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Similarity Criteria for Manipulator Loading
and Control Sensitivity Characteristics

Victor V. Rodchenko,* Larisa E. Zaichik," and Yury P. Yashin®
Central Aerohydrodynamic Institute (TsAGI), Zhukovsky, Moscow Region 140160, Russia

On the basis of similarity-theory methods and the authors’ previously developed theoretical approach, similarity
criteria are developed for the handling qualities of aircraft with different manipulators and control sensitivity
characteristics. The basic concepts are presented for the theoretical approach to estimating the influence of various
manipulator and control sensitivity characteristics on handling qualities. The method being substantiated allows
estimation of the handling qualities of an aircraft with certain manipulatorand control sensitivity characteristics by
comparing them with the respective data obtained for the aircraft with other characteristics. Recommendations
are given for modeling, on ground-based and in-flight simulators, the controllability of an aircraft with certain
manipulatorsand control sensitivity that may differ from those of simulators. The dynamic characteristics required
of the manipulator feel systems used in ground-based and in-flight simulators are considered.

Nomenclature

A, = characteristic amplitude of controlled parameter

A;, = manipulator displacement amplitude, mm

c(t) = controlled parameter,c =6, n;, ¢, ...

d, f,k = equation constants

F = characteristic value of control force applied by
apilot, N

Fy, = breakout force, N

F; = friction force, N

F, = manipulator force, N

F,, = longitudinal manipulator force per unit normal
acceleration, N/g

F, = generalized control sensitivity: manipulator force per

unit normal acceleration, roll acceleration or rate, etc.,
F.=F, F,/Ls,,...
F, = current value of force felt by a pilot, N

Fy, = manipulator force gradient, N/mm

F;, = manipulator damping coefficient, N/(mm/s )"

F, = desirable value of control force applied by a pilot, N

G = range of permissible values of manipulator loading
and control sensitivity characteristics

g = acceleration due to gravity, m/s>

J = cost function

K = aircraft gain

L;, = lateral control sensitivity, rad/(s?- mm)

m = manipulator inertia, kg

n, = aircraft normal acceleration, g

PR = pilot ratings, Cooper-Harper scale

q = pitch rate, rad/s

s = Laplace operator

T, = actuator time constant, s

T, = computer sampling time, s

t = time, S

Vo = characteristic velocity, m/s

Y, = actuator transfer function

Y = computer transfer function
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Y /5m = manipulator displacement-to-contolled-parameter
transfer function

A = increment

8 = characteristic value of manipulator displacement
felt by a pilot, mm

S = manipulator displacement, mm

8y = current value of displacement felt by a pilot, mm

Oy = desirable value of manipulator displacement felt by a
pilot, mm

© = phase, deg

X, P, & = similarity criteria

Wy = characteristic frequency, rad/s

Subscripts

opt = optimum value

1,2 = numbering

Symbol

O) = nondimensional value

I. Introduction

HARACTERISTICS of manipulator loading (Fs,,, Fy, - . .)

and control sensitivity (£, , Ls,, ...) play an important role
in aircraft controllability. However, choosing values for these char-
acteristicspresentsconsiderabledifficulty in aircraftdesign. In flight
tests and even in ground-based simulator experiments, it is impos-
sible to study in detail the influence of all manipulator and control
sensitivity characteristics on handling qualities. (They depend in a
complicated way on each other, on aircraft dynamic performance,
and on piloting tasks; besides, the possibilities of flight simulators
are restricted.) As mentioned in many publications,' ~® a theoretical
approach had not yet been sufficiently developed.

Recently, however, a theoretical approach to estimating the influ-
ence of manipulator loading and control sensitivity characteristics
on aircraft handling qualities was proposed.'~2 On the basis of this
approach, simple and efficient criteria have been developed that al-
low estimation of these characteristics’ optimum values with regard
to their interplay and dependence on aircraft dynamic performance.
The validity of the criteria and the approachhas been tested in prac-
tice during development of Russian airplanes.

The approachis commonly used for different aircraft, manipula-
tors, and control axes because inherent psychophysiologicd char-
acteristics of pilots constituteits basis, being independentof aircraft
class or manipulatortype. Yet, certain parameters in the mathemati-
cal expressionsmay dependon the aircrafttype and the manipulator.
In Refs. 1-3, the values of the parameters were determined mainly
for class III aircraft with different manipulators, by comparing
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estimated and experimental data. Determining the parameter val-
ues for other aircraft types would demand a considerableamount of
experimental work.

