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Effects of Time Delays on Systems Subject to Manual Control

Ronald A. Hess*
NASA Ames Research Center, Moffett Field, California

The results of an experimental study to determine the effects of time delays in manual control systems are
presented. A simple, fixed base laboratory simulation facility is used to determine pilot dynamics and tracking
performance in a series of single-axis compensatory tracking tasks. In the tasks, three time delay values and three
controlled-element dynamics are utilized. The delays were chosen to encompass values encountered in ex-
perimental and operational aircraft. The controlled-element dynamics replicate those found in many previous
manual control studies, that is, the classical displacement, rate, and acceleration control systems. The ex-
perimental effort is complemented with an analytical pilot modeling study in which the parameters of a struc-
tural model of the human pilot are adjusted to provide excellent matches to the experimentally determined pilot
dynamics (transfer functions). Both the experimental and analytical work indicate that time delays cause
significant changes in pilot equalization requirements. In particular, lead generation over and above that
required to provide K/s-like pilot-vehicle characteristics near the crossover frequency is indicated with the larger
time delays studied. The implications of this lead generation in certain closed-loop command following tasks are
discussed with particular emphasis on the development of pilot-induced oscillations.

Introduction

T is generally recognized that the existence of time delays in

manual control systems can lead to degraded performance
and even closed-loop instability. This problem is particularly
evident in modern flight control systems where time delays are
almost unavoidable, due to digital control law im-
plementation! and the existence of phase lags associated with
higher-order control system dynamics.? Recent ex-
perimental’>»* and analytical® work has documented the
contribution of time delays to deficiencies in aircraft handling
qualities such as pilot-induced oscillations (PIO). However, to
the author’s knowledge, no systematic experimental study has
been undertaken to determine the effects of time delays on
human operator (pilot) dynamics. This paper represents the
results of such a study to document the effects of time delays
on human-operator controlled-element (pilot-vehicle) transfer
functions, relative remnant values, and performance scores
with a variety of controlled-element dynamics and time-delay
values. In addition to the experimental effort just discussed,
analytical pilot modeling results are discussed which utilize a
structural model of the human pilot.®

Approach
Experimental

Figure 1 shows a block diagram of the tracking task and a
sketch of the display format utilized in the experi-
mental/analytical study to be described. As Fig. 1a indicates,
the task was signal axis and compensatory in nature and
involved nulling the system error by the operator. This error
was displayed on a CRT screen as shown in Fig. 1b. A small,
spring-restrained, finger-manipulator served as the control
stick. The display format, input singal, and controlled-
element dynamics were generated on a microprocessor-based
laboratory facility. The input for the 100 s tracking runs was a
random appearing sum of 13 sinusoids approximating a
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rectangular spectrum with a 2.0 rad/s cutoff frequency.
Details are given in Table 1. The 2.0 rad/s frequency is
representative of input cutoff frequencies used in other
modeling efforts, e.g., Ref. 7. The task was fixed base in
nature. Table 2 lists the controlled-element dynamics and
time-delay values used in the experiment. The controlled-
element dynamics replicated those found in previous manual
control theory and pilot-modeling studies; e.g., Refs. 7 and 8.
The range of time delays encompasses values encountered in
both experimental! and operational®® aircraft. For con-
venience the time-delay values were chosen as integer
multiples (0,4,7) of the 0.0476 s sampling interval of the
microprocessor. Since the controlled-element dynamics were
implemented digitally, additional delay was encountered. In
the case of the K dynamics, the delay was an entire sampling
interval; for the K/s and K/s° dynamics, it was one-half of
the sampling interval.

These different delay values can be explained by con-
sidering the difference equations which describe the simulated
dynamics. For Y, =K, the appropriate difference equation is

m(nT+T) =K5(nT) (1)

where & represents the subject’s control output, and T is the
sampling interval. For Y, =K/s,

mnT+T)y=mnT)+TKs(nT) 2)
Finally, for Y, =K/s?, with x, =m, and x, =m,
x; (nT+T) =x, (nT) + Tx, (nT) + (12/2)K8(nT)
X, (nT+T) =x,(nT) + TK&(nT) 3)

Now it can be shown!? that the implementation of Eq. (1) will
yield a delay of an entire sampling interval, while that of Egs.
(2) and (3) will yield a delay closely approximating one-half a
sampling interval. The controlled-element dynamics/time-
delay combinations were presented to each of the four test
subjects participating in the experiment in the order shown in
Table 2. This ordering, while not random, was chosen to
minimize the effects of transfer of training.

