JOURNAL OF GUIDANCE, CONTROL, AND DYNAMICS
Vol. 21, No. 1, January-February 1998

Theory for Roll-Ratchet Phenomenon
in High-Performance Aircraft

Ronald A. Hess*
University of California, Davis, Davis, California 95616

Roll ratchet refers to a high-frequency oscillation that can occur in pilot-in-the-loop control of roll attitude in
high-performance aircraft. The frequencies of oscillation typically are well beyond those associated with the more
familiar pilot-induced oscillation. A structural model of the human pilot, which has been employed to provide a
unified theory for aircraft handling qualities and pilot-induced oscillations, is employed here to provide a theory
for the existence of roll ratchet. It is hypothesized and demonstrated using the structural model that the pilot’s
inappropriate use of vestibular acceleration feedback can cause this phenomenon, a possibility that has been
discussed by other researchers. The possible influence of biodynamic feedback on roll ratchet also is discussed.

Introduction

IGURE 1, taken from Ref. 1, shows two time histories involv-
ing the U.S. Air Force (USAF)/CALSPAN NT-33A variable-
stability aircraft and the prototype YF-16 vehicle. As Fig. 1 indi-
cates, high-frequency roll oscillations (12.17-12.5 rad/s) occurred
under piloted control. Oscillations such as these have been termed
roll ratchet by pilots and flight-control engineers. The term finds
its origin in pilot descriptions of the event, i.e., pilots often de-
scribe what they perceive to be a ratcheting-like motion. The ratch-
eting sensation may be attributable to a threshold nonlinearity in
the human middle ear, where accelerationis sensed. Although not a
dangerous condition, per se, roll ratchet often precludes acceptable
performance in air-to-air tracking tasks and almost invariably leads
to a significant degradation in handling qualities ratings.
Therehasbeena considerableamountof researchdevotedto seek-
ing the mechanismbehind the roll-ratchetphenomenon.! ~¢ Perhaps
one of the first explanationsof the phenomenonwas offeredin Ref. 2
and discussed in some detail in Ref. 1. Smith et al.> were the first
to suggest the importance of acceleration cues in catalyzing roll
ratchet:

Suppose the pilot reverts to an abrupt input technique to demand
the desired response more rapidly, creates high angular accelera-
tions and then switches his closure to angular acceleration error,
instead of bank angle error. Then with sufficient pilot gain, a ratch-
eting type oscillation of 2216 rad/s results.

Although recognizing the importance of acceleration cues, other
researchers’> have maintained that the interactionof the pilot’s neu-
romuscularsystemand the cockpitcontrolinceptorare the important
factors in understanding roll ratchet. Figure 2, taken from Ref. 3,
shows the Bode plots of a series of measured pilot-vehicle transfer
functions from a fixed-base simulation of a roll-tracking task when
a force-sensing cockpitinceptor was being used, i.e., the force that
the pilot applied was sensed and used as a command to the vehi-
cle and/or flight-controlsystem. The amplitude peaking evidentjust
beyond 10 rad/s should be noted. To induce an oscillatory response,
the phase lag at the frequency where this amplitude peak crosses the
0-dB line has to be reduced to —180 deg. The authors hypothesize
that the pilot’s use of motion cues provides this phase-lagreduction.
In Fig. 2, the 0.1w x 57.3 is the phase lead provided by inner-loop
roll-rate feedback. The authors conclude that avoiding the use of
force-sensingcockpitinceptors can minimize the occurrence of roll
ratchet, a conclusion also reached in Ref. 5.

More recent flight-test results have demonstrated that merely
avoiding force command inceptors is not sufficient to prevent the
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occurrence of roll ratchet. In Refs. 4 and 6, flight-test data from the
USAF/CALSPAN NT-33A variable-stability aircraft demonstrated
that roll ratchet can occur with position-sensing inceptors. The
data from these references are particularly interesting in that pilot-
vehicle transfer functions, such as that shown in Fig. 2, were mea-
sured in tracking tasks involving sum-of-sinusoids, roll-command
inputs. The interpretation of these data, however, varies. That is,
referring to the work of Refs. 3 and 5, there is some evidence that
neuromuscularmode peaking is occurring with roll ratchet, but it is
not always present in the transfer functions in which ratchet is oc-
curring. This, of course, can be explained by the fact that ratcheting
is a sporadic event and the describing functions are time-averaged
linearizations of the entire tracking sequence. Thus, those periods
when ratchetdid not occur were averaged with those in whichitdid,
and the result shows evidence of peaking, but no ratchet.

