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Roll-Performance Criteria for Highly Au’gmented Aircraft

Mario Innocenti* and Ajay Thukralf
Auburn University, Auburn, Alabama 36849

Highly augmented fly-by-wire aircraft have shown a degradation in roll performance during compensatory
tasks such as tracking, similar to the ones observed for the pitch axis. Gibson’s method, which involves a
combination of time-domain and frequency-domain techniques, has been shown to provide excellent handling-
qualities criteria for the pitch axis, especially in identifying pilot-induced oscillations. The present work extends
Gibson’s method to develop similar handling-gualities criteria for the roll-axis control system. The effects of
parameters such as roll damping, transport delay, system gain, and corresponding pilot ratings are studied for
developing handling-qualities criteria and to evaluate the flight-control system performance. Flying-qualities
levels are obtained in both the time and the frequency domain. In addition, frequency-domain analysis is used
to identify pilot-induced oscillation-prone configurations and the presence of roll ratcheting. The analysis is
performed and validated using an existing experimental data base on lateral flying qualities of highly augmented

class IV aircraft.

Nomenclature
e = natural exponential
K = pilot gain
Lf,s = roll-control effectiveness
P, = phase rate
P = steady-state roll rate
Omax = Maximum pitch rate
dss = steady-state pitch rate
R, = acceleration ratio
s = complex number
Y, = pilot transfer function
0 = aileron deflection
$op = short period damping
Oap = pitch attitude dropback
Oss = steady-state pitch angle
0s = pitch angle at time # =5 s
T = time constant
Ty = pure time delay
Teff = effective time delay
T, = roll time constant
Pmax = maximum roll acceleration
¢é.0s = normalized bank-angle overshoot
s =rollangleatf =5s
© = frequency
Wep = short period frequency
wp3 = frequency at 0.3 Hz

wigp = frequency at phase lag = 180 deg
wyye = frequency at phase lag = 200 deg

I. Introduction

HE importance of stability augmentation to the success

of modern high-performance aircraft is fundamental.
Flight tests and simulations with aircraft having high-order
dynamics due to control systems, digital implementation, etc.,
have been very promising in terms of command response,
precision controllability, and hands-off operation. Handling-
qualities deficiencies, however, have surfaced due to generic
problems such as oversensitivity to small control inputs and
sluggish response to large inputs. Improper control gains and
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time delays coupled with higher-order effects have resulted in
low-frequency pilot-induced oscillations (PIO) and high-fre-
quency ratcheting interaction.!

As reflected in the latest military specifications,?? the ma-
jority of the work in handling-qualities research has been
limited to longitudinal motion. Among the reasons were the
recognition of the longitudinal plane as the primary plane

* in closed-loop control tasks, the availability of a large experi-

mental data base, and the introduction of aircraft with a
high level of longitudinal augmentation due to relaxed static
stability.

A comprehensive technique for longitudinal handling-quali-
ties analysis and assessment has been developed over the years
by Gibson at British Aerospace Corporation*® using experi-
ence acquired in the experimental aircraft program (EAP) and
in the development of aircraft such as the Jaguar fly-by-wire
(FBW) and the Tornado. The main objectives of Gibson’s
derivations (also referred to as the dropback method) are the
explanation and prediction of PIO experienced during critical
flight phases of highly augmented aircraft. Good correlation
has been obtained with the dropback method in matching pilot
opinions to aircraft characteristics in tracking and landing for
military*® as well as transport aircraft.” Agreement with the
new. longitudinal handling-qualities specifications has also
been reported.?? )

Traditionally, lateral dynamic characteristics have not been
considered critical in the assessment of the overall handling
qualities. Specifications for the roll response, for example, are
based essentially on open-loop-type parameters such as roll
time constant, maximum roll rate, and time to go through a
bank angle for roll control effectiveness.?? Lateral handling
qualities, however, are becoming more important in relation
to increased control-system augmentation level at high angle
of attack, to pitch-roll coupling during loaded maneuvers, and
to agility requirements. In addition, recent experimental re-
sults!® showed the presence of low-frequency pilot-induced
oscillations in roll (due to mismatch between roll zeros and
poorly damped dutch roll) and high-frequency ratcheting.!!
To the author’s knowledge, no guidelines are presently avail-
able that can help the designer in predicting the occurrence of
the above instabilities.

