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M. Idan*
Stanford University, Stanford, California 93405

and

S. J. Merhavt
Technion—Israel Institute of Technology, Haifa, 32000 Israel

Describing function models of the human operator in manual tracking tasks developed so far have essentially
been restricted to a static cockpit environment using fixed based simulators. This paper addresses the problem
of whether, and how, the response of the human operator and his associated describing function are influenced
by cockpit motion induced by his own control commands. It is suggested that the motion-induced biodynamic
stick feedthrough affecting the inner kinesthetic control loop can be interpreted as a modification of the
dynamics of the controlled vehicle. By assuming that the crossover model remains valid under conditions of
vehicle motion, an extended analytical model of the human operator describing function is derived. Computer
simulation of this analytical model provides reference characteristics of the describing function and remnant
noise. A validation of this model, accomplished by extensive dynamical tests on a moving base simulator, is
described. The excellent match of the analytical and experimental characteristics obtained both in magnitude
and shape substantiates the notion of the extended human operator model and suggests that it may contribute

to improved overall pilot-aircraft system design.

I. Introduction

PILOTED aircraft is one of the most significant exam-

ples of a man-machine system. The aircraft response to
pilot commands is influenced by their mutual tight interac-
tion. An aircraft with good stability characteristics per se does
not necessarily ensure good handling qualities.! This property
involves not only the response of the aircraft to pilot com-
mands but also the dynamical response of the pilot to the
aircraft accelerations.

The human operator in a man-machine system can be de-
scribed as an optimal adaptive controller with certain inherent
psychophysical limitations. This idea has produced a large
volume of theoretical and experimental studies in the area of
human operator (HO) and man-machine models. The first
models were based on classical frequency domain control the-
ory and described the HO in single-axis tracking tasks.2 The
adaptation of the HO manifests itself by the adjustment of his
mode of control in accordance with the particular dynamical
characteristics of the controlled element. During control activ-
ity, the human operator senses, in addition to visual informa-
tion, kinesthetic stimulation, or ‘‘motion cues,”’ by means of
the vestibular system,® and neuromotor motion and force
sensors.* The effect of the motion cues on HO performance
was studied by Stapleford et al.® on moving base simulators.
These studies disclosed that, by and large, motion cues im-
prove HO control performance. In extreme cases, the absence
of the motion cues can lead to pilot-induced oscillations
(P10). The optimal behavior of the HO motivated further
work on HO modeling by Kleinman et al.,® who adopted an
approach of modern optimal control theory.

In actual flight missions, the pilot is often subjected to
accelerations and vibrations that cause biodynamic interfer-
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ences. These interferences cause nonvoluntary manual com-
mands and tend to increase the remnant noise.” Motion and
vibration also affect vision because the appearance of displays
may become blurred.

If the vehicle accelerations are uncorrelated with the pilot’s
voluntary commands, the biodynamic interference is ‘‘open-
loop,” as is the case when a weapon is aimed onboard a
helicopter. Open-loop biodynamic interference has been inten-
sively studied by, among others, Allen® and Levison et al.%1°
These investigations disclosed that remnant noise increases
and nonvoluntary control commands can seriously affect
tracking precision. These studies also led to the development
of mathematical models of the biodynamical mechanism.?11,12

In the course of the past two decades, a number of the
methods aimed at reducing the effects of biodynamic interfer-
ence were attempted. One recent approach is based on adap-
tive noise suppression techniques.!? This method demonstrates
substantial reduction in the effects of open-loop biodynamic
interferences.

In piloted aircraft, the HO is subjected to accelerations
resulting from his own commands. The resulting biodynamic
interference will be referred to as “‘closed-loop,’’ the effect of
which may increase the originally intended control command
and cause uncontrolled oscillations. This phenomenon, occur-
ring in certain flight conditions,'* is also known as pilot-cou-
pled oscillations (PCO).

The purpose of this study is to develop a man-machine
model incorporating closed-loop biodynamic effects. For the
sake of simplicity, the controlled plant was modeled as a single
integrator. The inclusion of the biodynamic feedthrough paths
constitutes an extended HO model. This model incorporates
the effect of motion on the performance and stability of the
complete man-machine system. In this study, a theoretical
model is developed that is validated by motion flight simula-
tion experiments.

