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Prediction of Pilot-in-the-Loop Oscillations
Due to Rate Saturation
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Rate saturation in modern flight control systems has been shown as a main contributor to triggering of
pilot-in-the-loop oscillations (PIOs). Oscillations with significant rate saturation effects are classified as category
II PIO. A new method was developed to predict stability problems of rate-saturated closed-loop systems based on
the rate-limiting element describing function. Jump phenomena are observed in the closed-loop system describ-
ing function after rate-limiting onset, which have been shown as highly correlated with location of the open-loop
onset point (OLOP) of the rate limiter in the Nichols chart. The OLOP criterion and its background, physical
significance, and determination are presented. Its relation to the negative inverse describing function technique is
discussed. Application of the OLOP criterion to closed-loop aircraft-pilot systems in the roll axis was investigated
by using aircraft models from in-flight simulations flown on the NT-33 and the YF-16 first flight configuration. A
high correlation was found between the OLOP criterion and the PIO susceptibility based on numerical investiga-
tions in the time domain with simple pilot models. Rate limiters in the forward path and feedback loop of the flight

control system were investigated.

Nomenclature

A(w) = amplitude of frequency response

dfc = commanded differential flap deflection

dfecl = limited differential flap deflection

F.(jo) = closed-loop frequency response

F.*(jo) = closed-loop frequency response from closed-loop
system input to rate-limiter input

Fo(jw) = open-loop frequency response

fas = roll stick force

G(jow) = linear transfer function

» = pilot gain

N(jow, up) = amplitude- and frequency-dependentdescribing
function

Ny (jo, uy) = rate-limiter describing function

n, = lateral load factor

PR = phase rate at —180 deg phase angle

p = roll rate

q = pitchrate

q. = commanded pitch rate

R = maximum rate of the limiter

t = time

U = closed-loop system input signal

UoLop = input signal for open-loop onset point
determination

Ue = rate-limiting element input signal

Uo = input amplitude

YoLop = output signal for open-loop onset point
determination

Sf = differential flap deflection (YF-16)

) = differential tail deflection (YF-16)

n = elevator deflection

£ = aileron deflection

IS = rudder deflection

@, phi = bank angle

D, = crossover phase angle

Deom» phic = commanded bank angle

D(w) = phase angle of frequency response

10} = frequency

. = crossover frequency
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Oonset = rate-limiter onset frequency
Donset = rate-limiter closed-loop onset frequency

Introduction and Background

HE pilot-in-the-looposcillation(PIO) problemhas been known

for years, but the introductionof high-gain, full-authority,dig-
ital fly-by-wire flight control systems has increased the potential
for PIO. This fact is demonstrated by several spectacular incidents
with advanced aircraft, such as the YF-22 (Ref. 1) and the JAS-39
(Ref. 2). In the past, the phenomenon basically has been limited
to high-performance fighter aircraft, but the latest transports with
modern fly-by-wire flight-control systems have demonstrated PIO
problems during their developmentphase, such as the C-17 (Ref. 3)
and the B777 (Ref. 4). These incidents caused much concern and
prediction of PIO has become an important issue for development
of new aircraft.

Several different types of oscillations forced by the pilot are
known, which differ by frequency and amplitude. In the roll
axis, high-frequency low-amplitude oscillations are known, called
ratchet? Such oscillations basically occur at frequencies above
10 rad/s and are caused by interactions between the cockpit con-
trols and the pilot’s neuromuscular system. They are characterized
by pilot comments about some potential PIO problems but will not
resultin a catastrophe. The correspondingphenomenonin the pitch
axis is called bobble, which mainly is caused by low damping (e.g.,
elastic modes). Lower frequency high-amplitude oscillationsrepre-
sent the common meaning of the expression P1O. For understanding
and analysis, a further classification was introduced’: category I,
essentially linear aircraft-pilot oscillations; category II, quasilinear
aircraft-pilot oscillations with series rate or position limiting; and
category III, nonlinear aircraft-pilot oscillations with transitions.