The objectives of the present work are to extend Gibson’s
method to the roll axis so as to identify metrics and handling-
qualities boundaries for satisfactory dynamic behavior of the
flight control system (FCS). The paper is organized as follows:
Sec. II will briefly review. the main ideas behind Gibson’s
method; Sec. IIT will discuss roll axis requirements and briefly
talk about lateral high-order systems (LATHOS) and its ex-
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perimental setup; and the last two sections will present the
analysis and conclusions.

II. Review of Gibson’s Method

Gibson’s method has grown over the years to encompass
most of the classical approaches to the handling-qualities
problem.*% In his earlier work, Gibson addressed some of the
deficiencies of the specifications in dealing with higher-order
aircraft, deficiencies that surfaced during the development of
the digital FCS for the Jaguar FBW and the Tornado aircraft.
The major concern was the difficulty in identifying lower-or-
der modal parameters such as short-period damping and natu-
ral frequency, control anticipation parameter (CAP), and
flight-path delay constant to which the military specifications
(MIL-SPEC) are applicable. The problem has been a common
one among flying-qualities researchers, leading to other ac-
cepted approaches such as the bandwidth criterion!? and
equivalent systems.!3

The basic idea behind Gibson’s method is that of achieving
good classical airplane characteristics in the presence of high-
order effects due to augmentation. The FCS should be de-
signed to have not only classical response but also to satisfy
the specific task requirements. It is clear that easily and di-
rectly identifiable metrics are required instead of specifica-
tions given in terms of modes. These would then encompass
both classical and modern airplanes in a more straightforward
manner. Gibson’s method combines time-response and fre-
quency-response techniques to cover the frequency spectrum
of interest to the pilot. Thus, time response to a block step
input describes low-to-medium frequency range and is repre-
sentative of low-range frequency tasks such as pursuit tracking
and flight-path tracking. On the other hand, frequency re-
sponse at very low frequencies is unreliable due to insufficient
input power. The frequency response best justifies its use
around the crossover region for tight tracking and for higher
frequencies, and it is similar in the approach to the evaluation
of the equivalent time delay.!?

Gibson’s time-domain analysis looks at attitude, pitch rate,
and acceleration responses to a block-type stick input. The
behavior of the initial response at the time of stick release is
related to pilot comments. Gibson’s frequency-domain analy-
sis, based on Nichols’ charts of the open-loop response with
pure gain manual compensation, highlights PIO tendencies by
relating such instability to the phase rate at — 180 deg and its
corresponding phase-lag crossover frequency. Parameters
such as dropback, overshoot, and phase rate can be easily

obtained. These are related to typical short-period dynamics
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comments like bobbling, sluggishness, and induced instability.
Gibson’s criterion is briefly summarized in the next para-
graphs and the interested reader can also refer to Refs. 4-6, 8,
and 14 for more details.

A pitch-angle time history to a block input is required to
determine the attitude dropback as shown in Fig. 1 (taken
from Ref. 5). The dropback 8,4, is defined by

Oap = 05 — O 1

where 0, is the steady-state pitch angle and 6; is the value of
pitch angle when the block input is zeroed. The main require-
ment is that the attitude dropback normally be positive (no
overshoot). Normal acceleration-response boundaries can also
be used that are in fact a direct translation of traditional
short-period requirements (Sec. 3.2.2 from Ref. 2).5¢ The
qualitative nature of the analysis is evident in that the time-
domain results are mainly used to correlate with pilot com-
ments relative to a response type (such as sluggishness, quick-
ness, bobbling, ability to maintain. target, etc.) and not to
obtain handling-qualities levels.

The attitude-frequency response is used to highlight poten-
tial PIO prone configurations. This idea closely follows earlier
pilot-in-the-loop compensatory tracking studies done by
McRuer and co-workers at STI and by Neal and Smith at
Calspan. Frequency response in tracking considers the pilot
behavior represented by a pure gain and time delay, with
transfer function Y, = Ke =™, where 7 is the pilot’s time delay
constant, usually of the order of 0.2 s (these are typical exper-
imental values for the pilot in compensatory tracking tasks).
The gain K for the tracking task is adjusted so as to obtain a
gain crossover frequency of 0.3 Hz. In the case of an approach
and landing task, the gain K is adjusted so as to have a phase
lag of 120 deg at the gain crossover point.