II.
Background

Existing models of the HO in manual control tasks have
been developed largely by experimental studies, using fixed
based simulators. In these studies, the sole task-oriented infor-
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mation displayed to the pilot is visual. Typical tasks have been
the tracking of a random stationary zero-mean moving target.
Eventually, it has become clear that models derived under
these conditions only partially represent HO performance.
Later work incorporated motion cues detected by the vestibu-
lar and neuromuscular systems.>7-15

In addition, motion can induce biodynamic interference
which is, in essence, uncontrolled response of human limbs to
vibration and acceleration. Two kinds of interference are dis-
tinguished:

1) “‘Open-loop”’ biodynamic interference occurring in con-
trolling and aiming of devices onboard moving platforms.

2) ““Closed-loop’’ biodynamic interference, caused by vehi-
cle accelerations, which is fed back to the manipulator and
adds to the voluntary command.

In both cases, deterioration of the control performance of
the HO occurs.

An HO model, based on classical control theory is presented
in detail in Ref. 2, where the approach is based on a quasilin-
ear time-invariant man-machine model shown in Fig. 1. The
HO is described by the linear describing function Y, and
additive remnant noise n. The HO controls Y., which repre-
sents the plant; r is the plant output in responseé to the input c.
Only the error e = ¢ —r is displayed to the HO. Extensive
experimental investigation disclosed that Y, can be described
by the transfer function,

e M joT, +1

Y,(w) =K 1
PV =Ky T, 1 )

where e ~/7 is the effective time delay of the HO, 1/(jw Ty + 1)
is the neuromuscular lag, and G(jw)=( T, +1)/(joT;+1)
is an equalization term that enables the adjustment of the
model to a wide variety of plant models Y, (jw).

In the numerous experiments that have been performed,?
the adaptive nature of Y, has been established. The adaptation
takes place in accordance with the crossover model, stating
that the overall transmission Y,Y,. maintains a slope of —20
dB/dec in the region of the gain crossover, and it is given by

Y, Y. (jw) =2 e~ior @)
Jw

The ‘‘compensation network’ G (jw) adjusts itself adaptively
so that Eq. (2) holds for a variety of plants Y,. The crossover
frequency ., along with phase margins and input bandwidth,
is an important parameter in the determination of the man-
machine system performance.

The remnant noise n(¢) is defined as that portion of the HO
control signal that is uncorrelated with ¢(#). In accordance
with Ref. 2, the origin of n(¢) is the nonstationarity of the
parameters of the HO.

Consistent with earlier work, the proposed model in this
study is based on the adaptive nature of the HO. The underly-
ing assumption is that he adjusts his response so that the
crossover model of the man-machine system holds in the pres-
ence of closed-loop biodynamic interferences.

The models of biodynamic interference developed so
far®!-12 gddressed problems with external disturbances, i.e.,
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Fig. 1 Man-machine system for a compensatory tracking task (after
McRuer et al.2).
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open-loop biodynamic interference. Specifically, the studies
performed addressed the effects of high-frequency vibrations
on manual manipulator tasks. In these models, the various
body limbs are described by lumped dynamical models con-
sisting of masses, inertias, springs, and dampers. The range of
frequencies in which experiments were performed was rela-
tively high, i.e., greater than 1 Hz. In this frequency range, the
feedthrough to the stick has a distinct low-pass nature, with a
break frequency near 5 Hz.® This characteristic stems mainly
from the bob weight effects of the body limbs and especially
the hand gripping the stick. The reason for this phenomenon
is that the HO does not respond in the high-frequency range
beyond approximately 1 Hz. Consequently, intereference
components in this frequency range add directly to the volun-
tary control.

In principle, low-frequency components of biodynamic in-
terference should also be considered in the HO modeling. The
implication would be that, e.g., under constant acceleration,
such as flight with sideslip, the pilot would lean on the stick
and would cause a tracking error. In reality, the HO compen-
sates such errors reflexively without difficulty. From the fore-
going it can be argued that the HO response is influenced by
the existence of low-frequency biodynamic interference. This
influence should manifest itself by a modification of the HO
describing function in the low-frequency range.

