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of ASI. Mr. William C. Hoffman served as Project Engineer. Dr. Renwick E. Curry of
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SECTION 1
INTRODUCTION

Verﬁeol takeoff and landing (VTOL) aircraft have considerable potential
for use in‘.a viable short=haul air transportation system. The VTOL aqircraft used in this
context would pnovide convenient, safe and reliable access to long-haul air transporta=~

~ tion by providing air service from major and smaller cities to regional airports. They

would also contribute to the achievement of a more balanced total transportation system
by‘p:rc-oviding direct links between smaller cities and major cities and between nearby
maiof eiﬁes. | |

: In order for such a VTOL sherf-houl .sysfem to be economicolly fecsible, fhe
aircraft musf provide schedule relablllfy in all-weather conditions, must prov1de accept=
able |eve|s of ride quohty, and must be operated dlrecfly into the c:fy centers to prowde
the reqmsnte convemence to passengers. Before o vncble VTOL system can become a
reality, fechnology deve|opments are needed in a number of areas. Durmg the past
several yeors many advanced VTOL aircraft design programs have been carried out by
NASA, DOD and fhe ourcrcﬂ industry to develop economical vehicles with lmproved
ride quc|iﬁes and confrollability which would be suitable for a commercial VTOL trans-
porfcfion sy;_fem. 'However, to eFfectively utilize these vehicles and to exploit their
uniqbe characteristics for min{mizing noiee and both air and ground space requirements,
correspending ad;/anc:::es must be made in handling quolities, operating procedures, and

all=-weather avionics.

The NASA Langley Research Center (LaRC) has undertoken a research program
to develop the navigation, guidance, control, display and flight management tech-
-nology base needed by Government and industry in establishing systems design con-

cepts and operating procedures for VTOL short-haul transportation systems in the 1980s

1-1
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time period and beyond. The VALT (VTOL Automatic Landing Technology) Program
encompasses the investigation of operating systems and piloting techniques associated
with VTOL operahons under all-weofher conditions from downtown verflporfs, the
mveshgahon of fermmol air traffic and curspcce requ1remenfs, and the developmenf
of avionics mcludmg navngohon, gurdance, confrols, and displays for automated

takeoff crurse, and |andmg opercmons.

In s_uppcrf of fhe _VALT Progrom, _Aerospace Systems, Inc. (A;Sl) has conducfed
a number of research sfudnes for LaRC. which provide a fechno|ogy base for the presenf
sfudy In the initial effort (Reference 1), ASI analyzed the navigation cnd gundance ‘
requiremenfs for commercial VTOL operohons in the takeoff, cruise, fermlnal area,
and londmg phoses of fl |ghf in weather condlhons up to and |nc|ud|ng Cctegory .
A dlglfal compufer simulation (Program VALT) was deveIOped to prowde a means for
evaluah ng rhe performance of candidafe VTOL gurdance and control sysfems. This
program was s used fo conducf a sensitivity sfudy oF several VTOL gurdance and confrol

sysfem concepfs (Reference 2).

3

 One conc|u5|on in Reference 1 was fhcf curved dece|erof|ng cpproaches urlll
be requnred for safe, efﬂcnenf cmd independent VTOL opercnhons. To facilitate these
maneuvers, o splrol descenf fechmque was formulated as a possrble sfandord VTOL
approcch procedure. The SPII"Cll descenf investigated by ASI in Reference 3 uses mrmmal
“airspace, accommodafes arrivals From any dlrechon, and can service mu|hpcd |andmgs.

The spiral opproclch also provrdes the benefits of a vertical descent, buf avoids fhe

vortex ring sfafe, maintains o sfable airspeed, and uses less fuel.

The guudance of a VTOL olong fhls fype of spiral descent fr0|ecfory is compli-
cated by many control problems whlch are unlque to this class of olrcraﬂ'. To reduce the
workload for the gurdunce cmd confrol fosks to a tolerable level for mulflple dcnly lond-

ings, the aircraft controls wrll be partially or complefely cufomafed As the level of

1-2
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automation increases, the pilot's role shifts from primarily that of a controller towards

that of a system monitor and manager. The purpose of the present study was to examine

which tasks should be allocated to the pilot of an automated VTOL aircraft utilized as

part of a short-haul air transportation system and to detemine what displayed information

will be required in performing these tasks.

While the study was intended to provide msnghf into problems ossocnated with

VTOL pllof tasks in an automated VTOL aircraft in generol, several gmdelmes were

spemﬁed by NASA fo prowde a frome of reference cnd to ensure that the results could

be recdlly used and evaluafed in VALT and other existing Longley Research Cenl’er

programs. These gundelmes mcluded the follomng

AEROSPACE BYSTEMBSB, INC. ¢ ONE VINE BROOK PARK ¢ BUALINGTON, MASBACHUSETTS 01803 ¢ (817) 272-7517

Flight Proflle - The emph05|s of the sfudy was to be on the approach

" and landing phase of flight; however, sufficient general consideration

to the takeoff and enroute phases of flight was to be included to ensure
that the study results would be compatible with the overall task of
operohng fhe vehlcle as a commercial fransport.

Vehicle Dynamics - The study was to utilize the CH-46C and CH-47
helicopters used in the LaRC flight research programs.

Crew - Crew tasks were to be configured to permit operation by one |
pilot. Routine calls, communication channel selection, or other
tasks which might be handled by a second crew member in an opera=~ -
tional context were not included in the scope of work.

Pilot Involvement - The levels of automation considered were to be
varied over a range extending from a fully automatic system with the
pilot in a passive mode with respect to control activity to a system
with full manual control.

Technology Date - In defining a level of system automation, allocatin
tasks to automatic systems, and in conceiving displays for the confrol/g
display concept, decisions were to be based on the relevant technology
projected as being available in the mid 1980s.

Pilot/Hardware Experlments - Hardware tests, flight tests, and pilot/

hardware interaction experiments were to be specifically excluded
from the scope of the work.
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Some preliminary results obtainéd during the present study were' included in
a paper presented by the principal investigators in Reference 4. This report includes &
complete description of the work performed and the results obtained during the investi-

. gation. Section 2 discusses the VTOL display/control methodology used, including a

descripﬁvon of the model developed for simultaneous monitoring and control. Section 3
includes a discussion of the Ioglc used for the ch0|ce of control systems, a description
of fhe dlfferenf Ie\‘/eils: of aufomohon mveshgcfed and the models that were formulofed.
The different opproaches for pllof momformg performance predlchon and chonces of
monlformg workload performance metrics are examined i in Section 4. Section ﬁpre-
sents the model vé:lidaﬁ;)n analysis re:sulfs which utilize do.tc obtained by NASA dﬁriné
CH-46C helicopter fllghf tests. Resulfs obtained for eight CH-47 levels of control

’ oufomqhon are Prgsenfed in Sechqn 6. In Sechon 7a CH-47 dlsplay concepf and format
is presented.. 'Copé|usio,_'néyand;reqqr‘hrpenc_!dtions: are gif/en in Se_ctions 8 and 9 respectively,
followed by a List of References and a B.ibliégroph)i\. The Appendices contain detailed
technical information g;é_ncgﬂrniii’g the leqd.ofion‘s, for the optimal control model for the
human operofor, attentional allocation using the optimal control model, and CH-46C

and CH-47 alrcraﬂ' chorccferlshcs used in the study. -

®
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SECTION 2

VTOL DISPLAY/CONTROL DESIGN METHODOLOGY

The pilot's functions throughout the entire flight of a VTOL aircraft can be
broadly classified in the two areas of (1) control and (2) monitoring; both of these func-
tions are necessary for safe and efficient operations. This study has addressed itself to
the development of a pilot/vehicle model for simultaneous monitoring and control in
order to explore the display/control tradeoffs inherent in the selection of a display and
control system for an automated VTOL aircraft. The advantage of using the model in

~the preliminary stages is that a wide vorié’ry of candidate s'ysf'ems can be.explor_ed with
‘a minimal amount of effort and cost. The detailed man-in-the-loop simulations can and
should be reserved to resolve the minor details between competing displcy/cl:onfrol sys=

tems and to. confirm the predictions of the model. -

~ Regardless of the form of the model used to carry out the display/cc;:ntrol |
design, it is imperative that this model have realistic and quantitative metrics for the
folloWing: |
® System control performance:
® Workload for control
® Monitoring performance
® Workload for monitoring '

erhouf measures for these four quantities, one would be unable to explore the mcmy

and vorled tradeoffs between control, monitoring, augmentation systems and displays.
2.1 A MODEL FOR SIMULTANEOUS MONITORING AND CONTROL

This section briefly outlines a model for simultaneous monitoring and control

* which is used in the design methodology outlined in Subsection 2.2. This model is based
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on the optimal control model of the human operator (References 5 and 6), which is

described in more detail in Appendix A.

The performance metric for the control task is given by

: n
= 2 2
Jc - cJx./xi' max (2-1)
i=1 !
where J.. = performance metric. for control
o, T:standard deviation for x.
i
© 2 sth L e
X =1 component of state vector x

. Equation (2-1) is a relative weighting .of the variances of the individual components of
the state vector normalized by their maximum allowable excursions. When evaluating
competing systems, one may use a subset of the state vector components; this is-.

equivalent to

assuming that some components have infinite allowable deviations.

The workload metric for confrol is based on the task~interference model of
Reference 7. This metric states that for a single display element, the covariance of

the observation noise at the input to the pilot model (see Appendix A) is given by

2 » o
= . 2"2
V),i i %y, N | J (2-2)

where the noise~to-signal ratio p; is approximately 0.01, and y; is the ith displayed
variable. When the pilot devotes only a part of his attention to any one display

element, .then the observation noise can be modelled as’
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th

where f__is the fraction of attention allocated to the i"" display. This observation
!

noise has the appropriate limiting values: if fci =1, then-Equation (2-3) reduces to -
the full-attention results, Equation (2-2); when the controller is not using the ith
display, then.Fci = 0, and the observation noise is infinite, corresponding to no
observations at all. The fractions of attention Fci must all be positive and sum to the -

total fraction of attention being used for control. Thus'the control workload metric is

given by

=X for fo 20 - | -
1

The pilot allocates his attention between the displays, spending the larger
fractions of attentions on displays which are most useful for control. This behavior is
formulated in the model by the assumption that the pilot minimizes a quadratic per-

formance index with respect to the f.. subject to the constraints of Equation (2-4), i.e.,
: i . ,

T
.-min J =.min E § lim lj [x"‘Qxx+‘u" Qr'u ] dfl . (2-5)
G.) () |T-=T |

i R 0
where Q, and 'Qr'ore positive semidefinite weighting matrices. Since the ‘per'fotrmancve'
index in Equation (2-5) can be evaluated for any specfffc values of f. in Equation
) _ _ _ i
(2-3), it is conceptually a simple problem to further minimize this cost function subject
to the constraints of Equation (2-4). Appendix B contains details of the associated

equations and the techniques for performing this minimization.

" The basic form of the model for simultaneous monitoring and control can now
be described. For a given level of control task workload, fc, the pilot will allocate
his attention as described by Equation (2-5) to minimize the performance index. This

is first in the hierarchy of control and monitoring, i.e., the pilot will first attend to
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the control task, and with vony'dvailﬁble attention remaining,. will then-attend.to the -
monitoring task. Thus the control task workload metric of Equation (2-4).and the
control task performance metric of Equation (2-1).can be used to draw the control -
performance/wor;kload tradeoff curve. At any given level of system performancé (or
workload), the pilot will have some residual capacity or fraction of attention after
attending to the control task. We assume a total fraction 'of.attention of 0.8 should -
be allocated to both the control and monitoring tasks: e.g., if the control task =
reqpires a fraction of attention of 0.3, a fraction of attention of 0.5 is available for
monitoring; similarly, if the control task requires f=10.7, 't‘he'n only 0.1 fraction of
attention is available for monitoring. Thus the control task workload metric and the

moniforing task workload metric obey the constraint given in Equation (2-6).

f +f .= f

¢ m TOT ~ 0.8 | b o o s ’ - (2-6)

2.2 THE OPTIMAL CONTROL MODEL OF THE PILOT AT THREE LEVELS

This ségfion includes a description of the development and use of the
optimal control model of the pilot which V\;és refined during the course of this study.
The model can be exercised af three ,'|‘eve,‘ls of detail. THese levels have been termed .
the "informa;fiop level," the "dispigy element level," and the "display format level."
Each of these levels and the use of the model in fhgse levels will now be briefly

described,

2.2.1  INFORMATION LEVEL
At this level of opehl"oﬁorir, ‘each of the élements of the state vector is
assumed to be observable by the pilot. Each of these "observations" is cssigriéd its own
fraction of attention for control, and the optimization of the performance index,

Equation (2-5), is carried out for Various levels of control task w'orkloa'd'Fc. "This
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procedure leads to a very simple way of determining the information requirements for
the task, since those state variables of greater importance will receive the.greater

amount of attention.

2.2.2 DISPLAY ELEMENT LEVEL

- The display elémenf level is perhaps the most common Ie;/el volf operation for
the optimal control model; eacyh of the displayed quantities is assumed to be indicated
by a display "element." The iﬁbufs to the model in this configuration are the position
of the display element ond‘ its rate of change. Each of the display elements is assigned
a given level of attention, so that the observation noise for both the display element
position and display element rate are assigned the same fraction of attention for

control, f. . Attention allocation is found by minimizing Equa.tio-n (2-5).
P : .

2.2.3 DISPLAY FORMAT LEVEL
This level of use of the pilot model is very similar to the display element
level described above. However, in this case specific characteristics of the display

format such as indifference thresholds, lack of a zero reference, saturation limits,

smoothing filters for display augmentation, etc., are incorporated into the model.
The details of the use of the model at these three levels are explained in

the next section on display/control system design methodology.

2.3 VTOL DISPLAY/CONTROL DESIGN PROCEDURE ..

- The VTOL display/control design procedure developed and utilized in the
study is a ten-step process. These ten steps can be broken down into four main
categories: information requirements, control/monitor performance, pilot/automatic

“ task allocation, and display format design. The ten steps, outlined in Table 2-1, are

discussed in defail below.
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. <1z~ Table 2-1. VTOL.Display/Control Design Procedure. . .

- CATEGORY- - STEP -
1. Determine max x; and max J _ from S
mission requirements.
2. Select candidate control systems.
Information
Requirements - 3. Calculate «Jc Vs, fc‘al' the information
level for each control system (include
steering commands).
4, Choocse display elements.
5. ‘Calculate I vs. f ot the display
. Control/Monitor - element level for each display/control
Performance system.
6. Determine fm = fTOT - fc and Jm from
monitoring model.
Pilot/Automatic . el
Task Allocation 7. Sele'cf dlsp.)loy/confrol system
, _ ‘conflg‘u.rcflon .
8. Select display format candidates.
... Display Format . 9. Determine ._.IAC, Im vs. fe. for each
Design display format.
10.

Select display format.

Step 1. Determine max xj and -max Jc from mission requirements.

~ The maximum deviations,of, state vector components are selected from the

mission requirements, pilot acceptance criteria, and passenger acceptance criteria.

These maximum values of x; are used to determine the coefficients in the quadratic

“cost functional. The maximum of the overall figure of merit of the system control

performance, max J , is a function of the upper limit of the maximum acceptable
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error vdriances which are determined by the mission requirements; i.e., for a given
fra|ecfory and attitude tolerance, there is a value of J_ which must not be exceeded
for any sysfem to be considered viable. For example, if the lx. cxl values are

exceeded with probablllfy of 0.05, then |x. | may be mferprefed‘ as twice the

_ i, max
maximum standard deviation under the Gaussian assumption. {f each of the variances
is at its maximum (a worst case design), then Je max.s n/4, where n is the number of

_ , c, . . _

terms in Equation (2-1).

" Step 2: Select candidate control systems.

THe candidate contrél systéms which ut"ilize different levels of augmentation
are selected and desiéned. The output of this step of the procedﬁre is a set of o
controlled-element dyﬁcﬁnics which inte:r.acf with the pi'of. These lévels of automa-
tion n‘my'cove-r the cémplefe specf;urﬁ from fhé :row'un;ugmenfed vehicle th‘rouéh |

complete posuhon feedbcck, i.e., a fully automatic sysfem. The details of the

confrol sysfem desngn procedures used For this study are descnbed in Secflon 3.

Step 3: Calculate J¢ vs. f. at the information level for each control system.

This is the key step in determining information requirements for the candidate
control 'sstems. Each element of the state vector of the system is considered as a
measurement, with ifs own fraction of attention for control, i.e., the display element
and its rate are treated independently. For a given level of control attention fc,"'fhe
performance index is minimized subject to the constraint of Equation (2-4),

S f =f, f 0.
- ¢ ¢ o
|

Included in the displayed information should be director/steering commands designed

for each particular level of automation. (See Section 3 for the description of the
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fllghf director desngn used in this study.) The spemfned level of confrol frachon of
cnffenhon, fc does not carry the same meaning as it does when operahng at the dlsplay
elemenf Ievel of the model However, when iis varled from 0 to the number of
srafes, f. provrdes the relohve importance of eoch of the sfofes. These in turn are

used as mput to fhe next step of the desugn procedure.

- Step 4: Choose display elements.’

At this stage of the design procedure, the information requirements derived
in the previous step are used to choose dlsploy elements. The most difficult part of
fhls step is defermlnlng whefher or not a seporofe dlsplay of rate is requnred for use by
fhe pllot For fhe plfch afhtude dlsplcy elemenf pltch cmd plfch rate are used as

<

mpufs to fhe ophmol confrol model of fhe pllof fhe same is true for altitude ond
olhfude rofe. Howeve'r,A it is emprrrcolly known thct seporofe dlsp|cys of plfch ofhfude
and rate ore not requrred whrle a seporafe dlsplay of olhfude rate is reqU|red These
dlfferences are due fo the accuracy wrfh whlch fhe rcfe may be mferred from a posmon
dlsploy, for plfch ofhfude, pitch rofe may be dlscerned to suffrcuent accuracy from the

. indicator, whereas this is not true for the altitude indicator.” -This is due to the inherent
delay._in the barometric altitude indication and the dynamic range of the displayed
signal. New types of altimeter systems and displays mediate this somewhat, but ex-.
plicit vertical speed information is still used in the majority of conventional instrument
panels. -
The decision ‘of whether or ‘not to-include a separate’rate display can be

inferred from the information level results of the previous step by examining the

required accuracy of display.
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‘Step 5: Calculate J_ vs f, at the display element level for each display/

control system.

This step is similar to Step 3, where the control performance metric, Jc’ is
computed for different values of workload metric fee This leads to curves of control
performance vs. workload having the general shape shown in Figure 2-1. This curve is
plotted for two sysfems; but in general there will be as many .sysfems.us there are levels
of automation times the number of flight director options, i.e., if there were five
levels of automation and two flight director options (with and wifhoﬁt flight director),
then there would be curves for ten comp?fing display/control systems shown in Figure
2-1. It should be noted that Figure 2-1 is the plot of the minimum value of J fora
given f_, i.e., the attention has been allocated to minimize the performance index.
Thus aaditional'oufppfs of the model at this stage are the fractions of attention being
spent on each of the display elements. To prevent overly optimistic predictions of per-
formance at thfs stage; indifference thresholds should be incorporated in the model cal -
culations (see Appendix A), since this is a well-known facet of pilot behavior. (In the
present study, Xi  ma )/4 was used as a.representative value.) |

5

c
)

System 2

System 1

f - A
p———

¢, max

| f -

c, req

f .
m, avail

TOT®
Figure 2-1. System Control Performance Versus Workload.
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Step 6:- Determine f = fr~r =f.and J _ﬁ.‘om-,moni:foring‘.moéel .

This step is also shown in Figure 2~1, where the value of total attention for
the control and monitoring fOSk'(fTOT) is specified. Since.the curves will be monotoni-
cally decreasing (the more attention for control, the better the job of control one can
dg) +.a line has been drawn at the maximum value of control ;performancé ’ J‘c,‘ nax!
consistent with the mission requirements. . The intersection.of this line of constant con-
trol performance and the J_vs. f_ curve for each:of the candidate systems determines

the minimum amount. of control attention required, fc‘ . The difference between

req
this amount of attention, .and the total avqi-lqblle for. the entire task is the residual

fraction of attention ilable: nitoring f ape: .
ion of attention available: for monitoring m,avail® .

Thus of the four importdnt metrics required for the display/control design
process, three have been déferminé’d at this stage: f‘,_; ’ J": ,-and fm. The fraction of ot~
tention available for monitoring is then applied to.the monitoring model (see Section 4

- for a discussion of the monitoring models). . Since the:monitoring performance will be
monotonic with moni‘torihg aff’enfi_on; one simple -monitoring strategy is equal alloca-

tion of attention to the monitoring instruments.

Results of applying the monitoring model may be plotted as shown in Figure
2-2. This shows the contours of constant monitoring performance in the control com-
plexity~display complexity plane often used in discussions of the VTOL display/control
design problem. Although curves of pilot workload are normally plotted in this plane,
monitoring pérformance is an equivalent méa;ﬁre for our discussion. It shov;xld be noted
that comr;)efi,ﬁg systems, which appear os'pdinfs in this plane, are being compared on

the basis of fhe same total workload and the same level of system performance.
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Constant:

A . (1) System Error
N\ (2) Total Workload

Monitoring
Performance

Control
Complexity

Display
Complexity

Figure 2-2. Monitoring Performance in the Control-Display Plane.

Perhaps a more meaningful presentation of the monitoring performance data
is shown in Figure 2=3. This form of the data is easier to interpret when many tradeoffs

are necessary during the system selection as described in the next step.

" FD = Flight Director

Monitoring . '
Performance -
Jm _ | .

_ Display System FD, FD; FD, FD, FD, FD, FD, FD; FD,

Control System A B -~ C

Figure 2-3. Monitoring Performance for Candidate Systems Display/Control.
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- Step 7: Select display/control system configuration.

Criteria for allocating the tasks between the pilot and the automatic system

should be based on the following considerations ranked in order of importance.

o Required workload level less than or equal to approximately 0.8

e Sensitivity of workload level to chqnges‘ in display control configuration
system failure modes ,

e Sensitivity of performance to changes in control and monitoring workload

e Cost

An cpproxirﬁcfe level of 80% wbrklocd__ on which to base the next phase of
design provides an adequate although not excessive. margin for the more detdiled design
and analysis of the display format. The sensitivity of workload level to changes in dis-
play and control cénfigurations is important because it minimizes l'he"impa;:f of model~
ing errors o the ‘final decision and minor display or control mode chahges; will not
place excessive workload on the pilot. A ‘brief examination of systems failure modes
is important during this part of the analysis because it provides an indication of |
whether or not the system can be controlled when éither the display or the control
sysfém fails. However, Figures 2-2 and 2-3 are calculated for accuracy requirements

that may be too stringent during the failed condition.

The first of the ollocd:tion criteria is satisfied by the conditions under which
the calcu..;lations were made, i.e., FigtfiLres 2-2 and 2-3 h__dve been obtained for a fotal‘
workload level of 0.8. The sensitivity fo changesvin display/control configurations
can be dei;ermin;ed by exarr;ining Figure-.‘2-3. For examplé , should System A be chosen
with the flight director 2 display 'opﬁorll{ (FD2), fhe‘n under flighf director failure a
changé of fnoﬁifor}ng perf&rm;:nce (whiie maintaining fhé control performance) is given

" by the difference in the values of Jm for }FD2 and FD conditions. Control system

failures (while maintaining the same level of control performance) can be assessed by
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examining the change from one configuration to another. For example, if the nominal
system operates with the display of FD, and control system C, then a failure in the
control system will revert the control task back to that of control system A with

no flight direcfbr. (It is assumed that the flight director mode must be turned off if
there is a change in control systems because of the difference in flight director gains
for different control systems. That is, a flight director designed for control system C
may not be adequate, and may even lead to deleterious performance, when used with

control system A.)

Step 8: Select display format candidates.

The display formats, which may be one of three types (separated displays,
perspective displays, or combined displays) should be selected according to the follow-

ing guidelinés discussed in Sectioh 7:

e Operator centered and oriented

o Geometric "real world" compatibility

o Naturalness (for high stress situations)

e "Status at a glance” for situation displays-
o Predictive capability for situation displays
‘e Compactness

o Lack of clutter

In addition fo -fhese_ interpretability considerations, operational guidelines should be
used which include failure mode consideration (the ability to make missed approaches
with a minimum of control and display augmentation), display options (such as change
in scale), and flexibility and versatility in trajectory selection. Details of this

- procedure are described in Section 7.
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. Step. 9: Determine J., Jy, vs. f. for each display format-

The basic approach in evaluating the display format candidates is to perfo'r"m
the computations of Step 3 with a more detailed model and description to account for
specific display formats and mechanizations. In general, one should expect the perfor-
mance to degrade somewhat due fo the practical aspects of im"plemehﬁhg the information
display. For a given display candidate, one should include the effect of scaling,
thresholds, and a zero reference (or lack of one) by o' detailed noise-variance model.
Note that if each of the format candidates is chosen to be consistent with the indiffer-
ence thresholds used in the calculations of Step 5, there should be only minor changes

in performance due to this effect.

. The specification of the observation noise variance model will take the form

V0 o <
y.(r>=f’i [K2 ©,) . ‘%,] L (2-7)

C.
I

where V_ is the observation noise covariance for the ith input to the Kalman filter por-

i
tion of the pilot model. V0 is the pomingl sole-task noise variance, and fc is the

i i
control ~task fraction of attention allocated to this display variable. The quantity in

the brackets is a detailed noise model that is a function of the particular display format

being evaluated. Typically there are two effects as shown in Equation (2-7).

. K2 represents the describing function which predicts.and accounts for
‘ noise variances due to thresholds, saturations, and other nonlinearities
of the display;

° Gé is a variance representing the effect of (or lack of) a zero reference
P . s
for the display. In other words if there is no zero reference for the dis-
play and the pilot has to judge the value of the displayed variable
relative to the position in its total range of travel, then the observation

noise of this variable will be greater than if he is provided a zero, or
commanded reference.
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A further change in the model should be the incorporation of realistic flight
director computers; since these signals must be generated from noisy information, which
often involves high~pass or differentiation of such data, requiring that the navigation
data be filtered before presentation to the pilot to avoid his rejection on the basis of
noisy signals. .Thus, one must specify the dynamics of the actual flight director to be

used in the computations at this stage.

Using the more detailed model of the display format, one may again deter-
mine system control performance Jc vs cgnhol task workload fc for the different dis=
play formats as shown in Figur;e 2-4, These curves are generated for several different
formats of the display/control system selected in Step 7 and form the basis for making
the final display format selection in the next step. In a manner similar to that of cal-
culating the contro! performance J_, one should recalculate the mdniforing performance
metric Jm for every value of fm , which is the residual of the fraction of attention aofter

attending to the control task.

Step 10: Select display format.

The specific selection of the individual candidate displays should be based

on the following criteria:

Workload level -

System performance

Monitoring performance

Sensitivity considerations
e Adherence to display design principles

Operational considerations
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, c,req m, avail -
- —; f
~FTOT R

Figure 2-4.- Sysfem Control Performance Versus Control Task Workload:

Prlmary co"ns;.idercvzfior; sl'.\oulld sBe éivén folsys:'fem per”formc'mc‘e and control fasl% worl;f «
load, since these two quantities are the ones for which the Amosf empirical data exist. .
Furthermore, the pilot will attend to his control tasks in a hierarchal ordering of
'fligbf control (flight director) tasks and he will then attend to the monitoring tasks

if there is available time.

The specification of the system performance level will have an impact on
whether or not an automatic pérformance assessment and failure monitor needs to be in-
cluded in the sysferﬁ for a given set of trajectory and wind conditions. If the system
performance is fixed at a low enough level, then the amount of attention required to
perform the control task fc, will be close to the pilot's ultimate capacity, hence little,
if any, margin is allowed for unexpected distractions.or for monitoring. If these con-
ditions prevail then an automatic failure monitor and performance assessment system
must be considered to accomplish these approaches with the desired degree of pilot

acceptance,
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SECTION 3
DESIGN OF CANDIDATE CONTROL AND DISPLAY SYSTEMS

Realistic helicopter control system models are required in conjunction with
the analytic representations of the human pilot and the aircraft displays. |n accordance
with the study.guidelines the control system models which were developed represented
levels of automation that varied over a wide range extending from 1) a fully automatic
system with the pilot in a passive mode with respect to control activity to 2) a system
with full manual control. ‘This section includes a description of the different levels of
control automation investigated and the models that were formulated, and a discussion

of the flight director design process that was followed.

3.1 LEVELS OF CONTROL AUTOMATION

The potential control system configurations can be classified in terms of

1) the aircraft's three dynamic axes and 2) the outermost feedback loop closure. This
can be seen in Figure 3-1 which shows the level of coﬁfrol automation for the pitch

or roll channel. With the position feedback loop closed in a particular axis, the system
is fully automatic and the pilot becomes simply a monitor for that axis. Completely
automatic control would involve position feedback in all axes. For normal operation,
the aircraft would have a stability augmentation system (SAS) with attitude rate feed-
back. However in the event of an SAS failure, the unaugmented configuration would

exist,

-The output of the control system in each case consists of the four actuator

displacements that are used to control the unaugmented vehicle. These consist of

o
I

pitch control (elevator or differential collective)

o
Il

roll control (aileron or roll cyclic)
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Figure 3-1. Levels of Control Automation for Pitch or Roll Channel.
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yaw control (rudder or yaw cyclic)

Il

vertical control (collective)

The input commands to the control system are to be selected. Since it may be desirable
to design different levels of automation for each control channel, they were considered

separately.