Considerable success has been obtained in identifying PIO
using attitude-frequency boundaries. Analysis of tracking as
well as landing tasks reveals that the main parameter leading
to PIO identification is the phase rate P,, defined as

P, =20/(wy0 — wis0) deg/Hz 2

where the frequency is measured in Hertz. High phase-rate
values are invariably related to large time delays, thus indicat-
ing the presence of a PIO prone configuration.

As an example, handling-qualities analysis is performed for
a transport aircraft (E-1 configuration from Ref. 7) and a class
IV aircraft (1-3 configuration from Ref. 15) during approach

Fig.1 Longitudinal dropback time responses (from Ref. 5).
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Fig. 2 Pitch rate response to block input.
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Fig. 4 Frequency response boundaries for pitch axis: a) configuration E-1 and b) configuration 1-3.
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Table 1 Pilot ratings and comments from LATOS

Mean

pilot

rating- Trs  Tds  Dss

Case level Symbol = s s Fg Pilot comments®P

(TR)1-3 3/L1 A 0.8 0.00 18 NPio,NRa,GIR,GFR,GAg,GP,GFt,GSen
(TR)1-3T1  7/L3 B 0.8 0.03 18 Pio,NRa,SIR,GAg,BP,BFt,LSenL
(TR)1-3T2 8/L3 C 0.8 0.06 18 Pio,NRa,SIR,GFR,BAg,BP,BFt,LSen
(TR)1-2 S/L2 D 0.8 0.00 10 NPio,NRa,SIR,BFR,GAg,BPL,GFt,SSen
{TR)2-3 3/11 E 0.45 0.00 18 NPio,NRa,GIR,GFR,GAg,GP,GFt,GSen,HSenS
(TR)2-3T1 4.5/12 F 0.45 0.03 18 Osc,NPio,NRa,QIR,OFR,BAg,OP,GFt,HSen
(TR)2-3T2 5.5/L2 G 0.45 0.06 18 Osc,NPio,NRa,QIR,BAg,BP,BFt,HSen
(TR)2-3T3  8.5/L3 H 045 0.08 18 Osc,Pio,SIR,QFR,BAg,BP,BFt,LISen, HFSen
(TR)2-2 3/L1 I 0.45 0.00 10 NPio,NRa,SIR,OFR,GAg,GP,GFt,0Sen
(TR)2-2T1 2/L1 J 0.45 0.03 10 NPio,NRa,GIR,GFR,GAg,GP,GFt,GSen
(TR)2-2T2 5.5/L2 K 0.45 0.06 10 NPio,NRa,SIR,OFR,BAg,BP,BFt,LSen
(TR)2-2T3  7/L3 L 0.45 0.08 10 Pio,NRa,NIRS,OIRL,GFRL,BAg,BPS,GPL,OSen
(TR)2-2T4 8/13 M  0.45 0.18 10 Osc,Pio,NRa,BIR,BFR,BAg,BP,BFt,LSen
(TR)3-3 5/L2 N 0.25 0.00 18 Osc,Pio,Ra,QIR,OFR,BAg,OP,BFt,HSenS
(TR)3-3T2 7/L3 (o] 0.25 0.06 18 Ra,QIR,BFR,BAg,BP,HSen
(TR)3-3T3 7/L3 P 0.25 0.08 18 Ra,QIR,BFR,BAg,OP,GFt,HSen
(TR)3-2 3.5/L1 Q 0.25 0.00 10 NPio,NRa,GIR,GFR,GAg,GP,OFt,NSen(about neutral)
(TR)5-3 7/L3 R 0.15 0.00 18 Osc,Ra,QIR,GFR,BAg,BP,BFt,LISen,HFSen
(TR)5-3T1  7/L3 S 0.15 0.03 18 Osc,Ra,QIR,OFR,BAg,BP,BFt,HSen
(TR)5-3T2 8/L3 T 0.15 0.06 18 Osc,Pio,QIR,BFR,BAg,BP,HSen
(TR)5-2 7/L3 U 0.15 0.00 10 Osc,Ra,QIR,BFR,BAg,BP,BFt,OSen
(TR)5-2T1 7/L3 A 0.15 0.03 10 Osc,Ra,BAg,HSenS
(TR)5-2T3 8/L3 W 0.15 0.08 10 Osc,Ra,QIR,OFR,BAg,BP,HSen
(TR)2-4 3.5/L1 Al 0.45 0.00 25 NPio,NRa,GIR,GFR,GAg,GP,GFt,LISen,OFSen
(TR)2-4T1  S/L2 A2 0.45 0.03 25 OSc,Ra,QIR,OFR,BAg,BP,BFt,HSenS
(TR)2-4T2  6/12 A3 0.45 0.06 25 Pio,Ra,QIR,OFR,BAg,BP,HSen
(TR)2-4T3 9/L3 A4 0.45 0.08 25 Pio,BIR,BFR,BAg,BP,HSen
(TR)3-4 6/1L.2 AS 0.25 0.00 25 Osc,NPio,NRa,QIR,OFR,BAg,BP,BFt,HSen
(TR)3-4T2 7/L3 A6 0.25 0.06 25 Osc,NPio,Ra,QIR,BAg,BP,HSen