The main effects causing category I PIOs are well known as ex-
cessivelags due to time delays and various digital filters in the flight
control system leading to high-frequency phase rolloff. The estab-
lished frequency domain PIO criteria by Neal and Smith,® Gibson,’
Smith,'® and Hoh and Hodgkinson'! are well suited to predict cate-
gory I problems in the pitch axis as well as in the roll axis.'? Their
validationis based on linear aircraft models, but an extension to the
nonlinear effects of rate limiting would be very complicated. There-
fore, the developmentof a new category II PIO criterionis required,
which is confirmed by the fact that most of the catastrophic P10
occurrences included the effects of actuator rate limiting.'®

It is very difficult to predictcategory III problems, but the nonlin-
eareffectsof rate saturationcan be analyzedin the frequencydomain
by the describing function technique.'* This technique already has
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been applied in the early work of Ashkenas et al." to analyze the
PIO of the X-15 aircraft. Current work at DLR, German Aerospace
Research Establishment, presents a new method to determine the
describing function of rate-saturated closed-loop systems.'®!” Ap-
plication of the method to highly augmented aircraft showed jump
phenomenain the frequency domain after rate-limitingonset, which
have been verified by instabilities observed in the corresponding
time domain investigations. It has been shown that these jump phe-
nomena are highly correlated with the location of the open-loop
onset point (OLOP) of the rate limiter in the Nichols chart. There-
fore, a new category II PIO criterion was proposed based on the
OLOP parameter.'®

This paperpresentsthe background,physicalsignificance,and de-
termination of the OLOP parameter. Several aircraft models based
on the YF-16 first flight configuration'® and the lateral high-order
system (LATHOS)® and F-18A?! in-flight simulation programs
are used to demonstrate the applicability of the OLOP criterion
to closed-loop aircraft-pilotsystems in the roll axis.

Describing Function Technique
A nonlinear system can be represented by a quasilinear system
using the describing function and the remnant."* The describing
functioncan be interpretedas the quasilinearfrequency response for
sinusoidalinputs. The remnantis a high-frequencysignal, which can
be neglectedif the linear part of the system has low-pass character.

Rate-Limiting Element Describing Function

The rate-limiting element describing function was derived by us-
ing the onset frequency, which is defined as the frequency where
the rate limiter is activated for the first time. It is dependent on the
maximum rate R and the current input amplitude u . :

Wonset = R/ Ure (1)

The describing function was calculated by using a Fourier series
for the fully developed rate-limiting situation'’:

4 a) ns . 71'- a) ns
Nuye(Jo, ) = —Le[exp[—j arccos(—“—e[>i| )
T o 2 o

Figure 1 shows the Bode plot of the rate-limiter describing func-
tion for an onset frequency of 1 rad/s, demonstrating the strong
increase in phase delay and the slight decrease in amplitude in the
transition region.

Rate Limiters in a Closed Loop
Figure 2 shows two typical positions, where rate limiters are in-
stalled as software elements in the flight-control systems of highly
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augmented aircraft. The limiters in the feedback-loop of the flight-
control system have the task of protectingthe actuatorsagainstover-
load. Otherwise, the oil supply of the actuation system could break
down. The limiters in the forward path of the flight-control system
are installed to protect the system against high-inputrates by the pi-
lot, preventing a saturation of the feedback loop rate limiters. This
protection is particularly important for unstable highly augmented
aircraft.

Jump Phenomena

For calculationof the describingfunctionof a rate-limited closed-
loop system, an iterative method was derived and verified by means
of comparison with the results of nonlinear simulations in the time
domain. Application of this method to a highly augmented aircraft
with a rate limiter in the feedback loop is presented in Fig. 3. The
closed-loop system describing function is characterized by a jump
phenomenon after rate-limiting onset, which can be recognizedin a
Nicholschartas a phase jump. Inthe examplepresentedin Fig. 3, the
phase jump leads to a dramatic loss of phase and amplitude margin,
indicatingthe potentialforinstabilityof the closed-loopsystem. This
instability was verified by a nonlinear simulationin time domain by
using a sinusoidal input signal with increasing frequency.!’