For the pitch and roll channels there are four possible input levels for each
as indicated in Figure 3-1. These are termed horizontal position commands, horizontal |

velocity commands, attitude commands and attitude rate commands, respectively.

For the vertical channel there are only two input levels to be considered,
since vertical translation acceleration is related directly to collective. For the yaw
channel there are also only two input levels to be considered because yaw motion is
not directly coupled to translation as are pitch and roll. Yaw control at the attitude
rate command level is usually implemented such that yaw rate is proportional to yaw |
control displacement. Yaw control at the attitude level is usually implemented in
either a "Heading Hold" or a "Turn Following" mode. The former is used during low
speed and hover. The latter is used at Higher speed to give coordinated turns. The
"Heading Holld" mode is implemented by commanding present heading so long as the
rudders are neutral. When the rudders are out of neutral, the commanded heading is
changed at a rate proportional to yaw control displacement. The "Turn Following"
mode is usually implemented by nulling either the ;sideslip angle, B, or y-axis specific

force as measured by a body-mounted accelerometer.

Considering the unaugmented actuator as an additional mode in each channel,
there are three or five levels of automation possible in each of the control channels of
the the helicopter (see Table 3-1). Thus the number of possible combinations is

5x5x3x3 = 225. However, many of these combinations are not practical systems
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Table 3-1, Levels of Control Automation. - .

Forward Vertical Lateral Directional

S¢ 6¢ . bq 5,

c c c c
9% Vz Pe e

c
ec Ihc_ ¢c \" [}
\% AY
Xe Ye

Xe Ye

for normal operations. A series of eight systems were selected to represent the full
range of automation for the CH-47 helicopter ranging from purely manual with direct.

actuatqr_tcdmmand_s. to full position control. These are shown in Table 3-2.

Table 3-2. CH-47 Automation Levels.

Control Channel Command
System -' ,
Pitch or . Roll or Yaw or
Forward Vertical | Lateral | Directional
A .‘6e 6c 60 6(,
B q | 6, P r
C 6 69 ) ) r
D 8 Vz ) r
E 9 v, ® Y
F 8 h @ ¥
e Vo h VY 4
- 'H . x h y ¥
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3.2 UNCOUPLED CONTROL SYSTEM MODELS

This subsection discusses the approximate closed-loop dynamic response of
the control system for each control channel. The intent is to provide an understanding
of the design objectives for each level of automation and their overall hierarchy.
Subsection 3.3 will present the unified design approach for the coupled systems using

the vehicle dynamics models.

3.2.1 PITCH AND ROLL CHANNEL MODELS

The pitch and roll channels can be made to respond similarly in the low speed
or hover mode. In the high speed mode air speed is substituted for forward ground
velocity at the velocity command level and heading rate is substituted for lateral ground
velocity. The switch from hover mode to high speed mode presents several complex
design choices, For simplicity it will be assumed that those switches are accomplished

manually by the pilot at an airspeed between 40 and 80 knots,

The pitch or roll attitude rate model is shown in Figure 3-2. The vehicle
response to a pitch or roll rate command (qc or éc) is approximately that of a first-order
system:

9 . 1 (3-1)
9. 'rqs + 1

where the time constant q is typically about 0.5 second. The maximum pitch or roll
rate for the CH-47 has been specified by NASA at 25 deg/sec; treating this as a step

input to Equation (3-1), the maximum pitch or roll acceleration is

= 50 deg/sec2 = 0.87 rad/secz.

meX
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Figure 3-2. Pitch or Roll Attitude Rate Model.

" Figure 3-3 shows the approximate model for pitch or roll attitude control.
This system merely involves the addition of a pitch or roll attitude feedback loop around

the attitude rate model. The closed=loop model response is second-order:

2
w

. O (3-2)
52 + 2gwns +wr21

L
®c
with a natural frequency wz = Ke/-rq and damping ratio ¢ = 1/2 Ke'rq. For a

typical system gain K, ~ 0.5-1.0 sec-], the response has nearly critical damping:

)
(¢ = 0.7 - 1.0) with a natural frequency w "= 1.0 - 1.4 rad/sec.

| SR 1
I 1
1 ]

+ 9 + 1 1 91 1

Pe —=&—=1 Kk, [ s mae i M T

=9 o 1 4 -
~< : :
! ]
. [ 1
e e - d

Figure 3-3. Pitch or Roll Attitude Model.
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The next level in low speed pitch and roll automation is the horizontal
velocity control model shown in Figure 3-4, Again, this system essentially involves
an outer feedback loop around the pitch or roll attitude control system of Figure 3-3.
The pilot input Vc is compared with the measured velocity V to generate a commanded
pitch or roll attitude; V_ provides a trim capability. The closed-loop transfer func-

ref
tion, using Equation (3-2) for the inner attitude loop, is third order:

2
K
i oKy, )

3. 2, 2 2
s +2Cwns +wns+gKV'wn

o< |<

This can be simplified at frequencies below W by approximating e/ec ~ 1, which
results in the closed-loop response

vy o1 | (3-4)

Vc' TV + 1

where SV 1/9 KV. If we select a gain of Ky ~ 0.9 deg/ft/sec, the time constant

becomes v~ 2 sec.

\"
ref
oy 0 6 (s) 0 Y 1
c - ‘ \") ec (S) 9 S

Figure 3-4. Horizontal Velocity Model - Hover Mode.
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The highest level of automation in the horizontal channels at low speed is
the hover position model, shown in Figure 3=5. The position feedback loop is closed
around the velocity control model of Figure 3-4; changes to the reference hover position’
x_ are fed forward through a differentiating network to generate the reference velocity

signal. The closed-loop response of this-system is

s/K,, + 1 : '
X

c 'rsz/Kv+s/KV+l

Selecting the position gain at K, ~ 0.25 ft/sec/ft, gives a critically damped system

(¢ ~0.7) with a natural frequency of w ~0.35 rad/sec.

In the higher speed flight regime, the only change in the pitch channel
models is that forward ground speed V is replaced by airspeed as shown in Figure 3-6.
The roli channel in the high speed mode is used to control heading rate, as discussed in

the next subsection.

3.2.2 YAW CHANNEL MODELS

At low speed, the yaw channel is in a heading hold mode, as shown in Figure

3-7. The closed-loop response is given by

K
4= ¥ - (3-6)

Ve 52+s/'r‘1’+K¢1"|J

Typical values are K¢ ~ 2 sec and " 0.5 sec, which result in a critically damped

system (¢ = 0.7) with a natural frequency w_ ~1 .4 rad/sec. The maximum yaw rate

command is about ‘i'c ~ +25deg/sec.
max

At high speed, the yaw and roll channels operate in a turn following mode

with heading rate control, as shown in Figures 3-8 and 3-9. Normally, there is no
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Figure 3-5. -H'orizonfal Position Model - Hover Mode.
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Figure 3-6., Airspeed Control Model - High Speed Mode.
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Figure 3-7. Heading Hold Model - Hover Mode.
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Figure 3-8. Turn Following Model - High Speed Mode.
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Figure 3-9. Heading Rate Model - High Speed Mode.

command input to Figure 3-8, and the system maintains zero sideslip. If the pilot wants
to slip the vehicle, the input is proportional to sideslip velocity, RV, with a maximum
value of approximately 60 ft/sec. The closed-loop sideslip response is

(Bv) _ KsV a7

(ﬁV)C 52 + s/'rB + KBV

~ 1.4 sec. The resulting

"Typical parameter values are Kg ~ 0.004 rad/sec/ft, and s

dynamics depend on airspeed, as shown by the following:
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v °n ¢

60 kt 0.6rad/sec 0.6
120 kt 0.9 rad/sec 0.4

The heading rate loop in Figure 3-9 is nearly identical to the roll attitude
model in Figure 3-3, since yaw rate is proportional to roll attitude at a given airspeed.
The closed-loop dynamics are the same as Equation (3-2), except the natural frequency
wz = gKJV'rP and domping of ¢=1/( 2prn)' For "~ 0.5 sec and K¢ ~5 sec-], the

resulting dynamics are also functions of airspeed:

w

v ) O <
60 kt 1.8 rad/sec 0.6
120 kt 1.3 rad/sec 0.8

3.2.3  VERTICAL CHANNEL MODELS

The vertical speed model is a simple first-order response, as shown in
Figure 3-10, with a time constant of T~ 2.5sec. The maximum input is of the order
of hC ~ 16 ft/sec, which limits the vertical acceleration response to about 0.1 g

max

(3 ft/sec).

Figure 3-10. Altitude Rate Model.
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The altitude hold model merely adds an outer loop around the altitude rate

model, as shown in Figure 3-11.. The closed-loop response is second-order:

_ Ki/™,

2+ s/'rh + K,;/'rh

h
- (3-8)
c

Selecting the gain Kp ~ 0.2 sec” ) gives a damping of ¢~ 0.7 with a natural frequency

of w_~0.25 rad/sec.

3.2.4  BANDWIDTH SUMMARY

The bandwidths of the uncoupled models in the various modes discussed

previously are summarized in Table 3-3.

'rF.sﬁ-l 1 s

Figure 3-11. Altitude Hold Model.

Table 3-3. Approximate Bandwidth of Uncoupled Control Model Responses.

Channel Mode Rad/Sec
Horizontal Attitude Rate 2.0
Attitude 1.0-1.4
Velocity 0.5
Position 0.35
Yaw Turn Following 0.6 @ 60 kt
0.9 @ 120 kt
Heading Rate 1.8 @ 60 kt
1.3@ 120 kt
Heading Hold 1.4
Vertical Velocity 0.4
Position 0.25
3-12
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3.3 CONTROL SYSTEM DESIGN USING QUADRATIC SYNTHESIS

This section discusses the design of control systems for the CH-47 which
minimizes cross coupling between controlled axes. From a theoretical viewpoint it can
be shown that there are insufficient degrees of freedom ovqi_luble to completely elimi-
nateall cross coupling. The problem then is to use the available degrees of freedom in E
some optimum manner while constraining the direct control to respond with dynamics —

previously determined to be desirable.

In this analysis the control was found using quadratic synthesis. Thé cost
function was established by using those weightings on the state variables that would
produce the model response in each channel if it were uncoupled. The control deter-.
mined will automatically suppress the cross coupling in the optimum manner for the cost
function selected. Using quadratic synthesis the cost function was determined by the
maximum acceptable magnitudes of the control and state variables. The maximum
values of available control are known for the vehicle, while the maximum values for the
state disturbances are determined indirectly. The ratio of the maximum value of control
and state in a direct channel is directly related to the bandwidth that results for that
channel. Since the desired bandwidth has been determined for all the direct channels,
these numbers can be used to generate the maximum values for each state _variable, The
philosqphy used was that every control system is optimum for some cost function. The
cost function for which the optimum control is the same control desired in each direct

channel assuming no cross coupling is first obtained; then the same cost function is used

to optimize the coupled system.

3.3.1 QUADRATIC SYNTHESIS SUMMARY -

The steady-state quadratic synthesis design procedure provides a convenient

method for determining the feedback law to minimize the control performance index
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J = / (x'Ax + u'Bu) dt | (3-9)
Yo - : ~

where x is'the plant state vector and u is the input vector. The diagonal weighting
matrices A and B are"déterr;‘yined from the maximum desirable variations in the states

and controls, i.e.,

A= V)2 L ‘ (3-10)

max

Cwmtve e

max
The linear ;ystérh dynamics dre given by the standard form
’;;;’rx‘ ¥ Q(bfup)"' B | ) . (3-12)
where vy is the additional input from the pilot. The feedback control law is. . -
o= Kx T S 3-19)
whe're';h_e'féfe.c@%:ck. galn ﬁ:frix is g.ive'n by
kK =87 lg's. . e (3-14)-
The symmetric matrix S is the steady-state s6lution to the Ricatti equation -
i =‘:--"’sf=-'F':éJQséB.'"G's"-A =0 @)
The 'c!osed—.lc;opAsystem4d.ync.|mic‘s o-re founAd f-ro'm subsfitut‘ilngv Eéuotion (3-:]&3).
into Equation (3-12):

x = (F-GK)x+G Yg (3-16)
= F*x+G Yy | (3-16a) -

where F* = (F - GK) is the closed-loop system matrix.
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Occasionally, it will be useful to consider one or more of the pilot inputs as
a commanded value for an element of the state vector. For example, if it is desired

that pilot input v, correspond to direct control of state variable X;, We can use
i

Equation (3-13) to obtain the transformation

u = -K..x, (3-17)

3.3.2 UNCOUPLED EXAMPLES

Several simple uncoupled examples are presented briefly to illustrate the

design procedure and the relationship of the desired system bandwidth.

3.3.2.1 PITCH RATE CONTROLLER

Consider the quadratic synthesis design of the pitch rate controller shown in

Figure 3-12,

Figure 3-12. Pitch Rate Controller.

The open-loop system is defined by
x::q’u:é, F=0,G=|

The performance index weightings are scalars:

A = __]_ B = _]_
2 <2
ar, q

‘The feedback control gain is

3-15

AEROSBPACE 8YSTEMSB, INC. ¢ ONE VINE BROOK PARK ¢ BURLINGTON, MASSACHUSETTS 01803 * {817) 272-7817



where S, the Ricatti solution is easily found .

1

S:.

é‘mqm
Hence,
: q
K = L or T = _r_n_
Im Im

In this first-order system the system bandwidth is directly related to the ratio
é'rr/qm' Thus, if ém is known from physiccl constraints, the desired bandwidth can be

achieved by properly selecting q,, in the design process.

3.3.2.2 PITCH ATTITUDE CONTROLLER
The same technique is applied to the pitchattitude controller shown in Figure 3-13.

»0

Ull-—l

+

| Ky -

Figure 3=13. Pitch Controller.

The natural frequency and damping of this system are
U.)n = \’ K] K2
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The state vector and the open loop control are

and the system mairices are
00 1
1 O 0
The performance index weightings are
0 0
— _ 2
A = B = 1/q
2 m
0 l/em

where élm’ 9, 8 are the maximum permissible values of pitch acceleration, rate,
and attitude, respectively.

The quadratic synthesis feedback controller is

where K = [Kq KQ] = [K] K|K2].
The Ricatti equation for this system can be solved explicitly to find the

feedback gains

Thus the quadratic synthesis design leads to the following dynamic response
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¢ =2/2 = 0.7

2 _ -
B qrr/em
Therefore, the only parameter needed to design the system using quadratic
synthesis is the ratio &n/em = ‘”3‘ If a cost had been specified on q as well as g,

only the ddmping in the system would have changed; the bandwidth would still be

determined by ":‘rr/em’

3.3.2.3 | HORIZONTAL VELOCITY CON TROLLER

As a final example, consider the horizontal velocity controller designed

using quadratic synthesis (Figure 3-14),

+ c + + . 1 1 ! 1 i1
Ve K3 - K2 -‘_'.‘( K s 15 T1° 115 v

Figure 3-14, Horizontal Velocity Controller.

The open-loop system is defined by

\Y% 0 0 g 0
x=|ql,v=q,F=]l000]|, G =|1

) 010 0

The performance index weights are

IVE 0 0
A=1]o 0 0 B = 1/42

0 0 O

3-18

AEROSBPACE SYSTEMS, INC. * ONE VINE BROOK PARK ¢ BURLINGTON, MASSACHUSETTS 01803 ¢ (817) 278-7817



The feedback controller is

Where K = [Kv, Kq, Ke] = [K]K2K3, K], K]KZ].

Sollving" the Ricatti equation to obtain KV, gives

KV B K|K2K3 = qm/vm
which could have been deduced intuitively. It is not necessary to solve for the other
terms since we have sufficient information to determine the d"/Vm ratio.
There is now sufficient information to use the quadratic synthesis technique
to determine the feedback control for the coupled equations.

3.3.3  COUPLED LONGITUDINAL CONTROL

For the coupled longitudinal helicopter control system design, the state and -

control vectors are defined by

ES forward position
z vertical position
8 pitch angle
< = | Y forward velocity (3-18)
v, vertical velocity
q pitch rate
KN differential collective input
u = (3-19)
[ 6 gang collective input

.The system matrices F and G describing the kinematic and aerodynamic response of the
rotorcraft are developed in Appendix B. Numerical values of the CH~47 stabil ity

derivatives for various flight conditions are presented in Appendix E.
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The control weighting matrix in the performance index is

6e )2 0
max
B = (3-20)

(écmax

The control input limits § and & con be determined approximately for each
P €max Cmax PP Y

flight condition from the constraints on vehicle angular and vertical accelerations

q |
5 o MAX (3-21)
e
max M, /I
5 -~ meX (3_2‘2)
“max Z. /m
b

where M6 /Iyy and 26 /m are the stability derivatives explaining pitching acceleration
e c
due to 5 and vertical acceleration due to b respectively. From the models in

Subsection 3.2, typical limits on the accelerations were found to be

Imax ~ 0-87 md/sec2

2
Woax ~ 3 ft/sec

The state weighting matrix A takes on different forms depending on the level

of automation, as shown by the following examples.
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° Pitch Rate and Vertical Velocity Command

©c © o o o
© © o o o
© © o o o
© ©o o o o
< © o o o
© o o o o

O 0 0 0 0 -2

L qmox_‘

° Pitch Attitude and Vertical Velocity Command

[0 0 o0 0 0 0]
0 0 0 0 0 0
-2

A=|0 0 a“ 0 0 0
0 0 0 0 0 0

0 0 o o viZ o

max
o 0o 0 0 O 0]
° Forward Velocity and Vertical Position Command

(0 0 0 0 0 0]

0 h2 o o 0 0

max
A=|0 O 0 0 0 0
0 0 o v2 o o
max
0 0 0 0 0 0
0 0 0 O 0 0

The maximum values of the states to be used in the "A" weighting matrix can
‘be determined from the uncoupled model bandwidths in Table 3-3, and the acceleration

limits described above: For the horizontal channel of the CH-47:
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qmcn/qmax ~0.5sec -~ q_ 0.435 rad/sec

ema)/qmdx ~ 1.0 sec - Bax 0.435 rad

Umm/gemclx" 2.0sec - v = 28.0 ft/sec

xmc)/umax ~ 3.0 sec - X ax 84.0 ft
For the vertical channel of the CH-47:

r4 ma

wmo/‘.”max ~ 2.5sec - V ~ W < = 7.5 ft/sec
, max

zmm/wmax ~ 4.0 sec - Z ox 30_.0ff

These design parameters and the quadratic synthesis technique were used to
generate the closed-loop system dynamics for the seven different levels of longitudinal

confrol automation presented in Section 6.

3.3.4 COUPLED LATERAL CONTROL

The state and control vectors for the coupled lateral helicopter control system

design are defined below:

[y ] lateral position
) roll angle
] yaw angle
X - Vy lateral velocity (3-23)
P roll rate
r _J yaw rate
6] roll cyclic input
o= (3-24)
6, yaw cyclic input

The system matrices F and G for the lateral modes are also developed in Appendix B,

and the stability derivatives for the CH-47 are given in Appendix E.
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The control weighting matrix is

-2
6 0
B = (°max) (3-25)

0 (5, )2

max

In this case the maximum control inputs are again related to the angular acceleration
limits:

5 = . Mmax (3-26)
max L /1.
6CI XX

r .
5 = __Mmax (3-27)
max Nar/lzz

From the uncoupled models in Subsection 3.2, the values of the lateral accelerations are

- 2
Pmax 0.87 rad/sec

r = 0.87 rad/sec2
max

As before, the A weighting matrix takes on different forms depending on the

level of control automation. Examples are

e Roll Rate and Yaw Rate Command
(0 0 0 0 o0 0o |
0 0 0 0 O 0
A-]l0 0 0 0o o 0
0 0 0 0 O 0
0 0 0 0 p2 o
max
-2
0o 0 0 0 o0 .
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e _ Roll Angle and Yaw Rate Command

(0 0 0o 0 0 0 |

0 62 0 0 0 0

max

A=|0 O 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 O

-2
_0 0 O 0 O " max
° Lateral Velocity and Yaw Angle Command
[0 0 o 0 0 0]
0 0 0 0 0 0
o 0o 2 o 0 o

A = max 2
0 0 0 Vo 0 0
Ymcx

0 0 0 0 0 0
|0 0 o0 0 0 0]

Maximum values for the state weightings again can be determined from the

uncoupled models and the acceleration limits above. For the CH-47, these are

rma:/':max ~ 0.55ec > r =.0.435 rad/sec

max

wma/rmax ~0.7s5ec - ¥max 0.30 rad

i

pmm/'smax ~0.5sec - Prmax 0.435 rad/sec

¢mo>/Pmax ~1.0sec - Pmax = 0.435 rad

Vmc/g¢max ~ 2.0sec » V -~V = 28.0 ft/sec

- max
ym ax

yma)/vmax ~ 3.0sec - Y max 84.0 ft
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3.4 FLIGHT DIRECTOR DESIGN USING QUADRATIC SYNTHESIS

This section describes a procedure for using the quadratic synthesis technique

to design flight director signals for the optimal control pilot model.

3.4.1 DESIGN OBJECTIVES

The basic concept associated with the use of a flight director is to provide
the pilot information that is useful for control, thus rendering the piloting task easier
in some sense. The general form of the flight director signal is a linear combination of

vehicle states
FD = h'x(t) _ (3-28)

with possibly some filtering to 4remove high frequency componenfs.!. The flight director
gains h are chosen so that if FD(t) is kept "small" the resulting aircraft motion is desirable.
Since the pilot is still in the loop, there are two issues that relate to the harmony between
FD(t) and pilot reﬁponse. The first concerns the nature of the control task as viewed by
the pilot. Thus, the task of keeping FD(t) small should not conflict with the overall
control task requirements. In the optimal'confrol pilot model the latter is manifested in

the choice of a control input, u, that minimizes the quadratic cost functional

T

Jo) = E lim L f {y'Q y+0'Qg o} dt (3-29)
The second issue relates to the required form of the pilot compensation. It

is well known from experimental results in manual control that one of the easiest control

tasks is associated with K/s dynamics, wherein the pilot acts (approximately) like

H (s) = _Ki = ﬁ ' (3-30)
° ™St 1 y(s)

TNote that pilot control is not added directly into the flight director signal.
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Thus, from a workload point of view, one should design a flight director signal FD(t)

where the resulting pilot response is

u(s) = H_(s) « FD(s) = H_(s) + h" x(s) , (3-31)

This is tantamount to picking h so that the open loop transfer function
V(s)= h' (sl - A)"'B | - (3-32)

is approximated by K/s.

3.4.2 SIGNAL GENERATION

The above concepts and objectives have been recognized in the literature
(References 8-10) .Within the framework of the optimal control model, Reference 9

has suggested constructing FD(s) as

n |
= S by (3-33)

| =
where y;(s) are the displayed outputs and hi,(s) are the internal transfer functions gener-
ated by the optimal control model (Reference 11). This approach has FD(s) compatible
with pilot (subjective) control requirements, and has inherent filtering built into the
generated signals via the hi(s). However, only fhe system outputs are included in FD,
and the computation of the hi require arbitrary choices for pilot observation noises,

thresholds, etc.

The approach that we follow in selecting a flight director signal to be asso-
ciated with a given control is to recognize that the "optimal" control generated by the

pilot model is (see Appendix A), -

T, U U = x (1) = u ) - (3-34)
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Thus, associating the lag (-.—N s+ l)_] with the pilot, it is seen that a flight director
i
signal

FD, = =41 % (0= u_() N (3-35)

is precisely the control that the pilot model would apply under ideal conditionsS Sum-
marizing, the design of a flight director associated with control i is as follows:

° Select the nominal cost functional weighting associated
with the subjective task requirements,

° ‘Compute the feedback gains 0
° Retain only the important elements in 4. to simplify
implementation.
The above approach is simple, is related to the pilot's interpretation of the
‘task, and assures that the pilot's transfer function between FD. and control u; is ap-

proximately as given above.

3.4.3 VALIDATION OF DESIGN MODEL

To test the above technique, we perform a design for the pitch axis and the
power (collective) axis, for the CH=46 in hover mode. The results are compared to the
flight director described in Reference 12. The cost functional weightings for this task are

selected as (see Section 4)

1 2
a, = | — (3-36)
Yi Y. _
i ,max

where the corresponding maxima are

Trhis approach is valid if the pilot time-delay +is negligible with respect to system
time-constants.
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Ax=25 ' Vx>]00Ff/sec

Az= 5 Vz = 2 ft/sec
e =2° q =1%sec
The control rate weightings are selected to give TN < 0-Twithq, =0.25 (in/sec)_z.
. - 0 - U . B

1 i,min
The important feedback gains in each of the flight director channels are

FDx = cx.x(t) + C)-< Vx(t)
FD, = Cz' z(t) + C, Vz(r)

Since the overall scale factors of these signals are qrbitrary (depending on display gain)
we nomalize the sugna|s by the posnhonol gcnn. Thls provides an mtumve feel for the
ensuing time response as well, since if the flight dlrector signal is zeroed then the
system response is exponential with time constant C;(/Cx' or C}_;/Cz The normcllzed

values of gain ratios found via the optimal control model are

CO . C.
X =10.3, £ =2.51
C ‘ C

X . z

For the flight director design given in Reference 12, which was obtained through extensive
flight testing, the gain ratio C)Z/Cx = 10.0 which is in excellent agreement with the

above result.

The results for the power flight director command are somewhat different

though and require further analysis. The form of the flight director given in Reference 12

FD, = oz(t) + 82 (1) + vz (1)
where v, B, and y are weighting coefficients, and the velocity/displacement weingings

are given by
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"B =10 sec
o4

If the values of the accelerometer signal are expressed in terms of the state variables
through the state variable equation, we obtain
z =ez(t) + v ()

which becomes
FD, =az(t) + (8 + y2) zZ(t) + v vac(r)

Using the numerical values for the stability derivatives at hover, we find that the ratio

of actual velocity gain to position gain is given by

Btye o 2.64 sec

o
which is in very close agreement with the value obtained above. This gives further con-

fidence to our flight director signal design technique.

3.4.4 MODELING THE FLIGHT DIRECTOR EFFECTS

In order to include the flight directors within the framework of the optimal
control model it is necessary to select threshold values and cost functional weightings.
If instruments have been specified (i.e. format level) then thresholds can be chosen
based on eye physi\oiogical considerations. At the element or informational levels,

thresholds and/or maximum excursions must be chosen via alternate means.

Before we select cost functional weightings it is appropriate to consider
whether indeed the signals FDi should even be included in the cost functional. This
issue has been raised in Reference 9, in a somewhat broader context. Basically, one
must decide on the nature of the pilot's control strategy. Excluding the FDi from the
cost functional implies that the pilot's control objectives are basically the same as

before introducing these signals, i.e., in terms of the situation variables 4 x, Ay, etc.,
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and the flight directors provide only for enhanced state information. Including the FD,
within the cost functional, in addition to the other terms, implies that one of the pilot's

direct control objectives is to keep the FD; small,

In our work we will interpret the piloting task to be the latter. Our method

for choosing the associated cost functional weightings on the FDi is to pick

i 2 | |
g, = (__, ) | (3-37)
FD.
i,max
where we determine FD. by
i,max
FDi,max - f’i'x(f) X=X (3-38)
max

for displacement variables i.e. we substitute into the expression for FDi the maximum
subjective values for the positional variables, Ax, A'z, 8. The rate variable terms are set
to zero when evaluating the FD, o ox* The threshold values on the flight director dis-

14

placements are chosen as

9Ep, T %(FDi)max - o - 6-%9)
i

and the corresponding rate thresholds are picked as

—

o] = —-a : (3 '40)
Fb.” 5 9D,
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SECTION 4
CONTROL THEORETIC MODELS FOR PREDICTING PILOT
MONITORING PERFORMANCE
A véry important aspect of evaluating different display/automatic systems is

the ability to predict human monitoring behavior, and to give a metric for assessing
monitoring performance. With the optimal control model, we have already obtained
such predictive capabilities for human control response. This section examines different
approaches for monitoring prediction and choices of monitoring workload performance

meirics,

4.1 CHARACTERISTICS OF MONITORING MODELS

The approach for determining display requirements and for evaluating systems
of differing automation levels is discussed in Section 2. Basically, the total workload
level fryq is sélecfed; then, for a given automation/display systeh configuration, the
fraction of control attention fc = fTOT that is required to achieve a desired performance
level is determined. The excess capacity, fTOT - f_=1f  isthus available to the pilot
for monitoring the displays. This approach, in which control performance is established
first, was followed since it a priori limits consideration to those systems that have
realistic requirements at the initial stages of investigation. Thus, for systems in which
f >0, the objective is to determine how this monitoring workload is allocated among
the ny displays; i.e., to determine the fmi' i=1,..., ny.

