalization
depend on the closed-loop control structure. Basically, in the present
multiloop situation the minimal compensation for the inner loop (attitude)
is lead equalization to cancel the adverse phase contribution due to the
aircraft roll subsidence root, 1/TR. However, the underlying rules used
for selecting the inner-lecop equalization are:

1. To achieve an inner-loop crossover frequency,
Weq > 2 rad/sec,

2. To have equalization which results in improved
outer-loop features (i.e., wey, Ky, and qy'or

Uye)-
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Loop Characterlstics —Position Loop. Tn the final multiloop
closure (y, @-*h-aa), compensation requirements of the position loop
must bhe considered also, Assuming that the inner attitude loop is
closed, the effective position loop may be expressed generically by
an effective single~loop transfer function

2
(5), — % (81}
g— = 1 ] 1 " ll' -
B fp—tg s(s + %E (52 + 28qwgs + mdg) (S-F?g)

where typically the closed-loop roots are

1 - 1

& o= & Yy

1]
R Ty
wy £ 3 rad/sec

Lateral position-loop closure characteristics with and without
pilot position lead (i.e., y feedback) in the outer loop are shown in

Figs. A-11 and A-12 for the satisfactory and unacceptable dynamies,
respectively.

In the satisfactory case, the potential closure crossover frequencies
are relatively low for the no-lead case, being near 1/Tf (see Eq. A-1).
The location of the basic vehicle real zero, 1/Tgp,, near the origin in
the attitude loop is the reason for the low crossover frequency in the
y-loop and the low value of ¥y accounts for this location of the vehilcle
real zerco. When the attitude loop is closed with a gain sufficient to
achieve a satisfactory crossover frequency, a closed-loop pole is
generated close to the real zero, This low frequency pole, together
with the pole at the origin, produces a low frequency complex pole pair
when the outer loop is closed. This low frequency complex pole pair
limits the outer-loop crossover frequency.

The crossover frequency is slightly higher for the unacceptable
case than for the satisfactory case, indicating that the crossover of
the position loop improves as the attitude loop deteriorates. This
is because the real closed-loop pole from the attitude loop is located
further from the origin in the unacceptable cases, This is a conse-
quence of the higher values of In and reduced values of Lp in the
unacceptable cases which result in a higher frequency (e.g.,

wg = AfIve/Ip ).

*The expression (s-—h/ré)e/(s-+h/ré) ig the second-order Padé approxi-
mation for the pilot's effective delay, 1e, after the closure.
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The introduction of lead compensation (i.e., position rate) in
the outer position loop has two primary effects:

1. Basic pllot adjustment rules outlined in Ref. 1
are fulfilled (e.g., crossover is achieved in a
K/s region).

2. The closure features sre altered and the attitude
closure, in lieu of the position loop, becomes
the factor limiting control,

A relatively small amount of pilot lead improves the outer-loop performence
substantially. A crossover frequency of approximately 1 rad/sec can be
achieved with Ty = 1 sec for the satisfactory case, and Tp = 0.4 sec for
the unacceptable case,

The fact that moderate lead improves the outer-loop crossover fre-
quency emphasizes the importance of the inmer-loop closure. Basically,
lead in the position loop is generated by biasing or overdriving of the
attitude near the low frequency crossover, we, {i.e., ¢ lead y since

¥/® = —g/s®). Thus, to enable the pilot to 12ad position, one may
envision that the attitude control functlons must be well separated
from the degired low frequency position control (i.e. ).

Likewise, the g-loop must be reasonably well damped, §‘ >9 0 or other-
wise these two control operations will conflict. Of course, the ghove
analogy describes the piloting functions in the multiloop situation as
more or less separate operations which cccur simulteneously, but at
different frequencies,

From a more analytic viewpoinit, the preceding conclusion may be
illustrated by the sketch on the following page of the open-loop posi-
tion Bode with the ¢-loop closed. Notice that the y-loop bandpass is
reduced by the lightly damped lateral oscillatory mode of the attitude
closure, The tradeoff implied by this tie between inner- and outer-
loop control plays a key role in pilot opinion. That is, as the pilot
needs an increased outer-loop bandwidth and gain for tighter position
control (e.g., for control under lateral gust conditions), the require-
ments for inner-loop bandwidth and/or demping become more critical. In
any case, the restricting factors may be expressed as a function of
closed-loop damping of the attitude lo since lies between 2gd¢ﬁ
(for 1/T or 1/Tr, close to wey,) andyf2Ciw} (forwb?Tg-——-O) This means
that the requlrements for attitude-loop plng will be partly based on
the outer bandwidth requirement. We note also that the position band-
width needs will depend on the gust sensitive lateral side force parsmeter,

The effects of the side foree parameter on gust regulatory control is
explored later in this appendix.
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Conventional Lateral Dynemics — Latersl Side Force Large (Yy >> 0).
The dynamic characteristics from the A'Harrah experiments, Table A-TI,
which were considered "conventional have relatively large Yy levels. For
the present, these data offer the best clue to the inferred airframe damping
required to maintain an acceptable outer-loop to inner-loop bandwidth (i.e.,
wcyﬂmc ). Basically, these results suggest that the damping ratio, {4 = 0.30,
is necgssary for satisfactory ratings when the lateral oscillatory mode, ayg,
is greater than 0.50 rad/sec.

The multiloop control structure with attitude, ¢, as the inner loop
is essential in these satisfactory cases even though the basic vehicle is
stable. For the imner-loop closure, the minimal compensation required is
a lead approximately equal to the roll subsidence mode, 1/Tg. Figure 4-13
shows the attitude-loop closure with the lead compensation {1/Tp, = 1/Ty)
as well as a closure without lead. 1t is evident that a low bandpass
(m9® < 2 rad/sec) occurs if the adverse phase contribution from the roll
subsidence mode is not cancelled by introducing lead.

Figure A~14 shows the position-loop closure for the preceding attitude
closure. Note that a phase margin requirement in the inner loop is not
necessary because the final outer-loop closure tends to stabilize the Dutch
roll mode, wj. In addition, no outer~loop lead compensation is necessary
because a broad K/s crossover region has resulted fram the attitude-loop closure
with the moderately large 1/Ty zero.

In suymmary, for these marginally satisfactory dynamic properties, the
pllot comperisation requirements are not excessive, even though a multileop
control structure is necessary to obtain the desired ocuter-loop bandpass
(weyx = 1 rad/sec). Primary restrictions on the closed-loop control are:
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® Low atiitude regulatory control to low de gain of
attitude closure.

® Leed compensation in the outer loop destabilizes
the closed-loop Dutch roll mode, wy, and lowers the
position-loop bandpass (e.g., uhy;52§éwﬁ).

Attitude Augmented Dynamles. In extending the pilot/vehicle clogsed-loop
considerations to the attitude augmentation systems, we are concerned with
the closure details of both Category I and II systems. Primary discussion is
directed at Category II system (i.e., 1/Tg>1/TR) because Category I (i.e.,
1/TE<1/T) and conventional VTOL dynemics are similar from a closed-loop
viewpoint,

Category I Systems (1/Tg < 1/TR). The closure characteristics for
an unsatisiactory (1.e., PR=5.0] Category I system from Table A-TIT
are considered first, The dynemics showm in Fig. A-15 are clearly in
the "in-between" area and were selected because they represent the tran-
sition region between Category I and IT systems. The associated closed-
loop piloting difficulties for the attitude-loop closure details are
iNlustrated by the system survey in Fig. A-15. In this rate system the
level of 1/TR determines the moderate lead required (i.e., 1/Tp = 1/Tg =
1.79) to achieve the attitude-loop bandpass near 3 rad/sec. Without
lead there is a restricted bandwidth (i.e., we < 3.0 rad/sec) and closed-
loop damping, £', would be less than open-locp damping (see solid root
locus trace on the figure). When lead is added to cancel out 1/Tg, then
the closed-loop characteristics are significantly improved, although the
closed~loop situation is obviously quite sensitive to small changes in
the lead. In addition, we note that only a relatively small improvement
in the de or "broadband gain" level is possible with increased lead com-
pensetion. This Infers that attitude errors under gusty conditions may
be samevwhat large. To envision this latter point, note from the sketch
that even if the lead is inereased in Fig. A-15 such that 1/TL$5¢Q1, the
de and effective broadband gain region is relatively unchanged, thus the
low frequency attitude errors are not reduced.

