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The development of control laws for maneuvering flight, specifically, a high-amplitude velocity vector roll, is
addressed. The plant model has seventh-order nonlinear dynamics with coupled pitch and lateral directional
dynamics. Using time scale separation and pointwise linearization about nonequilibria trajectories, a receding
horizon linear quadratic optimal control law with full state feedback is synthesized on-line. Also on-line, the pilot
inputs are modified using linear programming to prevent actuator rate saturation over the optimization horizon.
The nonlinear control law performance is demonstrated in a fighter aircraft simulation with a rudder failure
during a loaded roll maneuver. The performance of the controller during aggressive pitch and yaw maneuvers is
also demonstrated. The work described in this paper is confined to model-based receding horizon optimal control
law synthesis; one will rely on on-line system identification to provide the failed aerodynamic stability and control

derivatives, thus achieving indirect adaptive control.

I. Introduction

GENERIC three-channel nonlinear flight control system for

high-amplitude maneuvers is designed, with special reference
to the velocity vector, or stability axis, roll maneuver. During a
velocity vector roll, the aircraft rotates about an axis aligned with
its velocity vector. This maneuver is also an element of the close
air combat S maneuver, where one would like to roll the loaded
airframe, rather than first unload, roll, and pull gs.

Perhaps the most significant difficulty in designing a controller
for a fast velocity vector roll is accounting for the nonlinearitiesin-
troducedinto the system by the maneuveritself. The high-amplitude
velocity vector roll maneuver invalidates, in part, the small pertur-
bations hypothesis that lies at the heart of linearization. Thus, these
kinematic nonlinearitiesmust be included in the aircraft model that
is used in the velocity vector roll control system design. Therefore,
standard linear aircraft models and standard linear flight control
system design techniques such as separation of the longitudinaland
lateral/directional control channels cannot be used.

The objective of this work is to design a high-amplitude veloc-
ity vector roll controller with minimal cross coupling, even during
failures. This paper is a sequel to the work!?> where the plant model
was established, a timescale separation argument was evoked (see
also Ref. 3), and a linearized control system was analyzed. In ad-
dition, a linear quadratic optimal control law that used full state
feedback was synthesized and used in a receding horizon tracking
control scheme. In this paper, pointwise linearization at every At
about nonequilibria trajectories is employed, which is suitable for
nonlinearflight control. Total, rather than perturbation, variables are
used. In addition, a linear programming (LP) module is included in
an outer-loop type of arrangement to modify the pilot’s inputs such
that the surface deflection commands will not cause actuator rate
saturation for any surface over the planning horizon. The work de-
scribedis confined to model-basedreceding horizon optimal control
law synthesis; one will rely on on-line system identification to pro-
vide the failed aerodynamic stability and control derivatives, thus
achieving indirect adaptive control. This plan of action has been
carried through for the pitch channel in Ref. 4. Also, the on-line
identification of all of the aircraft stability and control derivatives,
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including the lateral directional stability and control derivatives, is
presentedin Ref. 5, where the fullmechanizationof indirectadaptive
control is accomplished.

The paperis organizedas follows.In Sec. II, the nonlineardynam-
ics pertinent for velocity vector roll control are given. A pointwise
linearization scheme for the fast dynamics is developedin Sec. III,
and a full state feedbacklinear quadraticoptimal control formulation
with linear programming is presented in Sec. IV. The performance
of the proposed nonlinear flight control system is shown in Sec. V
when, at 1 s into a loaded roll, the aircraftis subjectto a 50% rudder
loss. The performance of the controller during aggressive pitch and
yaw maneuversis also demonstrated. Concludingremarks are made
in Sec. VI.