The actual experimental procedure was quite simple.
Beginning with the first dynamics/delay combination, the
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Table 1 Sum of sinusoids command input

Table 2 Controlled elements and time-delay values

13

c(t)y= A;sin(w;t+9¢;)
i=1
No. of cycles

i A /A, w;, rad/s in 100-s run ?;

1 1.0 0.18850 3 /6.5
2 1.0 0.31416 5 29,
3 1.0 0.50265 8 Ix¢;
4 1.0 0.87965 14 4X P,
S 1.0 1.44513 23 SX ¢,
6 1.0 2.13628 34 6x ¢,
7 0.1 3.07876 49 TX ¢,
8 0.1 4.20973 67 8X ¢,
9 0.1 5.78053 92 99X ¢,
10 0.1 8.23097 131 10X ¢,
11 0.1 11.24690 179 11 x ¢,
12 0.1 15.77079 251 12X ¢,
13 0.1 23.93894 381 13% ¢,

ERROR
INPUT i OPERATOR O TRoeD ouTPUT
¢ & TIME DELAY m
Yp Y e;Ts

Fig. 1a Diagram of single-axis compensatory tracking task.

Fig. 1b Display used in tracking task of Fig. 1a.

first subject completed tracking runs until root mean square
(rms) error scores reached asymptotic values indicating that
the subject was trained sufficiently. Then four data runs were
completed in which the following measurements were taken:
1) rms error scores, 2) operator-controlled element transfer
functions; i.e., Y, Y (s) in Fig. la, and 3) relative remnant
values. Relative remnant is a measure of operator linearity
and time stationarity and is defined here as the ratio of the
power in the error signal at the input frequencies to the total
power in the error signal. Thus, the closer the relative remnant
value is to unity, the more lincar and time invariant are the
operator’s dynamics.

For inputs consisting of the sum of sinusoids, the
magnitude and phase of Y, Y, at each of the input frequencies
w; can be obtained as:

IM(jeo;) |

lYch(Jwi) | =m

2 Y, Y (ju;) = £ M(juw;) — £E(jw;)

where M(jw;) and E(jw;) are the periodic Fourier coef-
ficients for the signals m(?) and e(¢). Likewise, the relative
remnant p? can be expressed as

13

o’ = E |E(jw,.)|2/(1/100)Smoe2(t)dt

i=1 0

Controlled elements

K N K/s K/s?
Time delays, s 0.0476 (4)2 0.0238 (7) 0.0238 (3)
0.238 (8) 0.214 (2) 0.214 (6)
0.381 (1) 0.357 (5) b

@Number in parentheses represents the order of presentation to operators.
Control was not possible with large delay for K/s* dynamics.

CENTRAL NERVOUS SYSTEM

NEUROMUSCULAR SYSTEM

1

Fig.2 The structural model of the human pilot.

The frequency domain identification process is unaffected by
the presence of time delays in the plant. Indeed, it has long
been used to identify similar delays in the pilot himself.?

After the four data runms, the first subject moved on to
tracking the second dynamics/delay combination, etc., until
all the combinations were completed. The process was
repeated for each of the subjects. In all, 128 data runs were
completed.

Analytical

Figure 2 shows what the author calls a structural model of
the human pilot.® The model, discussed in detail in Ref. 6, is
capable of matching human pilot transfer functions for a wide
variety of controlled-element dynamics, including those used
in this study. The model has been divided into ‘‘central
nervous system’’ and ‘‘neuromuscular system’’ components,
a division intended to emphasize the nature of the signal-
processing activity involved. System error e(¢) is presented to
the pilot via a visual display. A constant gain K, multiplies the
signal e(t). A central time delay of 7, s is included to account
for the effects of latencies in the visual process sensing e(f),
motor nerve conduction times, etc. This delay is not to be
confused with those which may occur in the controlled
element, however. The signal . (f) provides a command to a
closed-loop system, which consists of a model of the open-
loop neuromuscular dynamics of the arm/hand Y, , and
elements Y, and Y,, which emulate, at least approximately,
the combined effects of the muscle spindles and the dynamics
associated with higher-level signal processing. Note that all of
the pilot’s equalization capabilities (generation of lead, lag,
etc.) in the model of Fig. 2 occur through the action of the two
loop closures around the open-loop neuromuscular system.
As pointed out in Ref. 6, this equalization is created by an
““internal model’’ of the controlled-element dynamics valid in
the frequency region of open-loop crossover, and explicitly
contained in the product Y;Y,. Nominally, the internal
model is parameterized simply by the integer &, which
represents the order of the controlled-element dynamics in the
region of crossover. For example, for values of 1/7T; and
1/T, significantly less than the crossover frequency v, (which
they will be for the cases here), the product of Y,Y,, can, in
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Fig. 3 Human-operator controlled-element transfer function for a
single subject. Average of four runs. Y, =K, delay =0.0474 s.
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Fig. 4 Human-operator controlled-element transfer function for a
single subject. Average of four runs. Y, = K, delay =0.0381s.