The present work aims mainly at developing the similarity cri-
teria on the basis of similarity theory and the theoretical approach.
These criteria may allow us to do without or to use just a few of the
parameters that depend on aircraft type and manipulator. Namely,
these criteriamay allow us 1) to estimate the aircrafthandling quali-
ties by comparing them with the respective data for the aircraft with
different manipulator and control sensitivity characteristics; 2) to
compare more accurately the experimental controllability data ob-
tained under different conditions and to generalize the conclusions;
and 3) to improve the similarity of handling qualities while mod-
eling an aircraft on ground-based or in-flight simulators because
their manipulator and control-sensitivity characteristics may differ
to a certain degree, e.g., manipulator characteristics of in-flight or
ground-based simulators are invariable.

In Sec. II, the basic concepts of the proposed theoretical approach
are described in general because the notions underlying the theory
are obvious. However, the theoretical approach as a whole (as a cer-
tain system of related notions) does not seem to agree absolutely
with the experimental data, being an approximation, which is true
of any other theory applied to analysis of aircrafthandling qualities,
e.g., Refs. 6 and 7. Thus, in Sec. III, in a discussion of the rele-
vant similarity criteria, the theoretical approach is substantiated by
comparing estimated and experimental data.

Section IV deals with some dynamic characteristics required of
feel systems used in in-flight and ground-based simulators.

II. Theoretical Approach
This approachis based on the three main principles. They are the
result of a generalizationof inherent qualities of a pilot being a link
in a control loop.

A. Basic Concepts

The first principle is based mainly on the psychophysiologicl
aspects of a pilot’s assessment of manipulator control forces and
displacements.

The principle states that for any pilot there is a certain desirable
(optimum) combination of forces and displacements (F,, §,). Devi-
ation of the forces and displacements applied by a pilot (£, §) from
their desirable values (F,, 8,) worsens aircraft handling qualities,
their being dependenton F'/F,, §/§, only and independent of other
factorssuchas manipulatortype, aircraftclass,andits dynamics,etc.

If an aircraft has good pilot ratings (1 < PR < 3.5)at F/F, =
8/8, = 1, this principle can be defined as follows:

APR = APR(F/F,, 8/8,) (1)

where APR is a monotonic function and its minimum is O for
F/F, =6/, =1.

The forces felt by a pilot depend on manipulator loading and
control sensitivity characteristics,and variables '/ F,, §/§, are the
functions of these characteristics:

F/F, = F/F,(F;,F,...). 8/8, = 8/8.(Fs,. F.....)
This principleis based on a generalizationof certain inherent quali-
ties of the pilot. Both manipulator forces and displacementsapplied
are of great importance to a pilot while controlling. Because of cer-
tain human physiologicallimitations, values of these characteristics
thatare either too small or too great somehow do not appeal to pilots.
The best pilot ratings are achieved in the case of a certain favorable
combination of these displacements and forces.

As far as a particular form of Eq. (1) is concerned, it is shown in
Figs. 1 and 2 that the following equation agrees adequately with the
available experimental data:

APR(F/F,,§/8,) = APR(F/F,) + APR(8/5,) (1)

data of Ref. 6:

F/F, opt:(K/Kﬂpt) -ly

different control axes and dynamic
characteristics

Ox variable-stability airplane
O - fixed-base simulator
< - fixed-base simulator

APR

—— - theory, formula (1')

data of Refs.land 2 :
F‘l"/f‘r opr"ﬁ ;12//1"‘112 opts
fixed-base simulator,
landing approach

@ - center stick'
w - side stick’
T -root-mean-square

0.01 0.1

10 F r lFr opt

Fig.1 Pilot rating decrement vs control sensitivity characteristics.
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APR
sidestick *: center stick '
O - longitudinal O - longitudinal
4 A _lateral
— theory, formula (1’ ):
0.15<p<025
3 0.025<£<0.1
0.75< <125
LR O
1 A
O
-
O 1 2 3 ©
F&/F&nopt
Fig.2 Pilot ratings vs manipulator force gradient.
where

—4log(F/F,) — 1.5 at F/F, <0.25
APR<—> = { 1.5|log(F/F,)| at 025< F/F, <3
) 4.51log(F/F,)—14 at F/F, >3

The function APR(8/3,) takes a similar form.