In the position loop, & minimum
lead of 1 sec must be provided to
ensure a K/s-like crossover region
and positive stability near 1 rad/sec
(see Fig. A-16). The damping of the
> attitude closed-loop oscillatory mode
tends to restrict the outer-loop
. . bandpass unless this damping for the
Broadband gain region jnner-1oop exceeds about 0.2, In

fact, the gain margin for this posi-
tion closure is set by the inner-loop damping. This closed-loop damping
level is closely tied to the basic augmented airframe feedback, Kg, since
the level of rate damping establlishes the needed pilot lead compensation
{i.e., to cancel the adverse phase contribution of 1/Ty) for good attitude
bandpass.* Thus g subtle tie between immer- and outer-loop bandwidths is
inferred. This aspect will be more clearly illustrated in the following
discussion of Category II systems.,

AR

é
3q

*The damping of the bare airframe lateral oscillatory mode wy is

primarily due to the feedback term K¢ since ;p is assumed small,
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Category IT Systems (1/!E,> 1/TR). The key closure features associated
with Category 1L systems are those required to achieve adequate attitude
and position bandwidths and the level of broadband gain (i.e., gain charac-
teristics below the augmented airframe frequency, ay) in the attitude loop.
A typical situation illustrating these closure difficulties is shown in
Figs. A~17 and A-18) This example fram Table A-IV was tested in Ref, 2
and was given a marginal pilot rating (i.e., PR = L), Note that the lead
required is moderately high (1/TL¢ = 1.37) and squal to the oscillabory
mode, wg {(1l.e., 1/TL$ = wg). This lead partially cancels the adverse phase
characteristics of the g mode, and provides a K/s-like crossover region.
Thus the basis for the pilot lead compensation in a Category IT system dif-
fers from that previously implied for Category I system where 1/TLqg = 1/Tg.
This is an important distinction because it infers that insofar as attitude
control is concerned, the pilot's effort (effort here infers lead genera-
tion and overall concentration) for Category I and II systems do not differ
significantly, although the basis for his compensation does differ.

Note also we may infer from Fig. A-17 that lead compensation in excess
of that reguired to cancel the advérse effects of the airframe oscillatory
mode (i.e., 1/Try = aq) is not necessarily beneficial. Such was the case
for the Category I system of Fig. A-15 where error regulation was not
improved with increases in lead beyond 1/Tyq = 1/TR. For example, if we
envision a low frequency lead much less than wg (e.g., 1/TLcp = 1/TR), the
attitude Bode feafures are:

Yo Y

low dc gain

|
T~ T 0dB "~

4 ¢ —J
Ts, - \
—_ Increased
. ead
-~ ~ ~ ch
-I80°-———————— — > —

.
l | Bl
Ol Lo w {rad/sec)

Bode Peatures of Attitude Closure
with Large Pilot Lead (1/1‘1,@ = 1/Tg)

Here, even though the crossover frequency e, is cbviously increased beyond
that shown in Fig. A~17, the resultant de gain and broadband gain level
characteristics are not significantly greater. These feabures suggest then

*Figures A-17 through A-26 are placed following page A-41.
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that the pilot would not see an improvement in his error regulatory capa-
bility even with the increased effort involved in generating a low fre-
gquency lead. However, the increases in attitude lead tend to increase the
closed-loop damping of the root m) which can be important to the outer-

or position~loop closure.

The position-loop closure shown in Fig. A-18 also suggests some control
problems because the position-loop bandpass is restricted due to the low
gain margin. The low gain margin is due to the combination of the pilot's
attitude~ and position-loop leads and the damping of the closed-loop root,
mé. Since the damping of this root is a function of the inner-loop lead
(i,e., a lower frequency lead increases the damping), the pilot can not
improve the outer-~loop bandwidth beyond that shown because of the tie
between inner- and outer~loop leads. In effect, whether he induces more
inner- or outer-loop lead is immaterial, for the net closed-locop situation
remains essentially unchanged. Thus the pilot is faced with a "boxed-in"
situation and is unable to improve the closure if the need arises (e.g.,
an increased gust disturbance level). Note also that without the abllity
to improve the attitude damping, he is highly dependent on the inherent
vehicle damping level, If the vehicle damping is less than about 0.3,
then the piloting control situation deteriorates.

To further explore the above point, we will consider potential
closures for the low frequency attitude system from Ref. 9 which are
shown in Figs. A-19 and A-20. Here three inner-loop closure situations
(i.e., attitude loop) are explored, including a lead closure and closures
with lead equal to or greater than the effective time constant of the
lateral oscillatory mode (i.e., 1/wq). With a gain closure the inner
loop is restricted to a crossover < 2 rad/sec and closed-loop damping,
§d < 0.25. With this closure, outer-loop lead is mandatory as indicated
in Flg..A 20 to provide a stable closure. Note also that the inner loop
g = 0.25 restricts the usable outer-loop lead.

By adding inner-loop lead, the control situstion 1s improved for the
attitude loop. These improvements are summarized below.

1. Increases w& and extends the K/s region in the
position loop.

2. Improves damping so that there is no decrease in
if more outer-loop lead is added (d|G(Jjw)]|/dw < 0).

Increasing the inner-loop lead beyond 1/wy (i.e., to 1/TL 0.5) does
not help particularly for the following reasons:

1. Closed~}oop damping is not improved.
2. No significant increase in w,  due to the fact

that the inmer-lcop lead is nearly cancelled by
the pilot's e pole,
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3. Outer-loop lead of 0.7 — 1.0 is still necesgsary
because of large K/s< region.

k., The very low dc gain results in poor error control.

As a final consideration for the attitude feedback systems (Category II),
we note that as attitude feedback gain is increased to bring the oscil-
latory mode frequency ug to values greater than 2 rad/sec, the pilot may
close only the position loop. Thus the piloting task is reduced to a
single-loop position control function. Typical position closure for this
situation is shown in Figs. A-21 and A-22 when ay is 3.25 and 5 rad/sec,
respectively. In each case moderate lateral position lead near 1 rad/sec
is needed to provide a stable crossover near 1 rad/sec. Leads greater than
this (i.e., lower frequency) expand the K/s-like region and increase the
phase margin and potential crossover frequencies. With the stabilized air-
craft, a damping equal to or greater than 0.3 keeps the ay peak from reducing
the outer-loop gain margin (i.e., 4|G(jw)|/dw<0) and allows the pilot to
use leads greater than 1 rad/sec in the position-loop closure.

In sumary, for attitude system, Category IL, we find that:

1. Lead compensation greater than 1/wg (i.e., 1/Tr, < ag)
does not significantly improve the pilot's performance
in terms of regulatory control of disturbances. Thus
the lead reversal characteristic exhibited in the unac-
ceptable clogures of conventional VTOL dynemics 1s some-
what apparent for the low frequency attitude systems since
the broadband gain region is reduced as lead in increased

beyond wg = 1/TL@-

2. C(losed~loop damping of the attitude loop must be greater
than 0.3 to prevent outer-locp limitation. This is pri-
marily due to the fact that the damping of the closed~loop
pilot/vehicle system is generally less than that of the
basic airframe (see sketch).

g
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Translational Rete Augmented Dynamles. The typical closures with the
translational rate augmented dynamics are shown in Figs. A-23 through A-26.
The closures considered include both satisfactory and unacceptable dynamics.

Satisfactory Conditions. The closure for the configuration noted
as satisfactory (3 < PR < I) is shown in Figs. A-23 and A-24., Basically
the vehlcle open-loop features are distinguished by the stable, oscil-
latory mede. The attitude closure in Fig. A-2% illustrates the need
for moderate pilot lead compensation to insure an inner-loop Crossover
frequency greater than 2 rad/sec. Since the dynamics resemble low fre-
quency attitude systems (i.e., 1/T = 1/Tr), this lead compensation by
the pilot tends to partially cancel the adverse low frequency phase
contribution of the lateral oscillatory mode, ag (i.e., 1/T,

Thus, insofar as attitude compensation is concerned, it appegrs that
the pilot can follow the same stratagem for control as normally used
with conventional VIOL or helicopter characteristics. Except for the
low broadband gain region (below mc@) the attitude closures are nomin-
ally good from the pilot compensation viewpoint. The low gain features
result in poor attitude performance under gust conditions. Likewise,
in the position loop the closure is again gain margin limited due to
pesking of wj in the region of 2 rad/sec (see Iig. 24}.

