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I. Introduction

ODELING of the human operator in the control loop has

been an area of active research for quite some time.' In
aerospace, automotive, and marine applications a human operator
model (HOM) can be used to analyze system and subsystem perfor-
mance and to help in the synthesisof components such as automatic
controllers, displays, and manipulators. In addition, accurate mod-
els help in limiting the use of human operators during simulation,
thus contributing to development cost reduction.

During tracking tasks when the operator is actively involved in
the control of the plant, algorithmic models are availablein the fre-
quency domain'~3 as well as in the time domain*~°; the interested
reader can also refer to Ref. 7 for more information on the sub-
ject. The preceding models’ primary characteristics are to extract
the linear input-output behavior around crossover, which is then
augmented by some physiological properties, most noticeably neu-
romuscular time delay and prediction capabilities. The models are
essentially linear, and they have proved their capability in the oper-
ating frequencyrange of the system by numerous comparisons with
experimental data.

The objective of the present work is to propose a HOM, when
plant dynamics and/or input require a clear nonlinear strategy for
performance as well as stability. Occurrences such as the preceding
can be found when the system bandwidth is high and stability is
critical, when the operator’s actuation is close to saturation, and in
aircraft applications when aircraft-pilot couplings known as pilot-
induced oscillations are likely to occur. The motivation behind this
is the absence of modeling of nonlinearbehavior, as well as the fact
thattransitionbetweenlinear and nonlinearcontrol by the operatoris
an area where manual controlis known to sufferloss of performance,
increased workload, or both.

Current models were derived from a describing function
approach,' where the nonlinear component (remnant) is negligible
with respect to the linear one, or from linear-quadratic-reguhtor-
based structures, with nonlinearity introduced as variable noise
level.* All of these models however do notincorporatedirectly a dis-
continuous operator control activity, such as bang-bang, which oc-
curs in many situations for instance during repeated transition from
large amplitude control to fine tracking in piloted aircraft. To im-
prove on current modeling, a novel model structure that uses sliding
surfaces with delay is proposed here. The model is validated by lim-
ited experimental data and to identify the performance of different
individuals,showing interesting properties for further development.
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II. Nonlinear Tracking Loop

A man-in-the-loop simulation facility was developed as part of a
larger human performance modeling activity; more details on the ac-
tual setup are described elsewhere® Although simple as setup, such
facility is essential in generating experimental data necessary for
modeling definition and validation. A schematic of compensatory
display appearance is shown in Fig. 1, with the standard indica-
tor on the right and additional indicators that provide information
to the operator. The three boxes on the left are green, yellow, and
red boxes indicating saturation of the command; the arrow points
in the direction of reducing error. The capabilities of the simula-
tion facility were tested over a variety of tracking experiments, with
operators classified as trained, as well as untrained, and with lin-
ear plants taken from the literature. Matching of experimental data
frequency response obtained with fast Fourier transform and Auto-
Regressive Exogenous Input techniques was performed against the
crossover model' and the optimal control model of the human
behavior,> showing very good results.

The control loop considered in the paper is representative of a
standard single-inputsingle-outputtracking task shown in Fig. 2. In
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Fig.2 Typical display in manual control tasks.
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this preliminary work a compensatory display is used (see Fig. 2b),
where the operatorcontrolsthe plantbased on a single display of the
error between the reference signal to be tracked and the plant output.
The plantused is a second-ordersystem with transferfunction Y..(s),
having damping coefficient and resonant frequency values that are
changed during the simulation campaign so as to excite a nonlinear
behaviorof the human operator, when appropriate selected pairs are
chosen.

Y.(s) = k/(s2 + 2Ewys + coé) (1)

The input reference signal is a sine wave of the form i(#) =2 sin¢.
Although pure sinusoidalin nature, the input was tested experimen-
tally in order to make sure that the operators would not perform their
task in a precognitive fashion.

A setof experiments was carried out with differentoperators, who
were asked to minimize the tracking error to the best of their abil-
ity, using their chosen control technique. An example of separation
between linearand nonlinearbehavioras functionof plantdynamics
is shown in Figs. 3 and 4 for two operators indicated by A and B,
respectively. Operator A had been previously trained by performing
the task several times, whereas B was an untrained operator.

