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Investigation of Limb-Side Stick Dynamic
Interaction with Roll Control |

Donald E. Johnston* and Duane T. McRuert
Systems Technology, Inc., Hawthorne, California

A fixed-base simulation was performed to identify and quantify interactions between the pilot’s hand/arm
neuromuscular subsystem and such features of modern fighter aircraft roll-rate command control system
mechanizations as force-sensing side-stick-type manipulator, vehicle effective roll time constant, and flight con-
trol system effective time delay. The results provide insight to high-frequency pilot/vehicle oscillation (roll rat-
chet), low-frequency pilot-induced oscillation, and roll-to-right control input problems previously observed in
experimental and production fly-by-wire control systems. The simulation configurations encompass and/or
duplicate several actual flight situations, reproduce control problems observed, and show that the high-
frequency nuisance mode known as ‘‘roll ratchet’’ can derive primarily from the pilot’s neuromuscular sub-
system. The simulations show that force-sensing side-stick manipulator force/dlsplacement/command grad-
ients, command prefilters, and flight. control system time delays meed. to be carefully adjusted to minimize
neuromuscular mode amplitude peaking (roll-ratchet tendency) without restricting roll control bandwidth (with
resulting sluggish or low-frequency pilot-induced oscillation prone control). The results further demonstrate that
roll-ratchet tendency, difficult to detect in fixed-base simulations, is readily apparent from appllcatlon of
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frequency-response spectral analysis techniques.

Introductlon

MOST every new aircraft with. fly- by-w1re or com-

and augmentation (Fig. 1) in the roll axis has en-
countered either pilot-induced oscillations (PIO) or roll rat-
cheting (or both) in early flight phases. PIO has typically
been associated with high-gain, neutrally stable, closed-loop
pilot-vehicle control oscillations with a frequency of about
15 Hz. The ““roll ratchet’® has been somewhat more obscure
and idiosyncratic, appearing most often in. rapid rolling
maneuvers. Ratchet frequencies are typically 2-3 Hz. Figure
2! illustrates this often remarked but seldom recorded
phenomenon. The frequency difference alone indicates that
the PIO and ratchet situations are different phenomena, yet
both clearly involve the closed-loop pilot vehicle system.

An interesting set of roll-ratcheting phenomena has been
observed in variable stability NT-33 flight.>* Chalk?
speculates that the oscillations were due to the near K_./s
character of the effective controlled element. He used a
rudimentary (K,e~™) nonadaptive pilot model with 7 ranglng
from 0.09 to O. 13 s to show that one can get the observed in-
stability (at about 12-17 rad/s) with a K/s-like aircraft and
high pilot gains. This effective time delay must account for
all the open-loop system lags, i.e., .controller, actuator,

filters, etc., plus the effective latency of the pilot. So, if this

explanation of the roll ratcheét is to be reasonable, the total 7
value must be appropriate.” The 0.09-0.13 s range is
remarkably low for the pilot alone and is very low indeed
when aircraft plus control system effective lags are also
considered.

Mitchell and Hoh® also examined some of the same data.
They cite sinusoidal vibration data in which a simple lateral
tracking task was performed (using a center stick) while
under the influence of high-frequency lateral accelerations.’
Frequencies from 1 to 10 Hz were employed, and an
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oscillatory arm/stick ‘‘bobweight’’ mode occurred at about
12 rad/s. Mitchell and Hoh note that this higher-frequency
mode of the pilot-aircraft systems is near the frequencies of
the observed ratcheting in F-16 and Calspan flight ex-
periments, and they cite it as a possible cause.

From the earliest studies on the interaction between the
human pilot’s neuromuscular system and aircraft control
devices,®® the presence of a neuromuscular system. limb-
manipulator dynamic resonance peak at 14-19 rad/s has
been well known. Neuromuscular system characteristics are
cited!® as ‘‘exceptionally important and critically limiting in
such- matters as: ‘control precision (where limited by the
pilot’s neuromuscular system dynamics) and effects of con-
trol system nonlinearities (including their connections with
control system sensitivity requirements).’’ Other summaries!!
place great stress on the importance of considering these
characteristics, even though this frequency range of major
act1v1ty may be well above the bandwidth associated with the

‘‘usual” control task.