The monitoring models that are considered have all been evaluated in

the light of certain desirable characteristics. These are determined by the overall

goals of the monitoring process as used by pilof;s:

1. Assess aircraft situation with respect to mission requirements, by
minimizing the (relative) estimation errors associated with variables Yo
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2. Assess operation of aircraft displays and controls by cross-checking
displays for redundancy and self-consistency to detect system failures.

The first goal is a statement of the well-known fact that pilots desire situation
information in addition to the control information provided by the flight director and
other tracking aids. The second goal indicates that the pilots will continue to scan every
available instrument which is important to the approach, even though straightforward
application of optimal estimation/control models of the pilot would indicate that some
instruments may not be scanned because of the correlated information among displayed
variables. The goal of this scanning process may be thought of as the detection of

instrument and control system failures.

Thus, the important characteristics of the monitoring models are assumed to be:

1. The ability to assess the performance of the aircraft from situation
displays. Implicitly derived variable rates are not monitored, but
their information is used to obtain better estimates of the explicitly
presented display variables.

2. No monitoring of flight directors, or other combined state information

that is geared to aircraft control. Thus, for these instruments, fm =0
so that fTOT =f . , : i

3. Required monitoring of all primary status instruments. Thus,
f =¢€>0. '
M

4.2 MONITORING MODELS

The two major components of a monitoring model are the monitoring per-
formance metric (the method by which monitoring performance is evaluated), and the
attentional c”ocoi‘ion scheme (the manner in which the model allocates the attention
among i’heAvarious displays). ldeally, the two components can be combined by requiring
that the attention allocations f. be chosen to minimize the given metric subject to the
constraint me‘ = fm and that ;ach fm. be greater than some specified value. However,

i i

1 |
it is possible to choose the f according to criteria other than optimizing a performance
i
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metric. Several methods for choosing the f are discussed below. In order to keep the
; .
presentation simple, these assume that the pilot is monitoring an automatically controlled
system so that each f_ =0 and thus f =f_ . Situations in which the aircraft isunder
manual control, i.e., f >0 are considered in Subsection 4.3, wherein the fm is added
i i
tof .

C.
|

4.2.1 NON-METRIC BASED MODELS

4.,2.1.1 EQUAL ATTENTION

Choosing the attentional allocation according to

m
!

. =f ’ -

f . m/. ny , 4-1)
while simple, does not take into account the relative importance of instruments, nor
their correlations. However, it does assure that all instruments will be scanned for

failure detection.

4.2.1.2 PEAK EXCURSION MONITORING

It is reasonable to expect that a pilot will monitor a signal when its value
exceeds some multiple, B, of its standard deviation. Thus, usual signal levels are not
of immediate concern, but signal values greater than usual are monitored. The choice

- of f becomes
™

fmi =f°i Pr {Iyil > B c)’;} (4-2)

This technique assumes that the pilot will look at variable y, with probability

; fo whenever lyil exceeds BUY . Bis a parameter chosen so fhotzfm = Fm. However,
i i i
-the fo remain to be chosen in some plausible manner. This scheme introduces the con-

i
cept that monitoring is dependent on relative signal values (i.e., on the ratio of
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Iyi I/ffy where Gy is the standard deviation of yi)- Conceptually, the fo should be
i i i
related to the "importance", or information content of the display. However, a pilot

may not necessarily look at a variable just because Iy. | >Bo, if

1. He can acquire this information from a second display highly correlated
with Y;e

2. His estimation error in y; is sufficiently small so that looking at y, serves
no purpose except instrument verification.

" 3. Bothy. and 0. are less than the display visual or indifference thresholds
(i.e., 'the didplay may be poor).

Nevertheless, this model with B = 1.5-3 means that the human will monitor
the unusual occurrences. In fact, this model with fo. = 1 and B = 3 requires a minimal
or residual attention be placed on each display of fm.l~ .01; if B =2, each fm. = .05.
By interpreting this to mean a monitoring of unusual c;r failed sifuaﬁonst this rlr10de|

handily provides a lower bound for each f-
- i

4.2.1.3 NYQUIST CRITERIA MODELS AND THEIR EXTENSIONS

As first postulated in Reference 13, a human samples an instrument
periodically in an attempt to reconstruct the associated time signal. Thus, information-
theoretic ideas, particularly Shannon's sampling theorem , were used to obtain the ex-

pression

A.
f = 2c] W, |og2 _t 2w c (4-3)

m; E. 2
where w, = signal bandwidth, Ai = signal RMS amplitude and E_ = permissible rms
i
error. ¢y ‘and c2 are constants, the latter used to account for minimum fixation time.

For multiple instruments where the ratio of signal power to magnitude of significant

deviations E, are roughly constant, the f would be proportional to signal bandwidths.
i

Tone might conjecture that f > .05 will enable the detection of system failures in
short time. M
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Thus, since W, is proportional to 0)./°y,

m .
1 1

f =ko, fo . 4
: Yi/ y : (4-4)
with

-1
k =("[, 09i/0>'i) - (4-5)

This simple periodic sampling model would not adequately predict behavior
in more complex situations with correlated signals and aperiodic sampling behavior.
Noting that pilots are often concerned only with detection of extreme readings rather
than with signal reconstruction, Reference 14 proposed a conditional sampling scheme
that would result in aperiodic behavior. In this approach, the human is considered as
a channel for the transmission of discrete messages in lieu of a complete time function.
In this context it is possible to postulate several (somewhat reiated) sampling strategies.
Thus, References 14 and 15 hypothesize a strategy in which a sample is taken when fh.e
probability that the signal exceeds a prescribed limit is greater than some subjective
probability fhreshold? Reference 15 assumes that a sample is taken when the probabil -
ity of exceeding the limit is a maximum. On the other hand , Reference 15 suggests a
sampling strategy based on a "Variable Nyquist Interval". Unfortunately, none ;:f these
conditional sampling models have been tested against experimental data nor have they

achieved a high level of acceptance in the manual control field.

4.2.1.4 MONITORING FOR FAILURE ANTICIPATION

The assumption that a pilot monitors an automatic system in such a manner
as to anticipate a manual takeover provides a basis for an alternate monitoring model.

. For a given failure, one can solve the control problem associated with the pilot control-

¥The form of this model is somewhat similar to that of Subsection 4.2.1.2.
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ling the failed dynamics subject to an attentional level of fc = Fm. Optimizing the

control cost for the fc will provide the monitoring fractions fm by equivalence.
i i

Although this method has some intuitive appeal, it suffers drawbacks in
that -
1. A specific anticipated failure mode and dynamics must be assumed.

2. If there were a failure, the fc would probably not equal fm so that

the f, as found may have little relation to the fm .
i ' i

4.2.2 - MONITORING METRICS

The monitoring models discussed above are not geared to a performance metric

with which to evaluate sampling behavior. However, once a monitoring strategy. fm ~
i

is determined, any number of metrics may be applied after-the~fact. This suggests an
alternate, more appealing approach to the monitoring problem: to first specify a
meaningful performance metric that embodies the.goals of the monitoring function,

and then to choose the f . to minimize the selected metric. Consequently, the dual-
i
goals of monitoring as status determination and failure detection suggest the following

two monitoring cost functionals.

4,2.2.1 ESTIMATION ERROR COST FUNCTIONAL

For status determination the pilot's monitoring strategy is to choose the f
subject to i

f o=f;f >0 (4-6)
i=] mi m mi .

to minimize the monitoring cost

n 0'2 V
g =1 °i (4-7)
m EYF 2
ny i=1 0}
Yi
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where o, is the rms estimation error in monitoring signal Yi The Y, are scale factors
i

that are either O or 1 to indicate whether an instrument is of monitoring concern. Ob-

serve that this cost functional has the properties

1. J =1 since it is the relative estimation error that is weighted.

2. Only if f =0 and no information concerning y; is obtained from other
msrrumenl‘s can Uz = 02, otherwise GZ <03 .
i i i i

Another interpretation of Jm is obtained by defining

o
|<i = ;ii- = error fraction for variable Y; . (4-8)
Yi
so that
1/2
Jm = rms mqniforing "error fraction"

The 6pfimol choice of the fm provides a prediction of the monitoring fraction for each
, i
displayed variable. Note that

1. All instrument correlations are considered in this formulation, so that
key instruments have larger f .

m;
2. |If o2 <<fhresho|d value, the model will not try in vain to lower 02 ,

Y;
but atcept 0 02 by keeping f ~0, i
i ™
The error fractions ki are useful in relation to the probabilities associated

with estimation error criteria. By defining
£6) = Pr {le) >80 } (4-9)

as the probability that the estimation error at any time exceeds a fraction B of the sig-

nal rms, then (assuming Gaussian statistics)
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o .
- o
EG) = —2— fe" /205 dy (4-10)
\,211 o) '

Making the change of variable w = y/oe ﬁyields, noting k = Ge/cy,

m.
2 2
ER) = — eV dw

ol
)

=erfc<kf/_§ ) o | (4-11).

A reasonable performance level to expect in monitoring is 8=1/2, i.e., the estimation
error should not exceed 9/2 of the monitored variable. The percent of time (or
probability) that this criteria is exceeded is E(1/2), and is mbnotoni‘colly related to the
error fraction k. This gives another interpretation to the cost functional (Equation

(4-7)).

4,2,2.2 FAILURE DETECTION COST FUNCTIONAL

A recent decision model based on Wald's sequential analysis (Reference 16)
provides an excellent description of the human's ability to detect failures in random
processes. A single-channel version of the model was successfully validated with
experimental data. A more elaborate test of the model was made by applying it to the
task of monitoring a fully automatic ILS approach, with equally encouraging results

in describing the experimental data.

The model for monitoring a single instrument uses Wald's Sequential
Probability Ratio Test to derive a decision function based on the log likelihood ratio
of each observed residual from the Kalman filter. The decision function )\m at time
by is given by
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m m
)\ =
m ~
0 ‘)\m <0 : (4-12)
where
- o -9/2
}\m - Xm-] * 5 , (4-13)

.

and - is the Kalman filter residual at t , o is its standard deviation, and §'is a bias
' m

parameter beyond which the process is considered to be "failed". Note that the de-

cision function is reset to zero should it become megative.

The decision of "failure" or “no failure" is made from the current value

of Ay according to the rule

o}
ifr»_ > " InA, decide "failure"
m o3
o
ifo< )\m < TIn A, decide "no failure" (4-14)
B _

The constant A is related to the probabilities of the two types of errors: the probability
of a missed alarm PMA (deciding "no failure" when a failure is present); and the

probability of a false alarm PFA (deciding "failure" when no failure is present),

(Reference 4).

There are two metrics proposed here: the mean time to detect a failure and
the mean number of looks to detect a failure. These can be determined from the ensemble

performance of the model of human monitoring and decision making as follows.

*
Assume that a constant (bias) failure of magnitude ® has occurred, i.e., the

residual r has increasedby 8 * and thatall residuals have the same variance cr? which will
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be a function of all the fractions of attention for monitoring { fm }. Then the decision
i
function is given by

r +6" -5/2
A= At - ) (4-15)
r
~ (m - mf) M +§: _L (4-16)

g 1= o
r I_mf

r

where re is the zero-mean component of the residual and )\m is assumed zero,

f_]
" since a decision cannot

The index m in Eédaﬁon (4-16) represents the "look ﬁumber
be made without glancing at the instrument, and (m - mf) is the number of looks that
have elapsed since the failure occurred. The above approximation is valid when o

is much less than the level of the detection threshold, a reasonable assumption when h

the false alarm rate is not too high. This approximation is also useful in determining

the mean number of looks to detect the failure since at the moment of detection

mf-hnD
6* -6/2 y ri _ O-r
A =mp [ ——— +Z —=—1InA . (4-17)
.. O e
r i=m

where mp is the number of looks to detect the failure. The mean value of‘mD is thus

(approximately)

2 2 ‘
- In A % % 4
mo._dnA =y (4-18)
D5 (e* -9/2) o2 o2
— (== v y
(e} o}
y\ Ty

where 03 is the a priori variance of the displayed signal. For the case of multiple

instruments the mean number of looks to detect failures is therefore
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n 2
R °r
Jm " Th E Yi 2 (4-19)
Y =] o
Y;

and is a reasonable metric to minimize by proper choice of the fo -
i

Another important performance metric, is the mean time to detect a failure.
This can be expressed in terms of the relevant parameters of the optimal estimation model
as we now show by using a measure of "looks per second". If the ith instrument has re-

ceived n, looks in T seconds, and each look requires &, seconds (AlL = 0.3 - 0.4 seconds

t

according to experimental eye movement data), then the fraction of time spent looking
at the if_h instrument (dwell fraction) is

n,b
dwell fraction = 1! . (4-20)
T

Under the assumption that this is close to the fraction of attention fm , the scan period
i
(seconds/look) can be determined

LI & (4-21)

Thus the mean time to detect a failure on the ifh instrument is

o2
_ Af . Af In A 1 r. ' .
fp, = Mp—— = = : (4-22)
i f §. fe* -0/2\ f o2
m. 1 I I
1 — " I !
o o
Y Y
so that minimizing the functional
2
1 n . Y. or.
TS R s N (4-23)
m n .=] f 0'2
y i1 ‘m. Cy,
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minimizes fhg average mean time to detect failures, as compared to minimizing Equation
(4-18) which is the mean number of looks to detect failures. The disadvantage of using
Equation (4-23) is that it does not reflect the differences in bandwidths among the dis-
played signals. If one postulates, as Senders does, that the look rate is proportional to
the Nyquist sampling rate, then the number of "looks" required to detect a failure is pro-
portional fo the number of elapsed "cycles" of the displayed signal required to detect the
failure. This has an obvious intuitive appeal. On the other hand, we suspect that pilots
may sometimes monitor the lower frequenC).l signals at a somewhat higherArafe because of
time considerations. One examble of thisis a reldﬁvely smooth, coupled ILS approach in
which the ILS needles have very i;w-frequency content (on the order of 2 to 10 cycles for

the entire approach). Detection time would take precedence over detection looks in this

case,

4.2.3 METRIC BASED MONITORING-MODELS

Having postulated metrics for monitoring performance, one must next consider

the mathematical problems of minimization with respect to the f . - These are con-
' i
sidered below.

4.2.3.1 RESIDUAL MONITORING FOR FAILURE DETECTION

In considering the cost functional (Equation (4-19)) within the context of an
optimal control/estimation model, the Kalman filter residuals are (neglecting the humans

time delay T),
0=y, () - e %.0) | (4-24)

where ci is the ifh row of the C matrix: it is well known that for optimal filtering the

residuals are white with covariance equal to the observation noise covariance. Thus,

of=02 =032/ (4-25)
1y’ 'm,

Yi i ! '
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where

g =%y /N6y (4-26)

and N is the describing function gain for the display varioble threshold.

Substituting into Equation (4-19) gives

J = M (4-27)

ot DA (NI | (4-28)

Thus, for well-designed displays (Ni =1, Pi = .017), each subject to the same

probability of failure (v, = Yi)r

*
m, = fm/ny

This provides a new interpretation of the simple, equal attention allocation scheme,

noted in Subsection 4.2.1.1.

The second failure-related cost functional given by Equation (4-23) can also be
optimized in a straightforward manner. For the case Ni =1, P, = Pi, Y, = Yi, an equal
division of attention is again obtained. This is to be expected, since the cost functionals

in question have been motivated in terms of (uncorrelated) bias errors on instruments.

4.2.3.2 RELATIVE ERROR MINIMIZATION (ASSUMING UNCORRELATED
INSTRUMENTS)

As an approach towards minimizing the metric (Equafioh (4-7)), inter~instrument

correlations canbe neglected, and each instrument can be considered to represent an un-
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coupled second order system consisting of Y; and )’liT . The human thus monitors these
two variables to obtain an estimate of Y; with associated estimation error e.. The
problem is then: "given observations Y t) = x() + v](f), yz(f) =%(t) + v2(f), determine

the best estimate of x(t)."

. This problem can be solved by designing a Kalman filter for the system

%) =y, 1) - vyt) | o @)

where

y2(f) = x(t) + v2(f) = velocnfy measurement

Y1 t) = x(r) +v, (t) = position meésuremenf

Vi = cov [vi(t)] i=1,2
The optimal estimate is

f((t) =gly;(t) = x)] + y,(t) | (4-30)
where - |

= v/
Defining

T= - V]/V2

9

TSince relations between y; and y; are neglecfed, mformahon concerning y, can only
be obtained by viewing y
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yields |

TX(0) R0 =y () + Ty, () (4-32)

as the first-order filter that generates the position estimate x(t). The error covariance is

covlx(t) - Xt = o e2 = YVY, (4-33)

Note that if V] -0 or V2 -, T 0 and x(t) is obtained directly from Y1 #). If V2 -0

or V; o, g0 and x(t) is obtained by integrating y2(f) .

For pilot monitoring,

V.= e oENZ i=1,2 (4-34)
Thus, for Yy and Yo obtained from q single display indicator
o2 . | 'p . g, 1 )
£ = : X . . (4-35)
2 N _N. o f
Qx X X X m.

For the case of multiple instruments, where it is assumed that only the position

(and not the rate) variables are monitored, the monitoring cost functional becomes

n
5 e
Jm n ~='| 2
y | g
7
2
1Y e °. 1
= Z ! ( 2I . (4_36)
n ~ N N g f
y B ye oy Vo m

where the sum is taken over the position variables only. For well-designed displays,

N, =1, N. =1 and P.=.017, and the optimum f are

i Yi i
0.2 n 0.2 -1
* )’i 4 Y;
SRR | DA B (4-37)
i o} i=1 ©
Y; Y; .
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This result, wherein fm is proportional to signal bandwidth,- is precisely the Senders’
i
monitoring model arrived at via an entirely different process.

Despite its simplicity, there are drawbacks with the model as proposed,
1. Instrument correlations are not treated.

. 2. If g, >> Gx the model would place a high percent of attention on

msfrumenf i." In this case x(f) y ) + r](i') and the white estimgtion
error has infinite MSE. This is |mp055|b|e since we must have 0F 0%
and suggests that the first order model for x(t), Equation (4-29) 7 mcy
need modification.

3. All of the aﬂendont deficiencies of the original Senders' model resurface. -

4.2.3.3 RELATIVE ERROR MINIMIZATION (ASSUMING CORRELATED INSTRUMENTS)

Given the deficiencies of the simple, uncorrelated model we consider
the entire dynamics of the system being monitored.. Thus, we assume that the pilof is

monitoring an automatic (stable) system that is driven by white noise

M) =Ax (t) +Ew ()

y(t) =Cx(t) = dis’p|cyed variables e : (4-38)
The pilof'observes
yp; () =y (t = 7) + v.(t - 7) i=1,2,...,n (439
The estimation error covariance for this monitoring task is .

s=eAT s 8T 4 f M oewe e (4-40)

where W = coviw (t)] and T satisfies the Ricatti equation

0=ZA'+AZ +EWE' - =C' vy CcZ (4-41)
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and the observation noise covariances are as given in Equations .(4~25) and (4-26).

Substituting into Equation (4-7), and neglecting those terms that do not de-

pend on Vy (or Fmi) gives

_ 1 ,
J - tr [C ,2C '] _(4-42)
y
where
Y.\ *
C, = diag ( ;)c AT (4-43)
O'yi

The minimization of J  with respect to the f s indeed a formidable task. Fortunately,
i

the results of the optimal control allocation problem (see Appendix B) are applicable.

The similarity to the control cost functional used to determine the control fractional

attention Fc (sampling cost) is readily evident where
i

Jo=ti s ] | (4-44)

with

AT

L, =diag @) Le (4-45)

Thus, the same techniques used to find BJO/B f can be used (with some minor changes)
to find 9 J_ /3 f and to do the subsequent optimizing of J,, subject to the various con-
straints on fm . The computations are greatly simplified in the monitoring case since

i
2 s not affected by fm . Thus, using the techniques of Appendix B,
i ' i

[¢)

oJ V..

_m- Tyl op (4-46)

af f 1 .
m. m.
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where

N

®

Fo G'/ M cfw. e | (4-47)
A 0

G=zC V;] = filter gains

1

A=A~ ZC' Vy- C = filter matrix

The same gradient projection scheme used to minimize J is thus directly applicable to
the monitoring situation. -In order to avoid a situation where fmf =0, a constraint
fn.:z € > 0 is imposed to assure each instrument is monitored for Ifc:ilure detection
pull'pos_es.

4.2.3.4 SUMMARY OF MONITORING MODEL

The monitoring model that was chosen in this study is that of the previous sub-

section. The monitoring cost functional has various interpretations via the error
rcﬁos'"ki, and in the case of uncorrelated instruments the model reduces to the Senders'
model . There is intuitive appeal to the model, plus the ability to solve the optimization
_problem using techniques already developed for solving the optimal control allocation |

problem.

The one-.drawback to the model is that the constraint f Zemust be im-
. i
posed artificially. As f = 0 could not happen in-a failure detection oriented metric
i
it might seem logical to consider a monitoring cost functional that was a sum of

estimation and failure detection metrics. Thus, a reasanable modified cost metric
might be (ossuming equal weights to estimation and failure monitoring)

2 2
° * pio./fm.

n

_ 1 o Y i
J = ' (4-48)
n i] o2

Y
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The noise ratio e, is on the order of 0.01; thus for moderate attention levels, minimiz~
ing Equation (4-48) is equivalent to minimizing Equation (4-7). At low levels of

attention, however, (say, fm ~ 0.01) the second term in Equation (4-48) becomes
‘ . _
important and prevents fm from approaching zero as may happen when minimizing
i

2

|
identical results.

o~ . Thus we see that the two following optimization problems will yield nearly

I: min n o2
f [IRAYIRLS Pi
m } > + (4-49)
] &~ 2 f
n =1\ ©
Y Y; m:
fmi > O,mei = fm
1 min ny o 2
{f } 1 &
m' n ; %
Y i=1 Yi
fmi >€i mei = fm (4-50)

In conclusion, ofter an examination of various schemes for predicting human
' monitoring performance, the scheme involving Kalman filter optimization on the full
aircraft model seems to hold greatest potential. It is not simple mathematically, but
fortunately the optimization of the f .. can be performed using existing human operator
; .

computer programs with only slight modification. A default option should be included

-to treat (singular) situations where the optimized filter produces f.~ 0 for some i.
i
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4.3 SIMULTANEOUS MONITORING AND CONTROL WITHIN A SINGLE AXIS

The above discussion is relevant to the pilot monitoring assessment for a com-
pletely automatic system. However, if a pilot is actively controlling a vehicle (or
axis) there are two reasons for looking at a display variable:

1. For control purposes, fraction fc .
i

2. For monitoring purposes, fraction fm .
A i .

Obviously there is an overlap that must be resolved. The following assumptions are

made in this situation:

1. The pilot allocates his attention first to the control task requirements.
Spare capacity is then available for monitoring. Thus, f. and f are

chosen (subject to fc <fTOT ~ 0.8) such that a desired level of i

performance is attained. The available monitoring fraction is then

fTOT_F =f .

2. The pilot next allocates f  among all dlsplayed variables —

those being controlled mcmbally and fhose being controlled automati cally —
to minimize the total monitoring cost.

J =4 .+ : , (4-51)
m ml m2
where
Jm] = o2 / 02)’ for instruments associated with the manual control
e
task .
Jo™ 062/02 for instruments associated with the automatically

controlled loops.

3. The optimal f is not dependent on the optimal f (the reverse is not
' < i
generally frue) Thus, any additional monitoring of a display does not
chcnge control strategy .

For the manually controlled task, it is possible to optimize for fc and compute
i
the relative estimation error fraction 026 /02 associated with each displayed variabte.
i i
Thus, it remains to distribute the f by allocating an f. to each display to minimize
i
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Jml + sz. It is quite likely that the optimal fmi will be non-zero even for displays

for which f_ is a reasonable fraction. This is because the information required of a
: ,
display for monitoring is generally different than that required for control (i.e., Ce

vs Le in Jm Vs Jo)’

_ Therefore the problem of determining f for only a manually controlled loop

: I
is solved by first finding fci to minimize Jo' Next find fmi Whilez;:fmi = fm to minimi;e
I bearing in mind that the total attention to a display for purposes of observation is

“

fTOT = Fm + fc —i.e., monitoring proceeds over and above control allocationand is

i i i
geared to Jm.

For the case of an aircraft with both a ﬁahual and an automatic control
loop, the allocation of fm. is accomplished by considering two "independent"” tasks.
The following one-dimensilonal search technique for optimizing J,; ond Jm2 is

suggested, once the optimal fc are found, (Figure 4~1).
i . :

In some situations it may not be ﬁeceséufy to allocate any additional monitor-
ing attention to a display used for control purposes already. However it is difficult |
to ascertain this a priori since there may be displays neéded- only marginally for
control purposes (e.g., pitch indicator for aftitude stability system) but which will most
likely be monitored to a higher percentage than the control-allocated fc.' Thus, the

i

above technique makes no a priori assumptions as to whether instruments are used

primarily for monitoring or for control purposes.
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Find o>pﬂmol fc and o2
i i

Pick il = monitoring fraction associated with
manually controlled displays

— F2 = monitoring fraction associated with
. automatically controlled displays

=f -f
m m

Optimize J 2 with respect to
2 ) 2 -2

f tofindf<; 2 =f

m mS Y me m

|

with respect to

| é)pﬁmize J

1 m 1
fm .] Let fTOTi = fci + fmi;
- _ :
o, =

Compute Jm = Jm] +J

1

Compute estimation error ratios
for all variables |

Endv

= minimum:

Figure 4-1. Flow Diagram for Dual Axis Monitoring Allocations.
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SECTION 5
MODEL VALIDATION

In order to validate fhe.p'i'l‘of vehicie 'n;edelz, ineleding the means by which
workload metrics are established, the arvm-alys'is procedure is cpplied te a CH-46C VTOL.
As the CH-46C has been the subject of several sfudles at NASA Langley Research
Center References 12, 17 and 18), I’here exnsfs a (fllghf fesf) dcfc: bcuse against which
model predictions may be compared. This onolySIs w:II conSIder the hover task only, as
this represenfs one of the mosf dlfflcult VTOL confrol requnremenfs, cmd is amenable to
sfeady-state analys|s fechmques. The anolysus is furfher restrl cted to fhe dlsplay formaf
|eve| by consnderlng only the dlsplay panel/msfruments used in fhe acfual CH-46C
tests. The information and/or display element level anclysns would be qpproprlafe if
new display systems were bemg proposed. The automation levels fhct we consider are
the attitude command systems designed at NASA (Reference 17), the Fllghf directors are
also the NASA designs (References 12-17),

5.1 CH-46C DYNAMIC EQUATIONS OF MOTION -

This section presents the basic equations of motion of the CH-46C, in-
cluding a representation for the external wind-gusts: It also derives the equations for

the control stick inputs, taking into account the attitude command system used on the

CH-46C.
5.1.1 BASIC VEHICLE DYNAMICS

The analysis uses the perturbation equations derived in Appendix C, written.
about a hover equilibrium (6, = 6.8%). The state variables are chosen as the Euler

. angles and body rates to be consistent with the control augmentation and guidance

schemes employed. Thus, for the longitudinal equations, the state vector is
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x=[ax, Az, Aé, AV, s AVZ,:q]I (5-1)
where |
Ax = longitudinal (inertial) hqver error
'Az= vertical (inerfiai) hover error
A8 = plfch devnchons (from ) o)
AV, = Ionglfudlnal (merhal) veIoc:fy
AV = verhcal (merhal) velocnfy
q= body-ams pitch rate
'The control inputs for the basic vehlcle are fhe dlfferenhal cnd gang collective
devmﬂons from frlm, so fhuf u= [A6 A§c] . The Iongltudmal equahons, in the form
ieacrs T ey
are given i'n Figur.e 5-.”1. - o o . '
N For thezquerol dir»ec.ﬁohn dynamics we choosg as state vector
x=[ay, @ 8%, &Vy, p,rl- - o (5)
where
= lateral (iﬁér'ficﬂ) h;\}él;ihg error |
- - ¢ = inertial roll angle
b Y = heading angle error.
&Vy= lateral (inertial) velocity
p = body=-axis roll rate
r = body-axis yaw rate
These states have been chosen to be compatible w'ifh subsequent model following aug-
mentation scHémés; The two lateral ‘coh'fro.ls.aré'u ='-[A6°, Aar]‘:where 4 60 = roll
cyclic input and 4 6;= rudder or ydw cyclicinput. The numerical values for the A and
‘B matrices are included in ‘F-i>gUreA'5-l .