Modeling of Biodynamic Interference

Previous models®1112 describe the biodynamic interference
as a low-pass nonvoluntary response to accelerations, adding
to the voluntary control commands. This nature of biody-
namic interference has been observed in experiments® in which
the excitation frequencies were above 1 Hz. In the low-fre-
quency range, if constant accelerations exist, the HO easily
manages to compensate them reflexively and to reduce their
effect by adjusting his grip on the control stick. This reflexive
compensation is effective, particularly in the low-frequency
range, in which the HO can easily estimate motion and distur-
bances. This range is limited by the bandwidth of the associ-
ated vestibular and neuromotor motion sensors. In this study,
it is therefore assumed that the pilot response to accelerations
and vibration, being of a reflexive nature, has a high-pass-type
describing function at low frequencies and, as a result of
natural low-pass roll-off, it has a low-pass nature at high
frequencies. Consequently, the overall HO biodynamic re-
sponse has a band-pass-type describing function. A block
diagram describing this model is given in Fig. 2, in which the
following notations apply: Y,, HO model describing desired
response to visual input; Y., kinesthetic model describing
neurosensor response; Y,, model of the passive biodynamic
transmission; Y,, model of neuromuscular system describing
manual control commands; a, acceleration; e, tracking error;
u., voluntary control command of the HO; n, remnant noise;
up biodynamic feedthrough signal to control stick; u, total
control command.

The model introduced here, though having a reasonable
basis, requires experimental validation. A straightforward val-
idation would be feasible if it were possible to measure the HO
response to accelerations and vibrations and to separate it into

! l

Y, Y,

€ +

—H Yp : Yll

Fig.2 Model of human operator response to accelerations and vi-
brations.
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its two components, i.e., the nonvoluntary component and the
reflexive one. Such a separation is not practical. Therefore, in
this study, the validation of the closed-loop biodynamic model
is performed by overall system model matching techniques
described in Sec. III.

Effects of the Biodynamic Feedthrough

In view of the foregoing, the description of the biodynamic
interference is governed by a combination of the nonvoluntary
feedthrough commands and the reflexive compensation re-
sponse. If the vehicle sensed by the HO is due to his own
commands, a biodynamic feedback path is established. A
block diagram describing the HO in a tracking task incorpo-
rating blodynamlc feedback is'shown in Fig. 3. The following
notation apphes in this description: Y., model of the con-
trolled plant; Y,, model of the HO; Yz, model of the total
biodynamic pransmlssmn given by Yp =Y, + Y, Y,; c, system
input; e, tracking error; u., voluntary command in the man-
machine system; », remnant noise; ug, total response to accel-
eration fed through to the control stick; u, total control com-
mand; r, plant response; @, acceleration sensed by the HO.

As a result of the excitation ¢, a tracking error e develops.
The HO attempts to minimize e by control commands u.. The
corresponding . vehicle response r shows in the display and

manifests itself by vehicle accelerations a, evoking uy via Y,

adding to u. and n to provide u. These accelerations also have
a direct effect on the HO, causing increased observation and
motor noise.” The motion also has the effect of modifying the
HO transfer function as explained later in this section.

If indeed the biodynamic feedback path Yj exists, as shown
in Fig. 3, its effect is as if the HO does not control the original
plant Y, but rather an equivalent system, which is modified by
Yg. Thus, we have an extended Y/, given by

N AP Y.(s)
Ye@) = ©)=1C Y (5)Y5(s)a/r)s) @

From Egq. (3), the equivalent system Y/ is determined by
Y., Yg, and the transfer function ¢/r. Y, may be strongly
affected by variations in Yp, and it depends on the particular
form of a/r, which is determined by the specific force and by
the distance between the center of rotation and the location of
the HO.

In the present study, the concept of the extended model in
Eq. (3) is validated by means of a three-degree-of-freedom
moving base simulator, allowing pitch, roll, and heave mo-
tion. The simulator cabin is suspended from a two-axis cardan
joint, located at a distance L above the elbow of the HO,
providing pendulous motion in pitch and roll. A detailed
description of this simulator is given in Ref. 13. The experi-
ments described later were limited to lateral angular motion,
thus evoking side forces only.

The effect of the biodynamic feedthrough on Y/ was stud-
ied by means of the following example.

The controlled system Y, was chosen as K./s, with K, = 20
(mm/s~')/N. The transfer function a/r is determined by the
particular configuration of the simulator used in this study.
The translatory lateral specific force sensed by the HO is given
by L¢, where ¢ is the roll angle, and by the lateral gravity
component g sing, which opposes L. As a result of these
pendulous opposing forces, there exists a frequency
s = = jvg/L at which no lateral specific force is sensed at the
HO elbow level. In other words, the transfer function from
the simulator motion input r given by the response of Y, to the
sensed lateral specific force @ has a pair of imaginary zeros at
that frequency. Considering also the dynamics of the drive
system, which is modeled as a second-order dynamical system,
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Fig. 3 Closed-loop biodynamic feedthrough in man-machine
system.

the transfer function a/r is given by

(52 + g/L)w?