It is becoming more and more apparent that modem high-
performance high-gain command-response flight control
system bandwidths may be encroaching on the neuro-
muscular system.:Advances in flight -control system fly-by-
wire technology permit new manipulation dévices, for exam-
ple, force-sensing side sticks; at the pilot ‘output/effective
vehicle interface. These have thus far been generally suc-
cessful in application but have introduced or enlarged some
pilot-vehicle flying qualities problems. Partlcular problems
include?+12.13

1) ngh roll control sen51t1v1ty and PIO’s 1n precision
maneuvering.

2) Roll ratchet in otherwise steady rolhng maneuvers.

3) Sensitivity to the way the pilot grips the stick or to
location of his hand/arm support.

4) Effective time delay associated with stick filters w1th at-
tendant increase in pilot remnant.

5) Biodynamic interactions, e.g., hand/arm stick bob-
weight effects.

Attempts to alleviate these effects have involved ad-
justments in stick force gradients, filtering, and sensitivity.
These have included introduction of various nonlinear
elements, such as command gain reduction as a function of
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pilot input amplitude or frequency, filter time constant
changes with sense of input (increase vs decrease), and dif-
ferent force gradient for right and left roll commands. These
adjustments have generally involved ad hoc empirical
modifications in the course of the aircraft development.
Much of this has been accomplished in flight tests with a
correspondingly large cost.

The purposes of this paper are to

1) Explore the origins of the roli-ratchet phenomenon.

2) Develop insights about the tradeoffs involved in ad-
justing the properties of force-sensing side sticks.

3) Present guidelines to minimize roll control problems.

Human Pilot Dynamic System Considerations
Ideal Crossover Model (and Its Implications)

The prescription for K/s-like controlled element dynamics
in the region of pilot-vehicle system crossover as an often
desirable form stems from the fundamental feature of
human dynamics that no pilot lead is then required to
establish good closed-loop system dynamics over a wide
range of pilot gains. The basic recipe is almost invariably
conditioned by such statements as ‘‘in the frequency region
about crossover.”” Such statements are made to restrict the
form of the pilot model to that required only in the
crossover region. In particular, the cases covered are such
that an effective time-delay term in the pilot model is an ade-
quate approximation to the high-frequency effects.

Simple tracking task pilot model forms and associated
pilot-vehicle system properties begin with the ideal crossover
model!! of Fig. 3. In this model, the pilot adjusts his
dynamic characteristics so that the amplitude ratio of the
open-loop pilot-vehicle dynamics approximate lw./jwl| over
the frequency band immediately above and below the gain
crossover. The model also indicates that in full-attention
tracking operations, the pilot will adjust his gain to offset
any variation in controlled element gain in order to maintain
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Fig. 2 Roll ratchet during banking maneuver.!
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a nearly fixed control system bandwidth. Thus, the full-
attention closed-loop bandwidth w, (identified as the
crossover of the 0-dB gain line with the K/s-amplitude ratio
plot) is independent of the controlled element gain.

In the crossover model, the exponential term with time
delay 7 approximates all the lag contributions due to pilot
and vehicle high-frequency dynamic modes. The effective
time delay is a function of, among other things, the
force/displacement characteristics of the manipulator. As
shown in Fig. 3, an isometric (force) stick results in less lag
than an isotonic (free-moving) stick does. Past experimenta-
tion!* has identified the difference as approximately 0.1 s.

In Fig. 3, if the pilot gain were set at the value represented
by K, with an isometric stick, the bandwidth would be in-
dicate%i by w., and would result in a system stability phase
margin Pmy> and gain margin GM. If this same gain were
employed with the isotonic stick, the phase margin would be
0, and a low-frequency continuous oscillation (PIO) would
result.- This oscillation can then be alleviated by pilot gain
reduction to the value represented by K b thereby, accepting
a reduced bandwidth. Thus, Fig. 3 can be used to
demonstrate the common low-frequency PIO problem that
generally occurs in the vicinity of 0.5 Hz and that is relieved
by reducing pilot gain. (In the crossover model, an w, of 4
rad/s corresponds to 7=#/2w,=0.4 s for the total pilot,
control system, aircraft, etc., latency.)