The measure of linear and nonlinear behavior just used was
chosen to be the ratio y between the energy associated with the
fundamental control frequency and remnant frequency as

EFundamemal
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this value being consistent with linear and switching-type behav-
ior observed in the experiments, with a selected threshold of y =
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Fig.3 Behavior of operator A in the controlled task.
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Fig.4 Behavior of operator B in the controlled task.
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Fig. 6 Operator’s control input.

—10 dB chosen based on the operators’ comments. The difference
between modes of control by the operator could also be found by
comparing the control power spectral densities as shown in Fig. 5,
where the dashed line indicates a linear manual control and the
continuousline clearly shows a nonlinear behavior.

III. Methodology and Model

Modeling considerations follow from the operators’ behaviorin
the experiments described in the preceding section. If we consider
a compensatory tracking task of system (1) with parameter values
wy =0.2 rad/s and £ =0.5, a sample time history of the resulting
control is shown in Fig. 6, where (o) indicates the saturation point
and (*) command switching of the manual control action. From the
simulation some comments can be made:

1) The control is nonlinear of discontinuoustype.

2) The control amplitude is not constant.

3) A delay is present in the control action.

4) The presence of a limit cycle that can be demonstrated from
the simulation data® is a limit cycle.

5) During the saturated input cycle, the operators’ bandwidth is
very high and clearly beyond the typical linear range known to be
up to 10-15 rad/s.

Based on the first comment, a sliding mode structure was consid-
ered as candidate model for the operator’s behavior. The theoretical
backgroundin sliding modes is available in the literature.’ ' Here
we outline some of the major points for clarity’s sake.

Consider a single input n-dimensional system of the form

x™ = f(x) + b(x)u 3)
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where x is the state vector and f(x) and b(x) are, in general, non-
linear functions with uncertainties bounded from above by known
continuousfunctionsof the state vector. A tracking problemrequires
the determinationof a finite control u so that x(¢) follows a desired
state trajectory x,(t), starting from the same initial conditions. We
can write the tracking error as a function of x; thus,

Fn = 1)]’

X =x—Xxq, )E:x—xdz[f X

defining a manifold in the R” with the scalar relationship, where

n—1
d
U(x,t)=<a+l> ¥ with A0 )

then for a second-order system Eq. (4) becomes simply
c=i+Ax (5)

The tracking problem becomes, therefore, that of assuring that
the error state remains on o(x, t) =0, V¢ > 0. The n-dimensional
tracking problembecomes a one-dimensionalstability problem with
a control law that must satisfy the attractivity condition

0.5d(c?)

_— 6
dt < -nlo] ©)

outside the manifold, with 1 being a strictly positive constant. Equa-
tion (4) is also called an attractivity condition, reachable in a finite
time even if the initial conditions at time zero are not satisfied. Once
the manifold is reached, Eq. (4) ensures that the tracking error tends
to zero asymptotically.

In addition to the general properties just described, the oper-
ator, given the error display, is capable of generating error rate
information® and commutes his/her control action with a neuro-
muscular delay, known within rather precise boundaries. Because
this investigationwas preliminary in nature, a linear switching func-
tion for the operator o =0 was first selected in the error space, and
according to points 1 and 3, the resulting model structure was that
of a constant amplitude relay, driven by error and error rate infor-
mation. Performance comparisonindicated discrepancy in the time
histories because of the constant amplitude relay.

The selected model saturates at a threshold chosen as the value
minimizing the mean squared error between the real control and the
modelitself. To reduce discrepanciesin the amplitude and switching
time, the model was modified with the introduction of an “adaptive
relay” componentas in Fig. 7. To identify the remaining parameters,
the error and error rate were plotted in an error phase plane

e+ ye=0

as in Fig. 8, with switching (*) and saturation (o) of control input
taken from Fig. 6.

In the initial phase the operator determines the amount of con-
trol to be applied (during the training phase the amount of control
increases until he/she realizes that the motion converges toward the
switching surface, i.e., & < 0). Once the value is found, it is ap-
plied until the switchingline is crossed and the controlis rest to zero.
The training phase of the operator was represented in the proposed
model structure as a linear function of time (with slope k) because
the use of higher-orderpolynomialsdid not yield appreciable bene-
fits. Because of the delay in human performance, switching occurs
when the state has passed the line, as seen in Fig. 8.
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Fig.7 Operator model.