Unacceptable Closures. The unacceptable closures of Figs, A-25
and A-26 exhibit the same unacceptable characteristics as have been
noted for the conventional VIOL dymamics. However, these closures
are included for reference so that a complete cross section of closure
situations could be illustrated. Note that in the position-loop clo-
sure (e.g., see Fig, A-26) the bandpass is severely limited by the
closed-loop lateral oscillatory mode damping. In fact, the deterio-
ration in pilot rating clearly follows the reduction in crossover fre-
quency, we,, which in turn is closely related to the effective closed-
loop damplng, £'w', of the lateral oscillatory mede.

GUST REGULATORY CONTROL

One of the main factors affecting the precision of pilot control in
hover is the level of airframe gust sensitivity. The two aerodynamic sta-
bility derivatives of importance are the lateral stabllity, L, and the
side force parameter, Yy. The extreme values of these parameters tested
by A'Harrah (Ref, 7} in combination with the conventional dynamic range
tested by Breul® (Ref. ) provide a broad range of examples fram which to
illustrate the complex effects of these parameters on pilot compensation
and closed-loop performance. The consequences of various levels of these
derivatives are 1llustrated in the following by their effect on the closed-
loop rms {i.e., root mean square) error, Ops Oy ond og.

*Note the parameter ranges tested by Vinje and Miller in Ref. 2 are
essentially equivalent to Ref. 4 data. Thus we infer the same parameter
coverage by citing the Ref, 4 results.

A-L1



Bow— G (Y771 > E1/| ‘weqsfy IT AroBegr) J0I TOJGUOD OPBTIRY TIOY  -Ll-Y 2J4nBTd

Jup tABoroLyaR tweSIS (B

SR ]
|

TN ST . {ooz-
EL | E
o | .
T 1 3
L I “oo_-m.. i
! ﬂ E
e P 2
HIRRE m
Jin L
] | ]
L w
Sl 3
T T T i )/
| | | A | 4! H ] \
L | ) ‘ E
o ]
| s 1, s
i i3
ﬁ: —4 ol
i m £
o * . Ly gl | | | Me~ T ITITT 0T T A —wee——r—— 18 -
T 1=
T T
b R T oz -
. !
3 | 1oL _\ . ; ﬁ % i | ~ [ N %I 3
IR T T
e | % __ L SR
Zr hﬁﬁ [UEN + SUCINEIZ « 39 5(01 + SHEC ¢ 8)  »h Aax Anm.mw.m.
=( o3 do-nsenz st ute P toud

EET g

A-L2



Bgwe— & ‘£ f81/] < 81/) ‘meyshs IT AT0Fe3B) J0F TOAGUOD UOTFISOd TBA83ET

sy ABorowse; Swweds P

: T T ]
- E H] hn— 1
] .._- +
s op I E R
E 1002- o
s . Is—l ! ]
“ . -t ! i 4‘ m m
m — 4.8 m
Bop e -1 pen - 001 2 =
: s _ m E M
3 | 3 a
i 50 2
. 3 €
: P ]
F ] m
L | ] ]
— Vrl
m | | ]
3y R i
L] | L |*||w
E o] R
|| m |epoz 2 -
E i 1%
i L
o, oy [(us2)+ SUETNESE) ¢+ BBI+ T SNIBT 12)= g n
ZRP ssioenpy - T
A 0AYIG Nﬁo_ ﬂzv_fu:_oﬂw h-ﬂl_ A xﬂ
Re="H a3ng)

‘gL~ 2aNFTA

A4



sTeAs] uoTlBsuaduo) Q20TId SNOTIBA JOJ Waqeds II £JoBeqw) Jo TOJIIUOD 2PNGTI2V TTOH

2up CABopuyse, SR SIS T
“ : 1
! e ! 1 m_.
- | L i
F \ ]
et et
m ]
F ” | ]
g ! N ]
H _ E
g B ]
. T E
- ! * W “
: ru_. _“t. S
Fii n 19| £s b
Ay _
- _“ i : S ]
B : L3
L m
N R
L_: e ] / : R0z
W_ N IS ,. . E
] O m
JE— )
| | o _ 3
o | : .
*

LR T g« M/ ———

SISATIN Y o' #._._.\_ uno_oavmu:-::hvﬂtnnﬂ_

arw3g . - C .

asangy 0t sy or-s) €7 ﬁ

g

1
{bep) #s0yd

{8p) epnjjdwy

*HL-Y BanItd

D37 ON

A-Ll



BQea— & ‘£ ‘fwsqsfs II1 LxoBeged o sanso1) dooT uoT1Tsod TRISNE]

‘02 -¥ oandtd

2urp  ABojoRIN] Sy sAE
ammm 3
| ]
F+ I ;
o : ]
S
3 -Jooz-
: e , A‘v — -
[ : | i 3 F
, i 3 g
: R m
| N
K -0 £
F , 1
SN E
F T I“ L
_n_ | ]
o ” ! LIH m.
if O 1=z
! g -
L_+ s - m
g . : _ ]
d ; | ]
o ! H ﬁ “ —

0N I py
SISATN Y
oawzg
thxs

muﬁdcoa.m.o_zwm..u..aozm_mw.:.:oo._xnmcu.,uow. »
(UN+3)01-5) 8 My py 2 T

A=L5



2o CiByouae; Swkisds @

h-e— £ ‘oss/pux 02 < Po 4r/i < E1/|

‘wong AT wOTLBIULWENY 2PNYTI3Y UITM SINSOT) UOTLTSOd

™

AL RS DR

N

T

T

TrrIT

T

TYYTT TTTTT T

™rT

\BAES RREA
- i

I
-

|1L1_i1|||i|111 11||L1_|_11||.|| ap b gy

Ll

'
1
|
1o
|
i
b
i

TTTITTT

=

|||1I:|||l:|||[1|1|||11| Ll

YT T T
- RIS

|
aaalaaa

2(01+ ) [ASZE) + ${SZT'ENEN2Z + 29] 38
+3) 5{0I-5) "€ 8

§

8
{bop) asoyy

{8p) spnduy

ml

*lZ2-¥ oandtd

£0+3

Sy MY
A8 3

A-L6



Qe £ ‘vos/pea 0z T P hm_H\_. < 45/1
UOTIBIUSEINY SPNGTIIY UITA S4NSOT) UOTFISOd *ZE-Y¥ oangTd

[

“aur ' ABNC IR kTS &

u |_,l__.m T 1 ]
N ,,__ m_ ﬁ f (- 3
- L Lo 18 3
[ | -
3 oq) | | | (/e or _ _ w b ]
; enmimini iR
i DU S L1 S
i | W EEEE E
. i —t " i 4“. | 3
[ SN p T —— 081+ 3
: - plottg _ 1
: _ . _ : ]
: . E
. | u t; :
| _ A, A A : ]
AR ; HISENES B ]
a ! T T b
| i 1 | ]
T TN ] b - _fTT -
e N IR N
1 \ | B R AR N AN
W_L:M N - o d A;:___ _]
L s e ]
[ . RN i Yo Dl 3 ‘D=
111 IRIER I o
i H ud“
i , 13 |
| 18
SN B ig
N i S
3 “ . g m -
IR L
AN ]
= GOMLTN
= h.qux.-i_‘

it

3 omsg A01+3) [3(G)+ :Q.MN +a%)at L1
TEE adumg) (1+%) Jlo1-9) "8 8

A=k



up ABoOwIY WIS B

fuoTywqusuwBNY TRUOTIRTSURIL ‘TOI4U0D SPNAILIY TION

BQ--— O ‘goTuRuUAg £10308ISTIBS

T .‘,_j _,

T
¢

(o7

-

e

< R —

B L o L LI RS

*¢2-Y eandid

:

LI L L A L O

g

T

T

1

] 7

!
|
-

L L A0 L0 5.0 L LA L L I L

bbbl bt 0 Ll LU L L) (L) l]lllllll L dodad s e Lo baa by bgag il Ll

g
(Bop) 980y

(Bp) epnjjiduiy

k)

o

n_tns.uE:!ntP

ﬂng = -u

rs.:_xon..u.u.uus_..xm,n.._d.
e T A 2

A-L8



Boww— = ‘£ ‘sotmeulg Aroj0eIsTang
‘uotyejuewSNy TRUOTFRTSURLL ‘TOJJUC) UOTRTSOJ TeIs)e] -2-Y sandTd

