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Introduction

HE introduction of digital fly-by-wire flight control systems

has increasedthe potential for adverseinteractionsbetween the
human pilot and the aircraft dynamics. In the past these phenomena
have been called pilot-induced oscillations (PIOs). However, this
expression blames the pilot, whereas it is generally accepted that
PIO is no pilot failure. Therefore, it was recommended to use the
expression aircraft-pilot coupling (APC).!

The cause for APC is characterized by a rich variety of highly
diverse phenomenain terms of effective aircraft dynamics and pilot
behavioral modes.? For the purpose of this Note APCs can be di-
vided into two basic frequency regimes. Dangerous APCs occur at
frequenciesaroundthe pilot’s crossoverfrequencyup to a frequency
of 10 rad/s (Ref. 3). In the roll axis high-frequency, low-amplitude
oscillations are known as roll ratcheting (RR). These oscillations
basically occur at frequencies above 10 rad/s and are caused by
interactions between the cockpit controls and the pilot’s neuromus-
cular system.*

A great database has been generated in the Lateral High Order
System (LATHOS) programto supporthandling qualitiesinvestiga-
tions of fighter aircraftin the roll axis.> This flight test programalso
includes data and an analysis of RR. It has been shown that a low
roll mode time constantincreases the potential for RR. Closed-loop
models of pilot-aircraftsystems are suitable tools for RR investiga-
tions. An early approach was made by using a modification of the
crossovermodel thatindicated closed-looppilot-aircraftoscillations
of 2 to 3 Hz (Ref. 6). However, RR may also occur in large transport
aircraft because of aeroelastic effects such as those observed with a
C-17 aircraft”’

In this Note a unified approach for RR analysis is presented. A
new four-body manipulation model including the control stick, the
pilot’s arm, torso, and hip is used within a closed-loop pilot-aircraft
system. The model is successfully applied to an RR incident of the
F-16 XL. A new RR prediction criterion based on stability margins
in the frequency domain is presented.

Background

Two manipulation models containing the biomechanical dynam-
ics of the pilotbody and the stick characteristicswere developed and
validated in former laboratory experiments® One model included
the dynamics of four bodies, the stick, the arm, the torso, and the hip,
whereas a second model consisted of two bodies, the stick and the
arm. To validate the models special experiments were performed
with a pilot seat, a stick, and a monitor on a platform. During a
tracking task the bank angle was displayed on the monitor while the
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platform was accelerated laterally. The stick deflection and the lat-
eral accelerationof the pilot’s shoulder were measured. Experiments
with and without lateral accelerations utilizing a stiff and a springy
stick were conducted. In the tracking tests without lateral accel-
erations pilot models of the compensatory tracking behavior were
determined. In tracking tests with lateral accelerations the compen-
satory tracking behavior of the pilot was assumed to be unchanged
and the dynamics of the manipulation system were identified.

The two-body manipulation model with the stick and the arm
was modified and then used to reproduce the RR incident of the
F-16 XL.° In that case a copilot in the F-16 XL had noticed severe
RR particularly at high commanded roll rates and during recovery
(Fig. 1). The analysis of that RR incident is also the subject of this
Note with the following two major objectives: 1) reproductionof the
RR with a more realistic manipulation model and 2) development
of a RR criterion based on a manipulation model.

Four-Body Manipulation Model

A new four-body manipulation model representing the dynamics
of the stick, arm, torso, and hip has been developed regarding the
following aspects'’:

1) The systemresponsebecause of the lateral and roll acceleration
is considered in the model structure.

2) The model parameters have been identified simultaneously
from the test data of the stick force and shoulder acceleration.

3) A third-order Padé approximation was used to represent the
pilot’s time delay.

The frequencyresponseamplitudesof the identified manipulation
model are represented in Fig. 2. The test data of experiments with
a stiff and a springy stick are well matched within the frequency
range considered.

F-16 XL Roll Ratcheting

The RR incident of the F-16 XL has been analyzed using the
new four-body manipulation model with the aircraft and flight con-
trol system dynamics.!® First a stability analysis in the frequency
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Fig.1 F-16 XL time histories during rolling maneuvers.’
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Fig.2 Amplitudes of stick force and shoulder acceleration.
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Fig.3 Effect of bank angle changes (F-16 XL).

domain utilizing linearized models was performed. Second, a non-
linear simulation of a roll maneuver was conducted.

Stability Analysis

Nichols charts are commonly used tools to assess the stabil-
ity of feedback systems. The open-loop frequency response of the
pilot-aircraftsystemin the F-16 XL has been calculated for different
bank angles. The representationin Fig. 3 shows that the closed-loop
systemis unstablefora zerobank angle as the curveis abovethe crit-
ical point. However, it becomes slightly stable for increasing bank
angles. Stability margins of flight control laws defined in design and
clearance requirements are included in the diagram. Though the re-
quirement is not designed for RR analysis, these boundaries can
be utilized for RR analysis as well. A comparison of the frequency
response with the boundaries shows that the function violates the
requirement for all bank angles in a rolling maneuver.

The experience from flight tests has shown that most extensive
RR occurred during recovery (Fig. 1). This effect can be explained
by anonlineardual lag filter in the flight control system. To analyze
this effect in the frequency domain three describing functions were
developed with regard to positive, zero, and negative commanded
roll accelerations !° Figure 4 shows the dependence of the stability
on the commandedroll accelerationfor zero bank angle. During de-
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Fig.4 Effect of the dual lag filter (F-16 XL).
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Fig.5 Nonlinear simulation (F-16 XL).

creasing roll commands the model is more unstable than in constant
rolls, as has been observed in flight tests.