Limb-Side Stick Neuromuscular Model (and Its Implications)

As previously cited, early studies on the neuromuscular
system noted the presence of a neuromuscular system or
limb-manipulator (NM/L) peak at 14-19 rad/s well past the
usual “‘crossover region.”’® The effects of various restraints
on the limb/neuromuscular system have been identified via
closed-loop neuromuscular system model fits to pilot/con-
trolled-element describing function measurements for
pressure and free-moving manipulators.® An important part
of the neuromuscular dynamics in each case is a quadratic
mode with damping ratio and undamped natural frequency
[$, w,] of:

Manipulator:
Free-moving
Isometric or pressure

NM/L dynamics:
[0.07, 17]
[0.138, 18.6]

There is also a neuromuscular system mode. that is approx-
imated by a first-order lag break at about 10 rad/s. This
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Fig. 3 Ideal crossover model.
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Fig. 5 Experimental setup.

mode is also somewhat dependent on the nature of the
manipulator restraints.!*!3

The reason the neuromuscular actuation system dynamics
differ when the manipulator restraints are changed is
physiological--the neuromuscular apparatus involved
depends on the restraints and limb movements. While greatly
oversimplified, the neuromuscular actuation elements of the
human may be viewed as a two-loop system. The inner loop
principally involves Golgi, muscle spindle, and other recep-
tors with short pathways directly to spinal level and back to
the musculature. Viewed from the output end, this loop is
primarily sensitive to forces and, because of the short neural
pathways, the time lags of information flow are small. The
effective bandwidth of this loop can therefore be quite high.
The second or outer loop includes joint and other (e.g.,
peripheral vision) receptors as major feedback elements.
Their neural pathways and associated delays are longer
leading to a lower outer-loop bandwidth. In isometric (force-
stick) manipulator conditions, there is little or no joint
movement, so the inner-loop elements should be dominant.
With isotonic (free-moving stick) conditions, on the other
hand, the joint receptors also enter as major clements. As
already indicated in connection with Fig. 3, the net dif-
ference in terms of an effective latency is approximated at
low frequencies by a difference in effective » of about 0.1 s.

If we now employ the detailed model of the
neuromuscular system (instead of only approximating its
phase lag contribution as in Fig. 3) and superimpose it on
the controlled element K/s as in Fig. 4, we see an open-loop
resonant peak in the 2-3 Hz frequency range due to the
neuromuscular system. The correspondence of the
neuromuscular/limb quadratic mode numerical values and
observed roll-ratchet frequencies is very unlikely to be a
coincidence. So at observed roll-ratchet frequencies, the
neuromuscular/limb mode should clearly be taken into ac-
count. Since their primary effect is a resonant peak from
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which a ‘“‘gain margin’’ might be measured,} these properties
may be of central importance for high-gain pilot situations.

Experiment Goals and Setup

The experimental goals were to investigate and quantify
limb/manipulator dynamics and interactions between the
neuromuscular subsystem, force-sensing side-stick configura-
tion, high-gain command augmentation, and command
filtering, and to investigate possible relationships between
these interactions and the roll-ratchet phenomenon. A
longer-range goal is to provide and enhance guidelines for
manipulator-system design.

The experimental setup is depicted in Fig. 5. A roll track-
ing task was selected in which the pilot matches the bank
angle of his controlled element with that of a ‘‘target’” hav-
ing pseudo random rolling motions ®;. The random motions
are obtained via a computer-generated sum of sine waves,
Table 1. The error is displayed on a CRT, and the pilot at-
tempts to null the error by applying force to the
manipulator, the output of which becomes the command to
the controlled element Y.. The form of the controlled ele-
ment is identified in Fig. 5, along with the range of lag-time
constants and time delays utilized in the experiment. This
controlled element approximates a high-gain roll-rate com-
mand system. The time-lag parameter T may be considered
to be the effective roll subsidence time constant or a flight
control system prefilter (between the pilot’s stick command
and the flight control system), whichever is larger. For very
small values of 7, the pure time delay may be a realistic ap-
proximation to digital flight control system sample and hold
dynamics. More generally, it is a low-frequency approxima-
tion for all the high-frequency lags in the system that are not
covered by the time lag T. Because we are interested primarily
in modern flight control systems, the parameter values for T
and 7 used in the experiment are generally consistent with
values that would be present in a system designed to be Level
1 on the basis of flying-qualities specifications. Thus, the
parameter values used generally should produce excellent ef-
fective controlled elements, providing the gain is ap-
propriately adjusted.