L5y =K, — T &L
() s2+2§‘5wss+ws

@
where K,, ¢, and w, describe the dynamics of the simulator
drive system. The numerical values in Eq. (4) are: L =1 m,
g=981 ms™2 ;=8 rad/s, & =0.3, and K = 0.0065
(ms ~2)/mm.

In accordance with Sec. II, the transfer function Yj is
modeled by

b

Y, K
5(s) = Bs+b,,s+b,

®)

The first factor in Eq. (5) is the high-pass term. The values of
Kpand by, initially not known, depend on a variety of factors,
such as physical properties of the HO, his posture, and the
manner in which the stick is gripped. Typical values of K and
by, as shown later, were found to be Kz = 3 N/g and b, = 0.7
rad/s. The low-pass term, in accordance with Allen et al.® and
Levison et al.,’® is chosen as b; = 30 rad/s.

Equations (4) and (5) determine the open-loop transfer
function YzY,.(a/r) shown in Fig. 3, namely,

A b[
s+bys+b

2+ g/L)? K,

524 20wt S
(6)

The magnitude and sign of the product KzK,K, determine the
location of the closed-loop poles of the extended system Y.
The sign of the biodynamic feedthrough is determined by a/r.
If, for example, the roll motions are around an axis above the
HO’s head, as could be the case in a helicopter or in the
motion simulator used in the tests in this study, the sign of the
preceding product is positive. Conversely, if the axis of rota-
tion is below the HO, the sign is hegative. For the values of the
parameters of Y., a/r, and Yp, the zeros and poles of the
open-loop transfer function in Eq. (6) assume the followmg
values:

Ys(6)Ye) = (5)

_[KBKaKc][ s ][ 30 ][64(s:|:3.16j)] .
"L os Jls+07][s+30]|s+24%7.6

The location of the poles of Y/ as a function of the gain
KK K. is shown in Fig. 4. It is clearly seen that three of the
poles tend to move toward the imaginary axis and that, for a
sufficiently large gain, Y/ becomes unstable. In accordance
with Eq. (3), its specific form is given by

Yp(s)Ye(s) 2 L (8) =K

(s + bp)(s + b)(s? + 25,058 + w?)

K.
(5 + bp)(s + b)(s? + 285w, + @?) — K KpK, bjo?(s® + g/L)
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Fig. 4 ~Root-locus of the modified plant Y; as a function of the
biodynamic feedback gain.

The second factor in Eq. (8) represents the modification of
Y. =K. /s to Y/ as a result of the biodynamic feedthrough.
Equation (8) indicates that the transfer function Y, has as-
sumed a more complex form which, for sufficiently large
values of KgK, K., can present a more difficult manual control
task. For the numerical values given earlier, Y/ is given by

, 20 (s +0.7)(s + 30)(s + 2.4 £ 7.6))
€75 (s +0.29)(s + 32.6)(s + 1.3 = 7.8))

®

In the present example, ¥ given by Eq. (9) indicates only a
moderate modification of Y, as a résult of the low values of
KgK,K.. Yet this difference can cause a noticeable change in
the frequency response characteristics of Y,, in the present
éxample, particularly at the low-frequency range. If such a
change can be validated by dynamic simulation experiments
with sufficient confidence; the hypothesis for the proposed
modification of Y, to Y will be established.

HI. Experlmental Valldatlon

The purposé of the experimental program is to vahdate the
analytical model presénted in Sec. II. Its philosophy is guided
by the following assumptions and considerations:

1). In the closed-loop system, as shown in Fig. 3, only the
total control u is measurable and, since up and u, are corre-
lated, it is not possible to identify Ypz(s) from the measure-
ments taken in closed-100p tests:

'2) If, however, Yp(s) were known a priori, thé concept of
the modified controlled element Y/ (s), as given in Eq. (3),
could be validated.

3) In the opén-loop biodynainic case; as defined in Sec. II,
Yz(s) can readily be identified by standard methods of spec-
tral analysis. This is so because the tracking commands u, are
uncorrelated with the external accelerations.

4) In order to facilitite the modelmg of Y/ (s) as defined in
Eq. (3), it is here assumed that Y3(s) in the open-loop case is
essentially the same as in the closed-loop case.