In the Nichols chart, the OLOP can be identified as the point
where the phase jump starts. It must be noted that in this case the
aircraft becomes unstable even without the pilot in the closed loop
(no PIO). (In this context the expressionaircraft means the complete
aircraft system including the flight-control system.) For systems
with lower feedback gain (e.g., in the lateral axis), it is unlikely
that such jump phenomena cause aircraft instability, but they lead
to a strong misadaptation of the pilot, resulting in instability of the
closed-loop aircraft-pilot system (PIO). This was demonstrated for
the YF-12 aircraft.'®

OLOP Criterion

Background

The OLOP is defined as the frequency response value of the
open-loop aircraft or aircraft-pilot system at the closed-loop onset
frequency @y This is defined as the frequency where the rate
limiteris activated for the first time under closed-loopconditionsand
maximum pilot input amplitude. It is determined by the following
equation:

| Fo ()| = 3)

Wonset

Calculation of @, means determination of the intersection of
the frequency response amplitude | F;;™ (j oneer) | (from the input of
the closed-loop system u,. to the input of the rate limiter u,,.) and a
straightline with a slope of —20 dB/decade, which crosses the 0-dB
line at the maximum rate of the limiter R.
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Fig. 5 Physical significance of the OLOP parameter: Nichols chart.

The OLOP parameter can be used to predict stability problems
of rate-saturated closed-loop systems. It was developed by using
the describing function technique with application to a great num-
ber of rate-saturated aircraft systems. It has been shown that the
jump phenomena in the frequency domain and the corresponding
instabilities observed in the time domain are highly dependent on
the OLOP location in the Nichols chart. Three highly augmented
aircraft systems have been investigated (systems A, B, and C)."”
Figure 4 presents the open-loop frequency responses of these con-
figurations and the OLOP parameters for different maximum rates.
A provisional stability boundary was defined based on nonlinear
simulationsin the time domain. The investigationdemonstrates the
effects of the flight-control system feedback gain. For system C
(low-gain flight-control system) the maximum rate can be signifi-
cantly reduced in comparison to system B (high-gain flight-control
system) to get a stable behavior after rate-limiting onset.

Significance

Evaluation of the rate-limiter describing function has shown that
the primary effect caused by activation of a rate limiter is a strong
increase in phase delay and a slight decrease in amplitude (Fig. 1).
If OLOP is located above 0 dB, the phase delay causes an increase
in the closed-loop amplitude as demonstrated in the Nichols chart
(Fig. 5). This increase in closed-loopamplitude provokes a stronger
rate saturation and, therefore, further increases phase delay. This
mechanism can lead to closed-loop instability.

For an OLOP located clearly below 0 dB, the increasing phase
delay does not cause an increase in closed-loop amplitude, so the
rate-limiting effects are less dramatic. This indicates that a low
flight-control system feedback gain can reduce the category II PIO
potential.

Application to Aircraft-Pilot Systems

In view of OLOP application to closed-loop aircraft-pilot sys-
tems, the required open-loop frequency response Fy(jw) is deter-
mined by opening the system loop at the rate limiter and treating the
system with the rate limiter removed. The outputof the rate limiter is
defined as the input of the open-loop system ug; op; the input of the
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rate limiter is defined as the output of the open-loop system yorop
(Fig. 6). This procedurecan be applied to rate limiters in the forward
path and feedback loop of the flight-control system.

The pilot model has to be adjusted to the linear aircraft dynam-
ics, which means that the pilot has adapted to aircraft behavior
without rate saturation. It is assumed that in a time period after rate-
limiting onset the pilot dynamics remain those adapted to the linear
aircraft behavior (posttransition retention).” The sudden change in
closed-loopaircraftbehaviorcan lead to strong misadaptationby the
pilot.

It is recommended that simple gain pilot models be used because
the pilotusuallyreacts as a simple gain during a fully developed PIO
(synchronous precognitive behavior).” The gain has to be adjusted
based on the linear crossover phase angle of the open-loop aircraft-
pilotsystem @... Within this study, a gain spectrumfrom @, = —110
deg (low pilot gain) up to @, = —160 deg (high pilot gain) is used.
This gain spectrum can provide the following results: if an aircraft
is rated as category II PIO prone by an OLOP value based on a
low-gain pilot model, a PIO is very likely; if an aircraftis rated as
category II PIO free based on a high-gain pilot model, a PIO is very
unlikely after rate-limiting onset.