Model-Based Theory for Roll Ratchet

Introduction

The explanationsforrollratchetbriefly describedin the preceding
paragraph, although plausible, require some rather special condi-
tions to be met for their validity. For example, the theory forwarded
in Refs. 1 and 2 requires the pilotto visually sense the second deriva-
tive of the system error, not an easy task based on what is known of
human pilot visual-sensing capabilities. As mentioned in the pre-
ceding section, the theory of Ref. 3 requires the amplitude of the
neuromuscular mode peak in the pilot-vehicle transfer function to
be near or at unity (0 dB) at the frequency where the phase lag is
near or at — 180 deg, with the latter condition created by the pilot’s
use of motion feedback.

The explanation to be proposed herein draws upon both of the
previous approaches to some extent. However, it is based on a sim-
ple model of the human pilot, which has been used to provide a
unified theory for aircraft handling qualities and pilot-induced os-
cillations (PI0).” As will be seen, with this model, the roll-ratchet
phenomenon can be explained by the pilot’s use of an inappropri-
ately large feedback gain on roll acceleration sensed through the
vestibular system.

Revised Structural Model

Figure 3 shows what is referred to here as the revised structural
model of the human pilot. The model has its genesis in a previ-
ously described structural model® and in a later modification of that
model.’ As shown in Fig. 3, the model is describing compensatory
pilotbehavior,i.e.,behaviorinvolvingclosed-looptrackingin which
the visual input is system error. The elements within the dashed box
represent the dynamics of the human pilot.

The model of Fig. 3 is discussed thoroughly in Ref. 7, and part
of that discussion is repeated here for the sake of completeness.
Starting from the left, one sees the system error e(¢) following one
of two possible paths. One path is intended to model the human’s
visual rate-sensing dynamics, here modeled by a differentiator s,
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Fig. 2 Measured pilot-vehicle transfer-function characteristics from
Ref. 3.

an injected noise signal, and a gain K;. The remaining path de-
scribes normal error sensing and gain compensation K, including
the possibility of the human’s accomplishing low-frequency trim
(or integral) compensation via € /s. In this study, € = 0. The switch
labeled S, allows switching between error and error-rate tracking.
This switching has been hypothesized to play a critical role in the
initiation and sustenance of PIO.” Switches S, and S, are assumed
to operatein unison,i.e., when S isin the “up” position,sois S,. For
this study, however, it is assumed that switches S; and S, remain in
the “down” position and normal error sensing and compensationare
used. A central-processingtime delay 7, also is included. An inner,
proprioceptive feedback loop is encountered next. In the forward
portion of this loop, the elements Yy and Ygg are intended to rep-
resent, respectively, the open-loop dynamics of the neuromuscular

systemdriving the cockpitinceptorand the dynamics of the inceptor
force-feel system itself. The feedback portion of this loop contains
the element Ypg, which receives as its input the proprioceptively
sensed inceptor output §,,(¢). The element Ypr and its position in
the model are central to the philosophy of the structural model, i.e.,
that the primary equalization capabilities of the human pilot are as-
sumed to occur through operation upon a proprioceptively sensed,
asopposedto a visually sensed, variable. The switch S5 allows either
position-sensingor force-sensing inceptors to be modeled.

Time derivatives of the vehicle output m (¢) are assumed to be
individually sensed, as indicated in Fig. 3. Switch S, allows either
rate or acceleration cues, or neither, to be used in vehicular control.
Note that feedback output rate is predicated on that signal creating
an acceleration that can be sensed by the middle ear. In this study,
K., = 0. A visual feedback of vehicle output completes the model.

Model Parameterization

The reader is referred to Ref. 7 for a discussion of model param-
eterization, which is only summarized here. Elements Yy and Ypg
are given by

s2+ ngMwNMS + wIZ\IM

YNM =

Yor = K(s + a) or K or K/(s+a) ()
with the particularequalizationof Eq. (2) dependenton the form of
the vehicle dynamics around the crossover frequency. The crossover
frequency is chosen as 2.0 rad/s.