the region of crossover, be approximated by

KK,
Y, Y, = k-1

Thus, the signal processing implied by Y,Y,, takes the form
of differentiating (k=0), multiplication by a constant
(k=1), and integration (k=2), depending upon the order of
the controlled-element dynamics in the regions of crossover.

The model has been used to provide a rationale for certain
nonlinear pilot control behavior, such as stick pulsing,!! has
served as a framework for studying aspects of motor skill
development,'? and has provided insight into the contribution
of manipulator characteristics to pilot-vehicle performance. !?
In this study, the model parameters were adjusted so that the
transfer function of the model/controlled-element com-
bination provided a satisfactory match to the experimental
transfer functions just discussed for each controlled-
element/delay combination.

The structural model of the pilot was chosen in lieu of other
mathematical representations, such as the optimal control
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Fig. 5 Human-operator controlled-element transfer function for a
single subject. Average of four runs. Y, = K/s, delay =0.0238 s.
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Fig. 6 Human-operator controlled-element transfer function for a
single subject. Average of four runs. Y, = K/s, delay =0.357 s.
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model,” since the former allows a more direct interpretation
of pilot equalization activity (e.g., lead generation). This will
be an important consideration, as will be seen shortly.

Results

Figures 3-8 exemplify the experimental results for one
subject and are representative of the data for the remaining
three. These figures show the transfer functions for the
combination human operator and controlled element (pilot-
vehicle) for each of the controlled elements and the extreme
time-delay " values. Figure 9 shows the average rms per-
formance and relative remnant scores in addition to the
average pilot-vehicle crossover frequencies [frequency at
which Y, Y, (jw;) =1.0]. Finally, Figs. 10 and 11 show the
pilot-vehicle transfer functions obtained from the structural
model of Fig. 2, where the model parameters were adjusted in
ad hoc fashion to match the data of Figs. 5 and 6.

The most dramatic effect of the time delays is seen in the
pilot-vehicle transfer functions. The rms error scores increase
with time delay but the increase is quite modest when com-
pared with the magnitude of the delay increment. In addition,
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Fig. 7 Human-operator controlled-element transfer function for a
single subject. Average of four runs. Y, =K/s?, delay =0.0238 5.
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Fig. 8 Human-operator controlled-element transfer function for a
single subject. Average of four runs. Y, =K/s?, delay=0.357s.
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changes in relative remnant with delay do not appear to be
significant. The remnant data does reflect the well-known
decease in pilot linearity and stationarity when tracking
controlled elements on the order of two or greater (e.g.,
K/s?). The most noticeable effect of time delays across all of
the controlled elements is the reduction in crossover frequency
with increasing delay and the appearance of operator lead
generation not attributable to the requirement of maintaining
K/s-like pilot-vehicle characteristics in the frequency range
around crossover. The crossover frequency regression is
evident in Fig. 9, while the lead generation is implied in the
slopes of the amplitude ratio curves of Figs. 3-8. There, broad
frequency ranges appear with slopes less than the —20 dB/dec
associated with K/s characteristics. These characteristics have
been the cornerstone of all manual control theory and form
the basis of the well-known ‘crossover’” model of the human
pilot.?