II. Nonlinear Dynamics

The seven states are P, Q, R, V/U, W/U, 6, and ¢. The fol-
lowing definitions for the aerodynamic angles are used (see, for
example, Ref. 6, p. 141):

o = Atan(W/U), B =Atan(V/0)

The aerodynamic database’ is used to generate constant linear sta-
bility and control derivatives for a 3-g level turn in the heart of the
envelopeat 10,000ftand M = 0.7. Using the constantU hypothesis
and stability axes, the following nonlinear dynamics are obtained
(see, for example, Ref. 8):

%(%) = (%)P + (Cy)_ — I)R + % sin¢ cosé
+C,,P+C,B+C,5. 0=t vo=% O
%(%) = (1 + Czq)Q - (%)P + % cos ¢ cosf
+Crsin (o, —agy) — Coyotor + Coyo0 + Cyit + Coy 6,
wo)y=w, @
dp
— =Cu PQ+C, QR +C, P+ C, R
+Cp,B + Cyy, 8, +Ciy 5, P(0) =Py 3)
‘Z_? = Cu,, PR+ Cpy ,R* = Cpy , P2+ Cpy + G
+Cpya+Cp, O+ Cpyde — Coy, 00)=0y @
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dR
dr
+CoyB+Coy 80+ Gy 0

=GC,,PQ-C,,0R+C,, P+C,R

R(0) = Ry (5)
where the parameters
Cuy = (Azcg/1,)T[1/57],

and T is thrust. The stability axes are chosen so that, at the inception
of the velocity vector roll maneuver at time ¢ = 0, then Wy, = 0,
oy = 0, and 6y = 0. These axes are maintained throughout the
duration of the maneuver. This convention is adopted throughout.
The 6 and ¢ Euler angles, Egs. (6) and (7), are needed to resolve
the force of gravity into the body axes:

6 = Qcos¢ — Rsing, 6(0) = 6y,

Cr =T /mU[1/s]

Oty =6, (6)
¢ =P + Qsingtand + R cos¢ tan
#(0) = ¢y, pp)=¢, (D

ITII. Pointwise Linearization and Time
Scale Separation

In this work, linearizationabout arbitrary, nonequilibriatrajecto-
ries is performed. This conceptis used in a receding horizon linear
quadratic (LQ) optimal tracking control scheme. Minimal modeling
error is accrued in this approach, which is beneficial in adaptive and
reconfigurable control design, as well as system identification. In
addition, the pointwise linearization approach obviates the need for
considering nonlinear time-invariant nominal dynamics.

The pointwise linearization approach is now developed and ap-
plied to the nonlineardynamics of flightcontrol. The nonlinear plant
is linearized at the current time ¢, and the linearized dynamics are
used over the model predictive control horizon. The linearizationis
repeated at each sampling interval Af. Thus, the nonlinear control
system is

X = f(X,U)

The window ¢t < 7 <t 4T is considered, where T is the optimiza-
tion horizon. At time ¢

X)) = X,

where the subscriptO merely denotes the state at which the lineariza-
tion is performed; it does not indicate a trim condition. From the
linear aerodynamics hypothesis it follows that

X =f(X)+BU
Now,
F(X) = f(Xo) + fxlx, (X — Xo)
= fX|X<)X + [f(Xo) — fX|X<)XO]

approximately holds, provided that X is close to X,,. Hence,
X = fxlx, X + BU + [f(Xo) = fxlxo Xo]

Note that in this linearization method total, not perturbation, vari-
ables are used.

Furthermore, partition the state
X,
X = ,
X,

£ fi(X1, X2)
T AXL X |

and

Hence,
X, = fi(X1, Xo) + B,U, X, = fo(X,, X,) + B,U

Suppose that the X, components of the state change slowly, viz.,
X,(t) ~ Xy, fort <t <t+ T.Hence,

X, = fi (Xl» Xzo) + BU
Thus, similar to the earlier analysis,
X, = f1X1|X10.X20X1 + BU + [fi(X1, Xap) — f1X1|(xlo.x20)X“’]

Define

¢ = fl (Xl()» Xz()) - flxl

(Xlo.Xz(,)Xlo
Hence, for the planning horizont < v <t + T, the linear system
X, =AX,+BU +¢

is obtained. Using total, rather than perturbation, variables, intro-
duces the intercept ¢. The linear quadratic regulator optimization
problemis solved and the optimal control U *(7) is computed. More-
over, the optimal control time history is used to propagate the com-
plete nonlinearsystemand obtain X, (7), Xo(7),t <t <t+T,ie.,

Xl = fiXy, Xp) + BU (1), X2=f2(X1,X2)+BzU*(T)
t<t=<t+T

In our flight control application, the fast and slow states and the
control variables are

P

0 0 S
X,=|R|, X,= [(p} ., and U=]|5s,

o Sr

B

respectively. In addition, in our flight control application [see Eqs.