The manipulator was a McFadden Systems, Inc., center-
stick and force loader system used in many aircraft research
and development simulations. The subject was seated to the
left of the stick and provided with an adjustable armrest to
produce an effective side-stick configuration for all runs.
Three stick displacement configurations were employed. One
was a fixed (no displacement) stick as in the F-16A.'2 The
second had 0.77-deg/1b (small) motion/force gradient. The
third had 1.43-deg/lb (large) stick motion/force gradient.
The latter two matched the displacement/force
characteristics employed in an NT-33 flight test.® In all
cases, the stick displacements necessary to generate the re-
quired force signal did not entail arm movement. Analog
signals from the manipulator force sensor p, and the
resulting controlled element roll response ¢ were passed
through an analog-to-digital converter to a digital computer
where Y,Y, describing functions and various performance
measures were computed using STI’s Frequency Domain
Analysis (FREDA) program. The computations were essen-
tially on-line and printed out at the conclusion of each run.
Some 530 data runs were accomplished with two highly
trained subjects, which provided a large data base from

{While the ‘‘gain margin’’ shown in Fig. 4 indicates the
magnitude difference between the 1Y,Y |45 peak and the 0=dB
line, the phase at or near this frequency may differ appreciably from
that required for instability. Thus, when the ‘‘gain margin’’ shown is
zero only one of the two conditions for instability may be satisfied.
Consequently, this is not necessarily a true gain margin in the con-
ventional sense. It does, however, indicate a resonant tendency con-
tributed by the pilot.
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Table 1 Roll tracking forcing function®
Sine wave (i) 1 2 3 4 5 6 7 8 9
Frequency (v;) 0.467 0.701 1.17 1.87 3.51 7.01 11.2 14.0 18.7
Amplitude (A4;) 15.2 15.2 152 7.6 3.04 076 0.38 0.228  0.152
Relative :
amplitude 1 1 1 05 02 005 0025 0.015 0.01
4 = LA cosw;#(deg)
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which to determine or identify the various interactions of
interest.

No accounts have been found where roll ratchet has been
observed or recognized in fixed- or moving-base simulations.
Apparently it has occurred only in actual flight, and then on
a more or less random basis. The first objective of this ex-
perimental setup, therefore, was to tune the controlled ele-
ment, manipulator, and command/force gradients to try to
achieve roll ratchet, or at least maximize roll-ratchet tenden-
cies in the fixed-base simulation. A key factor was that
describing function measurements must cover the limb
neuromuscular peaking frequency region, and the forcing
function (Table 1) was adjusted to emphasize good data in

the neuromuscular subsystem region. Further, the open-loop
system describing function Y,Y, was selected for examina-
tion because it would emphasize any peaking tendencies pres-
ent and could also be adjusted to account for the first-order
effects of aircraft motions on these fixed-base data.

Experimental Results
Human Pilot Dynamics

It will be recalled that in the ideal crossover model, the
crossover frequency remains constant even though the con-
trolled element gain may vary. Figure 6 shows results obtained
using the fixed side-stick manipulator configuration and a
wide range of command/force gradients (controlled element
gains). The ranges of command/force gradients for the F-16'2
and the NT-33!3 experimental flight programs are identified
for comparison. The controlled element forms range from K/s
to Ke%975 /5(0.1s + 1). The data points for various time delay
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or time lags are indicated by the symbols. The data of Fig. 6
indicate two aspects. First, they reflect a general decrease in w,
as controlled element lags increase. Second, they show that
crossover frequency, as expected, is essentially independent of
controlled element gain over a very broad region. But, as the
controlled element gain becomes quite low and the manipula-
tor forces required to achieve the desired rolling response
become very large, a point is reached where the pilot can no
longer accommodate, and a rapid dropoff in pilot-vehicle
system bandwidth results. Interestingly, the F-16 initial com-
mand/force gradients lie right at- the break in w,, and
therefore represent the lowest values that might be considered
acceptable to pilots.

J. GUIDANCE
0.l 1.0 w(rad/sec) 10.0
40—
,YPYCIdB
i \\ |
or - N S
o |
£ YoYe .
Rlee] ~
¥ ¥ g
(deg) ¥ x
-200| x -
X
-300 LI
Y
Run No. %
-400 - X 78 -
+ 79 "
| Y 80 +
v 1
ea o daarl 2o leaaal A

Flg 11 Y&Y describing function amplitude and phase plot for
=[4e~ 0967 /5(0. 15+ 1)].

Similar results were obtained with the small and large
displacement side-stick configurations, except that the
crossover frequencies decreased slightly as the displacement
was increased.