2up Ao SwarsAS B

y.
y 4
o
]
f—

3
3
s

3
oy
Ll Ll

TTY
— ]
L
1
deem

—“+—-
-
t
i
|
P

il ST T T
: + g : ot i N ]
: . hdy /1 _ | ! AN 3
s ! | W : 3
: ) | e | “ ]
g ! T i t 10 g
m A\ | - I
o LIS T T - + .= I. v
d / 7 L _ ]
” TN e S o
: 5 A\ + - P i1 ’ mw o
3 Py T : ! iz
T //_—|I 1 . il Hm
1 - |f; - N S lm R
1 | ol | | — S
ik ] Lo
, Py Ad, P
conLTp " Ma._ulaq:...nhbwu‘ax e CATTA
h\hhq‘!_q
anzg _ [;8252 + S(82E°2HL62)12 + 28|(6L L1+ SHYG D +INOT+3NS) oy

- B (01~ $XG 1+ 81 % Mn 09 3

A-U9



B & ‘soTuRuULg sTqRado0OBUN
‘uotyBjuUeUBNY TRUOTHRTSUBLL TOIIUOD oPN3Ta1V TIoY +&2-v =angdid

dup (ABOOUy I S ads o i
]
|

T

T T

TETTTT YT

ﬂ
o {pes/ppaym | Q_v

3:.../\& _
|

R I

sl il g Ll gl

{Bep) e30iig

-

1 1]

|
- (019

T
—

L LA LA LI LI 0 L .0 L L A

r SR
|||;{|1|| AV TN A AN TN AR N N IL)]L_A_Al (]
n

L L

4
7]
’
w_

S

77

Vi
/
1’[
T

{8P) spnidwy
T

LIS L LA (L ) L L O LA
—-
—

| |
=T oaHLIM
P28 simoeny

Y, oANIG
admgy

—_

|
b
[ai¥0)+ SINEZ-)2+ o8] A+ 3)T24%) %

(SL81+ #)5(21-5)01+ %) %93 ) ¢

. Zi+8) 44 o
(1+301) mﬂ-_lrm-c b | A

g6z « 1%y

A-50



daooeuf
Bow— O ‘A ‘soTuweulg oTaB2 S
‘uoTqRqUSUBTY TRUOTARTSUBLL ‘TOJI4UO) uoTqTscd Texsyel +9g-¥ ;

‘put *ABOOuNIR SNSAS &
2

T T T T
E : P |
mm_ F _ _ _4j4 . ) _ I- z- ° s -
i , : ; - T T
1l __ oo | |17 p_._::“r : * N ] [ li_rlu.._._w.T |
T - AR I :
il T Ly =
B I g L J00¢- .
m p — b M.L,...L,l, - "_H . HOOM .
| h ! . i 3 !
- | _A ! : ]
il aiicEa IR - .
g | i L,EIL.S«-M 2| Yo
u_ “, ﬁ - _ i g -lnH m. wa
- L . \m M..JriJJY
| — 1 —oor £ n#ua
' T IR .
T N N
AN RSN RIS A
" - Wi \ P R
1S N | | I
SR N el ]
| , i . [ 7 — . —
AR 71 — Raan ma M
..Lﬁ 0 . ! [ R I 1»
L , m * HL .13 ; ) A ,_T ..Ih,lL_.ltlia im M
| i | B oadb b ” 5
Bs _ iERRE -
_ &...:,__8* kiR _ _;_ RN i
N -yiﬂ ; i \, Ag- | _rT’f_v‘wl : -\im —mam .u_ﬂ T_So simiGzs ua_
_ J — | HIRRE _ “ 4
T HIN B . . g
—— R yr—— . _ [ov1t eeflret1z) (G2 +sHIgR2+SKI+S) X
Qo_ -~ Hﬂng.nw +HOOENINT + NﬂFNAQﬂ.Nv&.-Afﬂ.NUMMQ.VNLv Nn_ (952 +8}{S) - hn\'w* Nn Z1-5)(1+5)(65 2NEZE)
; I
SisATvNpy B 2i-5)(1+8) "M TIn 0 . , ) -.u._.\_ o sonos o0
oAFIg z{2i+3%) (1+501) anx !_v_ . ﬂ_a
n_.u\k.‘).\_w NnN_ — du

A-51



It should be recognirzed that the upper level of the derivatives
(i.e., Ly = 0.16 and Yy = 1,0) from Ref. 7 are well above the level
considered aercdynamically feasible for conventional VTCL's, Furthermore,
as noted previously, the configurations are classified as conventional
simply because the dynamic characteristics may be spproximated in the con-
ventional manner (i.e., 1/TgR = Lp and ag = Lyg/Ip). To some extent one
may guestion the choice of extremes, however, such gross levels do serve
to dramatize otherwise subtle closed-loop control differences which might
well be overlooked. Once we ldentify the gross effect, it 1s far eagier
to trace the interaction seguence as the multiloop closures are made.
Detailed aspects of the closures showing the effects of the two derivatives
are considered generically later in these discussions.
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As the starting point, it is worthwhile reviewing the steady-state
expressions (i.e., trim values or de levels) for the rms error which are
defined by the level of Yy and In. ¥For example, from the block diagrsm
shown in-the sketch the closed-loop expressions are
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Roll Attitude

" ® P
o W Nyg + YyYov L
L
Ve A A+ TG + LY
P
where Nvg = ~Iws
ey | Yylg
NVgSa - T
¢ Ly¥s
Ny = Ig(s—Yy+ o
¥ L
N, = —SE)-(SQ—I,ps +g?§-)
- Yy 2 Ly
N;xyrg = == (8% = Lps +g§‘;)
ge “Yylp
Vgo ~ 2
A = s(s=Yy)(s=Lp) —gly = O
YL
o Lys + Yy‘{@( v 5)
Vg s(s—Yv\(s—Lp)—gLV+Y@L5(s-YV+L£§5)+YYY éﬁ Ips,LgLa
when s —=0, Therefore
2 : v
Vel ss g
Control Input
I
P
vg AT T A
g
Yv¥v gLy
) --‘fq){—LVs— ys (87~ Lps +W)]

s(S*Yv)(s-—I.P)—gLV+Y[DL5(s—Yv+
when s —=(0
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—Kpcp( prgLv )

B

-‘Fg- 58 i KPy cngS
Therefore,

2 Ly

Vol g Ly

However, we note that the lateral position trim level is imminently
tied to the pilot's compensation level, that 1s

Leteral Positlcon

"

¥ Mg Wy + Ygvge
- = L
Vg A B+Y NS + Yy Yo
Y. YL
—¥ (=2 IPS+ V) 4y )

s(s—Yv)(s—I@)—gLv«LchLa S—YV+LI,5 )+YyYfP—S§(SE—LPs +_f8—

when 8 —=0

Vg - Yqu)ng
Therefore,

¢ o (gLV-i'-KP YVLa)

Vejss Kpypels

and, in fact, the steady-state level, Y/vy|
to the pllot's position~loop gain, pr

ss? is inversely proportional

Gust Response Characteristica

Conventional Dynamica, Yy = Q. Typical roll attitude gust response
expressions for the conventional dynamics {Config. 1-5, Table A-I) are
summarized below and discussed in the followlng paragraphs. The transfer
functions are written in shortened form as follows:

[s2 + 25058 +<‘Dj2_] —[5 , w5l
A(s+a) —m=A(2)
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With no outer-loop lead

case 1 @ _ 0.01(0.142)(=0.142)[0.998 , 10.01]

Vg (2.55)(21.65)[0.18, 0.191][0.165 , 3.66]

X _ 0.037(3.507)(21.51)[0.045 , 4.625]

Vg (2.55)(21.65)[0.18, 0.191][0.165 , 3.66]
Case 3 9 0.0%{0.135)(~0.132)[0.999, 10.0]
—_— Vg (3.817)(21.51)[0.273, 0.206}[0.169 , 3.63]

Y 0.037(5.037)(21.12){0.042, 5.903]

Vg (3.817)(21.51)[0.273, 0.206][0.169 , 3.63]
Case 5 9 0.04(0.171)({—=0.177}[0.997 , 10.024]
—_— Vg (1.703)(20.4)[0.273, 0.559][0.212, 3.12]

X 0.037(4.565)(19.86)[~0.057 , 6.55]

g (1.703)(20.4)[0.273, 0.559][0.212, 3.12]