(1-5)]

fl(Xl»XZ) = fll(Xl) + flz(Xz)

where

¢, PO+C,O0R+C,P+C,R+C,B
Cm,,, PR + Cmpz R2 - Cmpz P2 + Cm() + Cma(x + Cmdd + Cmq Q - CmT

£ = C,,,PQ—C,, OR+C,, P+C, R+C,,B
(1+C.,)0 - (V/U)P +C,a+Cyé — Copay, + Crsin(e, — afy)
i (W/U)P +(C,, —1)R+C,,P+C,,B
0 0o C, G,
0 C,,
g m, 0 0 Qcos¢p — Rsing 0 0O
12=E 0 ) B, = 0 G, G and fr= P+ QOsingtanf + Rcos¢ tanf |’ B. = 0 0 0
cos 6 cos ¢ C 0 0

8¢

cos @ sin¢ 0 0o C

Yoy
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In addition,

f1X1|(X10.X20) = f11X1|Xm

Hence, neglecting the « stability derivatives, the linearized state
transition matrix

T
X = (P, Qi Rivo, Br. 8. 84,.8,) € R
The control signals are the actuator commands

Uy = (813()};’ 8ack’ 8’UA-)T € R

Cp,, Qo+ C, C,,Po+C, Ry C,00+C, 0 G,
Cmp;- RO - 2Cmp2 PO Cmq Cmp;- PO + 2Cmp2 RO Cma 0
A= GCpQot+Cy G Po=CpRy G, =G0 0 G,
—V, U 1+C., 0 c., -P
(Wo/U) +C,, 0 c, —1 P C,,

is obtained. Furthermore, the vector
c=fu (Xl()) + flz(Xzo) — AXy,

Hence, the interceptc is calculated,

—Cl,,,, PyQ, — Cl,,,- QR
Cn (P} = R3) = Cp,, PRy + Cppy —
—C,,, PoQo + C,, Qo Ry
BoPy— C. al, +Cr sin((ng - (ng) + (g/U) cos by cos ¢y
—agPy + (g/U) cos by sin ¢y

Cm T

Note that the dynamics matrix A is determined by the X; compo-
nent of the currentstate, whereas the intercept vector ¢ is determined
by the entire current state vector, including the kinematic variables
in X,. The B matrix is constant due to the linear aerodynamics hy-
pothesis. Evidently, the slow variables dynamics are removed from
considerationin the control law design process.

IV. LQ Flight Control

The flightcontrolsystem block diagramis shownin Fig. 1. As can
be seen, there are three command inputs: ¢, B, and stability axis roll
rate P. They can be independently commanded or in combination.
Althoughnot shown in the diagram, there are integratorsin all three
command loops, not just the g loop.

A. Dynamics
The plant is augmented to include actuator dynamics, and its
discrete time representationis obtained,
Xi+1=AX, + BU; +c, k=0,1,....,N -1
Here the state is augmented to include first-order actuator dynamics
and

P 5,
oy — G (;tl(' A
Be =

In the case of a loaded roll that is performed in the horizontal plane,
the initial state is

T
Xy = (05 Qo, Ro, 0, Bos 8eq s 8y 8”))

where the O subscriptsofthe Q and R angularrates of the aircraftand
the effectordeflections denote the initial trim condition, which corre-
sponds to a steady level turn. Furthermore, a velocity vector roll ma-
neuver will have been accomplishedif the achieved terminal state is

T
Xy = (0. Qo. =Ry, 0, —Bo, 8y —8ug. —8s0)
Finally, the discrete-time optimization horizon N is given by
N =T/AT

In this work, AT = 0.01 s and the optimization horizon N =20 so
that the physical optimization horizon is 7 =0.2 s into the future.
Hence, the current pilot commands are extrapolated 0.2 s into the
future.