Neuromuscular System Peaking Tendencies

We now turn our attention to the neuromuscular system.
Figure 7 presents the describing function measurements for
three runs using the fixed force stick, and a controlled ele-
ment having a command/force gradient of 4 deg/s/lb, no
time lag, and a time delay of about 67 ms. The straight line
reflects the -resulting w./s crossover characteristics.
Amplitude departures from this asymptote are the contribu-
tions of the pilot’s neuromuscular system at high frequency
and his trim lag-lead at low frequency. In the region of
crossover, Y,Y, is almost exactly w /s, as suggested by the
ideal crossover model. The amplitude ratio departures from
the asymptote at the highest three frequencies shows a peak-
ing in the vicinity of the 14 rad/s forcing function for two of
the three runs. It also might be noted that there is
remarkable consistency in both the amplitude and phase
measurements across all frequencies for all three runs. In
Fig. 7, two of the amplitude data points at 14 rad/s lie
slightly above the 0-dB line. We would, therefore, expect this
to represent a neutral or slightly unstable dynamic mode if
the phase angle were near — 180 deg at this frequency. This
then could be interpreted as affecting roll ratchet. More will
be said about this later.

The two data points at 14 rad/s are 10 dB above the
asymptote and may or may not be exactly the actual
neuromuscular system peak; i.e., the peak itself may occur at
a slightly higher or lower frequency. The peaking tendency
shown in Fig. 7 is representative of a large amount of the
data obtained. This frequency is consistent with the roll-
ratchet frequencies observed in the flight traces.

Influence of Effective Controlled Element Characteristics

The sensitivity of the 14-rad/s peaking tendency to time
delay is shown in Fig. 8. The circles reflect the average
values at each frequency, and the bars indicate +1 ¢ ranges.
The controlled element is K.e~™/s. The manipulator is the
fixed-stick configuration. Results show that a time delay in
the vicinity of 0.067 s tends to maximize the neuromuscular
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system peaking. At time delays either below or above these
values, the peaking tendency decreases. Of all the controlled
elements examined, K,/s shows the minimum tendency for a
peak. Interestingly, the time delay values that maximize the
neuromuscular peaking would be considered good from the
MIL-8785 flying quality specification standpoint. In essence,
these data show that the tendency to peaking can be
“tuned”’ by the adjustment of the controlled element effec-
tive lag with a maximum effect near 0.07 s.

The neuromuscular system peaking sensitivity to con-
trolled element command/force gradient is shown in Fig. 9.
Here the command/force gradient ranges from-3 deg/s/lb
(which is slightly lower than that employed on the F-16) up
through 15 deg/s/lb, which was utilized in the NT-33. . The
data were obtained using the fixed stick and a time delay of

2 flight traces of ratchet. This may or may not be coinciden-
tal. However, it is significant that there is appreciable peak-
ing of the neuromuscular system across the entire gain range
investigated in these experiments.

Influence of Stick Characteristics

The influence of stick motion is summarized in. Fig. 10.
These plots reflect the amplitude ratio peaking at the three
higher frequencies (11, 14, and.19 rad/s) for the fixed, the
small-deflection, and the large-deflection stick configurations
af three different values of the controlled element time delay:
0.0, 0.067, and 0.1 s. All these data were taken with the
command/force gradient of 10 deg/s/Ib. The results show
that there is relatively little difference between the fixed and
small-deflection force stick. Both show an increase in
neuromuscular peaking tendency for the 0.067- and 0.1-s
time delays. They both show a tendency to maximum peak-
ing in the vicinity of 14 rad/s and, in both cases, there is
considerably less peaking for the zero time-delay cases. The
large-deflection stick, on the other hand, shows a relatively
constant amplitude departure from. the controlled element
asymptote across the 11-19-rad/s frequency band and a lack
of sensitivity to the controlled element tlme delay.

Adjustment of Pilot Lead

The influence of the lag time constant on the ‘neuro-
muscular system peaking, aks well as the possible adop-
tion of lead by the pilot, is reflected in Figs. 7 and 11-13.
Figure 7 shows the neuromuscular peaking obtained with the
controlled element command/force gradient of 4 deg/s/lb, a
time delay of 0.067 s, and no lag. The maximum peaking
was noted to be approximately 10 dB and occurred at 14
rad/s. The addition of a first-order lag-time constant of 0.1 s
is shown in Fig. 11}. Here the solid line represents the con-
trolled element Y. Bode asymptote adjusted to-go through

.. The crossover occurs in a region that is K/s'in ap-
pearance, and the amplitude peaking again is approximately
10 dB and occurs near the 14-rad/s data point. The peaks
are quite close to the 0-dB gain line, so. this amplitude ratio
feature satisfies one of the two conditions for a closed- loop
neutral stability, and thus a possible tendency to roll ratchet.
Comparison of the phase plots between Figs. 7 and 11 in-
dicate that the pilot is generating little if any lead to offset
the time lag. (Detailed analyses'® indicate that there is a pilot
lead near 8 rad/s for these cases, and for Y,=K/5s, which
tends to compensate for the hlgh-frequency lags in general
but cancels none of them.)