1
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. Longitudinal Direction:

VS22 (L1D) o E0SI0 SLLISNHOVSEVA 'NOLENIMHNE ¢ >HVd JOOHS SNIASNO » NI ‘SINJLBAS 30vdSOHAVY

0 .0 0

0 0 0

0 0 0
A=

0 0 -32.17

0 0 0

0 0 0

Latera! Direction:

0 0 O

0 0 0

0 0 0 .
A= ‘

0 31.75 0

0 0 0

0 0 -0

Figdre 5-1. System Matrices for Basic CH-46 Helicopter at Hover.
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5.1.2 AUGMENTATION SCHEMES

The basic CH-46 is unstable and virtually impossible for a pilot to control
without some form of stability augmentation systerr; or command following system. The -
cufomatioﬁ schémes that will be investigated are the NASA designed bifch, roll and
heading command systems using the differential collective, roll cyclic and rudder, '

respectively. The pitch command model is

. P 2 i A L
qm =<2 Cmqm + em + ng ae . (5-4) |

with ¢=0.75, w=2.0 rad/sec, Ky =0.15 rad/in. The roll model

=2cup, +ula,, * 3 w8, (5-5)

Pm

is identical to the pitch model with K¢= Ke . The headirig hold model in yaw,

. 2 S . . .
"m=2§0’“”m+‘”2‘¥m+K\y‘” 8 | . (5-6.)>

has o= 0.7, w =2.0 rad/sec and Ky = 0.35 rad/in.

Having formulated fh'c_e desired model characteristics, the next step is fo
dévelop the éompensation that will force the aircraft response‘to follow the model. In
the NASA-LaRC design, the compensation used included lead, rate error and integrated
rate error. The resulting fréquency response characteristics showed that the aircraft
response closely followed attitude commands over a wide frequency range, beyond that
normally associated with pilot control bandwidth. If one wishes to precisely modell
pilot-vehicle response for the augmented systems it is necessary to include the model-
following compensation in the system description. This adds additional states in the
vehicle equations, needlessly complicaﬂﬁg the analysis process since the pilot effec-

tively "sees" a system that responds as the model. The simplified approach we follow

in studying pilot response is to assume that the system exactly follows the model, and
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solve for the feedbacks thaf dre required to assure this condition. ~Additional vehicle
states are not needed, but a difficulty arises because of cross-coupling between the con-
trol actuator dedicated to provide the model response and the effect of that actuator in
other state variaEIes. For example, a differential collective may be used to satisfy the
pﬂch response of the he'icopfer, but by so doing, it will have &n influence in the

translational equations.

To show the means by which the augmented equations are developed, assume

that the basic unaugmented vehicle equations can be written (Appendix-iD)

] - .
X At AR\ By
B Y [ ) [ ). (5-7)
. . ]
1 \An i Ap/\x/ \B

We have divided the state vector infci two po_rfshwifh )&é that portion of the state vector
to be controlled according to some desired model response. The inputs fo this system are
the actuator inputs 8 which are dedicated to .sqﬁsfying the model r‘esponse‘. Disturbance
inputs and other actuators affecting the equations of motion, but not being used to

satisfy the model rg§bgr‘1‘se. gqn,.bé,_odd.ed‘to Equation (5-7) but.are not shown here.

<"+ Assume :that it is desired to have the partition-of the state vector x2 follow" -

a model equation given by

s A*

Xom 21 ]+A

‘BXu

3 (5-8)

22 *om *
Nofe fhaf fhe derlvuhve oF the model response is glven by |mec|r combmohons oF the

model |fse|F Xom? feedbcck of fhe other parhhon of fhe state vecfor x] (e g. posmon),

and the control shck mpufs u.

The actual response of X, is given in Equation (5-7) as

X = Agy xp + Agy Xy + Byu (5-9)
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In order that the system response given by Equation (5-9) follow the model response -
of Equation (5-8), i.e., Xo = Xor i We subtract the two equations and solve for the -

actuator activity which is dedicated to satisfy this response:
1 i i . .
&= B, [(A;l Ay) xq * (A3, A22).x2 + B3 u] (5-10)

Substituting this value of the actuator activity into Equation (5-7) provides the following

form for the state equations when the system follows the model.

. , .
Xy At A\ /B -
el N e N O PRI (5-11)
Xy A 1 AR f\x B2,
where
_ -1 _ -
co AN AL BB L (AS =AY L e
CAY 12 A]2+B 32 (A22 .22) ‘} | (5-12)
B% = BB ]B
7 = BBy B3

Note that fhe;'p'cl}'ﬁf'ion of the stafe vector 22 has the desired response of the médéll,‘ B'.u'f
also that the dynamics of the other partition of the state vector 'x] have been altered be-

cause of the effect of the actuator g on these equations.

The above model-following process is easily applied to include the command
<sysfems of Equahons (5-4) through (5-6). For excmple , in the plfch command model
(Equahon (5-4)), fhe dlfferenhal collechve is the dedlcated acfuafor, cnd the por-

hhons A2], A22, 82 are shown in Figure 5-1 fhe model parhhons are

A§]=(oo-w2001
Agp = T2C¢

L2
BE = Kew
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The resulting A*, B* matrices for the augmented system are shown in Figure 5-2. Note
that the second column of the B matrix, associated with the power collective, is un-

modified since this control is not used in the model matching scheme.

In the lateral case, both controls are used in the model matching process.
The partitions A2.|, A22, B, are shown in Figure 5-1; the model partitions follow from

. Equatiens (575) and (5-6) as

A

21 0 0 - 2 9
. “2¢w 0
A, = |
22 . _
0 2§°w
mzK 0
"B* = ¢ 2
22 0 w K

and provide the lateral directional equations of motion for the aircraft with the roll and
yaw augmentation’ éxstems engaged.
5.1.3 WIND GUST DISTURBANCES"

The principal external disturbances acting on the helicopter are due to the
wind turbulence or gusts. The representation of these effects in the linear system model

involves two considerations: a model of the wind spectrum, and the way in which the

wind affects the vehicle aerodyﬁamic forces. The gust model that is used is the Dryden

model with power specﬁal density

2 o ' 1
: =20 5-13
§§(w) " (VO/L)Z ) ( )

To obtain a random wind mbdel with this PSD, a white noise 1 (t) with variance
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Longitudinal Direction:
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Figure 5-2. System Matrices for Augmented CH-46 Helicopter at Hover.




A 2 Y, . -
E {Tl(f) 'ﬂ(f"‘r)} = 20’9 —-L—' (5-]4)
is passed through the linear system

: v
g(t) = -T". g(H) + 1() | (5-15)

In our modeling work we will assume moderate turbulence with representative parameters
% = rms gust velocity = 3 ft/sec
Vo/L = gust bandwidth = Q.l rad/sec
We assume that independent gusts act along all three of the aircraft (body) axes. A
. normal component Ew. induces primar‘ily normal accelerations, or perturbations in angle-
.of-aftdck.‘ An axial component §U induces primarily forward speed 'pe:rfurbofions; and a
lateral component € perturbs lateral '\'/e_locity.For simplicity we assume o = §

gw  %u %v
= 3 ft/sec.

The componénts.gw(f), §U(t) and §v(f) are subtracted from the dynamical

states w (t), u(t) and v(t), respectively, in the equations of motion. The result is. the .

modifications . X
. Xw v XU
vEmm By T St
. Yv
V="—m— gv + se 0
. Zw ZU
w:-——g - "——g + e )
m w m U ? (5—16)
. Lv
_-T Ev + .,
M M
=¥ - =Y
=77 Sw Sy T o
V24 Yy -
_ NV .
S
zz )
5=-9
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When these terms are carried through the.Euler transformations to the inertial frame state

variables as defined in Equations (5-1)and (5=3), the end result is the addition of the terms
-FU Eu(f) + Fw §w () (5-17q)
to the longitudinal equations, and the term

\4

to the lateral equationst. For the CH=46C ot hover, these terms are

r o0 | oo 30t 0 ]
0 S o' 0

F = . Fo = .o F=

U 10.,01535| - F oW 0000595 Y 0.02663
-0.0634 | . 10,3733 7 0 | 0.00789
-0.00656 | 0.00285 -0.00097

Note that these terms are appropriate to both the basic and du‘gménfed‘vehiéles as the
wind guststates are not included in model following feedbacks. ‘Thus, we arrive at the
final model for the system/gust dynamics compatible with the pilot model formulation of
Appendix A,

x(t) = Ax(t) + Bu(t) + EE(t) (5-18)
where; in the longitudinal case

X = [gU, Er 8%, 02,8, V_, vV, al ' (5-19q)
and, in the lateral case

X = [§v, Ay, ¢, Y, Vy’ p. rl - (5-19b)

_and where £(t) is a white noise vector.

TAdditional states must be added to the system dynamics to include the noise shaping
dynamics Equation (5-15) for each §i. ’
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5.2 CH-46 HOVER DISPLAY/CONTROL FARAMETERS

In applying fhe opfirﬁol control model of the pilot, it is necessary to describe
the display information in a form compatible with vehicle states and controls, - - -
| y() = Cx(t) + Du(h) | - |  (5-20)
In addition, values must be chosen for the visual and/or indifference thresholds, i.e.
those limits on displayed items within which the pilot is; les;s likely to take corrective
action. The values are esfimafe§ derived from the display gains, display resolution,

display markfngs and pilot opinions.

5.2.1 PR!MARY DISPLAY INPUTS ~ HOVER MODE

The four primary instruments qpproprlafe to the hover mode- are - the map (
HSI), radar olhmefer, IVSI and ADI. Assummg that the pilot perceives both fhe posi-
tion and rate of a display mdlcutor, we have the model inputs listed in Table 5-1.
Alsogiven in Table 5-1 are the values chosen for the display thresholds, as well as sgb-'
jective values for the maximum deviations that a pilot will fqierafe in the obsérvea i
quantities.” These latter values are used tq generate cost functional wei‘ghfin;gs in the

optimal control model according to

| 3 2 o o
q. ={ T (5-21)
Yi (Yi, max ) : . .

The large thresholds associated with perceiving horizontal posmon and veloci-
ty errors at hover is a reflection of the sma|| map scale (100 ff/m at hover) and fhe
relatively large size of the aircraft symbolf, The associated maximum deviations for
5%, AY refl'eéf the 50-ft diameter of the landing p"ad. The small threshold on altitude

deviations reflects the expanded scale of the radar altimeter below 100 ft, with an

TAta viewingidiéfcnce of 28 in, a.20 ft error is less than 0.5° visual arc.
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Table 5-1. CH-46C Primary Display Inputs (Hover Mode).

INSTRUMENT - VARIABLE  THRESHOLD |  MAX. DEVIATION
MAP o | . 204 25
o v |10 fr/sec e
ALTIM 7 a2 4w : 56
R S A ft/sec .. - 2 ft/sec
AD| 0 1° 2
q 0.5%/sec 1%/sec
1VSI Vz R ft/sec : o 2 ft/sec
\./z 0.5 ft/sec -
MAP Ay |l 208 25 ft
Ty T T 0dsee .-
ADI S RN 10 - 50 .
N ) .4 AP I Q._5°/se;_' 2%/sec |
MAP/COMPASS| v e 20

instrument scale marking at the nominal 50ft hovering altitude. Finally, we have chosen
thresholds on the rates of a display indicator equal to 1/2 the corresponding position

threshold in accordance with previous work (Reference 21).:
5.2.2 FLIGHT DIREC:I'OR‘ INPUTS - HOVER MODE

The flight director has undergone many, revisions throughout the course of the
Flighf test of_fhe CH-46C. Herein, .fhe_’direcfo_r fo‘rm.cmd values for the flight director
gains at hover are taken from Reference 12; Table 11.There are three flight director

signals corresponding to pitch, power and roll commands respectively. The form of

these signals is. (neglecting the efféects df any additional filtering),
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FD_ = .004 ax + 'va+<'56e-

FD

z

L0057 pz + 057 V_+ 115V, | . (5-22)

FD .004 + ,04 + .
' y " Ay Vy. 550.

In order to express the signal FDiin the requisite form of Equation (5-20), we substitute -

for \./Z using the equations of motion. The result is (approximately)

FD,~ .04 g, +.0057 pz+ .04+ .0515V, - .068q - .856_  (5-23)

or, if we keep only the dominant térms,

FD, ~ .0057 sz +.015V, =858 - (5-24)
The rates of the flight director signals were not included as "observed"
variables invdu‘r applicaﬁoh of the pilot model. There were several reasons for this
decision:

e The director rates would contain control rate (8) and white
‘noise terms, giving-rise to a complex modeling problem - -~ -
that could only be solved by adding "pseudo"” filters in the
‘equations.. -~ - - . . . ,

o The flight director si?nols are basically high frequency in
nature so that the value of their rate information in a low
bandwidth hover task is small.

“e The flight directors have been designed so that the pilot
acts essentially as a gain (especially at low frequencies)
on the observed signal. This minimizes the pilot reliance
on the rate information.
In order to include the flight directors within the modeling framework we require a

selection of threshold values and cost functional weightings. The thresholds were

chosen as 0.1 in for all three directors, corresponding to approximately 1/10 full scale.

5-13

AEROSPACE 8YSTEMS, INC. ¢ ONE VINE BROOK PARK ¢ BURLINGTON;, MASSACHUSETTS 01803 ¢ (817) 272-7817



As discussed in Subsection 3.2, including the .FDi within the cost functional, in addition -

to the other terms, implies that one of the pilot's direct control objectives is to keep
the FD; small. Based on an analysis of the fi ight director instruments, and piloting

task, we choose as maximum deviations -

= 0.2in

(FD,mAx
" (FD, MAX = 0.4 |n i ‘
| (F.D)')MAX; °2m
5.3 MODEL PREDICTIONS FOR CH-46 HOVER

Having obtained state-space "eciliafi'ons for the vehicle‘lan'd' display dynamics,

* the ability of the p|lof model to analyze the relahonshlp befween CH-46 hovermg per=
formance and pllof workload |s/|.nveshgafe'd We consrder pllof control performance forl
the augmenfed (afhfude command) system, both with and without use of the fllght dl- .
rector SIgnals. Varlous levels oF fofal affenhon f From 0. 3 ro O 8 are assumed $0 fhaf we -
may obfam the performance Vs, workload curves. The cosf Funchonal output weight-
ings, qyl, are as given in fhe prevrous sechon. The confrol fate’ welghfmgs q'I are ad-
justed to glve resulting ' neuro-mofor" lags of TN|~ 0.1 sec, with a minimum value of
qg =0.25 allowable. Thls corresponds to an assumed 'maximum pilot stick-rate deflec~

Yi
tion of 2 in/sec. The remaining basic parameters for the pilot model are selected at

their nominal a priori values:

r = 0.2sec B
b, = 0.01 (l .,e.,"-20‘dB) for all displayed Qariables \
by ~ 0.01 (=20 dB).for dll control .variables
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5.3.1 MODEL PREDICTIONS - NO FLIGHT DIRECTOR CASE

The. pilot mo&el is used to predic't.hovering performance with only primary
instruments. In the flight tests, f.he pilots were unab|e-fo maintain the CH-46 in'a
hover under these conditions. Table 5-2 gives model results corresponding to an allo-
cation of attention of 0.3 to the longitudinal axis. The resu'l-ts clearly show that accu-
rate.hover is virtually impossible ilongftudinally. One-sigma errors of 26 ft imply that
" about 40 peréenf of the time the helicopter is not 6ver the pad. Instrument attentional allo-
cations are equally divided between map and 1VSI, with some attention to the altimeter]

Thus, height information is Q‘bfained primarily through integrating the IVSI with cross-

checks from the altimeter.

Table 5-2. :'Model Results. Lér;gifudinﬁl Axis, £, =0.3.

Ins’_tru‘menf o, fci | _ fci /Fc
MAP, x 25.5 ft 0.1 0.37
ALTIM, z 4.6 ft 0.05 0.17
ADI, ¢ 1° <0.001 | *<0.03
IVsl, v, | 1.3f/sec | 0.12 | 0.40

The following information relative to the longitudinal task has also been

yooae T

obtained from the model analysis:

o The total cost J(u) = 3.01 whereas the scanning cost (the
- part of J due to human observational processing noise) 1(u) =
.86. Thus, over 95 percent of the hovering errors are
due to the human's own injected random errors;, and only
5 percent are directly .attributable to the wind gusts.

e The sensitivity of performance to higher attentional .

(workload) levels is faifly low. Thus, fc, long ~ 0.5 re-

sults in only 12.percent improvement. in hovering errors.’
Consequently, even very high workload levels will
‘not result in satisfactory hover. :

TThe given f_~are accurate to +1 0 percent as in the vicinity of the optimal. The cost

functional J(u$ is relatively flat with respect to fc .
' : Ci
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e Rate information obtained from the displays (i.é., the -
derivatives of displayed quantities) is not very useful
for control, Running the model with only the four posi=-
tion variables ( ax, Az, 6, V) gave attentional and
performance resulfs within 5 percenf of Table 5-2.

The results for the lateral axis hover task, corresponding to an attention
level of 0,'3'- are given in Tébfe 5-3. ' As can be seen, hover performance is unaccept-.
able. However, the atfitude hold 'systems are parforming as expecf:ed ."Asaresult,

 little pﬂof attention is placed on thé roll and- ¢éurse” indicators.

A‘ch‘|e15—13: SMo:cli‘e‘I Régult;, L"ofer::i.'Axis, fc.=0.3.'

Instrument q, f f_/f

- 1 t'_‘i Ci (o
MAP, y S 194 | 0027 0.90
ADI, ¢ | 1.4° | 002 | 0.06
pG, v | o4 | <0 | 0.4

& - : 0.17 in. - B Lo

5 ' - 0.05in. - ' -

r ! .

The results cérrespoﬁd with the pilo}'s i.ﬁanlify to hover on fhe primary
status instruments. Alfhough the model predlcfs a hover rms of 25 feet, fhls result is
under fhe assumphon of a well-fralned pllof Thus, an expenmenf where only several
runs are tried is likely to result in much larger errors. Finally, the ;nod;el predicfea )
hoverlng error rofes (V V ) of qbouf 2.5 ff/sec |nd|;:ate fhe slow drifting/divergence

observed expenmenfc“y.

5.3.2 SINGLE AXIS MODEL RESULTS WITH FLIGHT DIRECTOR

The results usmg the. Fllghf director in. fhe longltudmal task are given in

Tc:ble 5-4 for a 0.3 level of aH'enhon. There is.a. subsfcnhol |mprovemenf in rms

5=-16"
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hovering error from 25.5 to 17 feet, accompanied by only slight changes in the perform-

ance of other variables. What is interesting, of course, is the model's prediction of a

dramatic shift of attention away from the status instruments onto the flight directors.

Table 5-4. Model Predictions AUsing Flight Director, fc =0.3.
Instrument o, fe, fe/Fe
" MAP, x 16.7 <0.01 <0.03
ALTIM, z 4.7 ft .0.025 0.1

ADI, 6 0.7° <0.01 <0.03

IVSI, V, 1.2 ftfsec 0.025 0.1

D, 0.13 0.10 0.3
FD; 0.14 0.13 0.45

A sensitivity analysis was performed for the longitudinal axis by running the model at

assumed workload levels of 0.3 to 0.7. The optimal attentional allocations to the

flight directors are evident in all cases, as seen in Table 5-5,

Table 5-5. Attentional Allocations for Longitudinal Task.

Total Map Altim ADI IVSI Fo_ FD,
0.3 | <0.0 0.025 <0.01 ~0.02 0.10 0.13
0.4 <0.01 0.027 <0.01 ~0.02 0.12 0.21

0.5 <0.01 0.037 <0.01 ~0.02 1. 0.17 0.25

0.6 <0.01 0.043 <0.01 ~0.02 0.22 0.30

0.7 <0.01 0.045 <0.01 | ~0.02 0.27 0.36

AEROSPACE SYSTEMS, INEC. ¢ ONE VINE BROOK PARK * BURLINGTON, MASGACHUSETTS 01803 ¢ (817) 272-7317
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Figure 5-3 shows the sensitivity of the performance measures (both scanning cost and x
hover error) to workload level on the longitudinal task. The results show that a level of

~ 0.6 is required to keep the aircraft over the pad in the x-direction 95 percent: of the time.

The results for the lateral axis are given in Table 5-6. RMS hovering error
improves to 13 feet at 0.3 attention level with a f_ofal shift of attention to the flight
director. A sensiﬁvify analysis of lateral axis performance is shown in Figure 5-4. For
attention |év.els érecfer than 0.15,; .ﬂscanning‘ cost i‘s reasondbie:insensifive. ForAec'ch at-
tention level, the allocations among instruments remain the same - full attention to the
flight director! ‘

Table 5-6. Model Results, Lateral Axis with-Flight Director, f,

c =0.3.
Instrument R B A -‘fci/fc‘- .
 MAP,y - | 13.0 | <00 | <o.03
ADI, 8 1.1% . | <001~ | <o0.03
DG, ¥ -] 0.4 -|'<0,01 ] <0.03 -
FDy | 0.Vin: -} 0,27+ | (').9+‘_A

5.3.3  DUAL AXIS MODEL RESULTS - WITH FLIGHT DIRECTOR
The curves of lateral and longitudinal cost, {(u), vs attentional allocation

can bé used to determine performance for the combined task given a level of total con-

trol workload fc = fé‘ lot + f

Jat T e long” Thus for a given fc the optimal fc;lat and fc

, long
are determined to minimize

KU)TOTAL = |(U)I'af + 1(u) : (5-25)

long
This minimization is accomplished here using a simple one dimensional search procedure. -
"It could also be done via computer by constructing a state space representation for the

entire two axis task. In this example, the first approach is easier.

5-18

AEROSPACE SYSTEMS, INC. ¢ ONE VINE BROOK PARK ¢ BURLINGTON, MASSACHUSETTS 01803 ¢ (817) 272-7817




0} _
4.0 |- -1 24
© o without F.D. 1o
(3 1(u) without F.D.
~ 20
3.0 -
-
é_.
5 S
23 2
8
I
(72}
>3
oz
2.0 |-
1.0 1 | B l 0
0.2 0.3, 0.4 0.5 0.6 0.7

Attention to Longitudinal Task

Figure 5-3. Scoresvs Attention, CH=46 Hover, Longitudinal Axis.
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® UywifhoufF.D, -4 4
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Attention to Lateral Task

. Figure 5-4, Scores vs Attention, CH-46 Hover, ‘Lateral Axis. -
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The results are shown in Figure 5-5 which represents the overall predictions
of the model for the hover task. The following comments are pertinent:

e The optimal attention to fhe lateral task fc*|4 is Q. 15 -0.2
- or in the vicinity of the "knee" in Figure 5- 5.4 as might be
expected.

e At the optimal point (f c *lat 7 f ) the RMS hover errors
o~ gy to within 5 percént. °©’ ong
e The sensitivity of tqtal 1(u), in the vicinity of the optimum
is extremely low. Thus lateral attention could be increased by
0.05, while longitudinal attention is decreased by 0,05, wufh :
little change in (). o

e The "average" hovering error

02_+o2 1/2

= x Uy : o o '
“avg T\ T e

‘shows the same relative insensitivity as does |(u). How-

ever; there is a fairly sharp frade-off between 5 and oy

o Thus, it is quite likely that different pilots will adopt dif-

" ferent operating points with respect to lateral vs. longitudinal
trade-offs. Toh'.s‘J performcnce J(u) is insensitive here but d|f-
Ferent distribution of errors is to be expected.

It is possible to invesﬁgate the probability of hovering within a circle of
- radius R for different workload levels. Since we assume Gaussian statistics, the proba-

bility. densities of x and y hover errors are, respectively,

2 2
-X /2c7x

R

p(x) (5-27)

g \/2nm
x Y

2,,. 2 .
. -y /2 - '
PO) = — e T (5-28)

of

. Agsuming 0)2( ~ 0'3 = 02, it is easy to show thaf the probablllty x2 + y2 < R2

" . .2 o -R2/202n-: A o
Pr{\)x +y" <R} =1-e o (5-29)
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Figure 5-5. Predicted Performance, CH~46 Hover, Flight Director Used.
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Thus, the probability of being within a 25 ft' radius at- any-time is easily found for any

given "average" hovering error. Several probabilities are noted in Figure 5-5.

We see that workload levels of 0.7 - 0.8 are required to maintain the aircraft

. over the pad 80 to 85 percent of the time. Thus at this criterion level on performance, we

find that the workload level is barely ccc’eptuble:r The: hover fask can be cccomﬁlished (but
no time is left for monitoring the status instruments., (Recall. most attention goes- to the
flight-directors). If we reqﬁire a tighter hovering perfoﬁnance, the model predicts that
the pilot will be overworked. At lower wérkload levels (e.g., 0.6) the dircraft is over

the pad only 75 percent of the time.

The conclusions of our madléling effort thus indicate that

o Hovering cannot be satisfactorily accompllshed using the
existing status display.

o The flight directors make hovermg possuble with high
workload

o Virtually full control attention is given to the flight
. director needles

e There is little or no remaining pllof capacity to monitor the
status instruments.

These conclusions are very much the same as thése from the flight experiments.

TWe consider f ~ 0.8 to be full capacity.
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SECTION 6
CH-47 RESULTS

The synthesis .an.c.i a‘nalyéi.s fechnique§ described in the 'p‘recéding. ;eétion were
opplized to the Langley CH-47 tandem rotor helicopter, which will be used os the;fllig‘hf
're‘s"garch aircraft for the \/ALf program. The numerical results presenfed-ih this section
éi‘e‘ Iim’if'édv t5 the longitudinal axes due to time coﬁs&roihi"s and Un'cértcih‘ty in the

N 'Io'fe'rd.i‘d:ire’é:fié'rlol' 'sféBiiify derivcfi‘;ve data.’ .il'\‘/vc;‘fl.ighf'c'oridiiﬁo.ns were dnblyzéa to
indicate the differences in performance over the exp'.ecvfe'd.flight envirt;‘cnmen'f:‘

° hover (sea level)

"o’ | dpproo)(:‘h A(]'OO(‘),fft/»fnin'.de'sf:'enf at 60 knots)
6.1 GQNTROL'AUTOMAT[OI\:I LEVELS ™
As discussed previously in Section 4, each of the control channels of the

helicopter has three or five possible levels of automation, shown in Table 6-1.

Table 6—] . Levels of Control Channel Automation _.A

Forward  Vertical Lateral Directional
be ] c 60 6r
c c c c
' 9% *Vz Pe e
c
Oc hc ?. Ve
\Y \Y
Xe R _ Ye
e e
6-1
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The total number of automation levels from Table 6-1 is 5x3x5x3 = 225. Obviously it
would be impractical to analyze all combinations of automation levels, and indeed
many of the ;ombir?ctions in Table 6~1 would not be practical systems. ‘Con;equéntly,
several levels of control augmentation were selected to perform the control/display
gna‘yseg Table 6-2 shows fhe; co_ntrigl chcn‘nel“commo‘nds for eqch.of,the_’eighf selected
systems. rhese range from the Acpmplef_e.l){;'m.t‘;ngol,l bgsis:, vehicle '(Sys“‘fem‘ A) to a full
position feedback system for automatic hover (System H) Note that for the fongitudinal

axes, Systems D and E are identical .

¥Rl

Table 6-2. Selected CH=-47 Automation Levels.. - : | s
o kCIorw:fr'olhéharilnel CSmm‘and S
System
Forward Vertical { . .Lateral . | | Directional
A R bc bq 5,
B q "6 P r
C ;B 603 ¢ r
D ) _ V‘z ‘ ¢ r
E ® v, ¢ y
F h . ¥
G Vx h | VY ¥
H X h y ¥

The quadratic syanesis technique described in Section 4 was used to obtain
the closed loop longitudinal system matrices for each of the systems in Table 6-2. As

" discussed in Section 4, the weighting functions used in the quadratic synthesis can all
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be related to the specifications on the maximum allowable pitch acceleration and

vertical acceleration. For the CH-47, the maximum state and control variable excur-

sions which define the weighting functions are shown in Table 6-3.

Table 6-3.. Weighting Functions for Longitudinal

em CH-47 Automation Levels.
_ State Variables - Hover and Approach
System X z ® ‘ Vx S .VZ- Q..
(ft) (Ft) (rad) (ff/sec) . (ff/sec) (rqd/se c)
A - - - - - -
- - - - - 0.435
C - - 0.435 | = - - -
DyE |t mi | .= | 0,435+ . - -1 7.5 -
S S LR o 39.0» 1 05435 |- - = ol -
G - 30.0 - 28.0 .- -
W | s s | - | - | - i
" *- Control Variables: Systems A~H
Flight Condition s o (in) 6 (in)
Hover 2.19 0.336
Approach 2.45 0.404
6-3
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Recall that the dynamics of the system to be controlled by the pilot are.

given by

x = Ax+8Bu+ Ew” - | | ‘(Aé"')

where the state vector x consists of the vehicle states shown in Table 6-3 augmented by
shaping states for the disturbcn‘cjéé'. ~ From the CH-46 results it was concluded that a
first~order wind gust in both the forward and vertical directions prbvided a sufficient
dvisfurb‘cn,ce‘ input to the system. Consequently, the sysremr_'sfafe_x‘ in Equation (6-1) is

augmented by two wind gusflvelo'ci.fies given by

i

‘ w -wW / T +tw
gx gx’ x X
(6-2)

w = =w T+
gz gz/z Wz

Again from the CH-46 results the time constants T and T, were each selected as ten
seconds, and the power of the white driving noises (wx, vwz) were chosen to give an
rms gust velocity of 3 ft/sec .

The quc:drcmc syn’rhesns techmque was cpplled for the above welghhng func— '
tions at hover and cpprooch to generate the closed loop .system matrices for Sysfems B

through H (the wind disturbances were not included in this process). The resulting *

closed loop dynamics for each system are shown in Figures 6-1 through 6-7.

