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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-theorymethods and the authors’ previouslydeveloped 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 in� uence of various
manipulator and control sensitivity characteristics on handling qualities. The method being substantiated allows
estimationof the handlingqualitiesof 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-� ight simulators, the controllability of an aircraft with certain
manipulatorsand control sensitivity that maydiffer from those of simulators.The dynamiccharacteristics required
of the manipulator feel systems used in ground-based and in-� ight simulators are considered.

Nomenclature
A¤ = characteristic amplitude of controlled parameter
A±m = manipulator displacement amplitude, mm
c.t/ = controlled parameter, c D µ; nz; Á; : : :
d; f; k = equation constants
F = characteristicvalue of control force applied by

a pilot, N
Fbr = breakout force, N
Ffr = friction force, N
Fm = manipulator force, N
Fnz = longitudinalmanipulator force per unit normal

acceleration,N/g
Fr = generalized control sensitivity: manipulator force per

unit normal acceleration, roll acceleration or rate, etc.,
Fr D Fnz ; F±m =L±a ; : : :

Fv = current value of force felt by a pilot, N
F±m = manipulator force gradient, N/mm
FP±m = manipulator damping coef� cient, N/(mm/s)¡1

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/s2

J = cost function
K = aircraft gain
L ±a = lateral control sensitivity, rad/(s2¢ mm)
m = manipulator inertia, kg
nz = aircraft normal acceleration,g
PR = pilot ratings, Cooper–Harper scale
q = pitch rate, rad/s
s = Laplace operator
Ta = actuator time constant, s
Tc = computer sampling time, s
t = time, s
V0 = characteristicvelocity, m/s
Ya = actuator transfer function
Ycp = computer transfer function
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Yc=±m = manipulator displacement-to-controlled-parameter
transfer function

1 = increment
± = characteristicvalue of manipulator displacement

felt by a pilot, mm
±m = manipulator displacement,mm
±v = current value of displacement felt by a pilot, mm
±¤ = desirable value of manipulator displacement felt by a

pilot, mm
’ = phase, deg
Â; ½; » = similarity criteria
!¤ = characteristic frequency, rad/s

Subscripts

opt = optimum value
1, 2 = numbering

Symbol

.N/ = nondimensionalvalue

I. Introduction

C HARACTERISTICS of manipulator loading .F±m ; Fbr; : : :)
and control sensitivity .Fnz ; L±a ; : : :/ play an important role

in aircraft controllability.However, choosing values for these char-
acteristicspresentsconsiderabledif� culty in aircraftdesign.In � ight
tests and even in ground-based simulator experiments, it is impos-
sible to study in detail the in� uence 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 � ight simulators
are restricted.) As mentioned in many publications,1¡6 a theoretical
approach had not yet been suf� ciently developed.

Recently, however, a theoreticalapproach to estimating the in� u-
ence of manipulator loading and control sensitivity characteristics
on aircraft handling qualities was proposed.1¡3 On the basis of this
approach, simple and ef� cient criteria have been developed that al-
low estimationof these characteristics’optimum values with regard
to their interplayand dependenceon aircraft dynamic performance.
The validityof the criteria and the approachhas been tested in prac-
tice during development of Russian airplanes.

The approach is commonly used for different aircraft, manipula-
tors, and control axes because inherent psychophysiological char-
acteristicsof pilots constituteits basis, being independentof aircraft
class or manipulator type. 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 criteria may allow us 1) to estimate the aircraft handlingquali-
ties by comparing them with the respectivedata 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-� ight simulators because
their manipulator and control-sensitivitycharacteristics may differ
to a certain degree, e.g., manipulator characteristics of in-� ight or
ground-basedsimulators are invariable.

In Sec. II, the basic conceptsof the proposed theoreticalapproach
are described in general because the notions underlying the theory
are obvious.However, the theoreticalapproach 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 analysisof aircraft handlingqualities,
e.g., Refs. 6 and 7. Thus, in Sec. III, in a discussion of the rele-
vant similarity criteria, the theoretical approach is substantiatedby
comparing estimated and experimental data.

Section IV deals with some dynamic characteristics required of
feel systems used in in-� ight and ground-basedsimulators.

II. Theoretical Approach
This approach is 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.

Fig. 1 Pilot rating decrement vs control sensitivity characteristics.