2Prefix: N = no; G = good; B=bad; S= slﬁggish; Q = quick/jerky; L = low; and H = high.
YRoot: Pio = pilot-induced oscillation; Ra = ratcheting; R = response; Ag = agressiveness; P = predictability; Ft = fine
tracking; Sen = sensitivity; Osc = oscillation; IR = initial response; and FR = final response.

- “Suffix: L = large input; and S = small input.

III. Roll-Response Requirements and Data Base

The limitations of lateral handling qualities with respect to
high-performance aircraft have been acutely felt since the
MIL-SPEC-8785C, which, while being used for both design
and testing of developing aicraft, failed to.provide the desired
handling qualities. These limitations could be attributed to a
limited data base that mainly represented aircraft of the World
War 11 era, which had limited or no lateral augmentation. The
need for identifying problems related to a lateral highly aug-
mented fighter aircraft led to a series of in-flight simulations
to generate experimental data and to investigate the effects of
lateral high-order systems (LATHOS).!® The additional in-
sight gained through the LATHOS experiment provided a

large enough data base for the revision of MIL-SPEC-8785C.
Currently, MIL-STD-1797 presents the desired requirements
in a format similar to the older specification and, at the same
time, provides the necessary guidance for highly augmented
systems.?

The present paper suggests new roll-response metrics based
on the application of Gibson’s method to the LATHOS data
base and presents qualitative as well as quantitative relation-
ships between pilot ratings and typical parameters such as roll
time constant,- time delay, and control system gain, which
constitute the scope of the present analysis. In addition to
these parameters, the LATHOS experiment examines several
others, such as lead-lag time constants, nonlinear command

v ( )
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Fig.5 Lateral directional flight control system block diagram.
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shaping characteristics, and dutch-roll damping; that will not
be considered herein. Figure S shows the modified block dia-
gram of the lateral-direction flight control system for the
stick-roll loop only. The three primary variables are shown by
their corresponding symbols, linear command gain 6,/F,, roll
time constant 7., and pure time delay 74. The time delay 74 is
the pure time delay generated by the NT-33A’s time delay
circuit that merely holds the signal by 7, seconds. This could
be thought of as representing delays due to various possible
sources such as structural lag, transport lag, and digital delays
present in actual system. The filters surrounding the time-de-
lay circuitry are third-order Butterworth low-pass filters that
help in smoothing the signal. The dutch-roll characteristics
and. the lead-lag time constants were held to their nominal
value. Typical first-order response for the aircraft is assumed
to be given by the transfer furiction

p 7oL fas
o frrFes 3
F, (s+1 ®

in which the dutch-roll mode is absent due to the dipole effect
and the spiral mode is absent due to a large time constant. The
roll requirements and justifications for the primary parame-
ters are as follows:
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Fig. 6 Time-response analysis results with no sensitivity.
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1) The roll-damping requirement given by MIL-STD-1797
limits the lower damping to 0.3 s (0.3 <7, <1 s for level 1).
These results are supported by the fact that some modern
aircraft equipped with high gain augmentation have time con-
stants that are too small and experience an excessive lateral
sensitivity described as roll ratcheting.

2) The time delay in a control system can drastically degrade
lateral flying qualities. The MIL-STD-1797 retains the pure
time delay limits given in the 8785C, mainly because of a lack
of supporting data to revise them, which limits maximum
delay to 0.1 s for level 1 and no more than 0.2 s for level 2.