5) The rationale is that if this assumption is essentially
correct, this model of Yg(s) derived by open-loop tests can be
incorporated in the closed-loop model for Y/ (s).

6) Computer simulations incorporating this Ys(s) are car-
ried out for the extended model given in Eq. (8). These simula-
tions are planned to yield reference model power density spec-
tra and the open-loop describing function.

7) Actual motion SImulator tests with human subjects are
processed to yield correspondmg power spectra and the de-
scribing function. The comparison of these furictions with the
ones .omputed from. the reference model responsé is the
rationale for the validation of the concept of the extended HO
model defined by Y/ (s). If a good match is obtained, the a

_multiplication sign The *
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priori unsubstantiated assumption 4 can also be considered
valid.

Experimental Setup

The experimental work was carried out on a three-dégree-
of-freedom moving base simulator. The cabin is suspended
from three rods that are driven by dc torque motors, and it is
hinged to a central column, which balarices the cabin’s weight
by pneumatic pressure. The collective or differential motion
of the driving rods provides pitch, roll, and heave motions of
the cabin. A detailed description of the simulator is given in
Ref. 13:

The cabin is equipped with an aircraft ejection-type seat, an
isomorphic two-axis force stick such as the one used in the
F-16, and a 9-in. raster display on which the tracking task is
displayed to the HO. Three accelerometers measure the cabin
accelerations. The cabin windows are opaque in order to block
the undesirable visual cues of the laboratory environment.

Two interconnected minicomputers were part of the experi-
mental setup. One performs the two-way commiunication be-
tween the analog sensors of the simulator, as well as the
computatlon of the simulator digital control. The second com-
puter performs the simulation of the target motion and genér-
ates, in conjunction with a graphic translater, the dynamic
display observed by the HO. It also handles the data acquisi-
tion and the processing of the experimental results.

Descriptidn of the Tracking Task

For the sake of simplicity, the control task was confined to
laterdl compensatory tracking. The tests were carried out in
two categories: static tests, i.e., no motion, and motion tests,
i.e., with lateral swing of the simulator cabin. Two kinds of
dynamic experiments were performed:

1) ““Open-loop”’ biodynamic tests; with éxternal random
excitation of the simulator, in which thé controlled element Y,
represented, e.g., an electro-optical sensor mdnually con-
trolled onboard a randomly moving or vibrating platform.
Thef purpose of these tests was to 1nvest1gate Yp and to validate
its bandpass nature, as assumeéd in Sec: 11.

2) ““Closed-loop”’ tests, in which the simulator motion was
excitéd by the response of Y, to manual HO commands. The
purpose of these tests was t6 investigate the effects of closed-
loop biodynamic interference on the HO model.

In all these tésts, the dynamics of the controlled plant was
represented by Y,(s)=K_./s, which was simulated in the coin-
puter at the frame rate of 100 Hz. K, was:set to 20 (mm/s ')/
N. The data acquisition was performed every six time frames,
i.e., at the rate of 16.667 Hz.

The display presented to the HO was a plus sign and a
+,” fixed in . the center of the
screen, represented the direction of the line of sight of the
electro-optical device or, alternatively, the direction of the
fixed aircraft sight. The ““ X’ representéd the maneuvering
target as it appeared in the field of view of the electro-optical
device or in the aircraft sight, as the case may be. The devia-
tion of the *“ X’ from the ¢ + ** represented the tracking error
é. The task of the HO was to minimize e by ‘“moving” the
“x*’ toward the center of the ¢‘ +’’ by manual commands.

The experiments performed can be classified as follows:

1) Experiments to test the HO response to open-loop accel-
erations and vibrations (designated as configuration I). The
target motion was generated in the computer by passing zero-
mean Gaussian white noise through a second-order filter with
a bandwidth of 1 rad/s and a damping factor of 0.7. The
standard deviation of the target motion was 3 mm. The dura-
tion of an individual test was 260 s. Recordmg of the data
started 15 s after the beginning of the test in order to reduce
the effects of possible initial transient phenomena. Each sub-
ject carried out 24 statistically identical runs. The cumulative
time for each subject therefore was approximately 100 min.