In practice the following procedure must be applied for deter-
mination of the pilot model gain: 1) calculation of the frequency
response from stick force or deflection to pitch or bank angle and
separationinto amplitude A(w) and phase angle @(w); 2) searching
the index k., where the phase angle is equal to the required crossover
phase angle @(k.) = @,; 3) the crossover frequencyis o. = w(k.);
and 4) the pilot model gainis K, = 1/ A(k,).

Determination

Determination of OLOP does not require the describing func-
tion technique. The following steps are required, assuming that the
aircraft model including the flight-control system is available: 1)
definition of a simple (high) gain pilot model based on the linear
aircraft-pilotcrossover phase angle @,; 2) calculation of the linear
closed-loop frequency response from the stick input to the input
of the rate limiter F,™ (j); 3) determination of the closed-loop
onset frequency @,y considering stick and control surface limits
[Eq. (3)]; 4) calculation of the required open-loop frequency re-
sponse Fy(jw) (Fig. 6) and separation into amplitude A(w) and
phase angle @(w); and 5) determination of the OLOP parameter
[d)(é)nnsel)’ A(é)nnse[)]-

Negative Inverse Describing Function Technique

Consider a nonlinear element in series with a linear element
involved in a closed-loop situation (Fig. 7). The linear por-
tion is represented by a frequency-dependent transfer function,
G(jw), and the nonlinear element is represented by a frequency-
and amplitude-dependent describing function, N(jo, uy). The
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necessary conditions for a limit cycle are that the open-loop am-
plitude ratio is 1.0 (0 dB) and the phase angle is —180 deg. For an
oscillation to persist, the open-loop frequency response must satisfy
the following equation:

G(jo)N(jo,ug) = =1 = G(jo) = =1/ N(jo,u,)  (4)

This equationis commonly solved by a graphicalmethod, where-
as the frequency responses of the linear portion and the negative
inverse describing function are plotted in a Nichols chart. The inter-
section of the two curvessatisfies Eq. (4) and providesthe frequency
and amplitude of the limit cycle.

Figure 8 presents the application of the negative inverse describ-
ing function technique to the X-15 aircraft, which encountered P10
problems on landing &'3 Considering a maximum rate of R = 15
deg/s leads to very good agreement between the limit cycle fre-
quency and amplitude predicted by the analysis and observed in
flight. But the problem with this method is that an increase in the
maximum rate R leaves the —1/ N(jo, uy) curve in the Nichols
chart completely unaltered.'”” Hence, intersection of the linear and
nonlinear portion of the Nichols chart is independent of the maxi-
mum rate of the limiter. It is obvious that for a very high maximum
rate the limiter will not be activated anymore because of the stick
and control surface deflection limits. These limits are considered
within determination of the OLOP parameter. Therefore, the OLOP
criterionpredicts whetheralimitcycleis likely. The negative inverse
describing function technique can be used as a complementary tool
to assess the severity of the limit cycle.

OLOP Application in the Roll Axis

A great number of aircraft models with different flight-control
system characteristics and maximum rates were investigated. The
models are based on the following databases: YF-16, the famous
first flight PIO occurrences of the YF-16 aircraft including the
flight-control system modifications'®; LATHOS, in-flight simula-
tion program on the NT-33 to study the effects of time delay and
prefilter lag in the lateral flight control system?; F-18, in-flight sim-
ulation program on the NT-33 to identify flying quality problems of
the F-18A before its first flight.?!

YF-16 First Flight Configuration

During a high-speed taxi run, scheduled as part of the buildup
before the first flight, the YF-16 aircraftinadvertently became com-
pletely airborne and a severe PIO occurred. The magnitude and rate
of the pilot control inputs were sufficient to position and rate sat-
urate the roll flight-control system. After the PIO experienced on
the first flight, the YF-16 aircraft’s initial roll flight-control system
(IFCS) was modified by reducing the forward path and feedback
loop gains and the roll command force gradient, and by lowering
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the maximum commanded roll rate (MFCS).'° These two configu-
rations were implemented under Simulink 2!