B. Integral Action in LQ Control

Integral action is mandated by the need to reject unmodeled dis-
turbances,as would be the case when a control surface failure occurs.
Integral action is also required to accommodate subtle mismatches
between the plant model and the actual plant (see, e.g., Ref. 9). Fur-
thermore, integral action is beneficial whenever a controllerthat has
been designed using a linearized plant model is used in a control
system where the actual nonlinear plant is operational. Obviously,
if the plant displays natural integral action, i.e., if the plant happens
to have a pole at the origin, then in this fortunate instance there is no
need to introduce integral action into the controller and, moreover,
integrator windup cannot occur.

Integral action in the state space formulation requires the addi-
tional three states zp, z,, and zz. The augmented state vector in-
cludes the actuator states (because first-order actuator dynamics are
included in the dynamics) and integrator states (because integral
action is built into the cost functional). The augmented state is

T
11
Xk = (Pka Qka Rkaaka ﬁka 8ek58ak58rkaZPkaZaka Zﬁk) €R

e 5
6{1 [) R
b, o

B

Fig.1 Control system diagram.
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The control signals are the actuator commands

Ui = (o 80,2 8, ) € R

Define the integrator state

ip
Z=|2z{, ZeR?
2p
Now
Zi=Zy+ R —CXpy, k=0,1,...,N -1
where the reference signal vector
P,
R,=]oa,|, R, € R?, k=1,2,...,N
Be
The 3 x 8 matrix
1 000 0O0OO
C=(0 0 01 00 0O
00 0O0T1O0O0TO0

Obviously,
Zi1=Z2Zy+ R, —CAX, —CBU, —Cc

Hence, when integral action is included, the augmented system is
obtained:

Xk+l =AXk +B1 Uk +B2Rk+1 +B3C,

X X e R! A A 0
«— , =
z —CA L 111

18 08><3 18
= B = =
Bl [_Ci| ’ B2 [ 13 i| ’ B3 [_Ci|

C. Reference Signals

The reference signal R, consists of the pilot’s commands, which
are input through the pitch stick, the roll stick, and the rudder pedals.
Thus, for the level loaded roll, the pilot commands are

where

P, Py, oo, Pey, ey s Oy

ﬂcl»ﬁczw--»ﬁq\, =0

Loy =0

A pulse roll rate pilot command with 2.1-rad/s amplitude and
1.5-s duration is input to the roll channel flying qualities (pre)filter
where a bank angle change from +72 to —72 deg is attained in about
2 s. The first-order roll flying qualities filter has a time constant of
7 = (0.8 to command the roll rate and a time constantof t = 0.4 to
arrest the roll rate.

D. Cost Function
The regulated variables are

Pck_Pk» Qe — O, ﬂck_ﬁk» k=1»2»---»N

The respective weights are Q p =50 s?, Q, =5000, Q4 =21,000,
Q,;, =1000,and Q,, = Qlﬁ = 1000/s’. In addition, the control ef-
fortis accounted for in the cost functionalby penalizingthe actuator

deflection rates,

1) _‘Sek» 8ak+1 _8ak» 8rk+1 _‘Srk

Ck+1

k=0,1,...,N—1

and the respective weights are R, = 7 and R, = R, = 10*. Note
that the elevator penalty is low to generate sufficient gain to pull
the open-loop unstable pitch channel’s root locus into the left-half
complex plane.

To obtain good tracking of the roll rate command, the roll rate
acceleration is penalized using the weight O =100 s*. Further-
more, the aerodynamic angles’ rates are penalized; the weights are
Qs =2 x 10* s> and Q4 =10° s>. This helps to decouple the roll
channel from the pitch channel and reduces the adverse yaw. Ad-
ditional pitch and yaw damping action is built into the controller
by also penalizing the pitch and yaw angular accelerations using
the respective weights Q5 =8 x 10* s* and O =10 s*. Thus, in
the quadratic cost, the tracking errors, including the integrals of the
tracking errors, and the actuator deflection rates are penalized. In
addition, when the roll stick is used, the penalties for the pitch and
yaw accelerations are increased because higher damping is needed;
penaltiesare lower otherwise. Note that these are the same penalties
used for pitch and yaw commands, whose responses are not shown
in this paper. Also, the penalties are the same both before and after
the failure.