2) Tests to investigate the effects of closed-loop biodynamic
interference on the HO pérformance (designated as configura-
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tions II and III). Configuration II represents static tests,
whereas III represents motion simulation experiments. In

these tests, the target motion was identical to that of configu- |

ration I, with a standard deviation of 8.5 mm. The duration of
each run was 260 s. Recording of the data started 15 s after the
beginning of the test as before. Each subject performed 10
statistically identical runs. The cumulative time for each sub-
ject, therefore, was appoximately 41 min. During these exper-
iments, it was noted that some of the subjects developed a
strategy to reduce the effects of biodynamic interference by
relaxing their grip on the control stick, so that the tracking
error was still acceptable and the effect of the disturbances
was reduced. To avoid this contrivance, a slowly varying
external signal, representing,’e.g., a random drift in the null
point of the control stick, was added, thus forcing the HO to
maintain his grip.

Simulator Metion

In the dynamic tests, the simulator performed pendulous
roll motion, thus generating lateral accelerations.

Random simulator motion for the investigation of open-
loop biodynamic interference was generated in the computer
by passing zero-mean Gaussian white noise through a second-
order filter with a natural frequency of 0.7 rad/s and a damp-
ing factor of 0.7. The filter output was fed into the simulator
control system. :

In the closed-loop biodynamic interference tests, the re-
sponse of Y, to HO control commands drove the simulator.
The motion of the simulator was accompanied by correspond-
ing changes in the display. The signal representing the re-
sponse of Y, was multiplied by a motion constant K,, and was
fed into the drive system. The larger K,,, the larger the cabin
motion for a given manual control command.

Subjects in the Tests

Four subjects participated in the tests. They were all stu-
dents in the aeronautical engineering department. Their ages
were 23-25. One subject had actual flight experience in light
aircraft, and one had glider flight experience. All of the sub-
jects had considerable experience on a fixed base simulator
and tens of hours on the dynamic simulator, performing tests
similar to the ones in the present study.

In each session, which lasted approximately 1 h, the subject
executed about 10 runs of 260 s each. The subjects could rest
between runs at their request. Prior to the experiment series,
each subject underwent a training period until he reached a
constant level of performance. Because of the considerable
skill of the subjects, only short training periods of about 1 h
were needed in order to change experimental configurations.
Three subjects participated in each configuration.

IV. Analysis of the Experimental Results and
Model Validation

The results of the experiments are shown in Figs. 6-12,
including power spectrum densities and estimated describing
functions. The analysis presented is in accordance with the
objectives in Sec. II.

Identification of the Open-Loop Biodynamic Model

The identification of the open-loop biodynamic model Yy,
as presented in Sec. 11, is a prerequisite to the identification of
the closed-loop biodynamic model. For this purpose, experi-
ments for configuration I were performed.

The program for data processing included the estimation of
the HO describing function Y, and the overall describing
function Yy of the HO response to acceleration. This was
achieved by estimating the appropriate auto- and cross spectra
of input and output variables. The various power spectrum
estimates were computed by the method of modified periodo-
grams of Welch.!®

J. GUIDANCE

The man-machine system model, which underlies the data
processing for this case, is shown in Fig. 5, with notation
identical to that of Fig. 3. The measurable variables are c, e,
u, a, and r only. The relationship between the response u and
the error e, respectively, and the inputs ¢, @, and n is given by

YB 1 ’
u@s) = 2 c(s)+ a(s) + n(s)
1+ 7,7, 1+ Y,Y, 1+ 7Y,Y,
(10
1 Y,Yp Y,
e(s) = c(s) ——= a(s) — n(s)
1+ Y,Y, 1+ 7,7, 1+ Y,Y.

1)

Since there is no correlation betwee the inputs ¢, @, and n,
Eqgs. (10) and (11) lead to

P, (jw)
Qe (jw)

P (Jw) Be(Jow)
P (jw) Poa(w)

In the preceding expressions ®;;(jw) are power spectral densi-
ties (PSD). The emphasis is on the identification of Yp, which
is the describing function relating the external accelerations
and the nonvoluntary manual control.

The hypothesis for the bandpass nature of Yz has been
presented in Sec. II. Because of dynamic limitations of the
simulator, it was not possible to evaluate the low-pass nature
of Yz beyond 3 Hz. This is not a serious shortcoming because
this frequency range has been extensively studied by a number
of investigators, e.g., Allen et al.® Therefore, in the present
study, the emphasis is on the identification of Y3 in the low-
frequency range which, in accordance with the assumptions in
this study, has the nature of a high-pass filter, Eq. (5).