With onter-loop lead

Case 1 (1/TLy =1)
o 0.01(0.594 ) (—1.37) (4. 74) (35.66)
Vg (2.55)(21.35)[0.518, 1.291][0.04 , 2,916]
X 0.037(3.507)(21.51)[0.045 , 4.625]

Vg (2.55)(21.35)[0.518, 1.291][0.04 , 2.916]

Case 5 (1/113, = 2.5)

@ 0.04(0.4501)(=0.522)(7.26) {14, 74)
Vg (1.703)(20.34)[0.269, 0.957][0.206 , 2.89]

Y 0.037(4.57)(19.86) [<0.057 , 6.55]
Vg (1.703)(20.34)[0.269, 0.937][0.206, 2.89]
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The closed-loop regulatory control was evaluated, assuming a random
gust represented as the ocutput of a linear Tilter whose input is white
noise (gee Ref. 1). The llnear filter was of the form

B a»gcvg
vg_s+(ug
where w, = C.5 rad/sec. Values of the standard deviation for roll athitude

and latéral displacement were calculated based on a unity O+

No Lead in Posltion Loop. The roll attitude gust transfer func-
tion asymptofes for a setisfactory and unacceptable case are shown in
Fig. A-27. The most significant differences between systems occur in
the frequency region 0.1 rad/sec to 1 rad/sec. The dynamic character-
istics in this region are daminated by the low fregquency complex pair
of poles which resulted from the position-loop closure. For the satis-
factory case these poles have a relatively low break frequency which
is close to the break frequencies of the real zeros of the gust transfer
function. This results in relatively low gains in the criticsal fre-
quency region, giving rise to the low values of attitude error. For
the unsatisfactory case the bresk frequencies of the dominant poles
and zeros are more widely separated, resulting in higher gains in the
critical frequency region, giving rise to larger values of attitude
errcr. The corresponding roll attitude power spectrum plot is shown
in Flg. A-28. It is apparent that for the satisfactory case the atti-
tude response gy, 1s small, and the energy is located at much lower
frequencies than for the unacceptable case. For the unacceptable case,
the major portion of the energy is located in the crossover frequency
region of the position loop, Wey = 1 rad/sec. This may have a signifi-
cant effect on pilot opinion since, as the effective bandpass of the
input disturbance approaches crossover frequency values, then the pilot
may have difficulty recognizing error signals and controlling the
vehicle,

It is evident that the location of the pole/zero cambinations in
the critical frequency region {0.1 to 4.0 rad/sec) is of fundamental
importance in determining rms gust errors. The frequency of the domi-
nant mode ig mainly determined by the locatlion of the real pole near
the origin in the position loop; this pole is displaced farther from
the origin as the frequency of the basic vehicle Dutch roll mcde
increases. The increase in Dutch roll frequency is a direct result
of increasing the value of Ly. A large value of Ly, therefore, for
the unacceptable cases is the dominant factor in producing the larger
roll attitude errors,

Control input power spectrum is shown in Fig. A-29, The distinct
peaks from the power spectrum curves can be associated with the domi-
nant modes of the closed-loop system, especislly for the unacceptable
case,
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The gust transfer function asymptotes for lateral displacement
(i.e., oy error) are shown in Fig. A-30. Differences between satis-
factory and unacceptable cases are due to variations in steady-state
gain since differences in the break frequencies are small.

Lead Compensation in Position Loop. Effect of lead in the outer
loop on system gust response is to increase the attitude errors.
Attitude errors have increased, especially for the satisfactory case,
although the trend with pilot rating is similar to the cases without
lead. Lateral displacement errors have decreased substantially,
especially for the satisfactory cases. The reason why pilot lead
in the position loop increases the attitude errors is evident from
Fig. A-30., The dominant pair of complex pcles relocate at higher
frequency because of lead, giving rise to higher gain levels (i.e.,
larger attitude commands).

The corresponding roll attitude power spectrum with position-loop
lead is shown in Fig. A-31. The major portion of the gust response
energy is still located in the region of position-loop crossover fre-
guency for the unacceptable case. For the satisfactory case, the
dominant gust response region has relocated at a mach higher fre-
quency, and a larger position-loop lead is required in this case to
achieve adequate crossover freguencies. This larger value of lead
tends to decrease the damping of the high frequency closed-loop mode
and te increase the damping of the low frequency mode. Thus the
dominant portiom of the roll attitude power spectrum tends to relocate
at higher frequencies for the satisfactory case with pogition-loop
lead. For the unacceptable case, the values of position-loop lead are
such that the low frequency mode is still dominant in determining the
shape of the roll attitude power spectrum. Smaller values of position=-
loop lead were required for the unacceptable case, primarily because
of the higher Dutch roll frequency of the basic vehicle which tended
to produce higher crossover frequencies in the position loop. This
redistribution of the gust response energy indicates that the pilot
has some capacity to alter the system gust response to suit his desires
in the satisfactory cases, and that his capacity to do so in the unac-
ceptable cages 1s geverely restricted.

The contrel input power spectrum is shown in Fig, A-32. Effects of
the dominant modes are easily distinguished for the lightly damped
modes and less easily distinguished for the heavily damped modes.

Lateral displacement gust:asymptotes with position-loop lead again
are shown in Fig. A-30 for comparison. Steady-state gain has decreased
substantially in both cases with a corresponding decrease in position
errors. The unacceptable case exhlbits a much lower damping ratio than
the satisfactory case, The net effect is to produce larger position
errors for the unacceptable case.
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From the lateral position gust transfer function asymptotes
(Fig. A-30), it is clear that the frequency location of the gust
response energy is similar for both satisfactory and unacceptable
cases., This is another indication that pilot opinion is based on
characteristics of the attitude loop where Iy daninates the gust
response.

It is evident that the values of attitude and lateral position
rms errors are strongly dependent on the amount of pilot lead in the
outer loop., Thus rms error values are useful only as a trend indi-
cator when the ground rules are held constant, e.g., when sufficient
pilet lead is generated to produce similar crossover frequencies in
each case. :

A gignificant feature of the gust response characteristics is
that for the satisfactory cases it is possible for the pilot to adjust
outer-loop lead so as to obtain a tradeoff between the magnitude of
attitude error and the magnitude of position error, depending on his
requirements for accamplishing the task (see Fig., A~3%). Resulits shown
on Fig, A-33 were obtained by computing o ratios fram the gust response
characteristies. For precision hover in a gusty enviromment he has the
capability of generating lead in the Y-loop so as to reduce position errors
at the expense of some increase in attitude errors. For the unacceptable
cases, the variation of attitude and position errors with pilot lead is
much less significant, indicating thet he is more limited in his capacity
to alter the system gust response to suit his degires. This is another
good indication as to why the pilot ratings deteriorate from satisfactory
t0 unacceptable,

In addition, the significant differences in the predicted spectral
characteristic between satisfactory and unacceptable case and, like-
wise, the differences with and without lead, give a good indication
of which loop the pllot is emphasizing, and the level of compensation
in each. Such information, obtained from an experimental program,
could be valuable as a source for checking the predictlons of quasi-
linear models and generslly as a clue to the pilot control problems
(e.g., see Ref, 2). However, except as a relative standard, oz does
not appear to be a better merit for specification purposes than any
other statistical measure (e.g., og or oy).

Effect of Large Iy and Yy Terms. The primary effect of the Iy and Yy
terms on the gust response features can be illustrated by examination of

the closed-leoop expressions for @/vg and y/vg calculated for Configurations
20-36 of Table A-VI. We will examine the /v, mumerator with both ¢ and
¥ loops closed first.