A. Basic Concepts
The � rst principle is based mainly on the psychophysiological

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) combinationof forces and displacements (F¤; ±¤). Devi-
ation of the forces and displacementsapplied by a pilot .F; ±/ from
their desirable values (F¤; ±¤) worsens aircraft handling qualities,
their being dependent on F=F¤; ±=±¤ only and independentof other
factorssuchas manipulatortype,aircraftclass,and its dynamics,etc.

If an aircraft has good pilot ratings .1 · PR · 3:5) at F=F¤ D
±=±¤ D 1, this principle can be de� ned as follows:

1PR D 1PR.F=F¤; ±=±¤/ (1)

where 1PR is a monotonic function and its minimum is 0 for
F=F¤ D ±=±¤ D 1.

The forces felt by a pilot depend on manipulator loading and
control sensitivity characteristics,and variables F=F¤; ±=±¤ are the
functions of these characteristics:

F=F¤ D F=F¤ F±m; Fr ; : : : ; ±=±¤ D ±=±¤ F±m; Fr ; : : :

This principle is based on a generalizationof certain inherentquali-
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
that are 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 equationagrees adequatelywith the
available experimental data:

1PR.F=F¤; ±=±¤/ D 1PR.F=F¤/ C 1PR.±=±¤/ (10)
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Fig. 2 Pilot ratings vs manipulator force gradient.

where

1PR
F

F¤
D

¡4 log.F=F¤/ ¡ 1:5 at F=F¤ · 0:25

1:5 jlog.F=F¤/j at 0:25 < F=F¤ < 3

4:5 log.F=F¤/ ¡ 1:4 at F=F¤ ¸ 3

The function 1PR.±=±¤/ takes a similar form.
Note that this particular form of Eq. (10) 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 optimummanipulatorloadingand
controlsensitivitycharacteristicsare attainedif theirdeviationsfrom
the desirable values are minimal.

Essentially, thisprinciplemeans 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
F±m ;Fr ;::: 2 G

J D .F ¡ F¤/2 C k.± ¡ ±¤/2 (2)

where F D F.F±m; Fr ; : : :/; ± D ±.F±m; Fr ; : : :/; F¤ D const, and
±¤ D const.

The third principle states that, whereas the in� uence of manipu-
lator and control sensitivity characteristics on handling qualities is
being estimated, aircraft state parameters (nz; q; p; Pp; : : :) may be
assumed independent of manipulator and control sensitivity char-
acteristics (F±m ; Fr ; : : :) 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 stabilityand controllabilitychar-
acteristicsare considerable.Moreover, this principleis actuallyused
for aircraft controllability analysis, e.g., by McRuer et al.,6;7 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 adequatepilotingaccuracyeven 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 in� uence of manipulator loading and control sen-

sitivity characteristicson handling qualities accordingto our princi-
ples, we must express the forces F and displacements ± in Eqs. (1)
and (2) as functions of manipulator loading and control sensitivity
characteristics.There are a few ways to do this.1¡3 We consider one
of them.

We assume that control-surfacede� ection is proportionateto ma-
nipulator displacement and that aircraft dynamics are de� ned by

linear differential equations. We also assume that manipulator dis-
placements are sinusoidal (aircraft motion is sinusoidal as well):

±m .t/ D A±m sin !¤t ; c.t/ D A¤ sin.!¤t C ’/ (3)

In accordancewith the thirdprinciple,characteristicfrequency!¤
and amplitude A¤ donotdependon aircraftcontrollabilitycharacter-
istics, that is, !¤ and A¤ D 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 � ight mode, a parameter
similar to the one used in the C¤ criterion would be appropriate:

c.t/ D 1nz C .V0=g/q

To de� ne control sensitivity, different parameters, such as Fnz ,
L ±a , and K , are used. For the sake of uniformity, we use parame-
ter Fr (where r D nz; p; Pp; : : :), which characterizes force control
sensitivity Fr D Fnz; F±m =L ±a ; F±m =K ; : : : .

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

Fm.±/ D F±m ±m C Fbr sgn.±m / C Ffr sgn. P±m/

A pilot’s manipulation of a � xed 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 displacementsare proportionateto the forces applied d Fm

and felt displacements ±v are the sum of actual ±m and phantom
manipulator displacements. Similarly, even if the loading charac-
teristics are zero, a pilot de� ecting a manipulator inevitably applies
some force, e.g., due to hand inertia. Let us assume that this force
is proportionateto manipulator displacement ( f ±m ). Thus, we have

±v D ±m C d Fm ; Fv D Fm C f ±m (4)

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

F D max Fv.t/; ± D max ±v.t/

Substituting Eq. (4) for F and ±, we obtain

± D max ±m C d F±m max ±m C Fbr C Ffr

F D F±m max ±m C Fbr C Ffr C f max ±m

From Eq. (3), we have

max ±m D A±m ;
A¤

A±m

D
Yc=±m . j!¤/

Fr F±m

and, thus,

max ±m D A¤
Fr F±m

Yc=±m . j!¤/

where Yc=±m is the aircraft transfer function in terms of controlled
parameter c at Fr =F±m D 1. (This function obviously depends on
aircraft dynamic characteristics.)