Note that this particularform of Eq. (1) is not really important to
theoretically substantiate the main results referred to in the present
work.

The second principle, or the optimum principle for forces and
displacementsapplied, states that optimum manipulatorloading and
controlsensitivitycharacteristicsare attainedif their deviationsfrom
the desirable values are minimal.

Essentially, this principlemeans that a pilot tends to prefer that the
combinations of feel-system and control sensitivity characteristics
remain around the desirable values of forces and displacements.
This can be presented as follows:

min  J = (F—F)>+ k@ —6,)* )

Fosp o Fr,...€G

where F' = F(F;,, F.,...),8 = §(Fs,, F,,...), F, = const, and
S, = const.

The third principle states that, whereas the influence of manipu-
lator and control sensitivity characteristics on handling qualities is
being estimated, aircraft state parameters (n., ¢, p, p, ...) may be
assumed independent of manipulator and control sensitivity char-
acteristics (F;,, , F,, ...) and aircraft dynamics.

To prove this statement, it is enough to say that approach and
landing are performed with about the same accuracy for different
aircraft, thoughdifferencesin their stability and controllabilitychar-
acteristicsare considerable.Moreover, this principleis actually used
for aircraft controllability analysis, e.g., by McRuer et al.,*” who
consider output parameters of a pilot-aircraft closed system inde-
pendent of control sensitivity characteristics (aircraft gain) if the
ranges of variation in these characteristics are narrow. Only pilot
ratings depend on these characteristics because a pilot commonly
maintains adequate piloting accuracy even when considerableeffort
is required.

Thus, we have presented the three principles that are the core
of our approach: They are considered in greater detail in the next
section.

B. Basic Notions in Detail

To estimate the influence of manipulatorloading and control sen-
sitivity characteristicson handling qualities according to our princi-
ples, we must express the forces F and displacements § in Egs. (1)
and (2) as functions of manipulator loading and control sensitivity
characteristics. There are a few ways to do this.! > We consider one
of them.

We assume that control-surfacedeflection is proportionateto ma-
nipulator displacement and that aircraft dynamics are defined by

linear differential equations. We also assume that manipulator dis-
placements are sinusoidal (aircraft motion is sinusoidal as well):
8 (t) = A, sinw,t, c(t) = A, sin(w,t + @) 3)
In accordancewith the third principle,characteristicfrequency w,
and amplitude A, donotdependon aircraftcontrollabilitycharacter-
istics, that is, w, and A, = const. The type of controlled parameter
c(t) is determined by the control loop and piloting task considered.
For example, as shown in Refs. 2 and 3, to estimate the longitudi-
nal handling qualities for the traditional flight mode, a parameter
similar to the one used in the C* criterion would be appropriate:

c(t) =Aan, +(Vo/g)q

To define control sensitivity, different parameters, such as F,,,
Ls,, and K, are used. For the sake of uniformity, we use parame-
ter F, (where r = n,, p, p, ...), which characterizes force control
sensitivity F, = F,,, F5, /L5 , F5, /K, ....

Let us consider the following function of manipulator forces of
displacements:

Fm (8) = F«Sm (Sm + Fbr Sgn(‘sm) + Ffr Sgn(Sm)

A pilot’s manipulation of a fixed control stick may produce the
same sensation as manipulation of a moveable stick because of the
inevitable contraction of his/her muscles. Let us assume that these
phantom displacements are proportionateto the forces applied d F,,
and felt displacements §, are the sum of actual §,, and phantom
manipulator displacements. Similarly, even if the loading charac-
teristics are zero, a pilot deflecting a manipulatorinevitably applies
some force, e.g., due to hand inertia. Let us assume that this force
is proportionate to manipulator displacement ( f3,,). Thus, we have

8v=8n1+dFm» Fv=Fm+f8m (4)

Characteristic values of forces and displacements are assumed
maximum in magnitude for sinusoidal manipulator movements:

F = max F,(1), § = max §,(t)
Substituting Eq. (4) for F and §, we obtain
§ = max$,, + d(Fam max 4, + Fy + F,-r)
F = F;, max§,, + Fy, + Fy, + f max$,

From Eq. (3), we have

A, Y5, (Js)
maxd,, = As,, = Lefon T
As, F.[Fs,
and, thus,
F,/F;,
max §,, = A*/—'(S
Yc/ém (] a)*)

where Y, /s, is the aircraft transfer function in terms of controlled
parameter ¢ at F,/Fs, = 1. (This function obviously depends on
aircraft dynamic characteristics.)