T

o PY L _ e
N = Ny LYNOL = Lys + Yp ¥y —

The complete ¢/vg expression after putting in Yp, and Yp$ is:
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2 K Tp Yolg(s + 1/Tp )(s = b/1)°
. _Lv[se(“_}:_) _prpq)Lq,vLaSLv [Try)(8 = 4/

v

AH

m

Putting the numerator in root locus form:
Kp1,

———— o
KPxKPcpTchIB(S + 1/TL(p)(5 - b/)y,
52(3 + J-L/'c)2 Ly

11
U g £
Vg LV'

when the effective gain Ky is
D  low kg Yo/l
@ nieh KYu/Ly

® NEY0

. The resultant locus sketched above shows that the zero locations are a
function of Yv/Lv. When the gain Yv/Lv is large the real axis zeros are
large (i.e., = 1/TL, and 4/7) and about the same magnitude as wg OF 1/Ty.
The net result is that the cp/vg amplitude asymptotes are easily approxi-
mated by a second-order expression, ¢/vg = K/(s +mg)2_, as shown in Fig. A-3kL.
Obviously, then, the value of oy can approximately be obtained from the
9/vg de gain. This velue is ~Yy/g. Since Ly was also shown to affect the
¢/vg transfer function, op mey be proportional to Yy/Ly. The sketch below
shows the roughly linear relation between ) and the Yv/Lv. For Yy smaller
the zeros are smaller than the denominator poles and the g/vg amplitude
ratio is peaked. The cp/vg amplitude ratioc asymptotes for a typicsl con-
figuration as compared to a higher Y. casge is presented in Fig. A-35. The
effect is even more pronounced when plotted in cartesian coordinates as in

Figs. A-36 and A-37.
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The outer position-loop expression is

Ny A
¥ + :
Ty = Vs _ N’Xg ngogvgg
Vg = T AT

Ny:;'g = ._Yv[(s +_1:_)2(32__1rs +g;—:) + KPCPTLCPLS (s +ﬁp)(3__l$_)2]
o o [ anage o ][+ et + @] (e )+ )
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Figure A-36. Roll Attitude Response Spectra (Conf. 27-I)

From identities of Ref. 37 the low freguency gain of the y/v trangfer
function approaches 1/Kp Thus from Table A-X, y/vg transfer function
poles and zeros, it is seen that the geros are larger than w, or 1/Ty, so
the general asymptotic shape of the spectrum is as sketched below.
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Figure A-37. Roll Attitude Response Spectra (Conf. 29-I)
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Figure A-38. Lateral Position Asymptotes
for Various Levels of Y

Figure A-38 is the actusl asymptotic plots of y/vg for typical cases of

low Yy to high Yy,. For the low Yy case, the decreasing amplitude is more
apparent since the frequency of the complex numerator zeros 1s determinel

by gly/Yy. With a low Ly and high Yv. case the ¥/vg would not svproach 1/K
But for our cases where wg and 1/Ty << numerator frequeﬁcy the upproxlma.ulon
is good and

y) - WOAK) oy
Velde PyKPQPS Svg
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From the above relation the effects of Yy and pilot gains on o, can be
shown. In any two gystems with identical characteristic equations, X
increases as Yy increases for e, = const (i.e. » K = o Yv/8lv) ang
therefore oy will increase with % from the prev1ous relation. By
increasing pr or pr (1ncrea31ng crossover frequency) oy can be reduced.

An outer-loop gain increase is the key parameter for reducing oy since
pr and wey are in direct proportion and thus increasing Loy increases

/Vg|dc

The typical spectra of y/vg are presented in Figs. A-39 and A-LO. The
satisfactory ratings have a very rapid decrease in power with frequency
whereas the unacceptable cases (Fig. A-40) contain peaks near the outer-
locp crossover frequency.

20}
¥y -4.93{s+3.53)s+176) [l ; 2.26]
Vg (s+.5)(s+56)(s+I7.85) [.I15;,20][93;4.55]
15+ Y, =-50
2 Lv =-16
10 Note: [sz+2§iwis +wiz]i>[§5 ;wi]
51—
0 l L

0 ' wlrad/sec) 2
Figure A-39. Lateral Position Response Spectra, Satisfactory Response
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Figure A-40O. Lateral Position Response Spectra, Unacceptable Dynamics

In conclusion, the effects of Yy and Ly and gust response characteris-
tics appear to relate to the piloet ratings as follows:

1. For large Yy the ratings are improved as the ratio
Yy/Ly is reduced.

2. There is some evidence that the pilot may need to lag
the outer loop in order to reduce oy; that is, eliminate
the effects of inner-loop leads.

3. The shape of the ¢/vg spectrum also appears important
because when ¢/vg becones peaked due to Yy /Iy being low,
the pilot rating is degraded.
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APFENDIX B

IFFECTS OF CONTROL SYSTEM IAGS AND
DEIAYS ON CLOSED-LOOP SYBTEM

This appendix contains the development of analytical expressions to show
the effectes of control system lags and high frequency dynamics on the closed-
loop pilot/vehicle system.

ETTECTS OF CONTROL IAG

System Sensitivity to T,

System is
Y
Y/S
Ye b a
b /8
"
¥ Y
P S -
Pel pms D+ Y NP A
r Yyl Lyt (
- = = —mr— B2
felpes 4+ Y NE + YyY g & )
¥ -5
Looking et the Inner Loop
A = A+ YN (B-3)
= ¥ -



Include control lag as part of pilot tramsfer function, Y

@
where ¥roo= KP@TLQ(S " 1/TL®)(S ~ h/r)e
v To(s + 4/1)2(s + 1/T,)
N = Is,(s + 1/Ty,)
A = (s + 1/TR)(s2 + 2fgwgs + mg)
m, (/1) (=4/)2(1/Tg,)
o t - * — T o ] LK Y tP 1
s o+ Y = (1/Tg)[tawa] + Lok, - WECRTR
= (s + 1/TR)(32 + 2bqmgs + wg)
LK Ti? (s +1/1y, )(s —4/'r)2(s + 1/Tg.)
s 2o T i il (B-4)
(s + 4/1) (s + 1/T,)
A = 0

. 1+ (s + T/TR)(S2 + 2L qwgs + mg)

{s + h/r)z(s + 1/Tq)

X = 0

Ty, 5
Lapr ?E? (s + 1/TL$)(S - 4/1)(s + 1/T¢1)

(s + 1/TR)(32 + 2Lqwgs + wg)(s + T/h)e
= 1+ Tu(s + 1/T,) x = 0
LBKPCPTL@(S + 1/TLCP)(S = /%) (s + 1/Tg,)

= 1+ To(s + 1/T)G(s) = 1+ G(s) +aTeG(s)}) = O
T.8G(s)
. 1+1TGT?)- = 0 (B_5)
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Note that G(s) _ 1
T+ 6(s) ~ 1+ 1/G(s)

T.3
~ FEquation to be solved is 1 + T—:ffiargy = 0
2
! LeKp, Tr (8 + 1/T ) (s ~ 7/%)%(s + 1/Tg,)
where 1 + m = 1+ >
(s + 1/8)5(s + 1/TR)(s® + 2tgags + o)
P
YCPNB A+ quN%) Al
= 1t = X =T (B-6)
& Equation to be solved is
T.SA
1+ = 0 (B~T)

For convenlence we rearrange this so that ZP > EZ

. 1A
1 +'T,Z-SE = 0 (B-8)
1 +KG'(s) = O (B-9)
where K = 1/T,
and  G'(s) = A'/SA

Note when T, is small, gain X 1s large and roots are close to the zeros
of G'(s) which are A' which are the original closed-loop roots.

EFTEOTS OF HIGH FREQUENCY DYMAMIOBS

Assume high frequency effects can be appraximated by e " which is
equivelent to increasing pilot transport lag.



kp TLtp(S + 1/TLSE)(S - 2/1)

Ty = - o (B~10)
(s +2/7)
= Ley(s + 1/Tgp,)
A = (s + 1/TR)(52 + 28 g 8 +w§)
AT = A+ ycpwép = 0 = (s + 1/Tp)(s% + 2Lquqs + «f)
LgKPCPTLEP(s+‘I/TL(p)(s+1/Tcm)(s-2/'r)
(s +2/1)
A Y*;ng”
W I — -

(s + 1/TR)(SE+2§d(udS +uﬁ2)(s+2/r)—L/5KPEPTLm(s + 1/Tch)(S + 1/TCP1)(s—2/T:I

(s +2/1)

A(s + 2/1') + Y;Ng(s - 2/1)

1l

Bs+ (2/T)0+ YNgs — @/ WNg

= @/t)a —Y:F,Nép) +8 (A + Y:DN(SD) = 0
% O
A-Y
S +(2/T)j-—3N5—} = 0 (B=11)

l s(A + Y*ng’)i



APPENDIX C

STABILITY DERIVATIVES FOR DIRECT FORCE
CONTROL COUPLING ANALYSES IN HOVER

The longitudinal stablility derivatives and control coupling terms
employed in the studies of Section III are contained in this appendix,
Tables C~T and C-IT list the pertinent data from the experiments by
Gallagher (Ref. 16) and Breul (Ref. 17), respectively.