Linear analysis of these two configurations has shown that these
modifications have adverse effects even on the category I P1O sus-
ceptibility of the aircraft, e.g., the phase rate parameter was de-
creased.'?

IFCS:

PRy = —115deg/Hz level 2 (boundary to level 1)
MECS:

PRy = —133deg/Hz  level2

However, it is obvious that the aircraft should be less category II
PIO prone because of the gain reductionin the flight-controlsystem,
which is proved by the following OLOP analysis.

The YF-16 has two independent roll axis control surfaces, the
differential flap &, and the differential tail 6. Hence, the closed-
loop onset frequencies according to Eq. (3) were calculated for the
two configurations and control surfaces.

IFCS:
é)011se[(5f) = 2.8rad/s

é)011se[(5t) = 6.6rad/s
MEFCS:
é)011se[(5f) = 3.6rad/s

Oonset(8) = 00 (no rate limiting possible)

A significantly lower closed-loop onset frequency is obtained for
differential flap rate limiter than for the differential tail rate limiter.
This means that the differential flap rate limiter is activated at first,
which is confirmed by the time histories of the first flight PIO. The
determinationofthe closed-looponsetfrequency @y for the differ-
ential flap rate limiter is presentedin Fig. 9 for the IFCS and MFCS
configurations. The straight line with a slope of —20 dB/decade
represents the maximum rate of the limiter (R =56deg/s). The
constant amplitude line represents the maximum differential flap
deflection of 20 deg. The solid lines in the Bode plot are the ampli-
tude response curves of the commanded differential flap deflection
perstick force formaximum input amplitude. The Bode plotdemon-
strates the high control authority of the IFCS configuration, indicat-
ing that for maximum applied stick force the differential flap limits
of 20 deg are reached. Hence, the intersection of the 20-deg constant
amplitude line with the rate-limiter line defines the closed-loop on-
set frequency. The gain reduction of the MFCS configuration has
the effect that even for maximum stick force no amplitude limiting
of the differential flap deflection is possible.

Figure 10 presents the open-loop aircraft-pilot frequency re-
sponses and the OLOP parameters of the two YF-16 configura-
tions in the Nichols chart. The pilot gain was adjusted to obtain
a linear crossover phase angle of @. = — 140 deg, representing a
medium pilot gain. Comparing these OLOP locations with the pro-
posed boundary proves the category II PIO potential of the IFCS
configuration. Unlike the category I P1O criteria, the OLOP criterion
clearly indicates the improvements due to the flight-control system
modifications.

The PIO potential of the two YF-16 configurations was investi-
gated in the time domain. The closed-loop aircraft-pilot system is
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Fig.9 YF-16 determination of the closed-loop onset frequency (differ-
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Fig. 11 YF-16 nonlinear simulation of the aircraft-pilot loop.

stimulated with an input signal with increasing frequency from 0.7
to 1.1 @ypneer. TWo cycles after the frequency increase, the input am-
plitude is set to zero to detect a limit cycle (Fig. 11). This frequency
increase leads to activation of the differential flap rate limiter, caus-
ing a sustained aircraft-pilot oscillation (limit cycle) for the IFCS
configuration, as predicted by the OLOP criterion. For the MFCS
configuration, the defined tracking task causes only a very slightac-
tivationof the rate limiter, butit does not provokealimitcycle. These
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ration L1-2T4: Nichols chart.

time domain investigations clearly demonstrate the significance of
an OLOP parameter below the boundary, where activation of the
rate limiter has nearly no effect on closed-loop system dynamics
(nearly no additional time delay is induced).

Forward Path Rate Limiters

To investigate the effects of forward path rate limiters, four char-
acteristic aircraft models have been selected from the LATHOS?®
flight-test program and extended to rate limiters in the forward path
of the flight-control system. Several aircraft/limiter/pilot combina-
tions have been investigated with the result that OLOP is applicable
to predictcategory II PIO problems due to forward path rate limiters
as well.??