Two provisions were made to facilitate the identification in
the low-frequency region:

1) The bandwidth of the random accelerations was made
low so that most of their energy was confined to the low-fre-
quency range.

2) Numerous runs were performed, with a cumulative time
of 100 min for each subject.

The length of the data window for the identification of the
various PSD functions was 16,384 points. This enabled reli-
able estimation down to the frequency of 0.0064 rad/s, with
increments of 0.0064 rad/s.

A plot of the average gain of Yy for the three subjects who
participated in each of these tests is given in Fig. 6. The
high-pass nature of Y is clearly distinguishable, with a break
frequency of about 0.7 rad/s.

Y,(jw) = 12

Yp(jw) = (13)

Human Operator Model

Y.

Fig. 5 Man-machine model for configuration L.
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As stated earlier, it was not possible to identify the high-fre-
quency breakpoint b, of Y. Therefore, its value was set to 30
rad/s, using the results of previous investigations.® Conse-
quently, Yz was found to be

s 30
s +0.7s+30

Yp(s)=Kp 14

where the gain Kjp is approximately 1 N/g. It should be borne
in mind that K varies in accordance with the vibration level of
the controlled plant.

Identification of the HO Model in a Closed-Loop Biodynamic
Situation )

A model of the man-machine system in the closed-loop
biodynamic case was presented in Sec. II, Fig. 3. As stated in
Sec. 111, a slowly varying external signal was added to the stick
output to shift its null point, thus ensuring that the HO
maintains his grip during vibrations. This low-energy signal
has almost no effect on the identification process in the fre-
quency range of interest. Its main effect is on Y, in the
low-frequency range, as will be shown later.

The man-machine model shown in Fig. 3 has two unknown
describing functions, Y, and Y. Since there exists only one
significant input signal ¢ in the system, a straightforward
identification of the two describing functions is impossible.
Therefore, the method of model matching as adopted, as
indicated in Sec. III.

First, the open-loop describing function Y,Y . was esti-
mated, using the relation

@ (jw)
P (jw)

Further, the PSD of the control signal u, ®,,(jw), was esti-

Y,Y(o) = (15)
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Fig. 9 Power spectra of the control component 7 ‘: configurations
11, static test, b) configurations III, dynamic test with K,,, =6.5-10-3
rad/mm.

mated to determine the overall closed-loop man-machine de-
scribing function.

The plots of the average gain characteristics of ¥, Y for the
three subjects in test configurations II and III are shown in
Figs. 7a and 7b. The frequency responses demonstrate that the
crossover model holds in these cases, particularly in the region
of the crossover frequency w.. In the dynamic tests, only slight
variations in w, with respect to the static tests are observed.
This implies that the HO manages to adapt his response to
maintain the crossover model and to maintain good closed-
loop control performance. The crossover frequency of Y,Y.
was found to be w, = 2.8 rad/s. In the sequel, this crossover
model will be used for matching the analytical model of Sec.
I1 to the experimental results.

There is an increase in the tracking error in the dynamic
tests as compared to the static ones. In the static case (config-
uration II), the average tracking error was egpms = 3.8 mm. In
the dynamic (configuration III) case, the average tracking
error was exys = 5.6 mm, which is an increase of 47% over the
static case. It should be noted that, in the tests with open-loop
biodynamic interference, the corresponding increase in the
tracking error was about three time larger then in the static
tests.!3

The plots of the average ®,,(jw) for the three subjects in
test configurations II and III are shown in Figs. 8a and 8b.
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These plots show that, in the dynamic tests, there is an in-
crease in ®,,(jw) in the region of 4-10 rad/s, with a peak
around 8 rad/s, in comparison with the static case. The pres-
ence of this peak indicates relative instability in this frequency
range. An explanation for this can be found in the extended
model Y/ described in Eq. (9). From this expression, one can
observe that the biodynamic ‘“loop closure’’ establishes a pair
of complex dipoles in this frequency range that, when excited,
cause peaking near the corresponding frequency.