TABLE C-I

DATA FOR CONTROL COUPLING STUDIES BY GALIAGHER, REF. 16

a) Derivatives

CASE 1 CASE 2
DERIVATIVES A B N 5
M, +0.005 +0.,005 +0.043 +0.043
X5 (g/in.) 0 —2.25% 0 -2.25
rad/sec?

Mg, BT 0.54 0.54 0.54 0.5k
Mq(1/sec) -3.0 -3.0 -3.0 ~3.0
Xy -0.016 -0.016 —0.016 —0.016
;ﬁgzg 3.0 4.0 3.5 7.0

*These magnitudes of Xy are extremely large and
can only be envigioned as a longitudinglly
mounted propeller or jet.



TABLE C~I (Concluded)
b) Transfer Functions
CASE NUMERA TOR DENOMINATOR, A
NS = Mg(s +0.016) (8+3.02)[8° +2(~0.01)(0.23)s + (0.23)"]
A
Ng = 32.2 Mg sA
1
Ng = Mg{8—-0.65) (s +3.02){s2+2(—o.o1)(0.23)s + (0.25)2]
B
Ny = Mg¥p (5+0.25)(s +2.75) s
NG = (s +0.016) (s+3.15)[s° +2(=0.07)(0.66)s + (0.66)°]
A
Ny = 32.2 My sA
2
. N = Mg(8=6.0) (s+3.15)[s° +2(-0.07)(0.66)s + (0.66)°]
Ny = MﬁYPe(s+o.25)(s +2.75) sA
TABLE C-II
DATA FOR CONTROL COUPLING STUDY BY BRUEL, REF. 17
CASE | STABILITY CONTROL
NO. | DERIVATIVE TERMS PILOT
Mg % RATING RANGE
sec | ft/sec2/in. | rad/sec?/in.
3<PFR <5
! —0.5 © 0.25 (acceptable)
_ 53< PR <5
2 -0.3 1.0 0.25 (acceptable)
_ FR > 5
3 0.3 2.0 .25 (unsatisfactory)
_ 3<PR <5
k 1.0 0 0.1 (acceptable)
FR < 3
1. -1.0 .
5 1.0 1 0.1 (good)
— - R >5
6 1.0 2.0 0.1 {unacceptable)
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APPENDIX D

SUMMARY OF AERODYNAMIC STABILITY DERIVATIVES
FOR LATERAL/DIRECTIONAL STUDIES

The lateral/directional stability and control characteristics of this
gppendix were utilized in the closed-loop analyses covered in the transition
studies of Section IV,

Tables D-I and D-II summarize the XC-1424 derivatives and transfer
function characteristics used in the generalized studies of closed-locp
regulatory and maneuver tasks. These derivatives were derived from
material of Ref. 33.

Table D-IIT provides the dynamic characteristics calculated for each
configuration tested in the flight test program of Ref, 22. Similar infor-
mation for the control coupling study of Ref. 25 is presented in Table D-IV.
Only the factors utilized in the analysis are presented.

D-1



TABLE D-I

LATERAL/DIMENSIONAL DERIVATIVES FOR THE XC-1k2

(Note: Data are for body-fixed centerline)
FLIGHT CONDITTION

W= 37, 47k 1b 7o = 0

I, = 173,000 slug-ft2 I, = 267,000

Iy = 122,000 slug-ft° Txz = 7,000

DERIVATIVES
oot | Hovew 60 KTS 120 KTS

DERIV.
Yy —~0.015 —0.0945 —0.175
Vs, ' 0 0 0
Ya; 0 0.248 0.9k
L! —0.00062 —0.715 -1.91
% —0.235 —0.539 —0.855
L, —0.0335 0.382 0.559
Les' ~0.285 —0.167 —0.193
Ly 0.0622 —0.0871 0.0913
Na ~0.00039 0.218 0.580
N —~0.0062 -0.137 ~0.116
Ny -0.211 —0.33%2 -0.565
Mg ~0.0075 ~0.0129 | =~0.0266
Na ~0.208 ~0.150 —0.132

'8, inches of lateral stick (includes aileron and
differential main prop blade angle); positive &,
gives negative .

*ar inches of pedal (includes rudder, aileron, and
differential main prop blade angle); positive &,
gives negative t.
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TABLE D-IT

XC~1h42 LATERAL/DIRECTIONAL TRANSFER FUNCTION FOR THE
ATIERON AND RUDDER CONTROLS

TRANSFER BEGIN TRANSITION | MIDTRANSITION | END TRANSITION
FUNCTION (U £ 0 KTS) (U £ 60 KTS) Z 120 XTS)
ta -0.265 -0.0292 0.169
wg 0.225 0.683 0.91k4
° 1/Tg 0.1911 0.118 0.124
1/T, 0.3894 0.886 1.61
Ag —0,285 ~0.167 —0.193
nga Eo (0.01%2) 0.411 0.418
Wy (0.2119) 0.555 0.977
A, —0.208 ~0.150 —0.132
" 1/1T, 0.394k 0.863 1.15
or ¢y —0.2912 ~0. 281 —0.066
0.2443 0.557 0.456
Ay —0.0075 —0.0129 —0.026
Nga ¢ 0.505 -0.8 -0.454
“ W 0.7713 1.19 0.959
1/Trs,, —0.76 0.8 1.056
Ngagr Ay 0.06 0.02k% 0.028
1/Tmr 0.015 0.08a8 0.148
Ap,. —0. 00003 —0.0012
L -1.93 0.0l 0.0
wp,. no roots 15. 6.0
Népagr A% ~0.06 ~0. 000k 1 -0.00089
1/TCPB no root 59.0 32,0
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TABLE D-IT (Concluded)
TRANSFER BEGIN TRANSITION | MIDTRANSITION | END TRANSITION
FUNCTION . . .
(U = 0 KT8) (U = 60 KTS) (U £ 120 KTS)
Ap 0.208 0.00245 0,0046h
@ 1/TE,1 0.326 ~0,308 0,02k
5
* 1/Tp, 9.52 0.587 1,076
1/ TgB none 62,0 28.77
Ay 9.17 5.39 6.22
W ty (0.2119) 0.313 0.325
wy (0.0132) 0.518 0.857
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TABLE D-IIXI
LATERAL/DIRECTIONAL DERIVATTVES AND TRANSFER FUNCTION FACTORS
Flight Conditions: U, = 50.6 ft/sec; W = 2,900 1b: y (approach) = 11 deg

Constant Derivatives: Yg, = 2.2h (ft/sec®)/in.; Ly, = 1.72 (rad/sec?)/in.;
Ly, = =10 1/sec; Ny = 0.02 1/ft-sec
(Derivatives obtained from Ref. 22)

Variable Derivatives:

L, 1/ft-sec -0.01 -0.02 ~0.05
Rating 3-1/2 | 6-1/2 | 3-1/2 | 6-1/2 | 3-1/2 | 6-1/2
Yy 1/sec —0.029 -0.029 | ~0.042 | =0,042 | —0,081 | —0,081
vy (ft/sec®)/in. [ —=0.6% | —0.48 | —=0.80 | —0.48 | -1.12 | -0.48
r
Ny 1/sec 2.2 0.7 3.3 —0.7 -5.7 0.7
N5, (rad/sec®)/in. | 0.8 0.6 1.0 0.6 1.4 0.6
Transfer PFunction Factors:
1/Tg 0.075 0.022 2.95 0.0k2 5.52 0.097
A 1/Tg 10.0 10.0 10.0 10.0 10.0 10.0
Denon. tg (V/Tq,)| (0.609) | 0.34k | 0.70T | 0.335| 0.306| 0.311
wd'(i/TdE) {1.5M) 1.02 0.268 1.04 0.408 1.07
Ao 1.72 1.72 1.72 1.72 1.72 1.72
Nmﬁa Cer (1/Tw1) (0.68%) 0.354 | (0.36) 0.35 (0.20) 0.35
o (T/ng) (1.53) 1.01 (2.96) 1.01 (5.52) 1.01
Ay 0.045 0.045 0.045 0.045 0.0h5 0.045
Mg, by (1/Ty ) (B51) (3.51) | (W.21) 1 (B51) | (B51) | (B51)
oy (1/T¢2) (5.48) (5.48) | (5.48) | (5.48) | (5.48) | (5.48)
Ap 0.8 0.6 1.0 0.6 T4 0.6
. 1/ Ty, 10.0 10.0 10.0 10.0 10.0 10.0
oy tpn 0.027 0.027 0.0%9 0.039 0.061 0.0861
Wp 0.179 0.179 0.25k4 0.254% 0.401 0.401
Ng g A, 1.37 1.03 1.72 1.0% 2.1 1.0%
avr
/T, 0 0 o 0 0 0
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TABLE D-IV