3) A very important parameter that has not been dealt with
in sufficient depth is the effect of command gain 6,/F,.
Earlier metrics normally excluded the effect of this open-loop
gain variation, as it was considered an independent variable to
be optimized. Usually the gain is very critical to the pilot in
that it changes his/her equalization, and it is known to con-
tribute greatly to the pilot opinion and ratings. Hence, the roil
metrics developed in this paper include the effect of com-
mand-gain variation along with other roll parameters. Roll-
control sensitivity and roll-control effectiveness are directly
related to command gain §,/%,. We define roll-control sensi-
tivity as the gain required by theé steady-state roll rate p, to a
unit step input. Roll-contrdl effectiveness L f, is defined as
roll-control sensitivity per unit roll time constant, or

Ly = Dss/ T, 4

Tasks performed during the LATHOS experiment were rep-
resentative of flight phase categories A and C and consisted of
actual target tracking, air refueling, precision approach and
landing, as well as special head up display (HUD) tracking
tasks. The results of the experiment are documented in Ref. 10
with time histories, pilot comments, and data correlation.

The complete set of configurations for the tracking task,
constituting all of the configurations with linear gain only,
were analyzed (29 cases in all) as well as most of the landing
configurations. Throughout the analysis the pilot is assumed
to be described by a pure gain element. Table 1 lists all of these
configurations along with the values for the variables, pilot
comments, and the pilot ratings based on the Cooper-Harper
scale. Only tracking task results will be presented in the paper.

IV. Time-Response Analysis
Several new metrics are needed to characterize the roll han-
dling qualities. Gibson’s metrics such as dropback 8,,, the
effective time delay 8, /4, , and Gmax/Gss are no longer directly

1 : : ; . . l'-e'“: ) : :
d : / : : : : : :
e : : : Co : : : :
/ : : : . : :
s : : :
e : : :
-5 H i H i i i . H
] 1 2 3 4 S ] 7 ;]
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Fig. 7 Effective time delay 7ess.
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applicable due to the basic difference between pitch and roll
responses and the inclusion of control system command gain.

The metrics that were considered are the effective time delay
Tesr, the roll-control effectiveness pg/7,, and the acceleration
ratio R,. Parameters such as maximum acceleration ¢pa, are
also used in the analysis. The parameters related to roll axis
are mainly acceleration dependent since experiments have
shown that the pilot responds to acceleration cues sensed by
his/her vestibular sensory system. These experiments have
also shown pilots’ aversion to high roll acceleration.

The basic roll response to step input is of a first-order type
and hence consists of overshoot only (in the context of Fig. 1).
The traditional definition of dropback is now replaced by
normalized bank-angle overshoot ¢,,, and is given by

¢ss - ¢5

s 7y

Pros = (5 )

where ¢ is the steady-state bank angle, and ¢ is the bank
angle at time ¢ = 5 s (time of block input release). However, it
is seen that direct use of Eq. (5) for the normalized overshoot,
although similar in nature to dropback, is not helpful since
Onos is independent of roll-control sensitivity, and by its direct
relation to pilot comments no correlation is observed. The
determination of a metric involving roll-control sensitivity is
not straightforward. This is so because the use of any normal-
ized metric data comparison leads to the elimination of loop
gains and hence can lead to misleading results. As an example,
Fig. 6 shows the behavior of ¢, vs time delay 7, for similar
configurations. With different roll-control sensitivity only (18
and 10, respectively), similar handling-qualities characteristics
would be deduced for the overlapping configurations (A, D;
E. L F, J; G, K; H, L; N, Q; R, U; S, V), although pilot
ratings and comments are markedly different for these cases,
thus showing how control sensitivity effects pilot opinion.

The pure time delay 7; does not account for the effect of
higher-order dynamics. To overcome this difficulty, an effec-
tive time delay 7. is defined as the time taken by the system to
respond to a change in forcing function, and it is the sum of
pure time delay 7, and delays due to the presence of other
higher-order terms. The parameter 7. represents the actual
response delay as seen by a pilot, and it is shown in Fig. 7. This
parameter is similar to 7. defined in Ref. 10. The difference
lies only in the way it is measured.

Roll-control effectiveness py; /7, , also represented by L £, in
Eq. (3), is used to compute initial roll acceleration. This could
be derived by applying the initial-value theorem to the roll-ac-
celeration transfer function; hence the terms roll-control ef-
fectiveness and initial acceleration are used interchangeably
depending on the context.