Evaluations have shown that pilot gain is an important factor for
the OLOP criterion. Figure 12 demonstrates the influence of the
maximum rate R and the pilot model gain for LATHOS configura-
tion L1-2T4. The open-loop aircraft-pilot frequency responses are
plotted for six different pilot model gains (@, = —110to160deg)
and the OLOP parameters have been determined for a maximum
force rate of 120 N/s. The influence of the maximum rate is dis-
played by varying R from 120 to 80 N/s. This graph indicates that
PIOs triggered by rate limiters in the forward path of the flight con-
trol system are possiblemainly for high-gainpilots or extremely low
maximum rates. For very low gain pilots (@, > —120deg) OLOP
reaches0 dB at phaseangles > —120deg, whichis comparedto the
proposed PIO boundary in the safe area. This OLOP value leads to
the surprising result that configurations with poor linear dynamics
characterized by low gradients of their frequency response curves
in the Nichols chart are less category II PIO prone. This result does
not mean that those configurations are less prone to PIOs at all,
but the sudden change in the aircraft-pilotsystem dynamics is less
dramatic. It becomes clear that the OLOP criterionis not correlated
with the classic category I PIO criteria. Therefore, the category I
PIO criteria still are required for a flight-control system design, be-
cause the OLOP criterion does not optimize the linear performance
of the system.

Feedback Loop Rate Limiters

To investigate the effects of feedback loop rate limiters, several
aircraftmodels from the F-18 (Ref. 21) flight-test program are used.
In addition, the YF-16 configurations are investigated,and the max-
imum rates of the limiters are varied. Figure 13 presentsthe relevant
open-loop aircraft frequency responses of the investigated configu-
rations in a Nichols chart. To obtain a wider OLOP spectrum, two
additional F-18 models have been defined based on configuration B:
B1, configuration B, no time delay in the forward path, decreased
feedback gain;and B2, configuration B, no time delay in the forward
path, decreased time constantin the feedback loop.

The open-loopaircraft-flight-controlsystem frequency-response
curve of configuration B1 is located at lower amplitudes in compar-
ison to configuration B because of its lower feedback gain. There-
fore, its OLOP parameter should be located at lower amplitudes for
a given maximum rate as well. The frequency-response curve of
configuration B2 is characterized by higher phase delays that tend
to get additional OLOPs at higher phase delays. The Nichols chart
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Fig. 14 Verification of the OLOP criterion: Nichols chart.

demonstrates that all aircraft frequency responses have absolutely
sufficient phase and amplitude margin compared to the commonly
used stability boundary. Hence, its closed-loopstability without rate
saturationis not endangered, but it is expected that some configura-
tions are very category II PIO prone because of their high feedback
gain,especiallythe F-18 configurations1.0 and 6R_4. The high feed-
back gains of these configurations correspond to OLOP locations
in the dangerous area above 0 dB, which is a possible explanation
for the extreme scatter in the pilot ratings of F-18 configuration 1.0
(Cooper-Harper rating 10, 4, 5, 5, 3) (Ref. 21). Configuration B1
should be very PIO resistant after rate-limiting onset because of its
lowered feedback gain.

PIO Boundary

Figure 14 presents the OLOP parameters of the investigated con-
figurations from the three databases and their category I P10 poten-
tial based on nonlinear simulations with pilot models. It is important
to note that in this Nichols chart the OLOP parameters of forward
path and feedback loop rate limiters are mixed, whereas a high
correlation is observed between the OLOP location and the P10
susceptibility. This demonstrates that OLOP is applicable to both
forward path and feedback loop rate limiters using the same PIO
boundary. The diagram indicates that the proposed boundary seems
to be too conservative,but it is not intendedto adjustthe preliminary
boundaryuntil more flight simulator experiments become available.