6.2 DISPLAY LEVELS

The optimum control pilot model was used to determine the attention alloca-
tions and system performance at the information level and at the display element level
for each of the systems described previously. Without flight director signals, the-

* control performance metric weights quadratic terms for each of the basic aircraft states
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Figure 6-6. System Dynamics Matrices, System G.
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(excluding gust states) and the pilot control input rates, as discussed in Section 2.

Recall that the displayed information vector presented to the pilot is

y = Cx+Du - (6-3)

For the information IeQél and the display element level without flight director, the
matrices C and D are shown in Figure 6~8. Desirable maximum allowable values (2 o)
are presented in Table 6-4 for each of the basic vehicle states and for the confrol rates.
Table 6-4 also shows the indifference thresholds for each of the displayed states. As
discussed previously, these are taken to be 1/4 of their re%pecfive maximum allowable

values in the cost functional.

Flight director algorithms were obtained for each automation |eve|/f|ighf
condition as described in Section 4. ~ The flight director commands were simplified by

neglecting cross coupling terms to give the following general forms:

FD, = K x+K.8 + KVX Vit Kqa
(6-4)
FD_ = K_z+ sz v,

r4

Table 6-4. Control Cost Weighting Functions and Indifference
' Thresholds for CH-47. ' Co

Variable Units ' Ma)g::sl;n;:u\,/,il;;z; for Indifference Thresholds
' - Hover 60 kt Descent Hover 60 kt Descent
x ft 5. 25. 1.25 6.25
z ft | 5. -25. 1.25 6.25
8 deg 1. 1. .25 .25
Vx . ft/sec 1. 2.5 .25 625 .
v, ft/sec 1. 2,5 25 - .625
q deg/sec-| -0.5 Sl 0.5 A25 |- .125
6e .in/sec 2. Y A R
6c in/sec 2. 2. ] === eeeea
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Figure 6-8. Display Vector for Basic Information.
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The flight director signal rates were obtained by simply differentiating Equation (6-4)
and substituting from Equation (6~1). The effect of the flight director signal presence
on the pilot strategy is taken into account by including the flight director signals in
the control cost functional. The maximum allowable values used to weight these sig- 7
nals in fEe cost functional are obtained from the maximum allowable excursions of the

position states, e.g.,

(FD ) | +]K_ ()

X‘max

K ()

max I

max 0

(6-5)

(FD)) K, (z)

zZz'max | z max I

Finally, the indifference thresholds for the flight director signals are obtained in the

standard 1/4 of the associated maximum value, i.e.

(FD_) /4

X

min (FDx)max

(6-6)

(FD,) (FD_) o/

min max
The resulting flight director algorithms, indifference thresholds, and control cost

weightings are shown in Figures 6-9 through 6-15 for the seven automation levels.

6.3 PRO GRAM PIREP

Program PIREP is an interactive program that predicts human operator per-
formance and response characteristics in complex control tasks involving varying levels
of control automation and pilot monitoring. The human operator model is based on
optimal control and estimation theory coupled with a mathematical description of the
human's limitations. The basic underlying assumption is that the well-motivated, well-
trained human operator behaves in a near optimal manner, subject to his inherent
limitations and constraints and his control task. The program subroutines are written

in Fortran |V and have been operated on PDP-10, I1BM 360-65 and CDC 6600 computers.
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GL-9

FLIGHT DIRECTOR SIGNALS ()| i
HOVER
FD, = .0321x-21.350 +.2355V ~-18.33q " 0.60 0.15
FD, = -7.5776-.0653V, + .4391 q - 6.207 &_ 0.075
FD_ = .069z+ .3406 V, 0.40 0.10
FD, = -.0208V, -2.869 5_ 0.05
APPROACH
FD, = .0046x -5.6176 +.0892V, - 14.29 q 0.21 | 0.055
D, = 26,02 6 + .0753 V +19.40q - 5.663 5 0.028
FD, = .0223z+.1866V, | | 0.56 0.14
FD, = -.0735V,-1.669 5_ 0.07

Figure 6-9. Flight Director Algorithms, System A.
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9L -9

FLIGHT DIRECTOR SIGNALS (D) 'Th‘r’:iz-‘ .

HOVER | |

CFD_ = .0090 x - 5.487 0+ 0663V _~4.168q 0.16 0.04
FD, = .49906-.0120V, +5.103q - 5.599 q_ 0.02
FD, =  .0696z+ .3406V, | 0.40 0.10
FD_ = -.0208V, -2.869 5_ 0.05
APPROACH |
FD =  .0022 x =2,7908 + 0397 V_~5.762q 0.10 0.025
F'DX = 10,596+ ,0221V_+12.63q-5.283q_ 0.013
FDO, = .0221z+.1882V, - | 0.55 0.14
F.DZ = =.0715V_ - 1.648 5 0.07

Figure 6=10. Flight Director Algorithms, System B.
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LL -9

: Indif.
FLIGHT DIRECTOR SIGNALS ()| it
" HOVER
FD, =  .0061:x - 3.036 6+ .0453V, -2.854q 0.10 0.025
FD, = 4.1786 - .0063V, +3.644 q - 5.633 6_ 10.013
FD, = .0696z.+.3406V, 0.40 0.10
FD. = ~.0208V_ -2.869 3 0.05
z z [of
APPROACH
FD, = .0017:x - 1.137 6+ .0299 V, - 4.579 q 0.062 | 0.016
FD, = 13.716+.0124V, _+9.563q-5.339 6_ 0.008
FD, = .0220z+.1825V, 0.55 0.14
FD. = ~=.0701V_ -1.633 - 0.07
.4 z C

Figure 6-11, Flight Director Algorithms, System C.
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C

) indif.

FLIGHT DIRECTOR SIGNALS. C(FD), | pei
HOVER
FD, =  .0060x-2.9726+.043V -2.9784 0.10 0.025
FD, =  4.5210 - .0085V +4.019q=-5.9450_  0.013
FO, =  -1.962z-12.51V, 0.60 0.15
FD. = -1.920V_ - .0244V_ 0.075

z z ZC
APPROACH
FD, =  .0006 x +.2490 6+ ,0057 V, - 1.220q 0.020 | 0.005
FD, =  7.0806 - .0169V, +4.356 q - 4.695 6_ 0.0025
FD, = -1.261z-9.363V,-. \, 32, 8.0
FD. =  4.052V_-1.364V 4.0
'Z z ) z.

Figure 6=12. Flight Director Algorithms, System D,
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~NLA Indif.

FLIGHT DIRECTOR SIGNALS ‘ (FlD)max it
HOVER
FD_ = .0058x-2.8520+.0428V -2.684q 0.10 0.025
F.DX = 4.002 6 - 0078V +3.463 q - 5.378 0_ ' 0.013
FD_ = -4.280z-23.29V, 22. 5.5
FD = 2.636z+8.390V ~2.634z2 2.8
Sz _ z Cc } ‘
APPROACH
FD, =  .0008x+.0193 6+ .0067V, - 1.811q 0.020 0.0050 |
F'Dx = 8.4156-.0246V_+5.359 q - 4.900 §_ 0.0025
FD, = ~1.4782-18.96V, 37, 9.5
FD = ° .9349z+9.657V =~ 1.453 z 4.8

z , z e

Figure _6-153. Flight Director Algorithms, System F.
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0z-9°

| I Indif.
FLIGHT DIRECTOR SIGNALS (D) | iy
HOVER
FD = -.5956x+238.0 0-2.637V, +229.6 q 5.2 1.3
Fbx = -393.80+6.196V -302.2q-5.474V 0.65
, . C
FD, = <4348z -23.62V, 22. 5.5
D = 2.676z+8.518V_=~2.676z 2.8
z ) z [+
APPROACH |
F.D;( =  =,0588 x + 3,334 6 - ,0970 VvV _+137.8q 1.6 0.40
D = -611.20+3.747V -385.6q-4.958V, 0.20
(o]
FD. = ~-1.331z-17.73V_ - 33. 8.5
z z .
FD. = 1.031z+9.362V_ - 1.460 z 4.3
z z (o} "

Figure 6~14, F‘lighf'Director Algofifhfné, System G.
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Indif.
FLIGHT DIRECTOR SIGNALS (D) | T
HOVER
FD, =  -.2078x+569.8 6~ 5.652V +558.3q 1.2 2.8
FD, =  5.517x-10520+20.16V, - 767.1 q = 5517 x_ 1.4
FD, = -4.380z-23.78V, 22. 5.5
FD. =  2.697z+8.580V_ -2.697 z 2.8
r4 z c
'APPROACH
FD, =  .7899x-30.100+3.719V_+494.4q 21, 5.5
FD, =  4.894x-2490 6 +33.48V, - 1458 q - 4.984 x 2.8
D, = - 1,058z - 15,42V, 28, 7.0
FD =  1.3382+8.970V_~1.498 z 3.5
4 z Cc

Figure 6-15. Flight Director Algorithms, System H.




The inputs to the program include the vehicle description (system dynamics,
input disturbances and displayed variables), task description (cost functional weight-
ings), human description (subjective weighfi_ngs, neuromotor time constants, time
delay, m'otor nc;ise and observation noise_), and fl;xe available capacity for control and/
or monitoring tasks. The outputs include the state, output and control variances; the
optimal allocation of pilot attention to the prescribed displays; control and monitoring
performance metrics; pilot describing function and remnant spectra; and the state,

output and control power spectra.

Figure 6-16 summarizes the important parameters of program PIREP for this
analysis. The seven control systems, four displays, two flight conditions and varying
control attention levels required over 200 runs of program PIREP. The following two
subsections present selected results obtained with program PIREP for the control and-

monitoring models.

System Dynamics A _ Attention Allocation.
(Automation Level, [ ' (Control/ '
Disturbances, etc.) |- . Monitoring)

Display Model Performance Metrics:

(Elements, —~———] PIREP |— (Jc, Jm', Gradients)
Thresholds, etc.) ‘

_Toi('g:loﬁ\:rf:lr}ﬁon RMS Predictions
Monitoring) - 7 . | : (State and Control)

Figure 6-16. Principal Inputs and Qutputs of Program PIREP.

6.4 CONTROL MODEL RESULTS

This subsection contains comprehensive results obtained using program
PIREP to analyze the control performance of the aforementioned control/display

configurations selected for the CH-47. For the reader's convenience, it is suggested

that Table 6-2 on page 6-2 be marked for convenient reference during the ensuing
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discussion. The pilot's total allowable attention to the longitudinal task was assumed
to be 0.6, leaving at least 40 percent of his time for control/monitoring of the lateral

axes and for miscellaneous duties (communications, etc.).

6.4.1 ATTENTION ALLOCATION VS WORKLOAD

Figure 6~17 depicts the relative attention (in percent of total control
attention fc) paid by the pilot to the display elements for the unaugmented helicopter
(System A) with only situation information. At both flight conditions, most of his
attention is on the pitch attitude indicator. From hover to approach, some of his
attention is -sHifted from ofﬁ‘fude to the position displays. For this simple control/
display configuration, his relative allocation of attention remains essentially constant.
For comparison, Figure 6-18 shows the relative attention allocation for System A with
a full flight director. Now the forward flight director is the most important instrument,
followed by the pitch indicator; the vertical flight director is significant only during
hover. For this configuration, the pilot spends a lower percentage of his time on the

- x flight director, and more on the attitude indicator, as his total available c.ontrol |
increases. Figure 6-19 shows the predicted rms system performance for the unaugmented
system without a flight director. In general, the performance improves as the pilot
spends more time on the longitudinal control task. The hover errors are consistently

lower than those during approach, reflecting the cost weightings of Table 6-4.

Figures 6-20 through 6-31 compare the fractional control attention alloca-
tions for the other six automation levels with no flight director and with full flight
director. In general, as the control system automation increases, the pilot is able to
direct more attention to the vertical information and thereby improve the total perform-
ance cost {e.g. Figures 6-28 through 6-31).. Also, as his total control attention
‘increases, he tends to spend slightly less time on the flight director signals and more on

the raw data.
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Figuré 6-17. Attention Allocation vs Total Control Attention
' (System A - No Flight Director). .
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Figure 6-18. Attention Allocation vs Total Control Attention
(System A - Full Flight Director).
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Figure 6-20. Attention Allocation vs Total Control Attention
- (System B = No Flight Director).
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Figure 6-21. Attention Allocation vs Total Control Attention:

(System B - Full Flight Director).

6-28

AEROBPACE SYSTEMS, INC. ¢ ONE VINE BROOK PARK ¢ BURLINGTON, MASBACHUSETTS 01803 » (817) 272-7817



" HOVER

100

-~ APPROACH
_
80

g T B Bt 0
6”60 |-

.20 |-

Fractional Conirol Attention, f
. D

0 6.0~ 0.2 03 0.4 0.5 0.6 0.7

Total Control Attention, fc

Figure 6-22. Attention Allocation vs Total Control Attention
(System C - No Flight Director).

6 -29

AERDSPACE BYSTEMS, INC. + ONE VINE BROOK PARK ¢ BURLINGTON, MASSACHUSETTS 01803 « (817) 272-72817



HOVER

-- APPROACH

100

80

C.

(%)
o
o
1
x M
\
I
l
/
/
/
/
/
/
y

c

2

-lc- p—

2

< 4 L

©

8

V) |~

E

'9 20 =

3]

2 B

159 R
0 1 | : | I
.0 0.1 0.2 0.3

Total Control Attention,- fc :

Figure 6-23. ‘.AfféntIOn Alioccfioh vs Total Control Attention
(System C - Full Flight Director).

6-30

AEROBPACE S8YSTEMS, INC. ¢ ONE VINE BROOK PARK: ¢  BURLINGTON; MASSACHUSETTS 01803 ¢ (817) 272-7517



HOVER

--------------- APPROACH

100 - | ©
80 -

g T

L9 60 |

c

9

E aaad

9 .

< 4 k

S

E

]

(¢} e

)

B

s 2 r

S

2 -
o | I BT REN ] - |

0 0.1 0.2 0.3 0.4 0:5 0.6 0.7

Total Control Attention, fc
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6.4.2 SYSTEM PERFORMANCE VS WORKLOAD

Figures 6-32 through 6-35 present the overall performance cost variation
with workload (e.g. control attention) at hover for each control/display configuration.
Increased aufomc-wion improves performance for a given workload, regardless of the
display provided. Comparison of these figures shows that the vertical flight director
alone helps only system G's performance, while the forward flight director improves
all systems' performance. However, the full flight director gives only a marginal

improvement over the x flight director by itself.

Similar résults are obtained during the approach, as shown in Figures 6-36
through 6-39. In nearly-'a||>conﬁgurcﬁons the overall performance is better during the
approach than at hover-. HoWever, the performance of System H (full position feedback)
is approximately the same for both flight conditions. Moreover System H shows very
little sensitivity either to the flight director level or to the total control attention at
both flight conditions. This result is as expected, since System H is essentially a pure
automatic system. In general, the more automated systems become considerably less

sensitive to workload variations .T

6.4.3 PREDICTED RMS PERFORMANCE

Figures 6-40 and 6-41 show the rms; position and attitude error contributions
to the overall system performance, at a "comfortable" workload of 0.4. The position
errors are considerably lower at hover than during approach, while the attitude errors
are nearly the same; this reflects the higher penalties on x,z in the performance metric
at hover (Table 6~2). In general (exceptSystem D), the errors tend to decrease with

system automation and the flight director also reduces the errors.

_ TAn exception of these generalizations is System D, whose predicted performance is
extremely good during approach and very poor at hover. The erratic results are not
yet fully understood, but it appears that numerical difficulties with this system are
producing two local minima in the optimization algorithm.
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6.4.4 ATTENTION ALLOCATION VS CONTROL AUTOMATION

Figures 6-42 and 6~43 compare the fractional control attention for the various
levels of control automation, with no flight directors and with full flight directors
respectively, and at a "comfortable" pilot workload (fc = 0.4). These charts indicate
the comparative importance of the instruments as the flight conditions change and/or
as the system automation changes. For example, in Figure 6-43 the raw position
instruments are used infrequently in all systems, parﬁcularlty during the approach. As
another example, adding pitch rate feedback (System B) and pitch qtfifude: Fe;edback
(System C) allows the pilot to shift some attention from the attitude indicator to the

vertical instruments (z and FD,), thereby improving his overall performance.

6.4.5 ATTENTION ALLOCATION VS DISPLAY SOPHISTICATION

Figures 6-44 through 6-50 show the change in fractional control attention with

display sophistication for each system at f, = 0.4, They illustrate the importance of the :
available instruments at a fixed workload for each level of control automation. The
information. level results demonstrate: the importance of the rate information from each
‘instrument. [t is interesting that although the pilot spends a large fraction of his

available attention to the z flight director (when provided), this does not achieve a

significant improvement in performance.

6.4.6 CONTROL/DISPLAY CONFIGURATION EVALUATION

To evaluate the various control/display configurations, the workload for
each can be normalized to a specified minimum acceptable performance. The

performance cost for longitudinal control of any system is defined as
: .

_ , 2
J|° - §]: [cxi/(xi)mcx] (6=7)
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where . are the predicted rms state errors (x, y, 8, etc.) and (xi)mox are the corre-
i :
sponding cost functional weightings given in Table 6-2, which correspond to 2 values.

If we specify the minimum acceptable performance as 1o errors in all states, i.e.

x) /2 . (6-8)

i’‘max

~ the maximum allowable value in Equation (6-7) is:

P max

0 = 6(1/22=1.5 - 69

- For the IOngifludinal control task, the maximum capability for both control and monitor=
ing is about 0.6, and a "comfortable" value for control is fc - 0.4‘. By defining ar;:
occe;;fable wprk‘load- to be 1— 0.1 from the comfortable level, t]j_e.nconf'rol/disploy con-
figurations can all be classified into three categories (unoécepfablé, acceptable,

excéllenf) as shown in Figure 6-51.

Applying this normalization fechniqﬁe to the c;:ndidafe ;onrrol/disploy
systems for the CH;47,: we obtain the perfo;'monce evaluation shown in Figure 6-52
for hover and!cpproach. Besides'quanfifyiﬁg f|:1e well-known concep}ual plots of
control automation vs display sop’hisficafiont, Figuré 6-53 provides a great deal of
information on the various configurations. For example, System C'is cccepfoblé in
both flight conditions if at least an x flight director is provided. However, if the
flight director should fail, the performance would be unacceptable in the hover

condition.

¥

If the System D results are neglected, it is possible to sketch contours of constant
workload as functions of control automation and display sophistication in Figure 6-52.
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Figure 6-53. Average Gain Flight Director Algorithms.




6.4.7 FIXED-GAIN FLIGHT DIRECTOR

The flight director algorithms presented in Subsection 6.2 were designed spe=~
cifically for fhe'givennfliight conditions. This implies t-he flight director computer would
have fc;vary a" the gains as the flight conditions change. As an alternative, a preliminary
analysis of a fi*ed-gain flight director was conducted, The technique used was simply
to average the "optimum" flight director algorithms for hover and approach. The control
co'st weightings and indifference thres;holds are based on the maximum permissible position
and attitude errors, which are the'apprc;ach values. The resulting flight director signc\sv

are shown in Figure 6=53 for Systems C and G.

Figures 6=54 and 6-55 compare the respective system's performance at hover and
cpg'arocch. For comparison, the corresponding performance with no flight director and
with the optimum (variable-gain) flight director is shown. Obviously, the optimum flight
director is significantly better than the fixed-gain flight director for both systems. For
System G, the fixed-gain flight director performance is about midway Beﬂrveen the optimum
flight director . and that with ‘no_flight director. However, én System C, the fixed-gain

flight director is no better than having no flight director at all.

- Obviously, it is impossible to draw general conclusions from this brief exam-
ination, but it does appear that some form of flight director gain adjustment or sensitivity
switching may be required to meet the desired system performance throughout the flight

regime.
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6.5 MONITORING MODEL RESULTS

Having established the necessary control workload and corresponding per-
formance, we can turn to the pilot's monitoring capability. Referring to Figure 6~51
the minimum control workload is determined by jp =1.5. If this is less than f o= 6.6,
the difference between 0.6 and fc is available for monitoring the status instruments, as
described in Section 2. Applying the monitoring model described in Section 4 to each
acceptable syst.er’n,. we obtain the monitoring performance shown in Figure 6-56‘.‘ It is
infere;fing to note that monitoring performance does not always improve with in;:reased
automation. However, looking at the combined control and mor;iforing performance,
Figure 6-57, we see that increased automation generally does ihprove total perfor-

monce;
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SECTION 7 A
DISPLAY CONCEPT AND FORMAT

Although no unique transformation from analytically determined information

requirements to display layout is available, there are nonetheless a number of important

design principles which must be taken into account. This is of particular importance

when dealing with integrated displays and with the problem of VTOL control.

Some of these principles, outlined in-Reference 20.and reiterated below, are

generally useful in the design of ‘flight control displays.. They are not in any sense

fundamental rules, and individual display situations may call for variations in their

application. These principles are supplementary to the generally accepted conventional

display criteria relating to instrument design, including location, size, contrast,

quantization, and display-control compatibility.-

e Operator Centered and Oriented Display = This is an extension of the
inside-out display principle for integrated displays and favors a pre-
sentation with the aircraft position and orientation fixed in the dis-
play and the other pictorial information (horizon, glide-slope, hover
point, velocity impact point, altitude reference, etc.) moving with
respect to this reference.

e Geometric Real World Compatibility for Pictorial Displays - Although

the integrated display is not in general a contact analog (and

typically includes command and/or situation information not present
in the VFR view), such pictorial information as is present should be
compatible with a view of the real world situation. The integrated
display is at its best when the information contained in it is perceived
by the pilot as a single complex picture giving all the attitude and
position information required, rather than as a densely packed code
- through which he can successively determine the aircraft flight path.

e "Status ot a Glance" for. Situation Displays - In keeping with geometric
real world compatibility, the essential elements of the display must
be clearly delineated by size, shape, or color and coordinated with
respect to one another so that the status of the aircraft, especially
in unusual attitudes, is immediately obvious and does not require.
element decoding.

AEROSPACE SYSTEMS,
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e Predictive Capacity - In addition to indicating the current state of the
aircraft, the integrated display must readily show the dynamic situation
so that the futpre state can be easily surmised. This kind of information
is necessary for lead generation in fast loops such as attitude control and
for planning maneuvers in guidance or collision avoidance. Display
quickening, explicit rate symbols, display prediction, and historical
trail markers may all be used to this end, and should follow the practice
of derivative information "leading” the variable on the display.

o Geometric Sensitivity and Scaling = The symbols and elements in an
integroted display must move far enough and fast enough so that the
pilot will be able to ndtice the motion and estimate its magnitude in
performing the appropriate control response. Maximum range and
desired pilot gain in each loop must be considered in scaling the integrated
display elements for various phases of flight. .

e - Use of Digital Information Where Required -"An exception to the pictorial
compatible principle is in the display of information which is slowly
varying and which must be read accurately over a large range. In this
case, the judicious use of some digital presentations on the integrated display
is appropriate. As a simple example, altitude may be displayed digifolr ;
although altitude deviation from a glideslope is best handled by analog
motion of lines in the display. The-amount of digital information should

be kept as small as possible, displayed only when necessary (perhaps on
pilot demand), be legible,and contain as few digits as absolutely required.

‘These design principles were adhered to in the development of straw-man display format
concepts for-the implementation of Systems C and G designed and analyzed in the

previous sections.

7.1 STRAW-MAN DISPLAY CONCEPT - PANEL LAYOUT

The general layout of the display panel is illustrated in Figure 7-1. Details

of the ADI and HSI differ between SystemsC and G. However, since both systems assume
dependence upon a flight director, they are treated as integrated command displays

rather than situation indicators. Although a full complement of flight instruments is
anticipated, inthis discussion we will ‘concentrate only on the instruments essential

for the flight control functions considered in the study and will therefore limit the consid-

- eration to the quantities displayed on the ADI, HSI and altimeter. The assumption is

made that the pilot derives vertical rate information from the altimeter rather than

from an VSl in both Systems C and G.
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7.2 ATTITUDE DIRECTOR INDICATOR (ADI)

In SystemC the pilot's control task consists of primarily following the flight
director commands for aircraft attitude and collective pitch. The ADI format shown in
Figure 7-2 is based on the well accepted moving aircraft symbol flight director and
artificial horizon ball with modifications for VTOL applications. Indicated and
commanded roll angle are scaled one to one. Pitch angle is scaled to permit display of i5°

~of pitch on the attitude ball permitting the pilot to resolve changes in pitch angle of
less than 0.25 degrees. The turn rate indicator at the bottom of the ADI has the

" capability of including a commanded turn rate independent of the commanded roll angle
_'if so desired. |t also indicates lateral acceleration in the conventional manner. The
additional indicators on the right side of the ADI are for use in the commanded collect-

"ive for independent control of altitude. Consistent with the other elements of the

viflighf director system is a pursuit- display with commanded and actual collective stick

indicated on either side of o fixed scale.

The principal differeﬁce in the ADI format for System G is the attitude informa-
“tion displayed on the right side of the instrument. The ADI as used in System G becomes
strictly a secondary monitoring instrument for attitude and turn rate. The flight director
. symbols are normally not displayed, and as envfsioned in-System G, not utilized. The
collective indicator on the right side of the ADI in System C is not required for System

G.

7.3  HORIZONTAL SITUATION INDICATOR (HSI)

The HSI is discussed first for System G where it is used as one of the two

- principal command instruments for the pilot's direction. In System C the HSI is used
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as a secondary situation indicator only while the pilot flies the vehicle using attitude

commands from the ADI. Consequently the HSI for System C will be simpler.

The HSI format shown in Figure 7-3 is a heading=up moving-map display with
command information on required x and y velocity. The aircraft symbol in the center
of the display is surrounded by range rings of a variable scale which may be set manually
to a pre-selected sensitivity indicated by the number of feet for the first ring, or in an
automatic mode. The automatic rﬁode:selecfs the scale sensitivity which is the highest
possible one that does not placé* the londing-pod off the screen. The landing pad indicator
which is used principally in the final phases of descent does not move entirely off’
scale when a range sensitivity too great to permit it to be displayed is selected. Instead
it is moved to the edge of the display and indicated with a semi-circle rather than a full
circle, to indicdte the relative d‘ire.c.fion to the pad. The compass rose fixed to the
mo ving map indicates heading in fh’e conventional manner for System G. A command

heading bug is also available as a supplementary flight director output.

The pilot uses the HSI in System G principally as a horizontal velocity
command display. The command velocity is shown as an open arrow with origin af the
aircraft symbol, indicating bof.h magnifudé and direction of the commanded horizonfcl
velocity. Full scale on the command velocity vector is token as 100 kt. The actual
velocity vector indicated by the solid arrow with origin at the aircraft symbol is the
quantity directly confrolléd by the pilot's control stick in System G. To follow the flight
director commands. the pilot must line up the tip of the actual velocity vector with the
command velocity vector. In this pursuit display the accuracy with which the align-
ment can be resolved is of the order of 2 percent of full scale or approximately 3 ft/sec

. which is greater than the assumed indifference thresholds for velocity. Small errors in
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velocity matching, however, are detected by the rate of change of the track position

error crosspointers.

When the aircraft is within 50 ft of the commanded position for hover or
descent the crosspointers indicate cross-track and along-track position errors. Each
ticmark is a nominal error of 25 ft. The crosspointers are not on the same 'scale
as the moving ‘map range rings and cré u.s;ed for -a fine error adjustment on velocity
control, They are consistent with the other flight director information in being
a "fly-to" display in which the aircraft symbol is flown towards the intersection of the
crosspointers in order to null the error. Drift of the crosspointers is the most sensitive
indication ;)f a lack of pe;'fecAf alignment of the command velocity with the actual

velocity.

7.4 ALTIMETER

In System G the:clfimefer is one of the principal flight director instruments
enabling the pilot to use the vertical command to.achieve the altitude hold or altitude
track required by the flight director. At the same time, however, the oltimetér must
serve as an accurate situation indicator to indicate a;fual altitude for monitoring pur-
poses in both Systems C and G. The solution to these conflicting demands of range
and precision is a type of combined digital and moving tape display as. illustrated in

Figure 7-4.

The first three numerals are a digital display giving altitude in hundreds of
feet. To the right is a moving tape giving altitude to the nearest foot. The portion
of this tape centered within the viewing window is the actual altitude at the mid-point
with a visible range of + 10 -ft. This accuracy of altitude information is available from
the radar altimeter.in the h‘ovef case. To eliminate difficulty of reading the moving

tape, the information will be filtered at a corner frequency of about 1 Hz prior to being
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displayed. Altitude rate is not assumed to be displayed explicitly on an 1VS] in these
systems, but rather is assumed to be determined by the pilot implicitly from the altimeter.
This is particularly easy for low altitude rates using the moving tape which moves upward
or downward at a speed proportional to altitude rate. (Transfer of a numeral through the
moving tape window in one second, indicates a 20 ft/sec ascent or descent rate. Drift

of less than 0.25 ft/sec will be observable).