In Fig. 12, the time lag has been moved to 0.2 5. Com-
parison of the phase angle data points in Figs. 7 and 12 or
Figs. 11 and 12 indicates that the pilot has introduced lead in



184 D.E. JOHNSTON AND D.T. MCRUER

the Fig. 12 case, which essentially cancels the time lag at 0.2
s. The asymptote for the Y,/Y, open-loop system is thus
represented by the solid hne at frequenc1es below the time
constant break point and the dashed line above that break
point. Again, the amplitude ratio is w./s-like in the vicinity
of the crossover: However, there is now considerable scatter
in the data points in the region of the neuromuscular system
peaking dynamics. In only one of the three runs shown in
Fig. 12 was there a peaking tendency for the neuromuscular
system, and this appears to be in the vicinity of 11 rad/s
rather than the 14 noted previously. In the other two runs,
the amplitude data points lie quite close to the Y, Y,
asymptote. ‘

In Fig. 13, the lag-time constant has been moved down to
0.4 s. Again, comparison of the phase plots shows that the
pilot has how moved his lead down to precisely cancel the con-
trolled element time-lag contribution so that the resulting
Y, Y, has the appearance of an /s throughout the frequency
reglon of interest. The peaking tendency of the neuromuscular
system is no longer evident, and there should be little chance
of roll ratchet. However, the roll control bandwidth has now
been reduced to approximately 2.5 rad/s, whereas it was ap-
proximately 4.5 rad/s with the time constant of 0.1 s. If the
pilot were to attempt to achieve a 4.5-rad/s bandwidth in the
presence of the lag characteristics shown in Fig. 13, a PIO
would occur at roughly that. frequency (4 rad/s). Thus, in
reducing or eliminating the roll-ratchet tendency, we may have
substituted a tendency for the lower-frequency PIO.

Closed-LoOp Pilot-Vehicle System Characteristics
Observed Fixed-Base Roll Ratchet

The previous sections have emphasized the neuromuscular
peaking tendency as a harbinger of the roll ratchet
phenomenon. Yet in the data presented, the open-loop
system phase angle has generally been greater in magnitude
than — 180 deg. This means that the gain differences between
the peak and the O-dB line are not necessarily true gain
margins. The closed:loop pilot-vehicle systems will therefore
not. nece¢ssarily show an oscillation at the neuromuscular
peaking frequency, although a resonant peak somewhat
reduced from the open-loop peak will often be indicated in
the closed-loop system. The pilot remnant being relatively
broadband in character, will therefore act as a driving
mechanism to excite the resonant peak.
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Fig. 15 - Expected phase shift due to motion effects.
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In some cases, the experimental data actually indicated a
rollrachet-like oscillation under conditions similar to those
where the phenomenon was found in flight. Most commonly
these were stretches in the time histories that involved nearly
steady-state rolling velocity commands. An example is given
in Fig. 14. Here, a short segment of the roll attitude com-
mand input is nearly triangular, and the pilot’s stick force
trace indicates a 2-3-Hz oscillation. Because the forcing
function is a random-appearing time signal with only very
occasional segments akin to the triangular or steady rolling
commands shown, this type of ratchet-like pilot output trace
is atypical in the context of a total experimental run. The
pilot subjects, in fact, did not report that they had en-
countered the condition since it was so transitory. Yet it ap-
peared quite commonly once the conditions were
favorable—i.e., neuromuscular peaking tendency present
and momentarily steady rolling velocity command. Conse-
quently, the fixed-base simulation can be said to have suc-
cessfully demonstrated- rollratchet-like phenomena.