From our preceding statements, the following expressions for
characteristic values of forces and displacements can be obtained:

F,[F;, F,

‘S:A*Y ( ) *Y ( ) +d(Fbr+Ffr)
c/ém J Wy c/ém J Wi
(5)
F./F,
F=(F5m+f)A* / '5m +Fbr+Ffr
Yc/ém(]w*)

Thus, Egs. (1), (2),and (5) fully define the influence of loading and
control sensitivity characteristicson handling qualities for different
aircraft dynamic characteristics.
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III. Estimation of Similarity Criteria

To estimate optimum values of manipulator-loadingand control-
sensitivity characteristicsaccordingto Eqgs. (1), (2), and (5), we have
toknow the valuesof F,, §,, k, d, f, A,, and w, and the form thatthe
transfer function Y, 5, takes. Parameters F,, 6., k, d, and f depend
only on the manipulatortype, whereas constant A, and characteristic
frequency w, dependon the aircraftclass and the control axes; trans-
fer function Y, 5, depends on the control axes involved, on aircraft
dynamic performance, and, finally, on the piloting task in question
because, in accordance with the type of piloting task, a certain air-
craft state parameter ¢ is controlled. All of these parameters can
be determined experimentally. They have been determined for class
III aircraft with different types of manipulators.!=> To determine
these parameters for other types of aircraft, special experiments are
needed. In this section, a method is proposed to estimate the influ-
ence of loading and control sensitivity characteristics without full
information about these parameters.

The present part of the work aims at 1) defining the similarity
criteriato compare the influence of manipulatorloading and control
sensitivity characteristicson handling qualities of differentaircraft;
2) substantiatingtheoreticallythe coincidenceof pilotratingsrelated
to nondimensionalmanipulatorloading and control sensitivity char-
acteristics, e.g., APR(F, /F, o) and F, o (Fy,, / Fy, opt), for different
aircraft, manipulators, and control axes; and 3) corroborating the
theoretical conclusion concerning the similarity of the correlations,
thus validating the theoretical approach applied by comparing the
experimental data for differentconditions(differentaircraft, control
axes, and manipulators).

Let us introduce the nondimensional parameters for force/dis-
placement gradient, breakout force, friction, control sensitivity, and
cost function:

I~ 8* - Fbr - Ffr
F«Sm:FF«Sm» FbrzF» FfrzF
L B a L ©)
b ey A
* f/am(]w*) *

With these parameters and Egs. (5), the initial equations (1) and
(2) take the form

APR = APR{[F, +&(F, [ Fy,) + For + Fy].
[(F./7.) % (7, + Rt )] ™

ﬁsm-I?ri.{l.eG J_ = [F, +§(Fr/FBM) + Fbr + Ffr - 1]2
+X[(Fr/ﬁ‘s’”)+'0(Fr+ﬁbr+ﬁfr)_1]2 (8)

where
X = k(. /F.),

p=dF./s,, E=Jfo/F 9

Equation (1') takes the form

APR(F, §) = APR(F) + APR(S) (7)
where
F=Fr +$(Fr/F6m)+Fbr+Ffr
(§= (F,/Fam)+p(ﬁr+ﬁbr+ﬁlr)
—4logF —15 at  F <025
APR(F) = { 1.5|log F| at  025<F<3

45logF—14 at F=>3

The function APR(§) takes a similar form.

In similarity theory, nondimensional coefficients in equations
defining a certain phenomenon in terms of nondimensional vari-
ables are called similarity criteria. In our case, the similarity criteria
are x, p, and €.

In many cases, the similarity-criteria approach simplifies the in-
vestigation of manipulatorloading and control sensitivity influence
on handling qualities; namely, it allows us to define handling quali-
ties even if the values of the relevant parameters are unknown or the
informationis incomplete. This follows from the fact that only three
similarity criteriaare includedin Egs. (7), (7'), and (8), which means
that five parameters (F,, é,, k, d, f),noteight, are sufficient for our
purposes. We can do withoutthe valuesof parameters A, , ,, and the
transfer function Y, 5, because they are not included in Egs. (7-9).