The commanded altitude is indicated in System G in two ways: by a
numerical six-digit command which is set either manually for an altitude hold or by the
flight director system for confrol descent, and by a command altitude bug which moves
up and down to the right of the cltitude moving tape. The command bug is at the same
scale as the moving tape dltfmefer when the commanded altitude is within +10 ft of
the actual altitude; Foweve;, ]‘he.c_or:nmond oifitude bué movéé over a vastly reduced
scale (approximately 100 ft per di\./is'i.on) when the commanded altitude is moré than
10 ft. above or below the_ocfuol altitude. " The predictive altitude symbol shown by
a solid circle is .confrolled directly by the vertical control stick in System G. The
pilot's task is to place the predictive altitude indicator at the same point as the
command altitude bug. In the situation indicated in Figure 7-4 for example, the
pilot would press down on the vertical control stick to move the predictive altitude
indicator down to the level of the command altitude bug which is indicating a commanded
altitude of 00225 ft. The predictive altitude and command altitude indicators would

both move up until they are aligned with 00225 in the center of the tape window.

The altimeter layout is the same for System C with the exception that the
predictive altitude indicator, command altitude bug and command altitude numeric

display are not present .
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. SECTION 8
.. SUMMARY AND CONCLUSIONS

This section presents a summary of the principal accomplishments achieved
during this effort and a review of the most significant results. The next section will
contain some suggestions for additional research and experimental investigations based

on the study results.

The primary accémp“shrﬁehf of this investigation has been the development
of 6 systematic design méfhodology for pilot displays in advanced VTOL aircraft for
commercial voperafic'ms. This desié‘ﬁ approach accounts for various levels of confrol auto-

. mohon and dlsplcy sophusflcahon. It is based on fhe ophmal control model for the humon
operclfor, buf mcludes severol sngmf’canf extensions in the sfafe-of—fhe-arf of pllof model-
ing. An explicit oﬂ'enhon allocahon procedure has been esfobhshed which defermmes
the optimal division of the pllof s I'ofcl attention between monitoring and control tasks,

and among the various displays available to him for each task.

The de5|gn 'mei;hodolog).' sepc':r’afes- the model into three levels of detail . At
the "information level," all of the sfate‘varidbles are assumed to be perfectly displayed
to the pilot. ‘Thus, the pilot. vh'asl pérfecf l;néwledge of each state variable and his al-
location of ;:ftenﬁon among these indicates their relevant importance in the ideal
situation. At the display element level the effects of pilot indifference thresholds are
introduced, and the pilot's ability to detect both-position and rate from a given dis=
play element is included. At this level the relative importance of each display ele-
ment is determined, and a more realistic.estimate of the overall system performance
is obtained. Finally, ot the "display format level" realistic performance estimates

~due to display thresholds, maximum deflections, instrument noise, scan frequency, etc.
are determined for an actual display format which has been designed from the display

element results,
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The design methodology includes a model for simultaneous monitoring and
control, which is based on the premisé' that the pilot first attempts to control the air-
craft toa given level of performance, and then uses any additional capability for
monitoring status information and/or automatic system performance. The model uses as a
metric for qor)fro! per_fgrmapce a quadratic function of the state errors. The control work-
load metric is the pilot's total control attention to all the displayed elements that is re-
qunred to cchleve a desured Ievel of sysfem performance The model opfimizes the
confrol performcnce mefnc by allocahng his fofol control cffenhon among fhe avalloble
.dlsplayed elemenfs. Then his avallable offenhon for momformg is determined as the
d:fference between hls fofcl ccpacnfy cmd fhat required for control to the given perfor—

mance Ievel. The model next determines the optimum allocanon of momtorlng attention
,a.mong the available status dlsplays an_d the overoll monitoring performance mefric which
is;‘é quddrqfic inde;< similar to the control pe“rformance. r'n‘etric. ‘ |

In summary, the VTOL display/control design.methodology is:

® Determme (x; .) ond (Jc) from mission requirements,
max max . . - © ;
e Select candldofe confrol systems.

° Calculc:fe Jc vs f. at the information level for each control
system’ (include dlrecfor/s’reermg commands).

e Choose display elements.

* o Caleulate J_ vs f_"at the display element.

o Detérmine fm = fTOT - fc and J,,, from monitoring model.
o Select display/control system.
o Select display format candidates.

- o Determine J., Jy vs f for each format,
o Select display format.

A computer program entitled PIREP has been devefoped to implement the

extended optimal control/monitoring mode! for the pilot. It can be used at the informa-
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tion level, at the display element level,-or at the disb’lay format-level, to determine

the optimal. allocation of pilot's attention for either monitoring or control, as well as

the associated system performance. The principal inputs of PIREP are the systemfdyndmics
(automation level, external disturbances, etc.}, the display model (display elements, =
threshold, etc.), and the total attention '(control/moniréring). The primary outputs of
PIREP are 'fh_e qpfimum. attention allocation ((control /monitoring), the system performance

metrics (Jc’ J ¢ cost gradients), and the rms-predictions (state, display, control).

The extended optimal control model for the pilot was validated by of’re‘r'hpﬁ_h'g.
to reproduce flight results obtained by NASA/LaRC with the CH-46 tandem’rotor heli-
copter. Descriptions of the CH-46 model ~following control system, evaluation display
panel, and the flight director algorithms were obtained from NASA publications. The
optimal control model was exercised at the display format level for a hover flight condition
and the results were compared w’ifh,li_mited _fl ight data. Both the analytical and experi-
mental results show that the pilot.could not.adequately hover without the flight director,

but that he had very little difficulty with the flight director.

A flight director design technique using quadratic synthesis was developed
as a straightforward means of generating flight director algorithms. These algorithms .
were designed to relate to the pilot task objectives, to minimize his workload and/or
improve his control performance, and to satisfy the pilot's desired goal of behaving ap-
proximately as a gain and time delo;'. The flight difecto:; signals are obtained as linear
functions of the system states a‘s a direct fallout fr9n.1_ the optimal control model. When
applied to the CH-46 helicopter, the f"ighf dfrecfor design 'recl&nique produced nearly
identical time constants 'fo those of the empirically déferm,ined flight director algorithms

used by NASA/LaRC.
A similar-approach using quadratic synthesis was applied to determine. flight

- control automatioh levels for the helicopter. By appropriately specifying the control
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and state yveighfs in a quadratic performance index, various levels of automatic:feed-
back. confrol systems.can be systematically designed. These range from a fotally manual
basic vehicle with no feedback to the fully automatic system with complete position

feedback.

- The display/control design 'méfhodology was then applied to predict the
performance of the LaRC CH-47 helicopter which will be used as the VALT research
aircraft. “Two flight conditions were investigated, hover ‘af sea level and an -approach-
ing condition at 60 knots and 1,000 ft/min. descent. Seven levels of control automa-

tion were considered: :-.

'@ Basic system-without any ‘feedback’
-o- Pitch-rate feedback™
- o Pitch-attitude feedback
- = - @ Pitch-attitude and vertical speed feedback
e Pitch-attitude and vertical position feedback
® Forward-speed and vertical position feedback

e Full position feedback.
Five display system levels were also considered:

e Information level

o Element Jevel with no flight director

e Element level with vertical .flighf director
‘e Element i'lzev‘el with horizontal Fliéhf director

"o Element level with vertical and horizontal flight director,

Cost weighfing functions and indifference thresholds for the CH~47 were selected based on
the desired performance requirements for an advanced VTOL commercial helicopter.
In general, fhe numerical results mdlcafed that the flight director does improve
system performance. Although fhls is a fairly obvious and expected result, the model does
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provide quantitative indications of the performance improvement with the flight di-
rector.. The results also showed that the vertical flight director provides-marginal
performance improvement; most of the performance gain is produced by the forward’
flight director. The CH=47 results also showed that control automation generally
improves Rerformonce Again, this is an:obvious and expected conclusion, but the -
model provides quantitative measures of the performance improvement for various auto--
mcfion systems. Moreover, in order to achieve the desired system. performance, some . -
- level of .automation will be required for most advanced VTOL missions, The numerical’
_ results showed that- at hover and approach the CH-47 helicopter without control’
automation cannot be flown to an acceptable performance level. They also indicated-
.that the hover. conditjon.is considerably more difficult than .fhe opproa-ch. However,
increasing system automation tends to reduce fhe difference in difficulty between:the
two f||ghi' condlhons. Also, the more. outomohc systems tend to be |ess sensﬂuve fo
pllof workload varlohons, as outomohon mcreoses, the slope of fhe performance curve
versus wor;kloud |§ lower. Thls'mean_slfhot other temp.oraryvdemonds on the pilot's at-,
fenfioo wi>|| oouse less de‘tNel;'iorofion in s‘yg,tem performance as automation increases.

A fixed-gain flight director was used to examfné the effects of changing: -
flight conditions on system performance. This flight director used the average of the . -
hover and approach gains and was examined af both flight conditions for fwo automa-
tion |eve|s. At the |ower outomohon level fhe fixed-gain flight director was no better
(perhaps sllghfly worse) fhon no fllghf dlrector at all; whereas in the other case, the
flxed-gcun flight dlrecfor performonce lay obouf mld-woy between the ooptimum flight
director and no flight dlrecfor. From fhls ||m|fed exommohon, it appeors that in

general the fl ight director goms wnII probobly hove to be od|usfob|e fo handle a wide

'rcmge of flight conditions.
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The relative importance of the individual display elements was clearly
demonstrated for all display sophistication and control automation levels. The model
provides a quantitative measure of the relative importance of each display element by
means of the optimum attention allocation. For example, at a given level of control
automation and control attention, the information level results show that the pilot is
far more. interested in forward and vertical velocities and pitch rate than he is in the
position and attitude elements. As the display sophistication increases == that is as ver=
tical, forward, and full-flight director signals are provided -- he spends less attention
on the situation displays and more on-the flight director signals. Similarly, as system

automation increases for a given display configuration, the pilot adjusts his attention
accordingly. For example, as pitch-rate feedback and pitch-attitude feedback are

included, he spends less time on the pitch display and more time on the position display.

“The momtormg model conflrms fhe a prlorl con|ecfure that more monitoring
generally i lmproves system performonce, since more momformg time implies |ess confrol
workload. However, it is mteresflng to note that momforlng performance itself does

~ not necessarily improve either with increased s}Isfem automation or-with display
sophistication. Several questions still remain regarding the interpreting of the monitor=

ing mode! and merging the monitoring results with the control results.’

'The actual design of a display format is still far more of an art than a science.
However, there are several dexsign principles that should be used to simplify the

translation of display element analytical results to the instrument format:

) Operafor Cenfered cnd Criented Displays
® Geomefnc Recl-World Compatibility for Pictorial Dlsploys
e "Status at a Glance" for Situation Displays

e Predictive Capacity
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e Geometric Sensifivify and Scaling

e Digital Information Where Required

Using these principles, a straw-man display concept was designed in an attempt to

satisfy the results of the optimal control/monitor model for the CH-47 with two levels

of control automation. These control systems were pitch-attitude feedback with no
vertical feedchk and velocity command with altitude hold. The three primary instru-
ments of interest for Bofh cases are: the attitude director indicator (API), the horizontal
situation indicator (HSI), and the altimeter. For the pitch-attitude feedback system, .
the ADI provides all four fl ight director commands in cddifiorp to pitch and roll attitude
information, while the HSI and the altimeter provide accurate situation informaf.iono

For the velocity command system, however, the ADI is primarily a monitoring instrument
and provides no flight director commands, while the HSI and the altimeter provide the |

principal flight director commands as well as situation information.
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SECTION 9
RECOMMENDATIONS

During the course of the study, several areas have been identified in which -
additional research is needed to define, test and validate the use of the pilot in an
automated VTOL aircraft operated as a.short-haul commercial aircraft. These subject

areas are outlined below.
9.'1 COMBINED L:ATER/,\L AND LONGITUDINAL ANALYSIS‘
The pilof/vehiqle/confrol system models, computer programs and design

procedures developed in the study should be utilized to conduct é combined lateral

and longitudinal analysis of pilot/automatic system task allocation for the VALT Project:

CH-47 helicopter. Such an analysis will ‘extend the results obtained in the present

study and will investigate a number of flight conditions including hover, straight-in

approach, turning approach and cruise. phases of flight.  Effects of wind gustsand . . -

wind shears should be included in the-analysis. Different levels of control automation
_ranging from fully automatic.to fully manual should be investigated. Consideration .

should be_given to use of an advanced stability augmentation system such as that-

designed for the VALT Project CH-47 helicopter. The work effort under this task

would culmingte in a recommended display/control system concept for the CH-47.
9.2 MONITORING MODEL INVESTIGATION

The investigation of the monitoring model developed in the study for
varying levels of automation should be extended. This effort would utilize the model
to determine the monitoring attention allocation to each of the primary instruments,
and to the longitudinal and lateral axes. Analysis and interpretation of the monitoring
model results obtained should then be conducted to determine 1) the effects of different
monitoring strategies (i.e., current status or future status) on attention allocation and
2) the extent to which attention used for control (f_) can also be used for monitoring.
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9.3 EFFECTS OF SYSTEM FAILURES ON THE PILOTING TASK

The effects of system failures on the pilofing.fosk should be investigated.
Representative failure modes should be defined (i.e., actuator failure, sensor failure,
etc.) consistent with the generic augmentation systems. The optimal.control model
developed in the study should then be utilized to examine the pilot control workload
and performance under the assumed failure mode conditions. For example, ‘results |

“could be obtained that indicate whether a flight director designed for a velocity
command system can be used when that ougmentctién ‘sysfem fails. 'Conside;‘cfion should -
be given to investigation of transient conditions to determine the time required by the

pilot to recover from different assumed failures. |

9.4 FIXED-BASE SIMULATION EXPERIMENTS

‘A series of fixed-base pilot-in-fhelloop simulation experiments should be
planned and conducted to 1) validate the extensions in the pilot model accomplished
during the initial phase of the study and 2) evaluate and verify the display/control
system concehf for the CH-47. The experimenfﬁ should be conducted initially on a
relatively simple and inexpensive interactive display facility such as @ PDP-11/10
and on the NASA VALT fixed-base display research facility with § good cross section
of subject pilots. Consideration should be given to experiments for measuring the
performance differences and subjective differences between integrated displays and
separate displays. Based on the results of the experiments, ‘mefhods for representing
appropfiafe cho'nées in the analytical model should be made. Experiments to measure
monitoring strategies in the simulation should be included to determine whether the
pilot CIC.:‘I‘UG”)/ uses a normative strategy (i.e., how he should do it) as represented in

" the present model.
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9.5 PILOT INTERACTION WITH AUTOMATIC SYSTEMS

The pilot's interaction with an automatic system has been only briefly
addressed by control theory models. Studies of this interaction should be conducted
to include factors such as pilot acceptance of the system; the "harmony" of the system
(does it respond the way the pilot thinks he would?); does the pilot interact with the
system by monitoring a closed-loop system or by "controlling" the open-loop system?
Actuator movement information can be presented to the pilot by dedicated displays,
or by control stick motion. In one case only visual information is presented (actuator
monitoring is done through the visual channel); and in the other case the monitoring is
done through the kinesthetic channel (thus allowing more time to visually monitor
other displays). The model should be examined to see whether differences in failure

detection times using these two methods can be accurately represented by the model.
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APPENDIX A

EQUATIONS FOR THE OPTIMAL CONTROL
MODEL FOR THE HUMAN OPERATOR

Al BACKGROUND

The human operator's basic task is to control, in some prescribed way, a
dynamical system that is subject to external random disturbances. It is assumed
that the system dynamics, which may include actuator, sensor, and noise dynamics,

are described by the linear, time invariant equations of motion.
x(t) = Ax(t) + Bu(t) + w(t) (A-1)

where the n-vector x(t) represents the vehicle state, u(t) is the human's control
r-input to the system, and where w(t) represents random external disturbances,
w(t) is assumed to be o vector of independent zero-mean, Gaussian white noises

with autocovariance
E{w(tw(o)}] = Ws(t - o-) | (A-2)

In controlling the vehicle, the human perceives a delayed, noisy replica of the m

displayed outputs y = Cx(t) + Du(t). Thus,
yp(f)=Cx(t- T)+Du(t-1')+vy(t--r). (A-3)

It is assumed that the control task is adequately reflected in the human's choice of
a feedback control u(-) which, in the stecdy-state, minimizes the general quadratic

cost functional
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I
J(u) = E;Tlli"w ]‘__ j y-(f)ny(f)+G(f)QrG(r)dr} (A-4)
.0 :

It has been shown that the control which minimizes J(u), conditioned on the observations

yp(-), i»s _genercred by the linear feedback law
T o) o) = - Lx(t) = u () (A-5)

where x(t) is the best estimate of the system state x(t) based on the observed data -

Yp (0),0<t. The matrices Ty ond L are obtained as

-1

NP2 Q
L =p) P
22 "12 (A-6)
where
1
Pt Pig
P = --a-=-
Fla v Py
satisfies the Ricatti equation
_ -~ .
0=PA_+A'P+Q-PB.Q B 'P | (A-7)
“where
1
A1 B 0 5 - & &
A =|l-a-- B_=|- - Q=¢'q ¢
°loto ° 11 4

and C = [C:D]
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Note that the Control Equation (A-5) can also be written as

) X
wu

where

cate mofalon 1 a=ly 1 f-1,0 -1
L, =Q 8P [Qr Pyo ! Q P22]— [TN L: TN]
The human operator injects noise into the generation of the control input.

_In the model, a Gaussian white noise Vi () is added directly to the "commanded '

~ control " uc(f) in Equation (A-5) with covariance
E fv, ) vip(@)} =V, 566 -9) | (A-9
Thus the human's control input .is assumed to.be generated by. - -
TNG ) +u(t) = uc(t) + Voo ®) , (A-?)
with
v () = -L x(t)

The estimate x(t) is obtained from the cascade combination of a Kalman
filter and predictor. Define the augmented state vector x(t) = [:g{l where the

new x(t) satisfies

x(1) = Ax(r) +B u_(1) + &) ' (A-10)
where
]
Al B 0 w(t)
A=|"T77, B=|" 77 Wty =|"37 7"
0 | -TN TN TN vm(f)
A-3
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The Kalman filter generates x(t ~ 7), the least-mean-square estimate of the delayed state

from

dit-n=Kt-n+z E‘V;l[fyp(f) - Cx(t = M +Bu_t - 7

(A-11)

where Vy is the covariance of the observation.noise vy(f), and 3 satisfies

0=Kz+zK'+W-zE'v;] Cz  (A-12)
wifH
1
Wi 0
2 i
3 'O:TN v TN .

The predictor generates. the best estimate ;(4(f) from the estimator output x(t = 7) '

according to the equation

~ R _
§(f)=eAT§(f-T) +feA(f-q)Buc () do (A-13)
f-7 , :
A differential equation for X(t) can be derived from Equation (A-13),

RO AR() + Ay Ev;‘ [y, ® = X (¢ = 7)1

*Bu -1 . (A-14)

A.2 STATISTICAL CHARACTERISTICS

A closed form expression for the covariance of x(t) may be derived

(Reference 21) as

A-4
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~ T~ ~
X = E{x(t)x'(f)} = eATzeXT +f erWeAada
0

+ f eAG eAEIE'V;] GEeA'T eA'o do (A-15)
0

where A =A - BL = Ao - E‘oL'l is the closed-loop system matrix.

There are three terms in X ; they arise from writing
X )= Ef(f) + Ep(t) + X (t)

where Ef(t) = filtering error, Ep(t) = prediction error and S((f) = "pilots" state
estimate. The covariance matrices for these terms are all affected by the time delay

with
Koo Rr  _ ((Rg o &
Ef=e TEe T ; Ep=fe TWe 7 do (A-16)
o

and X = E{x(t) ;é(f)} is given by the last integral term in Equation (A=15). Note
that X satisfies

AX + XA! +eATEE'V; CzelT =0 (A=17)

1

A-5
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APPENDIX B

ATTENTIONAL ALLOCATION USING THE
OPTIMAL CONTROL MODEL

The basic approach that we follow in applying the optimal control pilot model

to predict attention allocation among a set of display indicators is to optimize a quadratic

cost functional with respect to pilot attentional constraints. In order for the entire scheme

to be computationally attractive, the following must be accomplished:

° Relate attentional model paromefers_(}'i) to pilot model-parameters. .

e  Obtain an expression for J* = minimum J that shows explicitly how the

fi affect the various cost functional terms.

* - ’ Co
e  Obtain an expression for the gradient terms O3* that will be needed in

subsequent optimization olgorithms.

® Develop an algorithm to minimize J* with respect to the fe subject to

total workload constraints on fi.

In this appendix we discuss these items. The discussion is pertinent to a pilot control

task, although the concepts can be applied to a pilot monitoring situation as well.

B.1

INCLUDING ATTENTIONAL CONSTRAINTS

In the optimal control model, a fractional allocation of attention fi to the

informational variable Yi modifies the "observation" noise V),i (t) associated with that

variable (Reference 7). Thus, the noise covariance associated with y; is

where 6‘i
o.

N(Ui;

o

po
vy, = - 82
Yi f. |

= ci/N(oi)
RMS value of y,
describing function gain of threshold a;

a,
erfc

oz

B-1.

(8-3)
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The noise/signal ratio p? is the "full attention" noise ratio, which typically is 0.017 or
-20dB. Note that Equation (B-1) répre_se'nfs an implicit relationship-for the actual noise
variance V),i since 6i2 is itself a function of Vy' For a given p?/fi, the requisite Vy is
solved for via an iterative procedure.’ The quantity p?/i"i = p;is called the modified

noise/signal ratio.

The method that is used t6 determine how a pilot allocates attention ;:fhdng the
various.yi is to rﬁinimizé the.opfirricl control cost with ;'especf' to f; suEiécf:té constraints.
This step will require an iterative process to arrive at the optimal fir .where successive
iterates'f? result in lower values for the cost functional. The cost functional that is used

to determine the fi is

=m0 | ©-4)

v

where J(u) is the basic cost functional in the optimal control pilot model.

B.2 . EXPRESSION FOR OPTIMUM QUADRATIC COST, J*

In lieu of attempting to minimize the entire expression for J* numerically with
respect to f., it is more efficient to isolate those terms in J* that are affected by f..
Since changes in f. are reflected as changes in observation noise Vy; we first obtain

an expression for J* that shows the Vy dependence.
'I;hevcosf functional J(u), in the steady-state is given by
Jo) = ElxGx + Q0 | -5)
where Q is defined in Equation (A-7) and x is the augmented vector x = col [x, ul.

Equation (B-5) may be rewritten as

Jo) = H@X + QEE &) | -6

B-2
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AEROBPACE 8YSTEMS, INC.

where X = E{x()x'(t)}. Assuming optimal pilot control, X is given by Equation (A-15).
The control rate, G, may be approximated by the pilot's own estimate of U (as the actual

U is modeled to contain a white motor noise). Thus
;I L)e( - TN-]U

-]A ] -]
"TNU -TNL -TNU

- -1
-L]x - TN e

Ced
1
]
)

G - .
= . -7

where u_ is the error(u - G) Thus, since x and ug, are uncorrelated for optimal linear

estimation

. | 0
E(o o'} = L XLy + [0} To!|€ + E) [---- ©-8
{l_J.U 1T [ ! N:](‘ ) T,N']. S (B )

where Ef, E_ and X are the filtering error, predlchon error and (augmeni'ed) sfclfe estimate

covariance matrices respectively. They are given by Equations (A-16) and (A-17).

Substituting Equations (B-8) cﬁd (A-16> into Equation (B~6) yields with

optimal control,

{6, A Ar}+ ir {Ql f }

+rr{((~Q+L']QrL])X} -9)
Where
0 | 0
3, = @ + | —mdrmmmmmemmn - (8-10)
L ! -1 -1
01 MQ T\

The observation noise Vy affects only the error covariance matrix £ which appears in the

first and third terms Jyand Jyin J*. To show this dependence more clearly, we rearrange

Jge Substituting for X and using the cyclic property of the frace gives

B-3
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AEROSPACE

2 ~ A Bt ~ 1~ Ve
J3=rrfeA" @+14Q L) do . ATEVIE2NT (B-10)
3 .
But the integral term is identified as P, the solution of the Riccati Equation (A-7), thus

using Equation (A-12),

J3 = ¢r [eA'TP eAT (ZX' 4 X'E + W)] | (B"]])

which may be combined with Jy and rewritten as

oty = A AW + el @, + PR + KPR 5] 6-12)
The first term in the abc.we,exp‘ression is indepentlent of Vy and may be combined with
J2 whfch is also independent of Vy' Thus, the only term of interest that remains is
called the "scqnning cqsf":

JOH = part of J* dependent on Vy
= rr[eA'T'('C?)] + PR+ AP)eTE] O @-13)

This expression can be simplified by noting that
-1,

I
1
UV (AP AP I 0
Q +PA+A'P =|cmmcmmemeeee Fo——- —mmm—————————
| | o fea Q!
I 2% Foo N> 'N
b fQ-]P' = T-]LondT =lP_]Q so that
UrSe T2 N N 22 >y
Jo = L zLl) (B-14)
where Le- = "Equivalent" gains
_ 1/2[-1 : ] Ar ]
= Q. (TyL:0]e B-15)

B -4
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and T satisfies the variance equation .
0=Az+zZA+W-2CV ' 'Cz . ’ (B-16)

8.3 GRADIENT EXPRESSIONS

Minimizing Jg (and hence J*) with respect to fi represents a difficult nonlinear
optimization problem. The difficulty is two-fold. First, f. affects Vy in an implicit
manner; second, Vy affects Jg through the Riccati solution X . As it is unlikely that o
closed-form solution for the optimum f. can be found, the optimization process will be
carried out numerically via some form of gradient algorithm.

In order that the numerical process be reasonably efficient, it is desired to
' 3J, dJ, | '

or

0 Th ‘the Fime-
: aVy_ . Thus, t'he ,h“mez

. . . — i .
consuming process of numerically evaluating these derivatives can be avoided.

obtain closed-form expressions for the gradients

We wish to obtain the gradient vector

_ 0 . _
gf-_“éf_‘ 0 o - .. @']7)

Where the i’h element is . Consider a small change in f.. This will result primarily

in a change in Vy. (since Vy, = :o

noise variances Vy , | #i since o'i will be modified. Thus,
i

Jo
of; N
&i ) but will also cause changes in the other

dJy ) BJO . BV] N BJO . 8V2 .
of, BV] of. 8V2 of.
i i i

dJ [\ 3V.\ ol
e 2, Y= |2 20 (8-18)
AV of. of. oV
y i i y
and so the gradient vector becomes
3J 3y
g = —2 =12 (8-19)
T - 3V -
y
B-5
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dJ :
where 20 is the gradient vector of Jo with respect to Vyi' i=1,2,..m, oandT
is a "transformation" matrix where

oVy.
(D)., = i

o,
|

(B-20)

- Ay - . ; '
The gradient vector =9 can be evaluated using a technique of Kleinman

oV

(Reference 22) for derivatives of trace functionals. From Equation (B~16), the

chang-e~ |n Z due to a change in Vy to VY'+ 8V is given by
sTA! +Asz + 20 V;](GV)V;]EE =0 (8-21)

where ‘we note (V. + éV)";v;' ‘[l L5V v;’ 4 (6 - v;')2 ] The matrix
A=A -3C V;] C is the closed-loop system matrix for the Kalman filter and has eigenvalues
with negative rea|lporfs. The term G ==C' V;]' is the Kalman filter optimal gain matrix.

The solution to Equation (B-21) is given by
0 o . -
6Z ;feAc Go6VG! A Tdo (B-22)
0

SuBsfifufing into 6Jg = tr‘(LeG'E Le') gives

3,
—_ = diag (G'MG) 23
3V ag (B-23)
where
M =feA°L' L A %0 (B-24)
5 e e -

and is easily computed by solving the linear (Lyapunov) equation

AM+MA +1'L =0 , | (B-25)

B-6
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: )
The elements of the matrix I'must be computed, SinceV = -—?l—- o i2 ’
7i i .
we obtain
v, v, [&72 V. V. |
—Yi=_Yj se! = 6ij =F;.=_ZLSPY|' T (B=26)
3, f, i bog o T
l | I -
where S: is the used sensitivity coefficient, defined as
5 = 2x/x (8-27)
dy/y L
;2
If the terms Sf! happen to be << 1, then T is approximately a diagonal matrix
V ) L. 2 ’
~ - p; o
= riiz- le = - fl ! . ) (B"28)

Vy, 22

: i._ 0. . .3 .

R AR B LA (8-29)
Y,

so that if we can obtain SF : , the matrix I'is readily obtained. Since a change in fi

|
induces a change in all of the V),i , we.can.write

St = Sy - S (B-30)
i =1 Yk

using the chain rule for sensitivity coefficients. Defining the m x m matrices

-
Q=5 =y (8-31)
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and

R =S5 =r., ~ . (8-32)

we obtain, substituting Equation (B-30) into Equation (B-29),
" Q =RQ -1

or

Q = -(1-R)"] (8-33)
The matrix R is next obtained since the terms rii involve changes in the additive observa-
tion noises and not in the multiplicative ratios.

a2

B.4 COMPUTING THE SENSITIVITY MATRIX, Szi
i
| The main computations required above are iﬁ obtaining the matrix R. Below,
the method used to obtain R is described. We first consider the case of zero observational
thresholds for simplicity. (This case is pertinent to informational level studies or labora-
tory situations with high resolution displaysi) Modifications for the case when visual

thresholds c} > 0, e.g., when considering attentional allocation with realistic displdys,

are then presented.