It is particularly enlighténing and useful to reexamine the
open-loop describing function data when a first-order adjust-
ment is made to the phase data to account for the effect of
rapid rolling motion on the pilot during flight. The pilot’s
angular-motion-sensing mneurological apparatus acts very
much like a rate gyro inner loop in the frequency range near
and slightly above crossover.!! This inner loop, present when
rolling velocities exceed the pilot’s neurological threshold,
has the effect of reducing the effective time lags in the pilot’s
visual-input/manipulator-output response. The reduction
can be as much as 0.1 s from the fixed-base data.!”'® When
changes of phase lag of the magnitude 0.1 w rad are made on
typical describing function data showing major neuromuscu-
lar peaking, the net phase shift in the frequency region about
the peak is very often near — 180 deg. Figure 15 shows a
typical example for the fixed force stick configuration with
T=0, 7=0.067, and K.=10 deg/s/lb. Therefore, one can
conclude that the fixed-base neuromuscular peaking ex-
amples, which show negative gain margins of the amplitude
ratio peak relative to 0 dB, are quite likely to result in
oscillations in the ‘‘moving-base’’ flight situation. The roll
ratcheét phenomenon in these cases would, therefore; be high-
frequency PIO’s, which intimately involve the pilot’s limb-
marnipulator neuromuscular system dynamics.

Comparisons with Flight Data

The controlled elemerits in Figs. 11-15 essentially duplicate
the F-16 configurations tested,'?> and the qualitative results
and trends are the same. The compromise selection for the
prefilter in the F-16 was a time constant of 0.2 rad/s,
which is shown in Fig. 12 to allow a comfortable bandwidth
slightly above 3 rad/s, and having 30-35-deg of phase margin
and a much reduced neuromuscular peaking tendency. Thus,
there should be minimum tendency for either low- or high-
frequency PIO, although the data scatter in the higher-
frequency range of Fig. 12 shows that conditions favorable to
roll ratchet could pop up from time to time.

Yet another comparison beétween simulation results and
flight data can be drawn from the investigation of roll rat-
chet and various prefilter configurations flown in the
NT-33.3 In this case, one set of effective controlled elements
are a close match to this simulation. A major difference,
however, was the use of a center stick in the NT-33. The roll
ratchet encountered in this flight test was described as
“‘fesponse which was objectionably abrupt, resulting in a
very high frequency pilot-induced-oscillation (wing rocking),
or having ‘square corners’ or being very ‘jerky.’ ’’ The fre-
quency was approximately 16 rad/s.

Figure 16 is a replot of data from Réf. 3 with com-
mand/force gradient plotted vs the roll time constant 7.
The circles identify configurations flown; the open symbols
reflect no ratchet obtained, the shaded symbols reflect roll
ratchet observed by one or more of the evaluation pilots over
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Fig. 16 Rollratchet comparison, flight and simulator.

the range of time delays investigated. (It should be noted in
passing that in almost every case, the ratchet only occurred
with nonzero 7, as was the case in the lab simulation.) The
triangular symbol at T, =0.2, K, =12.5, is another NT-33
data point obtained from a flight program in which the roll
time constant was selected at 0.2 s for up-and-away tasks
and 0.5 s for landing tasks.!® In addition, two 20-rad/s first-
order filters were included in the roll-rate command prefilter
to ‘‘eliminate high frequency noise.”” Even so, this one case
of ratchet tendency was observed. '
The square symbols in Fig. 16 are configurations in-
vestigated in the fixed-base simulation. The open symbols
identify configurations for which the Y,Y, 0-db line did not
pass through the neuromuscular peak (no ratchet possibil-
ity). The shaded squares identify configurations for which
the 0-dB line passed through the peak (ratchet possibility).
The letters F, S, and L reflect the displacement of the
simulator side stick. It is likely that the L side stick most
closely matched the NT-33 centersstick characteristics.
There is very good correlation between the flight and lab
simulation ratchet tendencies shown in Fig. 16. The dashed
line appears to separate the nonratchet from the ratchet con-
figurations except for the two or three lowest com-
mand/force gradient configurations at T, =0.2 s. It is possi-
ble that this difference may be related to wrist (simulation
side-stick) vs arm (flight center-stick) neuromuscular sub-
system contributions at the lower command (higher force)
configurations. The good agreement between flight and
simulator results is interpreted as an encouraging validation
of the simulator definition of ratchet potential—i.e.,
neuromuscular peaking cut by the Y, Y, 0-dB line. ’
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Fig. 17 Time traces of fixed force stick tracking task run 115,
K. =3.