Nominal values for fixed model parameters can be given as

To = 0.2s WNM = 10rad/s ;'NM =0.7 (3)

The relatively simple relations of Egs. (1-3), the crossover rela-
tion w. = 2.0 rad/s, and the selection of one of the three forms on
the right-hand side of Eq. (2) allow implementation of the model of
Fig. 3. The appropriateform in Eq. (2) is chosen so that the resulting
open-loop transfer function,

Y,Y.(jow) = u/E)(jw)- Y. (jo) = (w./jo)e ™ for o~ w,
“4)

ie., Y,Y.(jow) follows the dictates of the crossovermodel of the hu-
man pilot.” The gain K appearingin Eq. (2) is chosen so that, with
all other loops open, the minimum damping ratio of any quadratic
closed-loop poles of (8y;/E ) (s) iS {min = 0.15. Finally, K, is se-
lected so thatthe desiredcrossoverfrequencyof2.0rad/s is obtained.
As will be demonstrated, the inclusionof a nonzero K ; (with switch
S4 in the up position) can alter the high-frequencycharacteristicsof
the open-loop transfer function (M /E)(s) and produce oscillatory
behavior very similar to that seen in roll ratchet. The inclusion of
a nonzero K,; after selection of K, in the modeling procedure de-
scribed in the preceding is possible because K,; has only a small
effect on the crossover frequency.

Analysis of Roll Ratchet
Database

The data to be used are taken from those presented in Ref. 4 and
discussedin Ref. 6. They involve a series of roll-tracking tasks con-
ducted on the USAF/CALSPAN NT-33A variable-stabilityaircraft.
Attentionis focusedon 11 configurationsthat have beenidentified in
Ref. 6 as either not experiencingor experiencingroll ratchet during
flight test. Figure 4 describes the shorthand notation used to iden-
tify the configurations. The 11 configurations analyzed are shown
in Table 1.

It is useful to provide some validation of the structural model and
parameter selection procedure described in the preceding section.
To this end, a comparison can be made between a pilot-vehicle
transfer function obtained from flight test and one generated by the
structuralmodel. Configuration 22 1P(18) was selected for compari-
son. Figure 5 shows the flight-testand model results. In terms of the
variablesin Fig. 3, Fig. 5 is a Bode plotof (M /E)(jw). Shaded cir-
cles represent magnitude and phase measurements from flight test
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at the frequencies of the command input sinusoids comprising ¢(?);
solid and dashed curves represent the model results. The model was
obtained using the pilot-vehicle analysis technique outlined in the
preceding section with one exception: The crossover frequency for
the model pilot-vehicle system was reduced from 2.0 rad/s to 1.5
rad/s to provide an acceptablematch to the amplitude data and allow
an easier comparison with these data. As Fig. 5 indicates, with the
one exception of the crossover frequency, the comparison is quite

Table 1 Flight-test configurations
analyzed from Ref. 4

No roll ratchet Roll ratchet

141F(10) 143P(18)
301P(18) 201P(18) + 55
302P(18) 221P(18)
341F(18) 301P(18) + 110
342P(18) 302P(18) + 55
342F(18)
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good. The crossover-frequencydiscrepancy was not deemed serious
and is ignored in what follows.

Acceleration Feedback

The simple hypothesis offered here is that the roll-ratchet phe-
nomenon can be induced by the pilot adopting an inappropriately
large gain K,;. It is further hypothesized that this large gain is in-
duced by rolling accelerations created by the aircraft and flight-
control system that the pilot deems excessive for the task at hand.
The latter hypothesis is identical to that offered in Refs. 1 and 2.
The difference, however, is that the acceleration sensing occurs in
a feedback loop through the vestibular system and is not occur-
ring through visual means in the forward loop. The interplay of the
neuromuscular system and the nature of the force-feel system are
obvious from the structure of the proprioceptive feedback loop in
Fig. 3. Thus, this hypothesis has many elements in common with
that offered in Ref. 3. However, as demonstrated, only a single gain
variation need be employed to induce a closed-looposcillation very
similar to a roll ratchet.

