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Introduction

RECISE directional control of an aircraft landing on a carrier

requires the pilot to coordinate lateral stick inputs with rudder
pedal inputs. In this F-14 application, lateral-directional control is
achieved using differential spoiler deflection 8, differential sta-
bilizer deflection 84, and rudder deflection 8,,4. Fialho et al.!
proposed a design to reduce cross effects based on p techniques
and a gain-scheduling, angle-of-attack dependence. This approach
significantly decreased both sideslip angle response to a stick com-
mand and roll rate response to pedal commands. Previous work
by Tournes and Johnson? demonstrated that the application of sub-
space stabilization® and linear-adaptive control allows the effective
decouplingof motions thatare naturally coupled. This Note presents
acontrollerdesignbased on the aforementionedtechniquesthat pro-
duces almost total decoupling of the channels.

Controller Performance Requirements

The proposed controller design considers existing mechanical
connections from the stick input to the stabilizer and from the
pedal input to the rudder deflection. It also includes previously
recommended' feedforward, angle-of-attack scheduled control in-
terconnections, W, () and W, («), designed to compensate for the
variation in sideslip directionality during roll maneuvers. Desired
time behaviorsof the roll rate and sideslip angle error responses are
specified by constant coefficient, second-order linear differential
equations:
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where @, = 5 rad/s and wy = 5 rad/s. The proposed design aims to
minimize the coupling of the sideslip response to stick inputs and
the roll angle response to pedal inputs.
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Aircraft Model

The ABCD state model of Ref. 1 was modified to include a cross-
wind disturbance, w =30 5sin(0.5¢) ft/s, and is represented by
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To test the robustness of the design, time-varying model errors were
introducedin Eq. (3). The model terms are representedby a nominal
value plus an uncertainty term, M; ; = M; ; + M, ;, with relative
model errors (M; ;/M; ;) as large as 20%. Because there are two
controlled outputs and three control inputs, there can only be two
closed-loop inputs. The nonunique choice adopted in this design is
to use the rudder and the differentialspoilersas closed-loopcontrols
and to use the differential stabilizer as an open-loop, feedforward
control.

Total actuatordeflectionsare splitinto three types of terms. Terms
indexed by (0) represent the existing mechanical connections dis-
cussed earlier. Terms indexed by (1) represent the discussed feed-
forward terms introduced in Ref. 1 and maintained in the current
design. Finally, terms indexed by (2) represent the feedback control
terms that are redesigned in this study.

Linear-Adaptive Control Methodology
Linear-adaptive control methodology is used to address the un-
certain nature of the control problem posed by the model uncer-
tainty and crosswind disturbance. Equations governing roll rate and
sideslip angle errors with respect to commanded profiles can be
written as

ép =P +hs— M6,65rud2 — Mg 681, “4)

€, =p"+h, — M; 784, — M3 784, %)
Aggregateunknown functionsz and 2, representthe effects thatall
terms, includingexternal disturbances,butnot the feedback controls
8rua, and dyqp, , have on the controlled variables g and p. Here, *
and p* are the first time derivatives of the command signals. When
unknown aggregate “disturbance variables” z4 and z, are defined,
Egs. (4) and (5) can be written as

(©6)
(M

€g = Zg — M6,65rud2
ep = Zp — M3,75dsp2

One of the essential ideas of linear-adaptive control* is to sep-
arate each feedback control actuator deflection into three terms:
8, =84, + 8, + 8%, k=B, p, according to the nature of the effects
that the term aims to compensate. The first term, 8%, is an open-loop
term that compensates for known effects, such as the commanded
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maneuver. The second term, 8, compensates for the effects of the
uncertainterms. The third term, 8*, is the feedback control aimed at
achieving the prescribed error response.

If one can provide accurate real-time disturbance estimates Z4
and Z,, the terms compensating for the effects of disturbances are
represented by

55 = éﬂ/MG,Gs 55 = ‘%p/MfiJ )
Replacing feedback control deflections by 8ng, = 8" + 8™ and
Sdspy = JSSP + 857 in Egs. (6) and (7) leads to the system

ép N — M 68 )
é, N —Ms 765 (10)

Thus, the initial multiple-input/multiple-output (MIMO) uncertain
time-varying control problem of Eq. (3) has been transformed into
two very simple single-inputkingle-output (SISO) systems. The
only terms of the M matrix in Eq. (3) that need to be included
in the proposed design are M, =9/36,q and M3 7 =93 p/084gp.

Control Architecture

The control architecture is shown schematically in Fig. 1. Ideal
roll rate p* and sideslip angle responses f* are generated from
the lateral stick and pedal inputs. Ideal closed-loop responses are
generated according to the requirements of Ref. 1. Two disturbance
observers' providereal-time estimates of roll rate and sideslip track-
ing errors e, = p* — p and eg = B* — B, their time derivatives, as
well as roll and sideslip disturbance states (z, and zg). Feedback
controls are split into two types of terms with uﬁ, k=P8, p com-
pensating for the effects of the disturbance terms. Two subspace-
stabilization controllers generate the second type, u*, k=8, p, to
achieve prescribed error responses. Design of the sideslip channel
is very similar to the roll channel and, thus, omitted here.
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Fig.1 Control architecture.
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Disturbance Observers
A quadratic polynomial-spline waveform model, z;(f) =
co+cit +cyt?;k = B, p,isusedtorepresentthe uncertaintime vari-
ations of z;. This leads to the differential equation model z; =0,
almost everywhere. Thus, the associated dynamic model can be
written®