The augmented state covariance matrix is given by

T ~ .
X = eATEeA'T + f eAaVVeAGdG
0

o
+ f eAG eAT CA + AT + V’\V/)eAI T eAla do (8-34)
0

B~-8
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and the covariance of the outputs is

~t ~

Y=E {y(t) y't)} =CXC
. 2. .
Conseque_nfly, the variance o is given by
0'2=c'Xc =fr{Xc c'}‘ | ' ) (8-35)
IRt SR
where c; is the i-th row of the & matrix. Substituting Equation (B-34) into Equation

(B~35) yields, after some manipulation,

0.2= tr { [cic; +K'Zi + Z;X] eATZ‘. eA'

T .
; } + terms inde~

pendent of Vy, (B-36)

where

Z; =fe 'GC. c! eAG do (B-37)
0 ,
and satisfies the linear equation
A-zi + zix + c,cl=0 _ | (8-38)
Since A = A - BL, the bracketed term in Equation (B=36) may be rewritéen as
H, =Z.BL+L'B'Z, o (8-39)

Finally, since

0,

62=fer GévV G eAlGda
0 : '
we obtain
30.2 °°A| T e N
3 ! = (G'./'eA(I eA H. eAT A%e . G)ii (8-40)
VYi 0 '
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so that

The above equations form the basis for the following algorithm to compute'R,

one row at a time.

\
Solve

Al Zi +Zi;&+cic; =0

]

Compute

=T (z,BL + L'B'Zi)eAT

Solve

AP+PA+H =0

!

Compute

\'%

Y; .
.. = 1L (G . 1=1,2,..
i ", (G PG)“ i m

Figure B-1. Algorithm for Computing R.

B-10
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To reduce the computational requirements in computing R, the n-x r matrices

(r = number of control inputs)

~1
eA TZiB i=1,...,m

are precomputed and stored. Note that these are dependent only on fhe ophmal feed-
back gains, and not on any noise statistics. Further reductions in compufchon are -
possible by using the linear equation algorithm of Bartels and Stewart (Reference 23)

that permits efficient multiple solutions of
XA +A'X = -Q

with different right hand sides. However, even without this algorithm, the computa-
tional requirements for R are less than those needed for one Riccati equation solution,

and must be termed slight.

e

‘The dbove developments c:ssumed'cxi =0, i.e., no visual and/or indifference

‘thresholds, so that the noise covariance associated with output y; is
V = —o0, (B=41)
When a, > 0, the effective noise covariance is determined from

o]
p-

v o= L2 (B-42)
f ]

i

where

-1

G = a/erfc (0\;2 ) = o[ Jz?r fme'x2 dx]

b
and b=a/0./2.

5.-11
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In the non-zero threshold case, the matrix R in Equation (B-32) is given by

a2 .
%; Vy. asi
(R)ii =5, =—1 (B-43)

. a2 3V

To relate this to the results of Equation (B-40), we write (since Gi does not depend on

N T Y- S
i = . [ i, i
_ 5 ,
avyi 30 avyi 30, 39, avyi
or
- , 8i o} ; ' ‘
(R)ii =S Sy | (B-44)

So that it is only necessary to obtain the m scalar quantities ,aai/aoi to include the
threshold effects, since the sensitivities ‘of_c,vi2 have been determined from the zero

threshold Equation (B-40). From Equation (B-42)

b2

d6; - -1
i = ]1.2be ~ [erfc(b)]
3 % N erfc (b)
or \
50 =l —_ (B-45)
i
Jr erfe (bi)
a. : ' :
where b, = :/_2— . Thus, multiplying the i=th row of the zero-threshold R by
o. :
i

. Equation (B-45) gives the required sensitivity matrix for the situation a, > 0.

B-12

AEROSPACE SBYSTEMS, INC. .+ ONE VINE BROOK PARK ¢ BURLINGTON, MASSACHUSETTS 01803 ¢ (817) 272-78517




The above development assumed multiplicative observation noises. While this
is true in general for manned vehicle systems, there are situations in which one miéhf
consider purely additive noises Vy.(f) with covariances V;_), . Both additive and multi-

_ i . P

plicative cases can fit within the above framework as follows.

The effective obseryation noise in the pilot model is e

(o]

.
V. = — 0.
I f. }

2 (8-46)

[
where p? = noise/signal ratio if noises are multiplicative or p? = V? additive noise .
variance if observation noises are purely additive. In addition,
- a; | -
o, = xferfe(b.); b, = —= : : (B-47)
i < i i :
| oi2

where x = o, if noises are multiplicative and x = 1 if fhe))f are additive. To obtain the

gradient of J with respect to f, it was shown necessary to compute the matrix R:
R.. = S = SV‘ - T , (B-48)

o.
The computation of SV| is identical for either additive or multiplicative noises.
| LI : .
However, the matrix Sol will be different for these two cases. For the multi-

plicative case,

. b2 | |
SG' . 2b.e o ‘ (B-49)
4% Jr erfc (b,)
while for the additive case (x =1 in E‘,quqticim (B-47)) '
2 ' ’ :
PN -b. .
Ji__ 2bie (B-50)
o

i Jn erfe (bi)

B-13
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Thus, it becomes relatively simple to compute 3J/3f for either type of noise case by select-

ing the proper form of either Equation (B-49)or Equatioﬁ (B-50). Note that if 0, =0, then

_soi _ Y0, additive case

o. - . .
i 1, multiplicative case

B.5  GRADIENT PROJECTIONS AND OPTIMIZATION

: 3J .
The ‘above algorithm is used to obtain 9¢ =—9 which is the unconstrained -
of '
gradient vector. However, the attentional allocations fi are not free but are con-

strained by

m : o _
' fi = f* = total attention and fi_>_ 0 ' (B-51)

]
The constraint, Equation (B-51), describes a portion of a hyperplane,

<c, f>=f . (B-52)
withc=col[1, 1,...,1]. Thus, in order to determine the feasible direction for

cost reduction, it is necessary to find the projection of gg on the hyperplané, Equation

(B-52). This is given by

' P _ <9fl c> ; : :
9¢ " 9T — ¢ : (B-53)
or,
pog ol |
= o[ 2 o) e I (8-54)
i=1 '

In other words, g? is obtained by subtracting the average of the g, from
o

each element of the vector. The angle between 9 and g? is

B-14
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<o o> ’ .
Ccosf = ———— (B-55)
gl - Igfu

The gradient projection, Equation (B-54) is appropriate at the informational
level, i.e., where no distinction is made that two "outputs" come from one display
indicator. In the display format studies, the fact that a pilot obtains both position and
velocity observaﬁoﬁs from a single display indicator provideé ygf another constraint on

the f.. Assuming outputs are ordered in position-rate pairs, -

= f (B~56)

f, o= f 4 v

1= farfy

(assuming y24= Yyr etc.). For this case, secondory projections of gFF’ are necessary on
the planes f, - f2 =0, f3 - f4 =0, etc. This is easily done by replacing g?] 9_r_1_<i g$2
with (g?l + g$2 Y2, etc. Thus, the various constraints imposed by information and/or

display level studies are ecsily treated insofar as gradient projections are involved.

In order to develop a reduced (projected) gradient optimization scheme,
assume we are at iteration n, with attention vector 7. A small change Af" such that
f? + pf" still satisfies the constraints of Equation (B=51) will cause a cérresponding small

change in JB. Thus, at iteration n,

Jg” - <l s> o (B-57)

If Af" is selected as
o2 | ‘
A = - eJpab/lighl e< | (B~58)

then,

n+l N | _
Jo ~(1-¢)J | , : (B-59)

B-15
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Thus, each successive iteration will result in a lower cost (to first order terms only)

of 100¢%.

Equation (B-59) serves as the basis for a gradient optimization scheme. We

set

e ="B'cos 0 S ,‘ R (B~60) -

and plck B < 1/2 and sufflc1enf|y small such that fnﬂ 1 + of" satisfies *n >0 and

mHl J0 . Convergence occur; when JO 1 is arbifrorily close fo J0 . If Jgﬂ

also J
JO’ a smaller step is taken by reducmg B. Note that since Af" is in the direction of

, Lin . + . . . . .
g?;the resulting f" ! must necessarily continue to satisfy the constraints imposed on .

 When using the above gradient projection algorithm to optimize attentional

allocation, - it is necessary to modify the scheme whenever
gf >0 and e>£>0 - |  (B-61)
In such a situation the mathematics do not want to.place any attention on instrument i.
Thus, one cannot move in the direction of the gradient since f, would go negative. The
modification that is obviously called for is to set .
g?‘ = 0
i

whenever the above condition, Equation (B-61), is encountered. Thus, fi remains

fixed for the iteration and the re—projected gradient is modified to guarantee that

as required.
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| 'APPENDIX C
LINEARIZED ROTORCRAFT EQUATIONS OF MOTION

In developing a mathematical model for use in the analysis of an automatic
approach and landing system for a tandem rotor helicopter, linearized equations not

normally used in aircraft §tcbil‘ify analysis aré required.
C.1 DERIVATION OF THE NONLINEAR EQUATIONS OF MOTION

Before developing the linearized equations of motion for analysis purposes,

the nonlinear equations are developed.
C.1.1 ~ROTARY MOTION |

The equations are written in the cdnvenfidnalfbody axis system, with the =
origin ot the helicopter's center of mass. The x-axis (roll) is directed 'fofward,' fhe
y-axis (pitch) is directed out the starboard side, and the z-axis (yaw) is directed

"downward" to complete the orthogonal set. Assume that the x-z plane is one of

symmetry and define the inertia matrix as

T

XX XZ
A
1=1]10 | 0
Yy

J 0 !

| “xz zz
where

A _ =

ny 2 f xydm =0

due to x-z symmetry

1T
1
-
N
~
Q.
3
i
o

c-1
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The components of the angular velocity vector in the body axis system are given by

P

- i
I B

where P, Q, R are the components of the angular velocity resolved along the body axes

x, Yy, and z, respectively. Similarly, let the ééplied torque be denoted as

e

L
T= Ml
N

With the assumption that the angular momentum of any rotating machinery onboard,

such as engines and, in helicopters, the rotor, is negligible, the equations in inertial

space are written simply

T= d {(lw) .
dat .

On the assumption that the Earth is inertial, then Equation (C-1) is written in the

body oxis system as

T= g_d_;“’__+wxlw ' | - (€-2)
t

where the prime denotes *as seen by an observer fixed in the body axes,” and therefore

Aﬁ
dwzQ
dt R

C-2
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where the dot denotes total time derivative. Substituting the appropriate definitions

into Equation (C=2) results in the equation set

L) [ P+J R JPQ+1,QR -1 QR

. XX Xz

Ml = Yy |+ RP+JL(R® =P -1 c-3
IWQ |_ (R ) (C-3)

N JPHIR ,yPQ = 1, PQ - J RQ

These equations define the rotary motion of the helicopter.

C.1.2  TRANSLATCRY MOTION

Assume that the mass of the helicopter is constant and denoted m. Let the

force vector be denoted.

Il >

X
Y
YA
where X, Y, and Z lie along the body axes. "Nofe that in the conventional body axis
system the total velocity

U

Vi \
W

i

is resolved along the body axes. The equation in inertial space may then be written

= ;d_ (m VT) . (C-4)
t .

On the assumption that the Earth is inertial, then Equation (C-4)is written in the body

axis system as

Cc-3
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d'VT o .
F = m-;f—- +u.>meT . (C-5)

Making appropriate substitutions into Equation (C-5) gives the equation set

X mlJ . z:r_nQW - mRV N
Y|=|mv]|+ |mRU - mpw | . (C-6) -
7z mW mPV = mQU

These equations define the translatory motion of the aircraft.
C.1.3 'EULER ANGLE TRANSFORMATIONS

For an aircraft in the conventional body axis system, the attitude can be-
described with respect to a set of axes fixed in the Earth. To do this we define an Euler
angle set denoted ¥, 6, 8. These three angles are the azimuth change, eievati‘oﬁ
change, and roll required to arrive at the aircraft attitude from the inertial axes.

T};éy must be taken in the given order. | If o:vecfor is dekn()fed in the inertial coor-
dinates as C. and viewed from a coordinate system which has been slewed through v,

we get
C, = Tz(‘if)Ci (C-7)
where

cosy siny O

A
TZ(Y) = |-sin¥ cosy¥ O
0 0 1

C-4
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If the observer is then elevated through g, he sees

C, = T,0C) = T O)T,(C, . | | (c-8)

where

cosp 0O =sing
0 1 0

sing 0 cosog

T (6)

Finally, if the observer is rolled through &, he sees from aircraft body axes

Cb = Tx(éI>)C2 = TX(Q)T),(G)TZ(‘F)Ci | (C-9
where
1 0 0
Tx(é) =10 cosd sind

0 -sin® cosé$

C.1.4 GRAVITY FORCES

With Equation (C-9) the gravity force may be written in body axes as

. 0 ~sin @
Wy = Tx(é)Ty(e)Tz(‘y) 0 [ = mg|sing cose (C-10)
mg cos§ cos e

C.1.5 EULER ANGLE RATE EQUATIONS

The body axis rates may be written as functions of the Euler angle rates:

c-5
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I ; o 0
T ()]0 + Ty(e) of + T,(¥) 0
R1 0 | o] ¥

.

1 0 -sin 8

0O cose sind coso

(C-11)

¢ Mo

0 -sing cos® cosB]LV

C.1.6 INERTIAL VELOCITY EQUATIONS

If the velocity in inertial coordinates is denoted

X

lle>

\
\

Y
A

z

then we may write the body axis velocities as functions of the inertial velocities

VX
V| = T er e v,
W_ | - Ly,

chose cos‘y+Vycose sm‘i’-stme
= Vx(sin ¢ sin g cos ¥ - cos §sin ¥)

Vx(co$ $sin g cos ¥ +sin § sin Y)

0
+ Vy(sin § singsiny + cos$ cos ¥) + V_ sin § cos (C-12)

Vy(cos §sin psinY - sind cos ¥) + VZ cos © cos &
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C.2 LINEARIZING OF EQUATIONS USING DELTA PERTURBATIONS

The purpose of this linear model is to analyze an automatic approach and
landing system. As such, the system is tied to the Approach Navigation Frame (ANF).
This is an Earfh-ffxed coordinate system with the origin at the desired touchdown point,
the X axis along the runway, and the Z axis down along the local vertical. The sysfg;rﬁ
is considered inertial. The variables to be commanded will be in the ANF such as Vx,
Vy, and Vzand ¥, 8, 8. The control system will therefore be feeding back these
quantities from an inertial platform. The linearized equations are then desired in terms

of these variables. The derivation of these equations follows,:

C.2.1 BODY TRANSLATORY EQUATIONS

Rewrite Equation (C-6) with the forces being divided into aerodynamic forces

and the gravity forces of Equation (C~10)

. XA
U=RV-QW + -2 -gsing
mv.
Yo o Do o
V=PW-=-RU+-2+gsind cosd (C-13)
m
. Z,
W=QU - PV +_——+gcos§ cos8
m

Assume the following perturbations

V=yv Q=q $=3 (C-14)
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Note that the perturbations are simply added to the'Euler.angles. If steady

flight is assumed, the steady flight equations are obtained from Equéfién (C-13)

Xy

A0 . .
0=_—"2=gsingy
— %
0=_A0 | . | (C-15)
S . . ‘ . R
yA
0=__ég+gcoseo
m

Next note that for small g

sin(eo +9) =sin 0 * (cos 90) 8
(C-16)
~cos(eo + ¢) ='cos o - (sin eo) 9

Substituting the definitions of Equation (C-14) into Equation (C-13), using Equation
(C-16) and subtracting off steady flight, Equation (C-15), yields the following perfurBa-

tion equations

) BXA
u=-W,q - (gcos Byt ——

o' 0 m
. AYA
v = Wop - Uor + (g cos eo)é + (C-17)

m
. AZA
w = qu - (g sin 90)0 +_-m—
CcC-8
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C.2.2 BODY RATE EQUATIONS
Substituting the perturbation definitions: of Equation (C-14) into Equation (C-3)

and dropping second-order terms gives

J
F',=.._XEF+.§L
| |
XX XX
q =M L L (19
| - -
Yy
I .
P oo xz o AN
IZZ IZZ

C.2.3 EULER ANGLE EQUATIONS

The relation between Euler angle perturbed rates and body perturbed rates is
desired. This is obtained by inverting Equation (C=11) and applying the perturbation - -

- definitions to give

5=q
¢ =p+(fanegr | (C-19)
y =t

cos 90

C.2.4 EQUATION SET WITH AERODYNAMIC PARTIAL DERIVATIVES

The motion of the aircraft is described by Equations (C-17), (C~18), and (C~19).
The force c;nd moment perfurboﬁon.s are, .in general, functions of the motion and can
k;e written to first order as a linear function of the motion variables. Motions in the
longitudinal plane are assumed to separate from the lateral-directional to give the

total equation set which follows.

c-9
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. : : X X X X
u = -Wqq - (g cos 84)e +~2u+-Yw+_9q +_5eA5e +- ¢ s
m m m m m ¢
. A Y Y Y Y6 Y6
v = Wgp - Ugr + (g cos 85)8 +Yv+Lp+_Lr +—=0Ag +—Lab
' m m m m m
. . o Zy Zo Zy Zs_
w = Uyq - (g sin eo)e +—u+—w+—g +__eA6e+___A6C
m m m m m
A L L e Ls
p = FrLv+ B o+ Do+ —Zasg +—L s,
IXX IXX IXX IXX IXX ' IXX
(C-20)
.MM M. Mg Mg f S
q=—u+-Yw+_dq+ a8+ — a5
| | | | |
bo4 Yy V44 Yy oYy
. . ) ,“: . ) R ‘ - .Nl
. J . N N N N )
r = _ﬁp+___\.,.v+__8p+_.[.r+__§°ééa+ rASI‘..
IZZ - lZZ lZZ lZZ IZZ IZZ
6 =q
é = p + (tan eo)r
i
CcOs eo )

In the above expressions bor 6c, 60, 6. are the four control displacements
corresponding to differential collective, gang collective, roll cyclic and yaw cyclic,

respectively,
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C.2.5 EQUATION SET WITH BODY RATES ELIMINATED

Equation (C-20) m_’c’iy'be reduced in variables by eliminating the body rates

with the last three equations. The result is

. X ,' X\ . X
u=-—£u+-—‘fl—w-,(W'O'-—q)e-'-'(gcoseo)e +-—.6_A6-
.Y Y\ . ‘ Y YA\ .
V_=—Vv+(WO+—B>§+(gcoseo)O- sineo( 0+—p +coseo(uo-_f.) ¥

m m \ Y- m/ T m ‘

Y

+ S

m

R 4 ZW oy LN, 'Za

m ~ m m m

' - \ (C-21)
.oyt Sy oL L . 'La
3 = V. P ;- -—coseo-sin Go ¥ - [P sin 60-——c0590 Y+ — 4%

I | | | I |

XX XX XX XX . XX XX .
w M M M . M
8 =_Yyu+r—Yaw+—9p0+-2 a5

| ] |

IYY Yy Yy YY
. 1 e e X . .
Yy = - (Nv+J & +N 3 -(Nsingy=-Ncos8,)¥+ N, A8

| cos6ntJ__sing v Xz P P 0 ' 0 8

2z 0 XZ 0 ‘ ) J

" where (), 48 indicates the summation of partial derivatives and actuator deflections.

C.2.6 REDUCED EQUATION SET IN VECTOR-MATRIX NOTATION
Putting Equafioﬁ (C-21) 'in vector-matrix notation results in the following

longitudinal equations:

c-Mn
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: ~ =
[ x, X, X - [x,
S-— -— Wo-—g— S+‘gcose0 u —
ZU ZW Z 'Zb :
- s-—2  ~[ugt—)s+asingglKwp =¢ —p8 (C-22)
m m : m A '
_MU _Mw (_Mq)s . Mb_
| | | L -
B Yy Yy 144 | N ;YYJ_
The Ici’éral-dfrecfioﬁdl equ.ofions are:
_ N A
(S-L-) -(W0'+_Y_P)S-gcoseo ((W0+Ig) sineo+ (UO-L) coseo)S (151\
L
(—lLL) (5--[—12—) S -((-:—Xi cos 90+sir.1 BO)S'IEE-sin 60+Ih'.cos SO)S ® = < ;ﬁ- > &
" N J N L ¢ ' N
- X g4 P + [ L. sin -1 cosa ' _8
[ R R N UM :

A A
where B = 1__ cos 64+ J__singyand S = 9 the Laplace differential operator.
: zz 0" “xz 0 d :

C.2.7 INERTIAL VELOCITY EQUATIONS
If Equation (C=-12) is linéarized, thé result is given
U = AVx cos 6 - AVZ sin 6 - WO 8
v = AVy + WO § - (Uo cos 94+ WO sin eo)\b : (C-24)
w = AVx sinveo + L\Vz cos 6 *. er

With these equations, the body axis velocities can be eliminated from Equation (C-21)

and the result is given

c-12

AEROSPACE SYSTEMS, INC. ¢ ONEVINE BROOK PARK ¢ BURLINGTON, MASSACHUSETTS 01803 * (817) 272-7817




y xu >(w ' : >(u Xw ‘T
Avx =| —+—tang, Avx + (tan eo)sz -\— tangy-— sz

1 (%, . [X X S\ X,
9o -[Yw,--YU,+gcosdy]o+— &
0 0 0
coseo m m m m

LI BN

coY, Y . [Y Y.
Avy=_Avy+-£A¢+ — Wy +gcos 8o -| —F sin g

m m m m

Yr . Y | i . Ya
-— c?s %)Y - Y U0 cos 8y + WO"sin 8 y+— 8

m m m

. : z, z, (Z, z
AVZ = =(tan OO)AVX+ —_—t = fon'Go AVx - —m— tan 85 - — AVZ ,

m m m
. i Zz . ZU Z Z!5
+—" |99 - _WO-V._WU0+gsineo 0+ —
cos eo m m m m (C-25)
. MU M MU Mw :
g = (__ cos eo + ¥ sin eO)AVx -(—— sin eo - -l—- cos’Go)AVz
| | [ : - e
Yy Yy Yy Yy
M . /M M M
+ g Lw,-2YUu.lo+25s
| 0 0"
Yy Yy bo4 Yy
, L L . L J . L ’ L .
¢ = —Y—AVY +_P ¢+LWO¢+(-—x£cos eo+sin eo>¢ -(Lsin 60 - cos eo)‘l!
Ixx Ixx Ixx lxx Ixx Ixx
Lv L6
-I———- Uocoseo+Wosmeo)¢+l——6
XX XX
o ] .o . . _ .
y = E [NVAVY + sz.¢ + Np¢ + Non(b - (Np sin % Nr cos 90)111
~ N, (Uq cos 8y + Wy sin gg)¥ + N 48] J
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. &, “ .
where again B = |zz cos 6, + sz sin 8.

C.2.8 INERTIAL VELOCITY EQUATIONS IN VECTOR-MATRIX NOTATION

Equation (C~25) may be put info vector-matrix notation giving the

following longitudinal equations:

— . x
X X X X X X X, 5
{cos 90)5 - (—E cos By + X sin 90> {-sin eo)s+ (—l sin 8g - _"‘coseo> (— s ‘k-—‘iwo- . Uo-)-g coseo> Avx\ :
m m m . m m m m
z
z Z z z Z Z A - (]
(s;ngo)s-(_uco,eo+_!,;ne()) (coseo)s+(éﬂsineo-._wcoseo) (-_qs+_‘1.wo-_."iuo+gsineo sz> < -m—( 5
m m m m m m m
M M, ' MO M ; 2 Mg M, M, . My
-._“coseo-_sineo _Usin'eo-——cospo 3 -Js+_w°-_.uo ;
| ] 1 [} - yy
24 124 124 24 Yy oy 124
L N
and the following:lateral equations:
7 v Y Y Y Y Y. R Y
s-_Y - _P.g|- 2w P oging, - coso,)5+ YV av 8
( - ) ( - ) (9 cos 8 +'m 0) (m sin 94 - 0 — Vo y -
L J L L L L
-2 2.2 s -—w, <[ XEcosag +singg s24 Lsingg-L cosggls + L v ® = {2\ 4
I 1 I 1 1 l 1. %o 1
xx xX XX XX xx XX XX
[ N J N N 5 N N N : N
(-—V) e s A 52+(—Esineo-._' cosno)5+._vv ' 26
AN 8 8 B B 2B B X0 4 ~ B

dd
and § = — the Laplace

A A ,
where on =:U0 cos GO + WO »sin 8 B= lzz cos 8 + JXZ. sin eo "

differential operator.
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C.2.9 * STATE-VECTOR EQUATIONS

The equations above are not in a form suitable for the state-vector formulation
because the equations containing AVx, AVz and .\l;, ¢ are each simultaneous sets of
equations. To solve for A.Vx and AVZ', we note thaf these two equations in Equation:..-

(C-27) can be written

cosoy  =singg\ (AV, \  [F(8V,, 8V, 8, 0, 45
N . = . . (C-28)
-sin gy cos g3/ \aV, falaV,, 8V, , 8,8, b8
where 048 are the actuator deviations from trim settings.
Inverting these equations leads to
A
v,
A(/ sz | .
x ‘ _ :
(A\'/ >= D 1¢ ‘ . (C-29)
z : :
8
¢
where the matrix D is given by
D1 Pz Pig Dy Dys ’
Dor P2z Doz Dyy Dys |
cos @, +sin % ~
= D
~ sin 8 cos €
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X X X X X X X X
(_.“_ cos 8 +-* in 90) -(—-2 sin A - * cos 90) -(—i Wor . Ug +g cos 90) 9 .}
m m m m

m m m

Z Z z Z z z z
(_” cos 8 +_V_’sifx 60) -(ﬁ’. sin 8 - Yoo 90) —(—3 - Wo - Ug + g sin eo) A _8
m m m m m m m mJ

(=3
1]

. (C-31)
Similarly, the equations containing # and ¢ can be written ‘
T | o
1 cos eo - sin 90 ve q](Avyl Ps Py ‘L’I *r Aé)
|y @
' R (C-32)
-J J v q (av,, ®r .I b, ‘i'" As)
Xz cos eo+_’5 sin 89 2 R4 ?
|22 |2 1
Inverting these equations to solve for ¢ and § yields
xz X
1+—=="tan® X2 +tan g
Ep° 1 I z ° Ixx 0 9 :
9 B z ( ) (C-33)
¥ q
e e I 2
Lol 22 Izz cos 84 cos 8,
or
[Avy
(C-34)

—
. 6
\_/
1]
m
-. &« 6. 6

e |

where the matrix E is given by
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E =
JZ
1- Xz
1|
XX Z2Z
L
A
XX
E=1
N
—
zZ
C.3
C.3.1

WIND GUST DISTURBANCES

GUST MODEL.. .

27

1+Ztang, ~ — + tang,
| | -
zZ XX E (C"35)
sz . ] 1
lzz cos eo cos 8
L L L L L L
_V_wo P ~(ug cos 8 + W sin eo)._v- Y cos 90-.—-p— sin @ -
Ixx XX ’ Ixx Ixx Ixx xX
- N N N N
M wo P -(u0 cos eo + %o sin eo) Y _Ycos 90 - —Psin 90 _5
,zz 44 zZ Izz I Izz

The wind gust model is derived from the Press~Meadows analytical representa-

tion for the power spectral density (PSD) of random turbulence (Reference 24):

(w)=0" — —
Vo 1+’(L/v°)2m2

2 2
2 L [1+3W/V) "

where 3(w) = power spectral density, ff2/rad/sec
o: = mean-square gust velocity, f"tz/sec2
L = scale of turbulence, ft
v, = equ‘ivolenf airspeed, ft/sec
w = frequency, rad/sec

(€-37)

To obtain a random wind model, Wy which satisfies the Press~Meadows power

spectral density, a wind filter ‘can be used to shape a unity rms white noise input. Since

the PSD is

o) = Tuglioll” = o ()

c-17
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* .
where Wy is the complex conjugate of wg, spectral factorizafion can be used to

obtain wg(w). Replacing jw by the Laplace transfer function equivalent for the wind

filter:
wg(s) (s +a) ,
=0 Y — (C-39)
n 9 (s+8)2
- where '
Yy = \l 3V°/L
o= VJ\’ 3L
B=V/L :
and n is the driving white noise.
Using partial fraction expansions, Equation (C-39) can be written as
w_(s) @ -8 ‘ 1
n 9] +p? (s+8)

A block diagram of the wind gust model resulting from Equation (C-40) is shown in

Figure C-1. The corresponding model in the time domain is obtained by defining

the two wind gust variables

|
1

1 w92+ +

[

Figure C-1. Block Diagram of Press~-Meadows Wind Gust Model.
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x, =| 9 e (C-41)
wgz ) . N

The linear equations describing the wind gust model become:

x =A x +B U+E n - (C-42)
w ww  w W ,

where .
| -B 0 0 Gy | . : |
A=[ : ] B=[ ] E=[9 ] (C-43)
-8 -B 0 0

g

and the wind gust rate is:
wg=wg] +w92'= (a-2B)wg]-Bw92+ogyn - (C-45)

The previous development is applicablé to gusts along any of the three aircraft
axest . However the appropriate values must be selected for the model parameters oé .
L'and Vb' The magnitudes of the turbulent.velocities are represented by their rms values
o, 'va'.. and O gw (downwind, crosswind, and vertical, respectively)., The rms com-

gu
ponent of bgu is approximately

o =0.2W (C-46)
gu -

TThe Dryden model of atmospheric furbulence PSD is equivalent to Press-Meadows
for turbulence norchl to the airspeed; Sr 'rurbulence parallel to the airspeed, the

Dryden PSD is 20 (L/V ALK (L/V )

C-19°
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where W is the mean wind speed (Reference 25). The ratios of the rms speeds near
the surface are about |

v’ Ogv’ gw =£1.0: 0.7: 0.5 (C-47)
These increase withaltitude so that all components are nearly equal at 500 ft (Reference 25).
The turbulence scale L is approximately equal to 1,000 ft for altitudes above 1,000 ft;
below 1,000 ft, the scale for vertical turbulence is approximately equal to the altitude,

while the scales for the horizontal components decrease to about 500 ft at the surface.