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

± D A¤
Fr F±m

Yc=±m . j!¤/
C d A¤

Fr

Yc=±m . j!¤/
C d.Fbr C Ffr/

F D F±m C f A¤
Fr =F±m

Yc=±m . j!¤/
C Fbr C Ffr

(5)

Thus,Eqs. (1), (2), and (5) fully de� ne the in� uenceof loadingand
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-

sensitivitycharacteristicsaccordingto Eqs. (1), (2), and (5), we have
to knowthe valuesof F¤; ±¤; k; d; f; A¤, and !¤ and the form that the
transfer function Yc=±m takes. Parameters F¤; ±¤; k; d , and f depend
onlyon themanipulatortype,whereasconstant A¤ andcharacteristic
frequency!¤ dependon the aircraftclassand the controlaxes; trans-
fer function Yc=±m depends on the control axes involved, on aircraft
dynamic performance, and, � nally, on the piloting task in question
because, in accordance with the type of piloting task, a certain air-
craft state parameter c is controlled. All of these parameters can
be determinedexperimentally.They have been determined for class
III aircraft with different types of manipulators.1¡3 To determine
these parameters for other types of aircraft, special experiments are
needed. In this section, a method is proposed to estimate the in� u-
ence of loading and control sensitivity characteristics without full
information about these parameters.

The present part of the work aims at 1) de� ning the similarity
criteria to compare the in� uence of manipulator loadingand control
sensitivity characteristicson handling qualities of different aircraft;
2) substantiatingtheoreticallythecoincidenceof pilot ratingsrelated
to nondimensionalmanipulatorloadingand control sensitivitychar-
acteristics, e.g., 1PR.Fr =Fr opt/ and Fr opt.F±m =F±m opt/, for different
aircraft, manipulators, and control axes; and 3) corroborating the
theoreticalconclusionconcerning the similarity of the correlations,
thus validating the theoretical approach applied by comparing the
experimentaldata for different conditions(differentaircraft, control
axes, and manipulators).

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

NF±m D
±¤

F¤
F±m ; NFbr D

Fbr

F¤
; NFfr D

Ffr

F¤

NFr D
Fr

F¤

A¤

Yc=±m . j!¤/
; NJ D

J

F2
¤

(6)

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

1PR D 1PR NFr C » NFr
NF±m C NFbr C NFfr ;

NFr
NF±m C ½ NFr C NFbr C NFfr (7)

min
NF±m ; NFr ;::: 2 G

NJ D NFr C » NFr
NF±m C NFbr C NFfr ¡ 1

2

C Â NFr
NF±m C ½ NFr C NFbr C NFfr ¡ 1

2
(8)

where

Â D k.±¤=F¤/2; ½ D d F¤=±¤; » D f ±¤=F¤ (9)

Equation (10) takes the form

1PR. NF; N±/ D 1PR. NF/ C 1PR. N±/ (70)

where

NF D NFr C » NFr
NF±m C NFbr C NFfr

N± D NFr
NF±m C ½ NFr C NFbr C NFfr

1PR. NF/ D
¡4 log NF ¡ 1:5 at NF · 0:25

1:5jlog NF j at 0:25 < NF < 3

4:5 log NF ¡ 1:4 at NF ¸ 3

The function 1PR. N±/ takes a similar form.
In similarity theory, nondimensional coef� cients in equations

de� ning a certain phenomenon in terms of nondimensional vari-
ables are called similarity criteria. In our case, the similarity criteria
are Â; ½, and » .

In many cases, the similarity-criteria approach simpli� es the in-
vestigationof manipulator loading and control sensitivity in� uence
on handling qualities; namely, it allows us to de� ne handling quali-
ties even if the values of the relevantparameters are unknown or the
information is incomplete.This follows from the fact that only three
similaritycriteriaare includedin Eqs. (7), (70), and (8), which means
that � ve parameters .F¤; ±¤; k; d; f /, not eight, are suf� cient for our
purposes.We candowithout thevaluesofparameters A¤; !¤, and the
transfer function Yc=±m because they are not included in Eqs. (7–9).