As will be shown, a good correlation exists between 7.,
Dss/ 7., and pilot ratings, which is similar to the longitudinal
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Fig. 8 Time-response analysis.
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Table 2 Summary of metrics
Metric Description Usage
Teff Effective time delay Boundaries of Fig. 8
Lrpgs Initial roll acceleration pss/7, Boundaries of Fig. 8
R, Roll-acceleration ratio 0.91>R,;>0.71 (for

normal rol! response)

case (On/qss> Gmax/dss) as pointed out in previous work by
Rynaski.!¢ Some anomalijes exist, but these were found to be
related to the acceleration ratio R,, defined as the ratio of
maximum acceleration ¢,y (measured from the block step-re-
sponse simulation of the entire system) to initial acceleration
Dss/ 7, (computed from the roll-acceleration transfer function),
and given by

‘-i’max
R, =———
‘ Dss/Tr ©

The configurations listed in Table 1 were simulated in terms
of bank angle, roll rate, and roll-acceleration time responses.
Based on the metrics discussed above, the results of the analy-
sis are shown in Fig. 8.

Figure 8 relates effective time delay 7. to initial accelera-
tion ps/7,. Clearly, initial acceleration is a function of roll-
control sensitivity p and the roll time constant 7,. On the
other hand, 7. is mainly a function of pure time delay 7,.
Qualitative boundaries are drawn in Fig. 8 showing lower and
upper bounds on pg/7,.. From a physical standpoint, a suffi-
cient threshold value is required for the initial acceleration in
order for the response to be sensed by the pilot. However, too
large a value is not acceptable. Comments such as quick and
jerky responses are typified. For any given level of flying
qualities, the threshold value for the initial acceleration remains
constant (for level 1 Lg, is >15), although the upper limit is
seen to decrease with increase in effective time delay 7.

Let us consider a few typical cases and analyze the initial
acceleration parameter p /7, from a different viewpoint. Con-
figurations A, E, N, and R all have constant roll-control
sensitivities but decreasing roll time constants 7,. Thus, the
roll-control sensitivity p/7, increases as 7, (inversely propor-
tional to 7,) decreases with constant control sensitivity. The
new MIL-STD-1797 conditions specify a lower limit for 7,.
For 7, <0.3 s, ratcheting is predicted. Thus, cases A and E do
not have ratcheting as 7, >0.3 s, whereas cases N and R do
(7, <0.3 s).

Now consider cases F, J, and A2 that have 7, =0.45 s
(r,>0.3 s), but vary roll-control sensitivity. In this case, A2
exhibits ratcheting deficiency due to high roll-control sensitiv-
ity. In conclusion, configurations with 7. <0.3 s will always
have ratcheting, but for 7, >0.3 s, ratcheting may or may not
occur depending on roll-control sensitivity. The frequency
analysis also corroborates the statement. From Fig. 8, for zero
time delay, we obtain the following limits on L z,:

15< L f, <60 for level 1 (7a)

7.5<Lf, <110 for level 2 (7b)

The effective time delay 7. affects roll handling qualities in
a fashion similar to 8,,/qs for the pitch axis. Large time
delays slow down the response and force an oscillatory re-
sponse from the pilot. Configurations C and M have large
time delays. Both are commented as slow-responding aircraft
and exhibit definite PIO in precision maneuvers. For level 1
criteria, the effective time delay 7. is limited to less than 0.07
s. In the case of configurations with higher roll-control sensi-
tivity (coupled by large time delays), pilot comments about
oscillatory motion, shown in Fig. 6, border between the P1O
and ratcheting regions.
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Some anomalies do exist and, as mentioned earlier, agree-
ment with the boundaries is observed if a given configuration
satisfies the inequality ‘

0.91>R,>0.71 ®)

Failure to satisfy Eq. (8) yields relatively poor pilot ratings
compared to neighboring points. Configurations B and U are
typical in this respect. They both have level 3 handling quali-
ties but lie very close to configurations N and L that have level
2 qualities as shown in Fig. 8. Configurations B and U, how-
ever, do not satisfy the specified bounds of Eq. (7), whereas
configurations N and U do. The acceleration ratio thus can be
used as a test for normal/abnormal response as described by
pilot comments.