Table1 Parameters from operator A

System parameters Model parameters

4 ® K y T

0.5 0.2 15.04 —-64.90 0.09
0.2 0.4 32.54 —68.40 0.08
0.2 0.8 16.3 -70.78 0.08
0.2 1.0 9.7 —-72.62 0.08
0.2 2.0 13.41 —73.43 0.07
-0.2 0.2 11.55 —56.66 0.07
-0.2 0.4 13.1 —57.80 0.09
-0.2 0.8 11.44 —58.50 0.05

Table2 Parameters from operator B

System parameters Model parameters

4 ® K y T

0.5 0.2 3.25 —28 0.27
0.2 0.4 3.05 -31.6 0.29
0.2 0.8 1.6 —-40 0.28
0.2 1.0 0.87 -56 0.32
0.2 2.0 3.0 —54.7 0.20
-0.2 0.2 3.38 —24.6 0.34
-0.2 0.4 3.5 —-16.8 0.25
-0.2 0.8 1.65 —-40 0.18
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Fig. 8 Error behavior in the phase plane.

Identification of switching line o =0 and delay  was performed
by anticipatingthe switchingtimes untilalinearbest fit of the switch-
ing distances was found. The training phase slope was obtained as
the mean value of all slopesin the actual experiments. With the pre-
ceding procedure the modified error phase plane plot becomes that
of Fig. 9.

The experimental values of the model parameters are given in
Tables 1 and 2, indicatinga more aggressive approach to the control
by subject A compared to subject B.

IV. Validation

A series of four inputs consisting of a positive constant, a neg-
ative ramp, a negative constant, and a positive slope were given to
extract limit-cycle information and to validate the model strucutre
wth experimental data . An example of the model time history vs
real manual control action is shown in Fig. 10.

The model is capable of replicating the behavior of the manual
controller in a satisfactory manner, especially because the control
strategy becomes one of off type, with sign inversion in the control
action and variable amplitude. Control inversion is associated with
the crossing of a linear functionin the error phase plane, and the de-
lay is introduced by anticipatingthe commutation time until control
inversion lies on the experimentally selected switching line.
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Fig. 10 Comparison between model and experimental control.

V. Conclusions

A novel structure of a human operator in a control loop has been
introduced, modeling manual control behavior in situations where
such controlrequires a switching strategy. The model is based on an
adaptive delayed relay structure with a linear switching line. Model
parameters were obtained from a limited experimental database.
Although preliminary in nature, the model shows performance con-
sistent with the experimental data; the generality of the approach of
courseneedsadditionalvalidation,and it may be limited to situations
where operator control pulsing is clearly excited by appropriate in-
put to the closed-loop system. The model identification parameters
(k, v, t) appear candidate parameters to evaluate different opera-
tors’ capabilities and training levels.
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Introduction

HE orientation of a free-flying space robot is disturbed by the

arm movement. However, the space robot can simultaneously
control the orientationof its main body and arm positionusing only
arm motion due to its nonholonomic constraints.!~* We have pre-
sented path-planning methods such as breadth-first search and A*
search, using a sensor-motiondatabase, which are not model-based
methods but sensor-based ones.! However, the breadth-first search
required a long time to determine the path, and A* search did not
always indicate the shortest solution or did not find the path at all.
These methods yielded the path only after a successful search, so
that the search could not be terminated halfway. In actual situations,
because the tasks of the space robot will be composed of a series of
planned motions, the paths should be short and planned in a short
time even though they may not be the shortest possible. The ge-
netic algorithm (GA), which uses the same database as that of the
previous search methods, yields a temporary path in a short time.
Furthermore, because the database is specific to discrete joint an-
gles, it is not possible to accommodate arbitrary continuous values.
This presents a serious problem. Therefore, we approximate the re-
lationshipsbetween sensor states and robot motions in the database
using a formula and use optimal control techniques with the formula
to deal with continuous joint angle values.

Path-Planning Methods

The space robot situation considered and the database used in the
experiments are the same as those shown in Figs. 1 and 2 of Ref. 1
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