PILOT
______________________ -
I
K, —I : VEHICLE
C Ec Eu 3 1 8,
__’|efros 7 YNM lF YFS YC —» M
T\ 1
S, | N M @ — - =
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Fig. 3 Revised structural model of a human pilot.
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Fig. 6 Structural-model pilot-vehicle transfer function with two values of K;, : configuration 143P(18).

Figure 6 shows the structural-model pilot-vehicle transfer func-
tion for configuration 143P(18) with two values of K,;, zero and
a value yielding a very lightly damped high-frequency mode. Note
that such a gainincrease may only be transient, i.e., it may not occur
over a long enough period of time to be accurately captured by a
single transfer-function measurement such as that shown in Fig. 5.
Note alsoin Fig. 6 thatthereis only a modestchangein crossoverfre-
quency with the nonzero K ; . Finally, the closure of the outer, visual
loop in Fig. 3 has little effect on the relative stability of the oscilla-
tory mode. This is shown in the root locus diagram of Fig. 7. Here,
the open-looptransfer function (M /E)(s) includes the acceleration
loop closed with the nonzero K ;. The small squaresindicate closed-
loop root locations, i.e., poles of the transfer function (M/C)(s),
for four values of the visual gain K,. These correspond to factors
of 1,2, 5, and 10 times the nominal value that yielded the 2.0-rad/s
crossover frequency with K,; = 0. Note the very small change in
the position of the oscillatoryroll-ratchetroots. Taking the model at
face value, this result means that the pilot cannot stop a roll ratchet
by varying his/her outer-loop visual gain K,. The ratchet can be
stopped only by a reductionin K ;. It is interesting to compare this
result with that implied by Fig. 2 and Ref. 3. There, the existence
of a roll ratchet is predicated upon an appropriate outer-loop gain

that forces the magnitude of the open-loop transfer function to be
unity (0 dB) at the frequency at which the phase angle is —180
deg. A similar statement can be made about the model proposed in
Ref. 1.

Figure 8 shows the output m(¢) and the force input §¢(¢) to a
unit step input for configuration 143P(18). This pair of time histo-
ries is interesting in that they are qualitatively similar to recorded
roll-ratchet time histories. That is, only a small-amplitude oscilla-
tion is evident in roll attitude, whereas a large-amplitude oscilla-
tion is evident in control input. Figure 9 shows the pilot control
force input during flight-test roll-ratchet encounter with configura-
tion 143P(18). The frequency of oscillation is 10.4 rad/s, whereas
that obtained with the model is 9.8 rad/s.

The inappropriately large gain K,; may be attributed to the fol-
lowing. In maneuvering, the particular flight configurations that are
prone to roll ratchet create a rolling acceleration that the pilot finds
excessive for the task at hand. This may occur even if the task itself
involves relatively modest accelerations in an absolute sense. If a
physiologicalsensoris availableto measure this acceleration(which
it obviouslyis), the natural tendency on the part of the pilot may be
to feed back this variable and attempt to reduce it through control
activity. However, because of the structure of the pilot’s feedback
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system, this action merely leads to a very lightly damped mode and
a roll ratchet.

Vehicle Characteristics

If initial accelerationresponse is involved in the initiation of roll
ratchet, it may be possible to distinguish some differences in the
open-loop acceleration response to applied force inputs, at least for
the 11 configurations of Table 1. To this end, the transfer function

[s*- M/80))]
was plotted for each set of configurationsin Table 1, i.e., those with
no ratchet and those with ratchet. No units are given in Figs. 10
and 11 because these plots are intended only for comparison among
the configurations in Table 1. Note that this transfer function will
containjust vehicle, actuator, and force-feel system dynamics when
a position-sensing inceptor is being used and vehicle and actua-
tor dynamics alone when a force-sensing actuator is being used;
no pilot dynamics are included. Figures 10 and 11 summarize the
results. Because it is the initial acceleration response that is of in-
terest (+ < 1), attention should be focused on the characteristics
of [s? - (M /8p)(s)], = jo for values of w that are large but do not
exceed the upper limit of the frequency range of interest for manual
control,i.e.,w ~ 10rad/s. Figure 10 shows [sz-(M/aF)(s)]A\:,{,, for
the configurations that did not exhibit roll ratchet, whereas Fig. 11

control
force O
(o)
-5.0 -
—~ b 5
time s

Fig.9 Pilot inceptor force inputs from flight test of Ref. 4, as reported
in Ref. 6, for configuration 143P(18).