Two configurations are highlightedin Fig. 14, demonstrating the
effects of flight-control system feedback gain: F-18 configuration
B1 (R =40 deg/s) and F-18 configuration 1.0 (R =120 deg/s); a
crossover phase angle of @, = — 120 deg was considered in both
cases. It becomes clear that configuration 1.0 is category II PIO
prone with a maximum rate three times higher than configuration
B1, which is not category II PIO prone. This result is due to the
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significantly lower flight-control system feedback gain of the con-
figuration B1 in comparison to the configuration 1-0 (Fig. 13). The
activation of feedback loop rate limiters provides a very strong
category II PIO potential for high flight-control system feedback
gains. Aircraft-flight-control system instabilities presented in pre-
vious work!” can be interpreted as PIO with zero or very low pilot
gain. For aircraft with low flight-controlsystem feedback gains, the
feedbackloop rate limiters exhibita charactersimilar to the forward
path rate limiters.

Discussion and Future Activities

The investigations have shown that the OLOP criterion is well
suited to understand and predict category II PIO problems. It is
applicable to rate limiters in the forward path and feedback loop of
the flight control system, whereas the procedureforits determination
is independentof the rate-limiterlocation (forward path or feedback
loop) and the complexity of the flight-control system. Therefore, it
also should be applicable to fly-by-wire rotorcraft systems.

OLOP can be used as a valuable tool in the early design pro-
cess of new flight control systems to optimize the feedback gain,
the maximum rate of the limiters (dimensioning the actuators), and
steady-state gain. In this design process, the category I PIO crite-
ria are still very important. Each flight-control system design must
be a compromise: 1) Reducing the steady-state gain leads to an
increase of @y, but the aircraft performance could become insuf-
ficient, e.g., the roll performance. 2) Reducing the feedback gain of
the flight control system leads to a shifting of the OLOP parameter
toward the safe area below 0 dB, but the linear dynamics can de-
teriorate, as demonstrated in the case of YF-16. 3) Increasing the
maximum rate leads to an increasing @y, but cost and weight are
also increased.

The basic remaining uncertainty within the OLOP criterion is
pilot behavior in the rate-limiting onset situation, but also uncertain
is the definition of the pilot gain based on the linear crossover phase
angle. For this purpose, special flight simulator experiments are
scheduled within the scope of a Swedish/German cooperation on
nonlinear effects in flight control systems.

Conclusions

Based on the investigations reported herein, the following con-
clusions can be drawn.

1) The developed criterion (open-loop onset point; OLOP) is
a suitable tool to predict category II pilot-in-the-loop oscillations
(PIO) of aircraft with rate limiters in the forward path and feedback
loop of the flight-control system. Its determination is straightfor-
ward and independent of the flight-control system complexity.

2) The negativeinverse describing functiontechniqueis a suitable
tool to predict the limit cycle frequency and amplitude; it can be
used as a complementary tool within an OLOP analysis to assess
the severity of the limit cycle.

3) Aircraft with high flight-control-systemfeedback gains in the
flight-controlsystem are absolutely PIO prone after the onset of rate
limitingin the feedbackloopevenforlow-gainpilots.PIOs triggered
due to an activation of forward path rate limiters are possible only
for high-gain pilots or extremely low maximum rates. Therefore,
the use of forward path rate limiters, which are designed to prevent
a saturation of the feedback loop rate limiters, shall reduce this
category II PIO potential.

4) The PIO problem of the YF-16 aircraft during its unintended
first flight was predicted by the OLOP criterion as well as the im-
provements due to the modifications in the flight-control system.

5) The OLOP criterion is well suited to predict flying quality
cliffs due to rate limiting, e.g., the F-18 configuration 10, which is
characterized by a large scatter in the pilot ratings (Cooper-Harper
rating 10, 4, 5, 5, 3).

6) The OLOP criterion is applicable to aircraft systems with sev-
eral control surfacesin one axis, as was shown for the YF-16 aircraft
with differential flap and tail. Therefore, it should also be applica-
ble to aircraft incorporating two pitch axis control surfaces, such as
canards and symmetric flaps.

7) The uncertain pilot behaviorin the rate-limiting onset situation
is still subject to further theoretical and experimental investigations.
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