The similarity-criteriaapproach allows us to use simple general-
izationrules for different types of correlationsbetween pilotratings,
manipulator loading, and control sensitivity characteristics. For ex-
ample, a function of nondimensional variables is the same for vari-
ous conditions provided that 1) the values of the similarity criteria
are equal (or their influence is negligible) and 2) similarity criteria
are not included in the function in question.

Itisimpossibleto considerall of the cases in which the similarity-
criteria approach is applicable. We illustrate its applicability to the
correlationsconsideredand demonstratethe validity of the approach
by comparing the estimated and experimental data. Let us consider
three examples that are important in practice. We assume that

Fo=F,=0 (10)

A. Example 1: Influence of Control Sensitivity
Characteristics on Handling Qualities

We demonstrate that the pilot-ratingsfunction of nondimensional
sensitivity characteristics F, / F,qy is roughly the same for different
aircraft, manipulators, and control axes, provided that

F«Sm = F«Smopl

(1

Fr=Fropt
To prove our statement theoretically, we first mention that

_ F - F, -
Fr= F Frople_FropI

ropt ropt

Thus, if Eq. (11) is true, Eq. (7) takes the following form:

Fr I~ Fr Fropl
APR = APR{ —=F, o +§ ==

ropt Fropl Fémopl

)

Fr Fropl Fr '
—_— +p Fq (12)
Fropt F«Smopt Fropt pl>

From Eq. (8) (if we assume, for example, that J= 0), we receive

Fropw=(1—8)/(1—p&),  Fsop=(1—86/1—p) (13)

Substituting Egs. (13) into Eq. (12), we arrive at the function to be

found:
F,
APR = APR
Fr opt

It is seen that there are no similarity criteria in the function in
question. This means that the form of the functionremains the same
for different aircraft, manipulators, and control axes, which was to
be proved.

For the general case, the character of the function in question
has been revealed by McRuer and Jex® in the course of experi-
ments. Their data are presented in Fig. 1, together with our exper-
imental data on pilot ratings for longitudinal control sensitivity.! =
The latter were obtained on a fixed-base simulator while modeling
landing approaches for aircraft with side and center sticks; load-
ing characteristics were in agreement with Egs. (10) and (11); and
aircraft dynamic characteristicsfor F,, correspondedto PR = 1-
1.5. The data compared demonstrate in all cases the similarity of
pilot-rating/sensitivity-characterigic correlations regardless of the
differences in aircraft type and dynamic characteristics, manipula-
tors, control axes, and control sensitivity characteristics. Because
of its general character, the function in question is widely used in
handling-qualities studies. For example, McRuer et al.” applied it
in their work on pilot induced oscillations (PTIO), but there had not
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been any theoretical approach developed to define this function, as
the authors mentioned.

The example presented substantiates theoretically the general
character of the functions considered. The conditions under which
the functions are compared are as follows. Conditions of Egs. (10)
and (11) must be satisfied, and pilot ratings of the aircraft compared
must remain approximately the same for Fy, o, and F .

We did not use a particularform of Eq. (1) as an argumentto prove
the general character of the functionconsidered, but, to demonstrate
that Eq. (1) is a particular form of Eq. (1), in Fig. 1 we show the
curve received from Eq. (7).

Thus, the example shows the general character of the function
APR = APR(F, /F,,), and we can define its forms on the basis of
the proposed theory, even if the values of the parametersin Egs. (1),
(2), and (5) are unknown. Satisfactory agreement of the estimated
and experimental data proves the validity of the proposed approach.

B. Example 2: Influence of Loading Gradient
on Handling Qualities

We demonstrate that the pilot-ratings function of the loading gra-
dient referred to its optimum value, i.e., APR(Fj,, /F;,,opt), remains
roughly the same for different manipulators, aircraft,dynamic char-
acteristics, and piloting tasks, provided that control sensitivity re-
mains optimum for each loading gradient value:

(Fs, [ Fopo) (1 — &) + 61— p) + x[1 = p + (F3,, / Fapopt)p(1 — £)]

In Fig. 2 the experimental data are shown for center and side
sticks. The data were received for approach-mode simulation on a
fixed-base flight simulator. The experimental procedureis described
in Ref. 2.