Pilot-Manipulator System Asymmetries

Tt was noted in the discussion of the influence of the com-
mand/force gradient on crossover in Fig. 6 that the control
bandwidth o, decreased markedly as the command/force
gradient decreased below 4 deg/s/1b. The reason for this can
be observed in the time traces of Fig. 17. The trace on the
left is the random rolling motion of the target. The trace in
the middle is the roll error between the target and the con-
trolled element, the trace on the right is the stick force input
to the controlled element. It will be noted on the force trace
that in roll to the right, the stick force rarely exceeds 5.5 1b,
but in rolls to the left the force frequently is as high as 8 lb,
and shows a maximum peak at 11 lb. This is consistent with
the commentary®!> where the pilots indicate difficulty in
generating rolls to the right using the thumb ‘but have. little
difficulty in rolls to the left where they can use the entire
palm of their hand to generate the force. Thus, we see
bimodal control in the traces of Fig. 17 with larger
magnitude, shorter duration forces used in rolls to the left
and lower magnitude, longer duration forces in rolls to the
right. Notice that roll error average is approximately zero in
the middle trace. Thus, the area under the force traces for
left vs right maneuvers must be approximately the same. For
right rolls, lower forces are held for longer periods of time.
This results in a lower crossover or bandwidth for right rolls
as compared to left rolls, and hence a lower average band-
width for the run. This bimodal control characteristic was
most evident for the 3 deg/s and 4 deg/s/Ib controlled ele-
ment or command force gradients but was also evident up as
high as the 7.5 deg/s/1b; thus the reduced bandwidth shown
in the Fig. 6 plots for the low gain systems. For higher com-
mand/force gradients, the forces employed in the tracking
task were sufficiently low that there was little difference be-
tween left and right maneuvers.
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Conclnsrons

Thrs fixed- base experimental 1nvestrgat10n has 1dent1f1ed
and quantified interactions between the pilot’s neuromuscu-
lar subsystem and typical modern, high-response, roll-rate
command control system mechanization aspects, including
side-stick type of mampulator force/ drsplacement configura-
tion, command augmentation forward loop gain, controlled
element effective lag-time constant, and flight control system
effective time delay.

The simulation results prov1de insight into high- frequency
roll-ratchet oscillations, low-frequency PIO, and roll-to-right
control input probleims previously reported in the production
F-16A, NT-33 side stick, and NT-33 roll-rate command
augmentation investigations. The experimental configura-
tions encompass and/or duplicate a number of actual flight
situations, and have reproduced control problems observed
in flight.

Specific conclusions relating to. human pilot dynamlc
characterizations and possible connection to roll ratchet are

Crossover Model Refinements

1) The property w.(Y,). = const extends over an order of
magnitude variation in K, force gradient change. w, begins
to fall off as very small K demand great pilot effort (large
Kp) to keep w, constant.

2) Controlled element lags for Y. =K,/ (Ts+ 1) are almost
exactly carceled by pilot lead when T >O 2 s (lag breakpoint
of 5 rad/s).

Human Pilot Limb-Manipuldtor Dynamics

3) The classical third-order system approximation for the
limb-manipulator portion of the human neuromuscular
system is both adequate and an essential minimum form
needed to consider pilot-aircraft system dynamrc interactions
in the frequency range 8-20 rad/s.

4) The peaking tendency (damping ratio, {y) of the
quadratic compomnent of the third-order approximation is a
very strong function of the controlled element dynamics.

5) For all stick force/displacement. characteristics in-
vestigated, the highest {, (smallest peaking tendency) oc-
curred for Y, =K_/s controlled elements.

- 6) Pure time delay induces a greater peaking tendency
than an equivalent time lag. .

7) Distinct . peaking tendencies occurred for fixed and
small stick deflections for 7=0.07 and 0.1 s. .

8): The controlled element form that exhibited the max-
imum peaking tendency (AR=7dB) was Y,=K_e~"/s, for
7=0.067 s. Higher and lower values of 7 resulted in less
peaking. -

9y For large stick deflections, the peakmg tendency is
minimized or nonexistent.

Roll Ratchet Connections

10) The data strongly support the suggestion that the roil
ratchet phenomenon is a closed-loop pilot-vehicle system in-
teraction in which the pilot’s neuromuscular dynamics play a
central role. .

11) The ratchet potential of a given configuration is
associated with the degree of neuromuscular system peaking.
This peakrng tendency can be ‘‘tuned’’ or ‘‘detuned’’ by ad-
justments in the effective vehicle dynamics.

12) Ratchet tendencies can be detected in fixed-base track-
ing task simulations by careful tailoring of the forcing func-
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tlon, by making Y,Y. describing function measurements
over a.frequency range that includes the neuromuscular
system modes, and by taking into account the influence of
higher-frequency motion dlsturbances on the prlot s effective
time delay.

13) Ratchet tendencies are most severe on force-sensmg
side-stick manipulators with small stick deflections.
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