Nonlinear Simulation

Finally a nonlinear simulation of the F-16 XL pilot-aircraftloop
has been conductedto verify the results from stability analysis. The
input signal to the closed-loop pilot-aircraft model is a pilot force
in the shoulder muscles intended to move the stick. Simulation re-
sults of a F-16 XL roll maneuver are shown in Fig. 5. Significant
oscillations of the pilot-aircraft system occur. The amplitudes and
frequency of the oscillations are consistent with the flight test re-
sults presentedin Fig. 1. The oscillationsdo not decay until the stick
force decreases below a certain value. Then a lower gainin the flight
control system results in an increased stability and the oscillations
fade off.

Conclusion

A new mathematicalmodel to simulate the biomechanicaldynam-
ics of the pilot body and the stick characteristicshas been developed.
The new manipulation model has been successfully used to analyze
the roll ratcheting incident of an F-16 XL.

Nonlinear effects because of large bank angle changes and the
response characteristicsof the dual lag filter have been investigated
in the frequency domain. Nonlinear simulations in the time domain
provided very similar results as obtained during flight tests.
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A new frequency domain criterion for RR predictionis proposed
based on stability margins in a Nichols chart. The proposed pro-
cedure should be further developed to obtain a well-defined RR
criterion for flight control system designers applicable to highly
maneuverable fighters and to large flexible transport aircraft.
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Introduction

NFINITE gain margin controllers (IGMCs) are a class of robust

controllers designed with guaranteed stability in the presence of
a gain uncertainty factor. The loop transfer functions recovered by
them are generally minimum phase with no right half-plane zeros.! 2
Although seekingrobustness, it is also known that the IGMCs dete-
riorate nominal performance, and so the associated linear quadratic
(LQ) cost functions are not necessarily minimum. We consider the
cost functions for single input LQ regulators and investigate op-
timality of the controllers seeking IGM. The problem is stated as
follows: Given k, an IGMC and a scalar p > 1, does there exist a
p €[1, oo0) for which pk is LQ optimal? In output feedback set-
ting, this problem is a simple extension to the inverse problem of
state feedback LQ regulators? Both frequency- and time-domain
optimality criteria are considered for analysis. Similar results for
other classes of controllers and cost functions are addressed in the
literature*>

Background
Consider a linear time-invariantn-state single inputdynamic sys-
tem,

x(t) = Ax(t) +bu(t) (1)
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where x(¢) and u(¢) are the state and control input signals. A and
b are real compatible matrices. Whenever x (0) = x, is nonzero, it
is known that the control law u(f) uses a constant gain row vec-
tor k, linear to sensor outputs z(¢) € R", and regulates desired out-
puts y(¥) € R” to a set point (zero, assumed). Using C € R"*" and
H e RP*", we write z(f), u(t), and y(¢) as

z(t) = Cx(v) 2)
u(t) = —kz(®) (3)
y(@) = Hx () X0 #0 4)

Within this setting, recall the inverse problem of LQ regulators for
z(¢) =x(¢) proposed by Kalman® using a cost function J,

J =/ 'y + u?}dr
0

= / {x'H'Hx + u*}dr )
0

V' is the transposeof a matrix or a vector V. Note that the regulation
(or performance) problem consideredby Kalman has two categories.
In the first case, H is fixed and so is the positive semidefinite (PSD)
matrix Q =H'H in J (see Theorem 5 in Ref. 3 for optimality con-
ditions). In the second case, J assumes several H for which a given
state feedback control law may be optimal (Theorem 6 in Ref. 3,
inverse problem of linear optimal control theory). When y(¢) in J is
unspecified, the algebraic optimality criteria (Theorem 4 in Ref. 3)
determine all possible H for which J is possibly minimum.

In this paper, the inverse problem of linear optimal control theory
is presented for controllers seeking IGM. That is, for a stabilizing
output feedback gain pk with p > 1 in the control law given by

u(t) = —pkx(t) (6)

the problem is to find whether or not u(r) is optimal for any
p €1, 00). Whenevernecessary,k, =kI,,, withidentity matrix I, in
k =kC, is used for specializing the state feedback results.® The im-
plications of complete controllability and observability of the pairs
[A,b] and [k, A] are discussed in Ref. 3. In addition, the following
assumptions hold for the output feedback case.

Assumption 1: All nonzero initial conditions x, satisfying the
expected value E (x,xo) = X, where X is a set of all positive definite
(PD) symmetric matrices, are observable. Thus, [C,A]is completely
observable.

Assumption 2: The pair [H, A] is completely observable. Unless
xo in X is zero, this assumption excludes the possibility of y(¢)
reaching the set point without u(¢). This may happen when A is
asymptotically stable.

Following the assumptions, the algebraic optimality criteria for k
to be LQ optimal are®

P =P (PD) )

(A — bk)'P + P(A —bk) = —(Q + Kk'k) 8)
(A —bk)'S + S(A —bk) =X ©)
k=b'PSC'(CSC)™" (10)

Note that P in Eq. (8) is not unique unless Q +k'k is PSD.” The
controllerk in Eq. (10) is optimal for the cost function

J:E{/ (x’Qx+u2)dt} (11)
0

When C =1, the state feedback gain is k, = b'PSS~!, and Egs. (8)
and (9) are equivalent. Thus, the algebraic optimality conditions
simplify to the results of Kalman,?

P = P’ (uniqueand PD) (12)