All of the data corroborate our theoretical conclusion that the
qualitative correlation between pilot ratings and loading gradient
remains roughly the same for various manipulators if Eqs. (10) and
(14) are true.

C. Example 3: Influence of Loading Gradient
on Optimum Control Sensitivity Characteristics

The influence of loading gradient on handling qualities is known
to be similar to that of control sensitivity. A number of their con-
current influence regularities are mentioned in Ref. 4, e.g., for their
important roles in the study of the PIO phenomenon and model-
ing, but these regularities are not strictly defined. Our theoretical
approach allows us to theoretically substantiate the regularities in
question and to define them quantitatively. We demonstrate the va-
lidity of the proposed approach for the function of optimum values

F,, F,
pt of Sm

FropllFlgm:Fzgm(,P[ F«Smopl

Let us define this function and show its similarity for various
manipulator types and aircraft. This function can be derived easily
from Eq. (8) (when dJ /9F, = 0), if Egs. (15) and (16) are true. It
takes the form

- _ F;
F, = Fropl — (14)
F«Smopl
F, F,
ropt Sm
= (I —&p)
FrOPI|F5m=Fsmop[ FﬁmOPI

The form of the function considered (and all other functions of
nondimensional characteristics) is the same for different aircraft,
dynamic characteristics, and piloting tasks because all three simi-
larity criteriain Eq. (9) contain the parameters that depend only on
the type of the manipulator.

From Refs. 1-3, it follows that average values of the similarity
criteria for various manipulatorsare x ~ 1, p ~ 0.2,and & ~ 0.05.
Their deviations from these values are about 25-100%. To prove
the similarity of the function in question for different manipulator
types,itis sufficientto demonstratethatno deviationof the similarity
criteria from the values mentioned earlier affects the correlation in
question to any considerable extent, which is shown in Fig. 2; the
curves are received from Eq. (7') for different values of similarity
criteria and condition equations (10) and (14).

For simplicity, no particular expression for the function APR x
(Fs,, / Fs,0pe) 18 presentedhere butit can be derived from Eq. (7') un-
der two conditions. First, the following expressions are substituted
for Fj,,:

Fs, 1-¢

F;, = —2———= (15)
F«Smopl 1- 1%
Equation (15) follows from
_ F;, - F;, -
F«Sm = = F«Smopl = F«Smopl
Smopt Smopt

if Eq. (13) is true. Second, the expression

- Fropl

FrzFroplzﬁ,r—Fr

opt | Fsy =Fsyopt
opt | Fs,,, =Fs,, opt

F, _
=— ‘" 5 (16)

F | opt | Fs,, =F8m0pl
ropt| Fs,, = Fs,, opt

is substituted for F, in Eq. (7'), where F, opt| Fy,y = Fs,yop 18 deter-
mined from Eq. (13) and F, o/ (Froptl 5, ) is determined from
Eq. (17) in example 3.

=Fg,0pt

)

[(Fo,/ Foop) (1 = &) + 60— )] + x[1 = o+ (Es, [ Fopop) 01 = )]

The curves presented in Fig. 3 are generated for different simi-
larity-criteria values. They demonstrate that the differences in
similarity-criteria values do not produce any considerable effect
on the form of the function. This proves its general character for
different manipulator types and aircraft characteristics.

The function in question can be used in practical work to ensure
maximum similarity of handling qualities modeled on simulators if
their loading gradients differ from those of the aircraft simulated.

Let us assume that an aircraft has optimum values of control sen-
sitivity F}; and loading gradient Fj, ;. They correspondto the point
(1,1) of the curve in Fig. 3. We consider the simulated environment
to be ideal except for the loading-gradientvalue F, , # Fj, ;. It fol-
lows that the maximum similarity of handling qualities is achieved
if the simulator control sensitivity F), is adjusted according to the
following expression:

F, _ Fr20pl(F6m2/F6m0pl) _ Fr20pl(F6m2/F6ml)

F’I Frlopl(Féml/F«Smop[) F’10P1|F8ml=F8m0Pl

where the latter term is defined from Eq. (17) or from the curve in
Fig. 3.

In Fig. 3 the experimental data for center and side sticks from
Refs. 1-3 are shown. The agreement between the experimental data
and estimations proves the validity of our theoretical approach.