3.2 AERODYNAMIC FORCES DUE TO WIND GUSTS

The atmospheric turbulence provides disturbance inputs to the aircraft through
the aerodynamic forces. Each of the wind gust components may induce important air-
craft responses, but the vertical component Wg is primarily responsible for normal
accelerations. This component is generally considered the most important disturbance,
and is the only one treated explicitly in the following discussion. However, the analysis

L)

of Yy and Y follows the same general pattern.

For most rigid-body analyses, it is sufficient to omit the small portion of the
turbulence spectrum for which the gust velocity gradients are not adequately represented
by equivalent rates of aircraft pitch and roll (Reference 24). The aerodynamic effect

of the vertical gust is to modify the angle-of-attack and the pitch and roll rates.
Effective angle of attack = o + ag =(w = wg)/Vo
Effective pitch rate =q + 9 =q+t \JVJVO

~ Effective rqll _ratej =p+ Pg =p - \;v/VO
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These modified values are used in calculating the aerodynamic forces and moments,
e.g., instead of (sz/m)w in the equations of motion, there will appear the term
(Xz“/m)(w-wg). Of -cburse, none of the inertia terms in the equations of motion

are affected.

The result of the wind input appears as.additional terms on the right hand

side of Equation (C-20).

(C-48)

].
v 9
VO

M

<'q=...-—-——Ww+~cl \;v

]
m g m \YJ g
o

N 1 .
I'.=...-—-E-———-W
m Vo g

When these terms have been carried through the derivation, the end result is the addition

of the following terms to the inertial frame equations:
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y xwg ng x\;vg
A = . o O i—— i +
Vx + cos  + sing Wy cosd

m m m

+ - gsine w
ol g
m

x . Z . .
_ wg . wg .
+ [ —=sing_ + ———,COSQO] Wg (C~49)

m m

where J = (1 - Jiz/lxx Izz)-] . The gust stability derivatives have been defined as -
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=- X

wg  Mw
Xug = X Vo
ng ==Y /Y,
wg _EZ\'A(
Zig=Z q/vo
Lo =L p/vo (c-0)
wg My,
Mg ='"Mq/vé_? :

The gust rate coefficients in Equation (C-50) are inversely proportional to the
airspeed V _, and become infinite as v, approaches zero. To avoid this difficulty in
hovering conditions, an equivalent airspeed can be used in the wind calculations. From

Equations (C-46) and (C-47), the rms vertical turbulence velocity is approximately 0.1 of the
mean wind; therefore, for a specified turbulence level, the equivalent airspeed can be

defined as

V. =100 : (C-51)
o gw

C.3.3 LONGITUDINAL EQUATIONS WITH GUST INPUTS

The state variables for the longitudinal equations must be augmented by the wind

states in Equation (C-41):

_ T T
X [wg]l wgz, &x, Az, 08, Avxl AVZI q] (C"52)
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Using Equations (C-44), (C~45), (C-49), the wind inputs alter the vehicle equations

as follows:
AV =, .+[ wg +__..“.'.g..(a-25)]w + [_"1’_5}_- __"rlg_ s] W
X
+[—=2 oy |n (C-53)
m .
AV = .. 4|9 WY @-28){ w_. +-N9 - ZWQ Blw
. z m m g1 m m g2
Z, '
+ X965 vin : (C-54)
n 9.

M. |
+[ vg ch]n | (C-55)
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APPENDIX:D -
CH-46 DYNAMICS WITH MODEL-FOLLOWING AUGMENTATION

This appendix presents the derivation of the equations of motion for the
CH-46 to be ;Jsed with fhé optimal control model of the pilot. The basic equations of
motion of the aircraft with the four actuator inputs are contained in Aﬁpendix C.
The first task is to derive the equations of mofionlfor the control stick inputs taking
into account the attitude command sysfém used on the :CH-46C whose flight test data
will be used to confirm the pilot m@el . ‘The second task is to specify that the output

equations of the controlled element are consistent with the displays implemented in

the CH-44C. -

D.1 ROTORCRAFT DYNAMICS WITH MODEL-FOLLOWING AUGMENTATION -

A block diagram of the LaRC Model-Following Control augmentation system
for the CH-46 is shown in Figure D-1. In this section we derive the effects of this
type of ougm_éntaﬁon system pn- the dynam;i‘"cs "co"nt;rolled by the pilot. The difficulty
arises because of cross-coupling between the control actuator dedicated to provide the
‘model response and the effect of that actuator on other Sfa‘fe variables. For 'example, the
differential collective may be used to satisfy the pitch response of the helicopter,

but by so doing, it will have an influence in the translational equations.

The basic unaugmented vehicle equations are written in the form

x = Ax +Bb + Fw | (D-1)
[}
or X AL TA x B F
S B IULI SLEY B N Y Rt i) L I (0-2)
20 P21 4 %22) %2 [B2 Fy
D-1
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In Equation (D-2) the state vector has been parﬁfionecj such that X, represents that
portion of the state to be controlled according to some desired model response. The
inputs to this system are the actuator inputs swhich are dedicated to satisfying the model
response. Disturbance inputs and other actuators affecting the equations of motion, but
not being used to satisfy the model response, areincluded in the vector w.

i Assume that it is desired to have the partition of the state vector Xy follow a

model equation given by

.m _ ,.m m m, . .m A -3)
Xg SAg1X1 t A Xy By v o - Q

Note that the derivative of the model response is given by linear combinations of the -

model state itself x;‘ , feedback of the other partition of the state vector 3 (e.g. position),

and the control stick inputs u.

If the control augmentation system is well aesigned, ;fheh it will force Xo ‘~x;
and )‘(2 ~ 5'(’27‘ . In this case, we may subtract the seéoﬁd part of the state Equation (D~2)
from the model E'quafion (D-3) and solve for the actuator activity which is dedicated to
séfisfy this response:

s~ B [(A

' | m . & m o |
9 A2]) Xy + (A22 - A22) Xo + By u - _sz] ) (D-4)

m -
21
Substituting this value of the actuator activity into Equation (D-1) provides the follow-

ing form for the state equations when the system follows the model:

. * 1 * B*A o

1 1A Al M ! Fy
BeL W S S ol X [ ©-5)
% A,V Ar X B, |V o |V -

2 21 1 A |% 2 -
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where
ALy = A BBy (AT - Ay s Ay = AT A=Ay )
A2~ At B! (Agy = Agy) ) (0-6)
é‘;=a B, By ; B, =B ; F =F -8 8 F, )

Note that the partition of the state vector Xq has the desired response of the model, but
also that the dynamics of the other partition of the state vector X have been altered

because of the effect of the dedicated actuator 8 on these equations.

D.2 LONGITUDINAL EQUATIONS OF MOTION

.- The equations of motion for the longitudinal axes are derived in Appendix C,
- We use ‘as state variables in these equations, the Euler angles and body rates to be
consistent with-control augmentation schemes and guidance schemes employed, When
we partition the longitudinal equations to account for the attitude command system in

pitch, we have

X AX (0 \
AZ AZ 0

A AL T
; i A s [ o |

. ' ‘ : 8 -
A\./x = i AVx * < b” > e (D-7)
]

AVz g AVz b12

______ |
) LAy 1 Ayl -
4 q \b, /
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Y

where

11
(5 x5)

12

Az

0 0 0 1
0 0 0 0
0 0 0 0
0 0 by D
0 0 Dy, D
_ 0 -
B 0. .
- M‘U W -.A-A_W- U
lyy  ©  lyy
M M-
Y cosq + —X sind
lyy - - clyy
M . M
Y sing_ -~ A cos A
tyy lyy
Mg
An T Ty
byy = Dys, s
b12 - D25, 8
'_Mae
b =
2 lyy )
D-5

12

22

(D-8)

(D-9)

(D-10)

‘(D-11)
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The coefficients D'ii are given in Appendix C.

The desired pitch response system may be written, in terms of the present |

notation, as

A3 = (0, 0, -wf,'p, 0) wl =2.0,1.43

A3, = ~20w_ \ ¢=.75 .(D-12)
BX = K w2 K = .15, .10 rad/in

5= Ko ) KT 15

Substituting these results into Equations (D-5) and (D-6) will provide the equations of

motion in the longitudinal axes under the attitude command system.

D3 LATERAL DIRECTIONAL EQUATIONS OF MOTION

in a manner similar to that for the longitudinal case, the lateral directional
equations of motion can be written to account for the attitude command systems in

roll and yaw. Using the formulation above, these equations become

—

oy 8y \ 00
¢ - 711 00
. Al 1 A ,
v 1z, 0 0 |
v i % gg *a
oy = ! &y o |byby " (0-13)
H r
Ay 1A :
R P21 4 P2 f B,
, )L
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0 0 0 1
A= |0 0 0 0 (D-14)
4x4) |9 0 0 0
- . “Yv .
0 042 Qya -
W
Where: . :"'54-2= mW°+g§oseo |
Yv
CI -(Uo cosQO+Wo sin eo)
0 0
1 toneo
_ 1 ‘
A = |0 oo, N CRE)
Y Y
P L
m m
0 E1s B2 Ei3
Agy =
0 B Exp %
(D-16)
Eis Eis
Ay =
Exs B¢
b, = Y '
1 b, | (D-17)
by = Y,
D-7
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E

E

16,50 16,6

©-18)

E

E26, 5 26,8
a , r

See Appendix C for the coefficients Eii .

For simplicity, we show the model response equations in yaw assuming that

the heading hold mode is employed. In this case the model response equations become

0 -w 2 , . 0 0

. _ n :

Axp = ) (D-19)
0 0 -w 0
o
. -2gwn 0
0 | -2g°w°
where
w o= 2, 1.43
c = .75
o = 2‘A.0
& = .,70
2
w “K 0
n g °y
82*6 = o 2 (D-21)
) » ® K‘i’ 6z
where

K¢ = .15, .10 rod/in
K‘Y = .35 rod/sec/in
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D.4 PHYSICAL AND AERODYNAMIC CHARACTERISTICS OF NASA/LaRC
CH-46C HELICOPTER

Table D-1 summarizes the pertinent physical characteristics of the vehicle,
including control aisplccemenf limits. ‘Tables D~2 through D-7 give the ffi_m conditions,
fuel flow and stability derivatives as functions of forward speed for three rates of
descent. The data .in Tables D-2 through D-7 were calculated for a gross weight of
13,400 Ibs, normal cm po.é_ifvi_on‘cnd sea level flight. In Tables D-4 through D-7

. {non-zero rate of 'descent),' the data for forwurd_speeds greater fhan 80 knots were
extrcp“olcféd from 80 knot values by dsspming cpnsfahf offset from fhé corresponding

zero 'rate of d:eksce'nf (Tables D-2 ar{d D;3) data.

Table D=1, Physical Characteristics of
: " -LaRC YHC-1A Helicopter.

* Parameter B Volﬁ'e "~ Units | English Units
Qp;eraﬁng' rﬁass, m ‘- 6078 e kg | (13,400 IBs) _
Rollirig mioment of inertia, lx)? 112,474 k'g-m2 (9203 slug-ftz)-
Pitching moment of inerﬁa ’ Iyy 102,89é kg-m2 (75,?]4.‘s|ug-ﬂ2)
Yawing moment of inertia, I_ | 97,238 kg-m? | (71,738 slug-t?)
Cross~product of inertia, sz -9638 kg-m2 (7144 slug-ff2)
R’eference area, S . . 341 m2 (3670 ff2)

. Reference chor&, c 1 0.4572 ) m (1.5 ft)
Rotor. radius, Rr 7.367 m (24.17 ft)
Control travel limits |

Collective stick, 6. | 0-32.512 cm | 0-12.8in.)

Longitudinal stick, 6e 113.97 cm (i5.5 in.)

Lateral sfigk, 60- o +9.14 cm (+3.6 in,)

Pedal, 8 : +5.85 cm (2.3 in.)
D-9
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Table D-2. YHC-1A Longitudinal Stability Derivatives (Rate of Descent - 0 ft/min').
{Qﬁgﬁ?fy KT 0 20 40 60 o 100 120 140
O deg, 9.30627 | 8.30834 | 6:62235 | h.vsazy | 232004 3.amuny| zoosen|l 6.z
.66523 -, 06503 - .:23518‘ 1L,20888 YISV -, 00611¢ .],63‘92 40253
5.01050] 4.47366| 3.73135| 3.51111| 3.64917| 4.67717 0.06983) £.02075
021,605 [654.123  [763. 341 /3/ 363 [755.190 _'39/ 894 |069.654 [1230.767 .
02540 | -.00181| -.02156| -.03604| -.06642| -.05579] -.06456| -.07206
B 63&26' 06818 | .08255) 08944 T'.085q8 J1o343 08573 05666
ores | L7ao1s|  eus06 | Leaosi | T73079| 3.28872| -.77601 25183
17696 | .13988| 12312 .14237| .16406| -.05165| ~.03776| -.01954
1.20682| .97467| .8794&| .80253| .68335] .8sz00| .72040| - 46341
06009 | -.12594| -.08296| -.02192] .01396| ..06077| .06546| - .04080
736934 | -.48399 | -.63639 | -.80152| -.92055| -1.00063 | ~1.04552 | -1.10516
71511 | ~1.16872 | -1.77844 | -1.81400 | ~1.81986 | -2.22039 | -2. 25955 | --2.47935
-.00407 | .21188 | .51943| .56820| ~.52527| .46341| .41480| 36743
77.43006 | -7.23138 | ~7.65410 | -8.52446 | ~9.49008 |-10.26600 |-11.08740 | -11.71110
.00656 | .00645 | -.00587 [ -.00670| -.00582| -.00185| -.00020] -.00089
-.oozss 00978 | 01630 .01363| .01154] .00056| .00774|  .00601
-.73173| -.96002 | -1.31158 | ~1.45986 | -1.52219 | -1.62003 | ~1.50067 | ~1.51570
35447 35364 | 40140 | 45022 L4813 |  .51572)  .s3335|  .54565.
Soa765 | <oh25a | Loas56 | 06776 | 067254  .04707|  .03948| 03505
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Table D-3.

YHC-1A Lateral ‘Stability Derivatives (Rate of Descent = 0 ft/min).
FORWARD KIS 0 20 40 60 8o | 100 | 120 140
VELOCTLY ; 5 {
%a in .12983] .08462 | .09191 .13466] .17931 .29754% 41541 49785
S, in -.17764] -.04701 | -.08508} -.33705| -.61293| -.75397}-1.047131-1.14123
Y 7w %%%iﬁéi' -.02663] -.05408 | -.07986! -,11823! -.16121| -.18040] -.19766| -.23442
[t{sec :
Yo/m ££479£f -.76514]-.95618 | ~1.15981]-1,24824]-1.23341}-1,02295] -.76619] -.29372
vad/sac :
Y Jw |ft/sec® | S 12517|-.18179| -.20082] -.12813| -.05819 .13380] ..12514} .22125
r rad/sce
Yo /m JEt/sec? 99794| .99700 | .97673| .96426| .96955] .97123} 1.01613| 1.10225
in . N !
oo/m |Lt/sec” .14652] .13634 ] .11652] .10583| .09849| .116411 .13883] .15262
in . -
L /1 rad/sec® | -.00778]-.01305 | -.01338] -.01720| -.02442( -.03188| -.04724] -.05080
vV XX I¥tfscc : o ) ) ]
L_/T; rad/sec® | -.50730}-.57483 | -.64045[ -.65271| -.62549) -.52243; -.41134| -.23476
P XX |rad/sec : ) ‘
L /1. |radfsec? | -.02297]-.04571 | -.05943| -.02270] .01172; ,09531| .11659] .19955
r’ "xx  |vadssee |- _ o o
Ly, /1xx |rad/sec? .46536] .46558 | .45954| .45575| .45805| .45820] .47354] .50528
d 1D . . .
Lg /1., [Eadlsec’ | . 12638|-.13036 | -.13422] -.13544| -.13910| -.13256 | -.13248 | -.14433
in
]
NJT,, ‘5%%§§§§— | -00013] 00037 -.00123 -.00290| -.00415] -.00536 | -.00377 -.00060
N /1, |rad/sec | - 01831}-.02076 | -.02598} -.03947| -.05344] -,06864| -,07747 | -.07471
P22 |vai/sec - '

N /T, [rad/sec” | . 05847}-.05450 | -.04597| -.05020] -.05438 ] -,08078| -.08642! -.12617
r_+4z _Iyad/sec . . A , ,
No /122 zﬁﬂ;;ecz ,03001] .02923 | .02764( .02663]| .02633| ,02696| .02857; .02970

11 .
No /1, |radfsec | a7s34| 17578 .17261| .17032| .17141| .17146| .17933' .19536
, , ;
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Table D-4. YHC-1A Longitudinal Stability Derivatives (Rate of Descent = 1500 ft/min).
PORARD 1 ks 0 20 40 60 80 100* 1207 1407
% | aeg 6.9661 | 8.13867| 6.9947L| 5.34340| 3.21352| 2.32645| ~1.37613] -5.74257
eg | im 03060 -1.69234| -.s6Bus| - .u1sso| .coses| -.233/1| -.oomeo|  1jous
°e, in 3.89872( 3.25038] 1.25071] .90347| 1.15681| 1.98741 “"3 35947|  5.32989
© |ib/ne |791.849 [111.302 [500.687 [470.262 |495.961 |[568.665 |610.625. | 971.518
Xgm  |SSEET T 01143] .02237] -l01281| -.03179| -.04306] -.05243| -.06120| -.06870
X Jm [S/SEETTT gases| Losuin|  .10637| .10919| .10653| .12648] .10628] .07
Xgfw  HEESS | 1.02536 .93903| 1.55534| 1.45065| 1.37043| 1.88836| .1:41565|  .69147
X /m |EHfsec™ 1 16625) .12347| .08223| .12593| .14599| -.06972| -.05583[;  -.03761
Xoo/u  [ELLSEEN 9 33908 o43s2|  .s2126] .86028| .82702] 1.02567| 66407 62708
2o0m - |SETEECTN T aass| - 23ck0| -.12619] -.021s1| Lon777| Loeuss| o927 05361
2 m RS ap7as| - 26321 -.82254) -.00575| -.98052| -1.06060( -1.10549| -1.16513
2 /m ig%jﬁcz -.79039] .30060( -2.45731| -2.40596| -2.42975| -2.83028| -2.66944| -3.08924
-?%;/m L5 00615 .19996]  .94841|  .77315|  .71536|  .65350| .60489|  .55752
25/ f&éfeca -7.45257| -7,38250| -6.35173| -8.00904( -9,05358] -9.82953|-10.65093| -11 97423"
/1y, JEadlsec| T 01308) ~.01863| -.00906| -.00696| -.00633| -.00238| -.00173| -.0014%
NS .§%gég§s; .00368| ~.03420| ~.00228| 00469 .00683| .00485| ~.00303| 00220
gl |iSee] | oS0 - BISIO) TR0 -1 56553 162309 1 72093) 169137 -3 60
Mo Ty, [xAdfsect] 34363 .30612) T 43861| 47166 .50338| .53775) L5583E| 56768
/J S.05591| -.16472)  .15368] 11620|  .10884|  .09602] 08843 08400

* pata extrapolated from values at. 80 knots,
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Table D-5. YHC-1A Lateral Stéb.ilify Derivatives (Rate of Descent = 1500 ft/min).

FORWARD KTS 0 20 40 60 80 100% 1204 U 140%
VELOCITY ' | 3
°a° in .09255{ .04445] .01404| .05177] .09882| .21705 .36105; 41736
°r° in -.07915| .32928} .06918| -.19696] -.43185| -.57289| -.86605'-.96015
. ]
Y /m ft/sec® - _ _ . - _ _ - _
v IE;EEE: .08635] -.04068| -.11126 | -.15170] -.18262} -.20181] -.21907i-.25583
Y / ft/sec - . .13 ] .26548-.79301
p/m F3§7§E§ 1.10440 {-1.30270|-1.78540 |-1.86230 |-1.73270|-1.52224}-1.2654 79
Y ft/sec - - -. -. -. -. -. .
o/n fhisee .18435| -.10798 -.30137 22815 19244 00045 009}1 08700
Y6, /m EI{ﬁcca .98054 | .97047| .92561| .89687| ..87675| .87843] .92333]1.00945
)
Y5 /m ££{§e°“ .14250 ) .11217} .09751] ".07301] .07008| .08800| .11042] .12421
L /1 rad/sec® -.00996 | -.00799] -.00448 | -.00371| -.00289| -.01035| -.02571-.02927
vV XX E/sec :
d/se - - - - - ] - - -
L/ Ty gga%gggf .63036 | -.71659| -.86876 | -.87455] -.79734 | -.69428| -.58319]-.40661
L /1, |rad/sec? | - 05234 -,02797| -.10977 | -.07677| -.05688 | .02671| .04799 .13095
ra S€C
Le o/ Ixx rad/sec? .45903 | .45705| .44170 | ".43230| .42630| .42645| .44179] .47353
A0 : :
L°r/1xx £a§4fec' -.12454 |*-.13516 | -.13185 | -.13554 | -,13256 | -.12602 -.12594|-.13779
] y
N,J/T,, 533’22; .00122 | -.00016 | -.00236 | -.00456 | -.00706 | -.00827 | -.00668 |-.00351
N /T, rad/sec? -.02085 | -.01101] -.02424 | -.04001 | -.05921 | -.07441 | -.08324 |-.08048
P22 |radlsec ' :
N /I, rad/sec? -.04986 | -.02575] -.03287 | -.03310} -.03704 | -,06380 | -.06944 |-.10919
| LU 4z rad[seéc
Naaflzy rad/sec® ..02925 | .02744| .02580 | ,02385| .02313| .02376 .02537| .02650
: AR 2.
Nbr/lzz rad/sec® 17285 ] 17149 ,16373 | ,15906 | .15540) .15545) .16332] .17935
10 .

*Data extrapolated

from values

at 88 knots.
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Table D-6. YHC-1A Longitudinal Stability Derivatives (Rate of Descent = =1500 ft/min).

FORWARD

kuots,

Virocriy| KIS 0 20 40 60 80 100 120% 145
0 deg .| 9.09615 | 8.24561 ] 6.51804 | 4.34680) 1.74707| 85800 -2.84458 - -7.20897
Se | Tan ] Use611 | L4s244(  .38166|  .63183| 1.02115| .18179| .A06%0 52596 |
e, “in | 6.51301 | 6.30131] 5.94168| 5.94845| 6.38886| 7.21746| 6.58952| 10.5599%
£ 1b/he [1102.055 |[1076.035 [1023.741 [1012.939 [1055.591 [1128.295 [1170.255 [1531.148
. Tt/scce e _ - a1 2 N '
X, /m oreees | -.02649 | -.01935| -.03260| --.04491 | -.05277| -.06214| -.07091] -.07841
, Tc/sec : ; , - - -
X, /m Te/sec- | 07505 | © .08122) .08209| .07521| .06568| .08363| .06543 .03686
X /m Ltfsecs .15633 .20875]  .26690| .17058 .09717 61510  .14239]  -.381%9
q rad/sec 7
Xg Jw fEQ;&si .17842 .16228|  .14484]  .16227| .18105]| -.03466] -.02077| -.00255
Xoofm |EE[SSS 170 16992 | 1.04008( .90570| .78861[ .62563[ .82426] 66268 42569
. ft/scce iy _ - N T - ot oG]
z,/m Fer=s | 04316 .02454] -.00971]  .00737] .02520| . .07201| 07620 L06104
” ft/sec® _ ; - ~ ~ = - - S R ~
20 |fersee | --52217 .60121] -.72925[ -.85332| -.94171] -1.02179| -1.06668| -1.12632
ftfsec® | _1 o7 L - _ _ _ 7 3 LI
Z/m F§é7§33 1.07268 [ -1.20010| -1.25010] -1.38662] -1.47426| -1.87479] -1.91395] -2,13375
oo m |EHECSE N osaqs |- .16010f  .36218| .41206| .41472| .35286| .30425|  .25686
Zy Jm |Et/sec® |'-7.5865 | -7.64041] -8.2477 | -8,9541 | -9.7090 |-10.48495]-11.30635| -11,93005
: Jin _ -
M /T rad/sec’l 00251 .00163]  ,00321| -,00458] -.00467{ -.00070| -.00005 .00025
u_oyy it/sce o — —
M, /Ty f?ﬁiiﬁEi -.00148 .00327{ ~ .00726| .00765| .00730(  ,00532] ,00350 .00267
‘ T -.93433{ -1.03020] -1.24040| -1,37428| -1.4243 | -1.52214( -1.49278] -1.41781
ot 37472 .37930]  .40095]  .43815]  .4GSSS .49995 51758 .52088
6./ Tyy £ﬂﬂggﬁﬁi -.04570{ -.03118{  .01909}  ,03637| .04212]  .02194|  .01435 .00992
_ % pata extrapolated frem valucs at 80
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Table D-7. YHC-1A Lateral Stability Derivatives (Rate of Descent = -1500 ft/min).

FORWARD

FORWARD | KTs 0 20 40 60 80 1ok} 120% | 0%
°a_ in .16567| .15081 | .14181 | .15535] .20065| .31888| .46288 | .51919
°r, in -.23383}-,21772 | -.28008 | -.42584) -,61869] -.75973] -1.05289 | -1.14699

YJa | Etfsec® 1 - 02060 - 08482 | 10455 | -.12256| - 14842 | -.16761 | -;18487 [ -.22163
Yy/m %ﬁé;%%% -.402491-.48197 | -.63817 | -.68143] -.63180| -.42134] -.16458| .30789
Y /m [fefsec - 04204 ] 04052 | -.06921 [ -.0s086 | .01514| .20713| 19847 | 29458

Yo, /m |ftfsec” | 1.03950[1.04228 |1.04066 | 1.04266 | 1.06287| 1.06455| . 1.10945 | 1.19557

Yop/m | Etfsec 14982 .14802 | .12894 | .11875| .12938| .14730] .16972| .18351

L/, . radé:zfa -.02127{ .01846 | -.01978 | .02294| -.02866| -.03612| -.05148 | -.05504

Lo/T ey §§§§§§§:A -.37496 |-.40345 | -.45470 | -.46318| -.42905] -.32599| -.21490| -.03832

Lo/1,, (rad/sec? | 02907 (06798 | .02113 | .03740| .07088| .15447| 17575| 25871

Lba/Ixx rad/nsec;? .48113] 48228 | .48271 | 48417 49124 -.49139 750673 53847

Ly /1, [Fad/sec” | - 13312]- 13406 [-.14131 | -.14556 | -.14455 ] -.13800] 13793 | -.14978

NI, |mdsed .00108| .00098 | .00044 | .00052| .00041| -.00080| .00079| . .00396

N1, |Eadlsec™ 1 -.02133]- 02122 | -.02478 | -.02754] -.03643 ] -.05163] -.06046 | -.05770

NJT,, ;gg;;;;i -.07653|-,06348 | -.07218 | -.07450 | -.08262 | -.10902 ) -.11466 | -.15441

No, /12 sﬂ%égsgi .03076] .03053 | .02424 | .02856| .02918| .02981| .03142| ..03255

N, TT,, [radisec® | "18338] 18355 | .18366 | .isa2s| 18730 | .18735| 19522 2115

*Data extrapolated from values

at 80 knots.-




APPENDIX E
STABILITY DERIVATIVES CH-47 HELICOPTRR

This appendix presents the stability derivatives provided by NASA LaRC for
the CH-47 VALT research helicopter, which will be Qsed to evaluate the advanced
display concepts for commercial VTOL aircraft. The column labeled 0.00000 was

derived by fitting a third order curve through -40, -20, +20 and +40 values.

E-1

AEROBPACE BYSTEMS, INC. + ONE VINE BROOK PARK ¢ BURLINGTON, MASSACHUSETTS 01803 ¢ (817) a72-78517
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