The similarity-criteriaapproach allows us to use simple general-
ization rules for different typesof correlationsbetweenpilot ratings,
manipulator loading, and control sensitivity characteristics.For ex-
ample, a function of nondimensionalvariables is the same for vari-
ous conditions provided that 1) the values of the similarity criteria
are equal (or their in� uence is negligible) and 2) similarity criteria
are not included in the function in question.

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

NFbr D NFfr D 0 (10)

A. Example 1: In� uence of Control Sensitivity
Characteristics on Handling Qualities

We demonstrate that the pilot-ratingsfunctionof nondimensional
sensitivity characteristics Fr =Fr opt is roughly the same for different
aircraft, manipulators, and control axes, provided that

NF±m D NF±m opt NFr D NFr opt
(11)

To prove our statement theoretically,we � rst mention that

NFr D
NFr

Fr opt

NFr opt D
Fr

Fr opt

NFr opt

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

1PR D 1PR
Fr

Fr opt

NFr opt C »
Fr

Fr opt

NFr opt

NF±m opt

;

Fr

Fr opt

NFr opt

NF±m opt

C ½
Fr

Fr opt

NFr opt (12)

From Eq. (8) (if we assume, for example, that NJ D 0), we receive

NFr opt D .1 ¡ »/=.1 ¡ ½»/; NF±m opt D .1 ¡ »/=.1 ¡ ½/ (13)

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

1PR D 1PR
Fr

Fr opt

It is seen that there are no similarity criteria in the function in
question.This means that the form of the function remains 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 Jex6 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.1¡3

The latter were obtained on a � xed-base simulator while modeling
landing approaches for aircraft with side and center sticks; load-
ing characteristics were in agreement with Eqs. (10) and (11); and
aircraft dynamic characteristicsfor Fr opt correspondedto PR D 1–

1.5. The data compared demonstrate in all cases the similarity of
pilot-rating/sensitivity-characteristic 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.7 applied it
in their work on pilot induced oscillations (PIO), but there had not
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been any theoretical approach developed to de� ne 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 Eqs. (10)
and (11) must be satis� ed, and pilot ratings of the aircraft compared
must remain approximately the same for F±m opt and Fr opt.

We did not use a particularform of Eq. (1) as an argumentto prove
the generalcharacterof the functionconsidered,but, to demonstrate
that Eq. (10) is a particular form of Eq. (1), in Fig. 1 we show the
curve received from Eq. (70).

Thus, the example shows the general character of the function
1PR D 1PR.Fr =Fr opt), and we can de� ne its forms on the basis of
the proposed theory, even if the values of the parameters in Eqs. (1),
(2), and (5) are unknown. Satisfactory agreement of the estimated
and experimentaldata proves the validityof the proposedapproach.

B. Example 2: In� uence of Loading Gradient
on Handling Qualities

We demonstrate that the pilot-ratingsfunctionof the loadinggra-
dient referred to its optimum value, i.e., 1PR.F±m =F±m opt/, remains
roughly the same for differentmanipulators,aircraft,dynamic char-
acteristics, and piloting tasks, provided that control sensitivity re-
mains optimum for each loading gradient value:

NFr D NFr opt
F±m

F±m opt

(14)

Fr opt

Fr optjF±m DF±m opt

D
F±m

F±m opt
.1 ¡ »½/

F±m F±m opt .1 ¡ »/ C ».1 ¡ ½/ C Â 1 ¡ ½ C F±m F±m opt ½.1 ¡ »/

F±m F±m opt .1 ¡ »/ C ».1 ¡ ½/
2 C Â 1 ¡ ½ C F±m F±m opt ½.1 ¡ »/

2
(17)

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 criteria in 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 variousmanipulatorsare Â ¼ 1; ½ ¼ 0:2, and » ¼ 0:05.
Their deviations from these values are about 25–100%. To prove
the similarity of the function in question for different manipulator
types, it is suf� cient to demonstratethatnodeviationof 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. (70) for different values of similarity
criteria and condition equations (10) and (14).