IV. Requirements for Dynamic Characteristics
of Feel Systems

The required characteristics of various feel systems are consid-
eredin a number of publications¥* Among them, the dynamic char-
acteristics are the least developed.

The need to meet very strict requirements for dynamic accuracy
whilereproducingloading characteristicsis determined by the capa-
bilities of the pilot. It is well known that pilots deliberately operate
at the frequencies up to 1-1.5 Hz, but, in many cases, higher fre-
quenciesin the limb-manipulatorsystem may influence piloting. For
example, high-frequencyoscillationsup to 3 Hz may occur on mod-
ern aircraft with certain structural elasticity, manipulator character-
istics, role-mode time constants, etc.'>!! Moreover, in some cases
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Fy

opt
Fr opt| Fgn=Fsmo
pt
sidestick center stick ':
[ - longitudinal ~ O- longitudinal
A - lateral
2 — theory, formula (1 ):
0.15< p<0.25
0.025<£<0.1
A 0.75< <125
15 A X
O A
;;% =
1 o O
0.5
\\
("6 1 2 3 4 v ®
F&r/F&n apt

Fig.3 Optimum control sensitivity characteristics vs manipulator force gradient.

Fo
Fy Computer
O— Actuator

Fig.4 Structure of manipulator feel system.

the spectrum of pilot control movements contains components of
higher frequency. In our experiments the frequency limits of pilot
control movements were up to 2-3 Hz in yaw, 5 Hz in pitch, and
7 Hz in roll. It proves the need for the feel system in a research
simulator to be able to reproduce the frequencies within this range
without noticeable dynamic distortions.

The selection of dynamic characteristics of feel-system elements
(actuator and computer) also is determined by feel-system stability
requirements. The possibility of high-frequency oscillations (15 Hz
and over) is one of the factors affecting the selection of dynamic
characteristics. These oscillations are due to the force transducer
sensing the feel-systemelastic mode; such a case was consideredin
Refs. 8 and 9.

Another factor affecting system stability and thus its dynamic
characteristicsis the need to reproduce great loading gradients,e.g.,
for imitating breakout force. The role of this factor in maintaining
system stability depends on the feel-system structure. Let us con-
sider the most widely used feel-system structure, shown in Fig. 4.
It suggests that the actuator is an ideal integrator and the computer
has no time delay. However, in practice, the dynamics of an actua-
tor at high frequencies differ from ideal dynamics. To estimate the
required actuator dynamics, we assume that they are described by
the function

Because of quantization, computer performance differs from the
ideal as well. Its transfer function is

) 1 _ e—TCx
ch — e—TCs
T.s

where e~* is the factor of time delay introduced by the computer

and (1 — e~%%)/T,s is the transfer function of A/D converters.
Let us assume that we have to reproduce the following loading
function:

m(§m + FSmSm + Fﬁm(Sm = Fm

The task is to estimate, within the given stability limitations, the
permissible values of 7, and 7, that allow the predetermined values
of m, Fy,, and Fj, to be reproduced.

It can be shown that, in terms of stability, the T, and 7, require-
ments are strictestwhen m is minimum and the gradient Fj, is maxi-
mum. The data for differentmanipulators show that the approximate
minimum valuesare m = 2kgand F;, = 80N - (m/s)~ ! The value
of the force gradient for imitating the breakout force is no less than
F;, = 30-100 kN/m, according to Ref. 8.

It can be shown that, for these parameters, a feel system is stable
if the sum of T, and 3/27, does not exceed 5-10 ms.

We have considered just a common type of feel-system structure
1) to demonstrate the method for estimating the dynamic character-
istics required of an actuator and a computer and 2) to show how
strict these requirements are. Requirements may be less strict for
some simulated loading laws, for certain system-elementcharacter-
istics, or when corrective filters are used.

V. Conclusions

A previouslydevelopedtheoreticalapproachand a similarity the-
ory were applied to estimate the influence of manipulator loading
and control sensitivity characteristicson aircrafthandling qualities.
Similarity criteria for loading and control sensitivity characteristics
were proposed and substantiated. Agreement was demonstrated be-
tween experimental data and estimations based on the proposed ap-
proach. Some data were presented to substantiate the requirements
for feel-system dynamic characteristics of flight simulators.

The proposed methodology (theoretical approach and similarity
criteria) solves various problems of theoreticaland empirical studies
of aircraft handling qualities; its validity was shown for a number
of examples.
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