This deviation from the classical theory is particularly
evident in Figs. 10 and 11, which illustrate experimentally
derived Y,Y, transfer functions for the Y. =K/s case with
time delays of 0.0238 and 0.357 s, respectively. Note that in
going from Fig. 10 to Fig. 11, the order of the internal model
of the controlled-element dynamics in the structural-model fit
changed from k=1 to 2. This change was necessary to obtain
an adequate fit to the experimental pilot-vehicle transfer
function that showed an obvious first-order lead occurring
below 1.0 rad/s in the case with the larger time delay. In terms
of the internal model this change was somewhat surprising,
since near the crossover frequency of 0.5 rad/s the phase-lag
contribution of the 0.356 s time delay is only about 10 deg. In
terms of the structural model then, the K/s controlled element
with a 0.357 s time delay was compensated much like a K/s?
controlled element! This analytical interpretation of pilot
equalization was corroborated by an observation that the
author made while the subjects tracked the K/s dynamics with
the large time delay. Namely, the subjects exhibited the
pulsive, ‘“‘bang-bang’’ type of control activity long associated
with controlled-element dynamics of second order.!!

The lead generation evident in Fig. 11 also has a potentially
deleterious effect on tracking performance. As Fig. 11 in-
dicates, the amplitude ratio of the open-loop transfer function
Y,Y, becomes relatively flat over a broad frequency range.
This means that a small increase in the pilot’s gain can cause
the crossover frequency to increase dramatically, with a
concomitant decrease in phase margin. This point will be
brought up again in what follows.

In terms of aircraft handling qualities, the dominant effect
of the crossover frequency regression shown in Figs. 4, 6, 8,
and 11 is in the degradation of closed-loop pilot-vehicle

Fig. 9 Crossover frequency, relative
remnant, and rms error scores fora
single subject. Average of four runs.
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Fig. 10 Comparison of experimental and model transfer functions
for a single subject. Experimental data from Fig. §. Y. =K/s,
delay =0.0238 s.
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Fig. 11 Comparison of experimental and model transfer functions
for a single subject. Experimental data from Fig. 6. Y.=K/s,
delay =0.357 s.

response to abrupt, transient inputs. As an analytical means
of demonstrating this, the closed-loop pilot-vehicle response
(m/c in Fig. 1a) to a ramp input '[c(¢) =¢] was calculated
using the measured pilot-vehicle transfer function Y,Y, of
Figs. 8 and 9 as

1 Y,Y.(s) ] @

= -1
m(n) =% [SZI+YPYC(S)

This is not to imply that continuous, stochastic tracking
models of the human pilot can be applied entirely to tracking
deterministic inputs. Rather, when such inputs are embedded
in random functions, as would be the case in aircraft piloting,
the continuous models can provide useful information
regarding pilot-vehicle response in the first few seconds after
the input is initiated.

Figure 12 shows the ramp responses of Eq. (4). Note the
significant performance differences. The sluggish response of
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Fig. 12 Analytically derived ramp input responses for the system of
Fig. 1a using ¥, ¥, transfer functions of Figs. S and 6. Y, (s) =K/s.

the system with large delay could catalyze a PIO in an aircraft
since the pilot is very likely to increase his static gain and
inadvertently drive the system phase margin to near zero® in
an effort to improve the transient performance.

In terms of pilot equalization, lead generation has always
been associated with increased levels of pilot workload.!
Thus, aircraft control systems are, or at least should be,
designed to obviate the necessity of lead generation on the
part of the pilot. Traditionally, this has meant keeping the
order of the vehicle dynamics less than two in the frequency
range of crossover. The presence of significant time delays
alters this situation, however. Comparing Figs. 10 and 11, one
sees definite evidence of lead generation with the large delay
even though the order of the system dynamics is unity. In-
deed, the structural model fit indicates a lead time constant of
2.5 s! Similar results are obtained with the pure gain and
second-order controlled elements. In the latter case, second-
order lead generation on the part of the operator is apparent
from the data.

Conclusions

The major conclusions to be drawn from this study are as
follows.

1) Time delays can cause significant regression in pilot-
vehicle crossover frequencies for a variety of controlled
elements. This regression, which was analytically predicted in
Ref. 5, has now been verified experimentally and has been
hypothesized to be a major factor in the initiation of pilot-
induced oscillations.

2) Time delays can result in significant pilot lead
generation for a variety of controlled elements. Since pilot
lead generation has been shown to contribute to pilot
workload directly, a definite link between system time delays
and pilot workload has been established.
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transfer to form the modern science of thermophysics.

atmosphere of Earth or one of the other planets.
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