In summary, the metrics used in the context of roll perfor-
mance using Gibson’s method are given in Table 2.
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V. Frequency-Response Analysis

Gibson’s frequency analysis does not deviate much from
that of pitch axis, except that it includes the roll-acceleration
frequency resonse to identify ratcheting phenomena that are
unique to the roll axis. Compensatory tasks, such as precision
tracking tasks and approach and landing tasks, consist of an
open-loop closure via the pilot in the feedback loop. During
the task execution, it is essential that the aircraft have good
predictability and a smooth response. Such good behavior is
observed to be related to an open-loop frequency response
around the crossover region. The crossover point, defined as
the point where the frequency ratio has unit gain (0 dB), plays
an important role in the analysis of such tasks. Gibson’s
frequency-domain analysis looks at the open-loop frequency
response of roll attitude around the crossover region and
relates it to the pilot comments. Deviation from good behavior
leads to additional closed-loop control activity and possibly to
dynamic instabilities such as PIO and ratcheting.
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Fig. 9 Roll-acceleration frequency response results (configuration A3).
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Fig. 10 Roll attitude-frequency response results (configuration J).
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The two types of dynamic instabilities exhibited by the roll

axis are PIO and ratcheting. PIO is a low-frequency instability
and is related to pilot’s control activity around the phase
crossover region, where the deficiency is caused by the pilot’s
stick input being out of phase with the aircraft response. The
attitude-frequency response shows that this is possible with a
rapid increase in phase lag accompanied by a very little gain
attenuation around the phase crossover point. Quantitatively,
the phase-rate parameter P, gives excellent correlation with
PIO in the pitch axis as well as in roll.>*% Phase rate is evalu-
ated using Eq. (2). The other instability, unique to the roll
axis, is ratcheting. Historically, roll ratcheting was identified
by pilots as a high-frequency PIO. Recent theories indicate
that roll ratcheting is excited by the pilot’s neuromuscular
activity.'!? It has been shown that the natural frequency of
the neuromuscular system lies in the frequency band from 12
to 18 rad/s.!! Ratcheting affects the ride qualities but does not
endanger the pilot/aircraft system.

M. INNOCENTI AND A. THUKRAL
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Frequency response for roll attitude and roll acceleration
are analyzed for all of the tracking configurations. Deficien-
cies such as PIO and quick and jerky responses are identified
by using Nichols charts of roll attitude. The roll attitude-fre-
quency responses are compared for all of the configurations
with gain equalization so as to have a gain crossover frequency
of 0.3 Hz (0.3 Hz is identified with the pilot’s control activity).
The same gain adjustment is also used to obtain the roll-accel-
eration frequency responses, which are necessary to identify
ratcheting. Figure 9 shows a typical ratcheting case. From the
analysis of roll-acceleration frequency response and stability
margins, it is found that the presence of ratcheting occurs if
the roll-acceleration crossover frequency lies within the limits

12 rad/s< wyg0< 18 rad/s )

corresponding to typical pilot’s neuromuscular bandwidth.
These boundaries can extend to 10 rad/s on the lower side and
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Fig. 11 Roll attitude-frequency response results (configurations M, B, and A3).
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Fig. 12 Roll attitude-frequency response results (configurations A5, U, and N).
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Table 3 Limits on roll instabilities

Deficiency Usage
PIO |¢| = —10 db and P, = 60 deg/cps, or 74 <0.03 s
Ratcheting 10 ~ 12 rad/s < wigo < 18 ~ 20 rad/s
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Fig. 14 Thumbprint, function of control sensitivity (level 1
boundaries).

to 20 rad/s on higher side if deficiencies such as PIO, jerky,
oscillatory problems exist. The present roll criteria associate
ratcheting to a low roll time constant (7, <0.3 s); however,
they fail to identify configurations such as Q and A5 (7, <0.3
s) that do not exhibit ratcheting. Ratcheting is also not limited
to low 7, values; for example, configuration A3 (w;g = 20
rad/s) has ratcheting although it has 7, = 0.45 s. Equation (9)
is able to distinguish more accurately the occurrence of ratch-
eting.