shows the function for those that did. Even for this small data set,
some basic differences appear. The no-ratchet cases all had phase
lags at 10 rad/s that were less than —75 deg, i.e., less negative. In
contrast, all but one of the ratchet cases had phase lags greater than
—75 deg, i.e., more negative. The configuration in Fig. 11 that did
not have a phase lag at 10 rad/s exceeding —75 deg did, however,
have a relatively large magnitude at this frequency. The magnitude
and phase for this configuration [201P(18) + 55] are denoted by
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arrows in Fig. 11. The one configuration in Fig. 10 that comes close
to exceeding —75 deg [342P(18)] also exhibits the smallest magni-
tude in the high-frequencyrange. This pair alsois denoted by arrows
in Fig. 10. Itis interestingthat, of the two piloted evaluationsof con-
figuration [342P(18)] reported in Ref. 4, one of the pilots reported
no roll ratchet and gave the configuration a Cooper-Harper rating
of 2. The second pilot, however, did report some oscillation prob-
lems that he found objectionable but said that there were no (PIO)
problems. He gave the configuration a Cooper-Harper rating of 5
because of these oscillations. It is not known for certain whether
these oscillations were roll ratchet; however, one might expect that
they were because the pilot explicitly exonerated the vehicle from
PIO tendencies(which typically are categorizedby pilots as being of
lower frequency than roll ratchet). Thus, the close call for configu-
ration 342P(18) in Fig. 10 may be reasonable. These results support
a hypothesis that initial acceleration responses to force inputs that
exhibit large lags or large amplitudes in the frequency domain may
induce the pilot to employ an inappropriately large acceleration
feedback gain in an attempt to control the resulting response. As an
example of such responsesin the time domain, Fig. 12 compares the
time-domain roll acceleration responses to step-applied forces for
configurations 301P(18) (no ratchet) and 143P(18) (ratchet). Fig-
ures 10 and 11 also show a pair of phase-amplitudeboundaries that
can be used to delineate the roll-ratchet proneness of these configu-
rations. That is, if the magnitude or phase of [s> - (M /87)(s)]; —jw
violates either of these bounds, the configuration experiences roll
ratchet in flight test. Of course, it is presumed that some minimum
magnitude of [s? - (M /8£)(5)], = j,, at 10 rad/s would be required to
induce roll ratchet. The relatively small data set of Table 1 does not
permit an estimate of this lower bound.

biodynamic
Jeedback
rm eSZ e TS
+ - 6M
&y » Yo =~ Y. » M
5y
v
Uy 4~ Ypr

Fig. 13 Modification of Fig. 3 to model biodynamic feedback.
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Biodynamic Feedback

A discussion of roll ratchet would not be complete without con-
sidering the possiblerole that biodynamic feedback may play in the
phenomenon. The term biodynamic or biomechanical feedback is
used here to imply the effects that vehicle roll acceleration might
have on the pilot’s arm and cockpit inceptor and how these effects
may serve to catalyze roll ratchet.

A very simple model of biodynamic feedback can be obtained by
considering the pilot’s hand/arm and the inceptor grip as consisting
of an effective point mass m, a distance r above the instantaneous
roll axis of the aircraft’ Consider the situation in which both the
control-stick pivot point and the location of the effective point mass
are above the instantaneousroll axis of the aircraft. When the air-
craft is undergoing a rolling maneuver with roll acceleration ¢,
the force that the pilot must apply to keep the inceptor from mov-
ing relative to the cockpit is simply —rm,¢. One can consider the
biodynamic element to be rn,s*e~"*, where the time delay T ac-
counts, in a rudimentary way, for the phase effects of neglected
higher-frequency dynamics in the biodynamic model. Figure 13
shows how the structural model of Fig. 3 can be modified to incor-
porate this rudimentary model of biodynamic feedback.