épzzl,p+M3,75dspzs 21, =22, T 0p,()
Iy, =235 T 02, (1), Z3, = 03,,(1) (11)

Here, z; = (z1,...,23)", k=, p, are the states of the quadratic-
spline modeled disturbance term. The gain coefficients of the
observers have been designed to set the estimation errors at
A =—100 rad/s. Corresponding observers have the form

€, =21, + Ms 784y, +400(p — )
21, =2, +60,000(p — p), 5, =23, +4x10°p — p)
2, =10%(p — p) (12)

Subspace Stabilization Control Design

Introducing the actuators’ first-order response' in Eqgs. (9) and
(10) yields

ép = —wsép + Z5 + wpzg — Mg glina (13)
'ép =_(L)pép+i7p+a)p2p _M3,7udsp (14)

As discussed earlier, actuator commands are split into components
ug = (wpZs +25)/Ms and u; = (w,%,+z,)/M;; compensating
for the effects of disturbance terms and uf and u?, designed to
obtain prescribed error responses. When additional integral error
states are introduced, Eqgs. (13) and (14) can be written in state
format (x =Ax + Bu) as

éo.p 01 o0 €. 0
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Subspace Stabilization

The linear-subspace stabilization problem is to find a feedback
control, u = Kx, so that all closed-loop solutions x(¢) of the system
x =Ax + BKx asymptoticallyapproachachosen p-dimensionallin-
ear subspace S as t — oo. This subspace is designed to embody
performance features such as rise time, settling time, damping,
overshoot, and other requirements. When x () denotes the response
error-state, the prescribed time-behavior of error components for a
given control channel is

€0,k
Skz[w2,1.4w,1]x ek =0, k=/3,p (16)
€2k
where
t
€k = / e dr, ey =k" —k, ey =€
0

The main conceptualidea of the proposed approachis to separate
the control problem into two subproblems. The first subproblem is
to control the system in error state so that it promptly reaches the
linearsubspace S thatembodiesthe specified model of behavior. The
second subproblemis to control the error state so thatitremainsclose
to the subspace, in accordance with the specified model of behavior.
In the second subproblem, the control must achieve invarianceof the
subspace S, which implies the motion of x () toward the subspace
should be independentof the motion parallel to the subspace. With
the very simple structure of matrix A in Eq. (15), this leads to the
following controller gains for the two channels:

KeO,ﬁ = —uﬂwZ, Kel,ﬁ = _1.4/,Lﬂw'ﬂ - w2
B B

Ke2,ﬂ = —Mp— 1.4@'ﬂ_Q)ﬂ (17)
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Fig.2 Roll rate and sideslip responses.
Keop = —1po2, K, =—ldp,o, — o Employing Soft Computing
Kory = —tt, — 14w, — o, (18) Techniques to Study Stability

The motion to the subspace is chosen faster than the motion on the
subspacebecause it is essential to achieve prescribed error response
as quickly as possible. Values of 1y = 15 and u, =25 were chosen
for the F-14 simulation.

F-14 Simulation Results

The scenario used in the previous work of Fialho et al.! was
chosento testthe proposedcontrollerdesign. Figure 2 shows the two
simulated maneuvers. Two pairs of 1-s, 1-in. (2.54-cm) stick inputs
to the left and then to the right are applied at 1 and 5 s followed
by two pairs of pedal inputs at 11 and 15 s. The comparison of
the roll rate response to the stick input with the “ideal” closed-loop
response in Fig. 2 shows tracking performance slightly superior
to the already very good result shown in Ref. 1. The very small
peak sideslip error of 0.06 deg is far better than the 0.8-deg error
obtained in Ref. 1. The response to pedal inputs achieved almost
perfect tracking of the sideslip angle and a limited residual roll rate
response of only 0.35 deg/s. This is much better than the 1 deg/s roll
rate error presented in Ref. 1.

Conclusions

A linear-adaptivecontrollerhas been designed where disturbance
estimators/observers provide a real-time estimate of the effects of
all terms except the nominal control effects. The compensation of
the generalized disturbanceterms, based on real-time estimates pro-
vided by the observer, transforms the coupled and uncertain time-
varying MIMO control problem into a pair of SISO control prob-
lems. The prescribedrollrate and sideslipresponsesfor an F-14 were
almost perfectly tracked with a nearly total decoupling of the two
channels. This approach significantly extends the results obtained
in Ref. 1.
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Nomenclature

Cry = a,-lift curve slope of horizontal tail
Cro = lift curve slope of aircraft
Chra = dC, /da
Co = coefficient of moment at zero angle of attack
(Cra)a—n = ay-liftcurve slope of aircraft

without horizontal tail
c = mean aerodynamic chord
de/da = downwash effect induced by the wing
l = horizontal tail arm, m
Ng = dN/dB
S = gross wing area, m?
S, = gross tail area, m?
Vi = horizontal tail volume
Wo = gross weight, N
0 = ratio of dynamic pressure at tail to the freestream

dynamic pressure

Introduction

T may be argued that one of the most well-known evolutionary
algorithms is the genetic algorithm (GA) developed by Holland
and his colleaguesin the early 1970s (see Ref. 1). The GA capabil-
ities of searching a vast search space using a population of search
points, with multiple mixed parameter types, and at the same time
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