Figure 10 shows the roll attitude-frequency response
boundaries. The various regions are labeled showing the na-
ture of the aircraft response. There are three primary regions:
1) sluggish, PIO prone region; 2) optimal tracking region; and
3) quick, oscillatory ratcheting prone region. The central
band, which marks a region of good and optimal response,
shows a good phase-gain relationship. As an example, Fig. 10
shows configuration J, which exhibits good response. If the
attitude plot is to the left or right of the central band, the
response of the aircraft becomes less or more sensitive, respec-
tively. To the left of the good response band lies the sluggish,
PIO prone zone. Time delay and higher-order terms cause the
frequency lines to shift to the left of the central band. Time
delay causes a quicker phase-lag increase, with smaller gain
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attenuation causing sluggish response. The PIO, sluggish re-
sponse boundary shows good correlation with most of the P1IO
cases, provided the attitude response is greater than — 10 dB.
Magnitude less than — 10 dB does not affect the pilot com-
ments. Configurations M, B, and A3 (Fig. 11) show various
cases of PIO occurrence. Configuration B exhibits pure PIO
with comments of sluggish response, whereas configurations
M and A3 represent a PIO case accompanied by a possibility
of ratcheting. Roll-acceleration plots for M and A3 show that
they have a phase crossover frequency of 11 and 20 rad/s,
respectively, both lying around the boundary. Thus, ratchet-
ing may or may not be excited. Pilot comments show that A3
has ratcheting, whereas M does not. From the ratcheting
condition, it can be concluded that configuration M has a
potential for ratcheting deficiency although the pilot com-
ments show the absence of ratcheting. Finally, to the right of
the central band is the quick, jerky, oscillatory region that is
also shown to encompass configurations with ratcheting. It is
worth noting that configurations that are quick, jerky, or
oscillatory in nature are invariably remarked as having ratch-
eting. Configurations AS, U, and N in Fig. 12 clearly show the

presence of quick, sharp responses. Configuration A5 con-

firms with the pilot comments. ‘‘Quick, sharp, ratcheting...”
comments are observed for configurations U and N. Ratchet-
ing criteria developed above [Eq. (9)] predict the absence of
ratcheting for both the configurations U and N. Presently, we
are unable to answer this discrepancy, but if we make an
assumption that close similarity among the oscillatory and
ratcheting response, making it hard for the pilot to distinguish
high-frequency ratcheting from the low-frequency sharp oscil-
latory responses, we are able to get perfect correlation for all
of the 29 configurations. This is the reason why Fig. 10 shows
the low-frequency quick, jerky response region to be ratchet-
ing also.

The above examples were typical of what can be expected,
in general, with frequency-response boundaries showing the
general trends in phase lag and magnitude attenuation. Fre-
quency boundary plots, however, do not show the effects of
control sensitivity or 7, or 74 directly. The effects of variation
in roll time constant and time delay on dynamic instabilities is
shown in Fig. 13 by plotting phase rate vs phase lag crossover
frequency. The phase-rate plot shows 7, and 7, isolines; con-
stant 7, are represented by vertical curves moving to the left as
7, increases, whereas 7, are the horizontal curves that shift
upward as 7, increases. From the figure, it is now clear how 7,
affects ratcheting. In fact, the vertical boundary 7, = 0.3 s is
drawn, which approximately represents the new MIL-SPEC
lower boundary. The variable 7,, on the other hand, affects
phase rate, which in turn is a function of PIO since phase rate
increases with 7,4; large phase rate values cause PIO. The
horizontal boundary drawn for P, = 75 deg/cps separates P10

and non-PIO regions.

In the above discussion, roll-control sensitivity was not
considered since, in the above analysis, PIO, ratcheting, and
oscillations do not depend on it as the pilot in the loop acts as
the variable gain controller. To account for sensitivity effects,
a thumbprint plot is drawn in Fig. 14. The ordinate of the
thumbprint is the gain equalization required to attain a 0.3-Hz
crossover, and the abscissa represents the corresponding
phase-lag value for the adjusted attitude gain crossover point.
The figure shows that configurations are separated in three
bands. These bands are the gain sensitivities of the configura-
tions used in the analysis. The central zone identifies the level
1 region and its optimal gain and phase-lag values.

The frequency-response analysis results are summarized in
Table 3, which shows ranges of the metrics leading to insta-
bility.

VI. Conclusions

An analysis of roll-performance handling qualities was car-
ried out using Gibson’s method applied to the LATHOS data
base. The method, consisting of a combination of time-do-
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main and frequency-domain techniques, has proved to give
results consistent with the experimental data. New time-re-
sponse metrics were introduced to correspond between roll
and pitch response and to include control-sensitivity effects.
Although only configurations relative to tracking task were
considered, the extension to the landing task has shown con-
sistent results that will be reported elsewhere. Gibson’s
method appears to have a general applicability in both the
longitudinal and the lateral planes, and it is an attractive
alternative to the modal requirements of present handling-
qualities specifications.
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