Figure 14 shows the root locus diagrams for the closed-loop
poles of the (M/E,,)(s) transfer function from Fig. 3 or 13, with
T = 0.025,0.05, and 0.1 s with vehicle dynamics and model pa-
rameters (Ypg) for configuration 143P(18). The closed-loop poles
in Fig. 14 correspond to those values of rm, chosen to produce
oscillatory roots with the gain K,q normalized with respect to the
oscillatory value for t = 0.025 s. For the case in whicht = 0.1 s,
the frequency of the oscillatory mode is 11.4 rad/s, close to the
roll-ratchet frequency of 10.4 rad/s obtained in flight test for con-
figuration 143P(18). An open-loop transfer function very similar to
thatindicated by the solid curves in Fig. 6 was obtained for the case
with biodynamic feedback and T = 0.1 s, a result that is not too
surprising because the same variableis being fed back in both cases,
albeit into different locations in the pilot model.

Figure 14 suggests that biodynamic feedback may itself produce
oscillatory behavior of the kind and frequency associated with roll
ratchet. However, one must bear in mind that the gain on the root
locus diagrams of Fig. 14 is not a variable quantity as in the case of
K; butrathera geometricalbiomechanicalconstant, whose value is
a function of the mass distribution of the control inceptor; the mass,
position, and tension of the muscle groups subject to motion under
acceleration;and the position of the aircraft’s instantaneousroll axis.
Although it is certainly possible that these quantities may produce
oscillatory root locations, it would appear to the author to be less
likely than in the case of accelerationfeedback via K ;; . Finally, note
that conditionsthat would increase the likelihood of biodynamically

25
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Fig. 14 Root locus diagrams for closed-loop poles of (M/E ) )(s) for different 7 values in biodynamic feedback model.
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induced roll ratchet, e.g., lack of sufficient arm support and/or lack
of a mechanical breakoutin a control inceptor, are also conditions
that would adversely affect the operation of the hypothesized pro-
prioceptiveloopin Fig. 3. This, in turn, could induce the pilot to use
acceleration feedback in an attempt to ameliorate roll accelerations
produced by control-stick inputs of less precision than desired.

Discussion

The preceding analysis obviously is not exhaustive in terms of
configurations analyzed. It is intended to demonstrate that a theory
could be proposed to explain the origins of the roll-ratchet phe-
nomenon that is consistent with previous observationsand could be
part of a larger theory that has attempted to unify aircraft handling
qualities and the lower-frequency phenomenatypically identified as
PIO.” It is not proposed that the boundariesshown in Figs. 10 and 11
be considered as a metric for assessing the roll-ratchet proneness of
any vehicle. In addition to the fact that these particular results have
been scaled (no units given), the differentvehicles will induce differ-
entaccelerationsto identical control-forceinputs merely because of
different pilot station locations. The fact that the 11 configurations
of Table 1 were created on the same test vehicle made the compar-
isonsof Figs. 10 and 11 possible. As stated in the preceding section,
Figs. 10 and 11 merely support the idea that the characteristics of
initial acceleration response may be a key factor in initiating roll
ratchet. Finally, the possibility that biodynamic feedback may act
as a catalyst for roll ratchet is certainly plausible but is felt to be a
less likely explanation than the proposed theory.

Conclusions

A theory for the roll-ratchet phenomenon can be forwarded that
is based on a revised structural-pilot model. The theory states that
roll ratchet is caused by the pilot’s inappropriate use of vestibu-
lar acceleration feedback. The proposed theory contains elements
found in previous explanations of roll ratchet, i.e., the importance
of acceleration cues and the influence of the pilot’s neuromuscular
dynamics. Using the structural model, one can create oscillations
whose frequency closely approximates that found in flight test of
roll-ratchet-prone aircraft. In addition, the nature of the time his-
tories that can be produced by the model are qualitatively simi-
lar to those found in flight test, i.e., small-amplitude oscillations
in roll-attitude time histories, but strong evidence in control-input
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time histories. As opposed to other model-based explanations for
roll ratchet, the structural model implies that the pilot cannot halt
a roll-ratchet encounter by changes in his/her visual gain but only
by reduction in the vestibular-accelerationfeedback gain. For the
series of flight tests analyzed, the nature of the initial (open-loop)
accelerationresponse of the vehicle could be used to categorize the
roll-ratchetpronenessin the 11 configurationschosen for study. Bio-
dynamic feedback was modeled in rudimentary fashion and found
to be a plausible but, in the author’s opinion, less likely candidate
for catalyzing roll ratchet. At present, the database is not sufficient
to delineate between these alternativeexplanationsor to corroborate
a theory that draws upon both.
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