For simplicity, no particular expression for the function 1PR £
.F±m =F±m opt/ is presentedhere but it can be derived from Eq. (70) un-
der two conditions. First, the following expressions are substituted
for NF±m :

NF±m D
F±m

F±m opt

1 ¡ »

1 ¡ ½
(15)

Equation (15) follows from

NF±m D
NF±m

NF±m opt

NF±m opt D
F±m

F±m opt

NF±m opt

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

NFr D NFr opt D
NFr opt

NFr optjF±m DF±m opt

NFr optjF±m DF±m opt

D
Fr opt

Fr optjF±m DF±m opt

NFr optjF±m DF±m opt
(16)

is substituted for NFr in Eq. (70), where NFr optjF±m DF±m opt is deter-
mined from Eq. (13) and Fr opt=.Fr optjF±m DF±m opt / is determined from
Eq. (17) in example 3.

In Fig. 2 the experimental data are shown for center and side
sticks. The data were received for approach-mode simulation on a
� xed-base� ight simulator.The experimentalprocedureis 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: In� uence of Loading Gradient
on Optimum Control Sensitivity Characteristics

The in� uence of loading gradient on handling qualities is known
to be similar to that of control sensitivity. A number of their con-
current in� uence 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 de� ned. Our theoretical
approach allows us to theoretically substantiate the regularities in
question and to de� ne them quantitatively.We demonstrate the va-
lidity of the proposed approach for the function of optimum values

Fr opt

FroptjF±m DF±m opt

of
F±m

F±m opt

Let us de� ne this function and show its similarity for various
manipulator types and aircraft. This function can be derived easily
from Eq. (8) (when @ NJ =@ NFr D 0), if Eqs. (15) and (16) are true. It
takes the form

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 Fr1 and loading gradient F±m 1 . They correspond to the point
(1,1) of the curve in Fig. 3. We consider the simulated environment
to be ideal except for the loading-gradientvalue F±m 2 6D F±m 1. It fol-
lows that the maximum similarity of handling qualities is achieved
if the simulator control sensitivity Fr2 is adjusted according to the
following expression:

Fr 2

Fr 1

D
Fr2 opt F±m 2 F±m opt

Fr1 opt F±m 1 F±m opt

D
Fr2 opt F±m 2 F±m 1

Fr1 optjF±m 1DF±m opt

where the latter term is de� ned 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 agreementbetween the experimentaldata
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-
ered in a numberof publications.8;9 Among them, the dynamicchar-
acteristics are the least developed.

The need to meet very strict requirements for dynamic accuracy
while reproducingloadingcharacteristicsis determinedby 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-manipulatorsystemmay in� uencepiloting.For
example, high-frequencyoscillationsup to 3 Hz may occuron mod-
ern aircraft with certain structural elasticity,manipulator character-
istics, role-mode time constants, etc.10;11 Moreover, in some cases
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Fig. 3 Optimum control sensitivity characteristics vs manipulator force gradient.

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 characteristicsof feel-system elements
(actuator and computer) also is determined by feel-system stability
requirements.The possibilityof high-frequencyoscillations(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 considered in
Refs. 8 and 9.

Another factor affecting system stability and thus its dynamic
characteristicsis the need to reproducegreat loadinggradients,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

Ya D 1
s

1
.Tas C 1/

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

Ycp D e¡Tc s 1 ¡ e¡Tc s

Tcs

where e¡Tcs is the factor of time delay introduced by the computer
and .1 ¡ e¡Tc s/=Tcs is the transfer function of A/D converters.

Let us assume that we have to reproduce the following loading
function:

m R±m C FP±m
P±m C F±m ±m D Fm

The task is to estimate, within the given stability limitations, the
permissiblevalues of Ta and Tc that allow the predeterminedvalues
of m; F±m , and FP±m to be reproduced.

It can be shown that, in terms of stability, the Ta and Tc require-
ments are strictestwhen m is minimumand the gradient F±m is maxi-
mum. The data for differentmanipulatorsshow that the approximate
minimum values are m D 2 kg and FP±m

D 80 N ¢ (m/s)¡1. The value
of the force gradient for imitating the breakout force is no less than
F±m D 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 Ta and 3=2Tc 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 � lters are used.

V. Conclusions
A previouslydevelopedtheoreticalapproachand a similarity the-

ory were applied to estimate the in� uence of manipulator loading
and control sensitivity characteristicson aircraft handling qualities.
Similarity criteria for loading and control sensitivity characteristics
were proposed and substantiated.Agreement was demonstratedbe-
tween experimentaldata and estimations based on the proposed ap-
proach. Some data were presented to substantiate the requirements
for feel-system dynamic characteristicsof � ight simulators.

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