LATERAL/DIRECTIONAL DERIVATIVES AND TRANSFER

CONTROL COUFLING STUDY

(Derivatives obtained from Ref. 25)

FUNCTIONS

BASTC CONSTANT DERIVATIVES

Yy = =0.042 L, = -0.02 Up = 50.6 ft/sec = 30k
Yp = —5.45 Ip = ~k.2 N, = 0.02
Yy = 2.5 Ly, = 0.67 N, ==3.3
Tg, = 1.0 Ng, = 0.80
Ta,. = —0.64
DENOMINATOR
'I/TR = 4,2
1/Tg = 3.0 5 o
A= (s+3.0){s+4.2)[s+2(0.35)(0.41)s + (0.41)°]
tg = 0.35
wg = 0.41
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a)

COKTROL FACTOR

TABLE D-IV (Continued)

Regulatory Control

RN
51"

(p-)--ﬁa

FOR VARTATTICONS IN CROSS COUPLING DERIVATIVES,

Npq AND Lg,,
Ns, 0.75 o |=0.2 0.5 | o 0 0
It 0 0 0 0 | 1.0 [0 |-1.2
1/T4 3.0 3.0 3.0 3.0 | 3.0 | 3.0 | 3.0
A |1/ L,2 L.2 h,2 4.2 4,2 h,2 4,2
penam- e 0.35 | 0.35 | 0.35 | 0.35 | 0.35 | 0.35 | 0.35
wg 0.41 0.4 0.41 041 v okt | 0.k | 0.l
B 0.67 | 0.67 | 0.67 | 0.67 | 0.67 | 0.67 | 0.67
N, |1/To, 0.91 | 0.36 | 0.24 |-0.024| 0.36 | 0.36 | 0.36
1/Tq, 2.l 2,95 | 3.1 3,34 | 2.95 | 2.95 | 2.95
A 0.8 |08 |08 |o0.8 |0.8 |08 |o0.8
" /T, L el 4,2 4,24 y.24 | h,27 | h.22 4,18
or te (1/Tr,)|=0.013 |=0.013 |-0.013 [-0.013|-0.046] 0.014| (0.3)
wp (1/Ty3)| 0.39 | 0.39 | 0.39 | 0.39 | 0.581| 0.276|(~0.26)
Népagr App 0.53 0.53 0.5% 0.53 | 0.53 | 0.55 0.53
1/‘1'%_ —0.0217|—0.0038( 0.0009| 0.01&|-0.0k1}| 0.011] 0.0
N, = Ag(s+1/Tp ) (s +1/Tg,)
Ngr = Ap(s+1/Tp) (82 + 2t pops +F]
Wopr = Ag(s+1/Tq)
N _ YPW[Ngr + chpmgagr ]
°r| =5y S[A+YPCPNC5pa]
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TABLE D-IV (Concluded)

b) Maneuvering Control
A
D—=B
POy
Nz, —0.5 =0.72 0.75 —0.75 0.75
Ly, 0.6 0.75 -1.0 0 0.75
1/Tg 3.0 3.0 3.0 3.0 3.0
A 1/Tg b2 b2 k.2 .2 k.2
benam- | ¢4 0.35 | 0.35 0.3 | 035 | 0.3
g 0.41 0.1 0.k1 0.1 0.h1
Ag 0.67 0.67 0.67 0.67 0.67
W, | /Ty, (L) | 0.087 | ~0.02% 0.85 | —0.02k | 0.83
1/ T, (0g) 3,22 3.3 2.5 3.3 2.5
Ag —0.0128 | —0.0128 —0.0128| ~0.0128 | —0.0128
@ 1/Ts, —0.36 —0.45 0.67 0 —0.45
or 1/Tg, k. Ol 4,0 4,65 4.0 4.0
1/Tas 68.0 69.5 53 66.0 69.5
Ay ~0.5 -0.75 0.75 | =0.75 0.75
Ng /Ty, L.ok L.2 4.3 b2 4.3
a tr (1/Tpy) | (=0.217) | o.0kk —0.04% | 0.044 | —0.04k
Wp (1/Tr5) (0.24) 0.128 0.53 0.128 0.53
Ngrépa 4., —0.021 | —0.0236 0.011 | —0.008% | —0.0236
1/TBcp 42,0 56.0 —10k 67.0 2.23
Ap.. —0.0096 | ~0.010 —0.025 | —0.0064 | ~0.006k
5rga . ~0.35 -0.2 ~0.112 | 0.28 (0)
wg,, 7.5 5.7 5.69 | 7.3 (h.2)




APFENDIX E

CALCUIATION OF CLOSED-LOOP RMS GUST RESPONSES
TOR ILATERAL/DIRECTIONAL MODE

For analytical purposes it is desirable to have a random v-gust input
spectrum that is simple in form but adequately representative of the actual
gust generator used in the test (see Ref. 26). Such a form, used in Ref, 33
and shown there to be representative of the v-gust generator, is the simple

gust spectrum

2
Engavg

(E-1)

@vg =

This corresponds to the passage of white noise through a first-order filter
with a transfer function

__._Mg%- ( E-2)

The gust break frequency W Was chogen as 0.5 rad/sec tc match the actual
case of Ref. 26.

The transfer functions of the above responses to the side gust, Vg»
with both the ¢ and ¢ loops closed are given below:

xr
Nv'g
—a——
I T
N + ¥, I
_ll{_ _ Vg Pq)v a (E-})
v - sA
glp —= 3,
1 —-l-—ﬁr
q)'l
N.
Vg
P ~p——
sNf + Y, N3 E
?}’.} - —&. ¥ e (B-}4)
g (p—-—ﬁa
] —-—ﬁr
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Ny B
r . Tp X (E-5)
Vg llrvgcp—--aa‘
v =5,
B
o )
= 5
g P glo =28,
¥ — B,

A P r ra
8 1at + YPCQNE’E. + YPI]I NBI‘ + YPQ)Nﬁraa.

where A =

Ny, = NVSE(s—I.p)
Tygsa = lpgve
N = Lys(s — Np)
Nygdy = Moy lys

The mean-square values of y, o, Nz Brs and Lg,aﬁa were calculated from
the response spectra:

2
X .
[v_ ( Jﬂb)] g

¢)\_ =
24
for A= o, Py Ng_ By, or LBEB& (E=T7)

&y is the gust spectrum of Eq, E=-1 and X/v_ (Jjwo) is the transfer function
of& to v gust inputs with both ¢ and  lodps closed. Equation E-T7 can
also be written

%, (G} |2 (E-8)

(-
]

It

Y, (o) 5; ()

The mean-squared values were computed by numerically integrating the spectra
from Egq, -E-8,
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APFENDIX F

SYSTEMS SURVEYS SHOWING EFFECTS OF RUDDER COUPLING TERMS,
1., OR MANUAL ATTITUDE CONTROL TASK

This appendix presents the systems surveys showing the effects of
rudder coupling terms, L@r » or manual attitude control task using the
technique § - 8y, ¢ —=8&,. Three levels of the rolling moment due to
rudder, Lg,,,are examined for the case where adverse aileron yaw, Ngg,
is zero. "RMS gust responses (o, and o,) to a side gust for the same
cases are also presented, Thesg results illustrate that the rudder
coupling term lg.. (i.e., vhen Ny, = 0) does not significantly affect
regulatory control.
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Heading Closure with Rudder for Ng, = o,
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lateral/directional dynamic requirements for VIOL aircraft in hover and low speed
flight.

The basis for this treatment is an examination of the pllot/vehicle as a
closed-loop servo system., The quasi-linear pilot describing function is applied.
The results of the studies suggest that the primary factors identifying satisfactory
and unacceptable hover mode dynamic features are related to the closed-loop de—
ficiencies.

Detailed consideration is made of the control task and plloting functions in
transition flight. The results of this generic appraisal are evoked to confirm and
justify preliminary lateral/directional requirement for control in transitiom.
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