This excitation cannot be explained solely by the forcing
function ¢ because this signal has relatively little energy in the
frequency above 1 rad/s. Therefore, the excitation of the
undamped mode must be attributed to the human operator’s
control component »’, which is uncorrelated to the input c.
The PSD of n’, ®,.,.(jw), can be estimated by

1$,.(fw)l?
O (jw)

The plots of the average &,-,-(jw) for the three subjects in test
configurations II and III are shown in Figs. 9a and 9b. Super-
ficially, ®,,(jw) and &, ,-(jw) appear to be very similar. How-
ever, closer observation reveals that, in the frequencies around
8 rad/s, a difference of the order of 10 dB exists. In Figs. 9,
the increase in &, ,-(jw) around 8 rad/s is clearly indicated.
This supports the assumption that the peaking in the PSDs is
largely a result of # ’. The relatively large PSD at low frequen-
cies is actually the result of the low-frequency distrubance
added to the stick, and it should not be attributed to the
remnant noise spectrum per se.

The man-machine model shown in Fig. 3 was numerically
simulated. The variables in this digital simulation are indi-
cated by ( )*. Accordingly, Y} was set to K./s, as in the

Cpn(Jo) = Puu(Jow) — (16)
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experiments, and the gain was set to K, = 20 (mm/s~!)/N.
The transfer function a/r was given in Eq. (4). Recall that a
fundamental assumption, made in Sec. III, is that Yz is the
same for the open-loop and closed-loop biodynamic cases.
Therefore, Yz modeled in the computer simulation was the
one obtained in the open-loop motion tests, Eq. (14). In the
extended controlled element Y., Eq. (8), the value of Kp will
be obtained by matching the analytical model to the experi-
mental results.

As stated earlier, the HO adapts his response so that the
crossover model holds, i.e., he provides the required phase
lead to compensate for the lags in Y/ at the frequencies below
1 rad/s. It is not plausible that the HO can provide compensa-
tion for the high-frequency dipoles in Y/, as demonstrated in
the example shown in Eq. (9). Therefore, in the computer
simulation, Y} was assumed to be of the form

ar\ sT; +1 1
Vi) =K1+ 2) e T - 17
7 ) ”< s)sT,+lsTN+1e a7

The parameters in Eq. (17) are the same as in Eq. (1). The
proportional-integral control element (1 + (a;/s)] was added
to describe the HO response to the slowly varying signal added
at the stick null point as described before. This modification is

- common in man-machine system models when a low-fre-

quency signal exists. The simulation of the remnant noise n*
was obtained by passing Gaussian zero-mean white noise
through a second-order low-pass filter.

The best fits between the analytical model response and the
experimental results in configuration III were for the follow-
ing parameters: K, =0.022 N/mm, a;=0.4 rad/s, T, =10 s,
T;=1.11s, Ty=0.2 s, 7=0.12 s. The open-loop crossover
frequency was w? =2.8 rad/s. The bandwidth of the remnant
noise filter was 8 rad/s, with a damping factor of 0.7, and the
rms of n was 1.31 N. The gain of Y3 was Kz =2.45 N/g.

The gain characteristics of the simulated describing function
Y, Y/* are shown in Fig. 10. Comparison with the identified
Y, Y/ shown in Fig. 7b reveals a very good fit, particularly in
the crossover region. The differences in the low-frequency
range are typical and result from the relatively limited dura-
tion of the experiments and the corresponding computer simu-
lation runs. The uncertainties in the identification in the high-
frequency range are due to numerical limitations and
particularly the reldtively low energy of the excitation signal in
this frequency region.

The PSDs of u* and n'*, estimated from the numerical
simulation, are shown in Figs. 11 and 12, respectively. Com-
parison with the corresponding Figs. 8b and 9b from the
experimental results indicates excellent matching.

Conclusions

The principal conclusions of this study are as follows:

1) The human operator model in manual tracking tasks is
modified by the motion of the controlled vehicle.

2) The biodynamic interference at the control stick is of a
bandpass nature. .

3) The effect of motion can be viewed as a modification of
the controlled plant, which is caused by the biodynamic feed-
back path. The adaptation required of the human operator
manifests itself in additional low-frequency phase lead. An
increase in the work load and a corresponding deterioration in
the handling qualities can easily take place.

The testing of the proposed extended model was carried out
for the case of manual control of a plant modeled as an
integrator. This model does not present a particular aircraft.
However, it represents the basic mode of rate control that is
usually the design goal of control-augmented aircraft.

Although the dynamic flight simulator presented an unusual
dynamical model, good correspondence between the results of
the experiments and the computer simulated model was ob-
tained.



JULY-AUGUST 1990

The results of this study indicate that the notion of the
extended model presented is a valid approach to more realistic
man-machine system models involving dynamical pilot-air-
craft interaction.
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