The optimal control signal is linear in the current state X; and in
the reference signal R;,

U= FX,+GR,+h

There is nothing we can do about the current state x;. Hence, sat-
uration avoidance is achieved by modifying the pilot-commanded
reference signal, as is elucidated in the following section. The ex-
plicit formulas for the receding horizon LQ control law’s matrices
F and G and the vector k are given in Secs. 5 and 6 of Ref. 2.

E. Dynamic Command Limiting

High-amplitude maneuvers can induce actuator saturation. Fur-
thermore, after an aircraft sustains damage to a control surface, its
ability to produce the required control forces degrades and the con-
troller’s demands on surface deflection and rates increase, leading
to actuator saturation. Obviously, advanced nonlinear controllers
where actuator saturation mitigation measures are implemented are
essential for actuator failure accommodation.

Actuator saturation mitigation motivates us to employ a dual-
loop control structure. In the outer loop, the reference signals,
namely, the pilot’s commands, are modified so that the inner-loop
LQ controller-generatedactuator deflection commands avoid satu-
ration. An LP optimization algorithm is used in the outer loop to
obtain the required degree of relaxation of the pilot’s commands.
Obviously, one would like to minimize the degree of modification
of the pilot’s commands, while guaranteeing downstream actuator
saturation avoidance. Thus, the cost functional of the LP is the
weighted sum

€p €y €s
J = + +
1Pelloc el NBello

where €p, €,, and €4 are the absolute values of the required changes
in the pilot commands. Specifically, a weighted sum of the degree
of relaxation in the pilot-commandedroll rate, angle of attack, and
sideslip angle is minimized by the LP module while avoiding actu-
ator rate saturation for the elevator, ailerons, and rudder during the
optimization horizon.

For example, the linear constraint equation for the elevator rate
is posed as

8 <V X€,+ Vo X€, + Vg Xeg <h,

where g, and i, are vectors thatcontainthe lower and upper limits of
the elevatorrate (1 rad/s). The vectors V,,, V., and V.4 are derived
from the inner-loop optimal control formulation. The relationship
at the end of Sec. IV.D giving the optimal surface deflections in
response to the pilot’s commands is used. The optimized variables
are €p, €,, and €g, the degree of relaxation of the respective P,
o,, and B, pilot commands. Similar constraints are imposed for the
aileron and rudder. Note that the constraints are enforced for the

entire 20-step horizon.
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Anactive setstrategy thatis a variationof the well-known simplex
algorithm was used to solve the LP problem. The problem is posed
in the canonical form

min{ fT X} subjectto: AX <b
X

Because the constraints are considered for 20 time steps into the
future, reformulating the double-sided constraints for each actua-
tor results in 120 constraints. Three more double-sided constraints
are required in the formulation for €p, €,, and €4 to be positive or
negative,resultingin 126 total constraints. The linear program finds
optimal values for €p, €4, and €4 and the three additional variables,
X,, Xy, and x4 that are required to allow €5, €,, and €4 to attain pos-
itive or negative values. For example, the constraintrequired for the
changein roll commandis —€, < x, < €,,.

V. Simulation Results

The aircraft model used in the simulations is an F-16 deriva-
tive. The open-loop plant corresponds to the flight condition:
h=10,000 ft, M =0.7 (3 =499 1b/f*), and n=3g (@ = 6 deg
with respect to the body axis). An aircraft weighing three times the
normal combat weight was trimmed in straight and level flight to
obtain an AOA of 6 deg (with respect to the body x axis) and the
stability and control derivatives were extracted from the database.”
The first-orderactuatordynamics are specified by the time constants
. =17,=1,=0.05s.

At 1 s into the velocity vector roll maneuver flight, a 50% loss
of rudder area is simulated. Specifically, the C, , control derivative
is reduced by 50%. Also, the C v, and C 15, control derivatives and
the C, e C Yoo C,,, Cy,, and C,ﬂ stability derivatives are modified
accordingly using DATCOM. !

The altitude, airspeed, AOA, and sideslip angle do not change
appreciably during the velocity vector roll maneuver (by design).
However, the angular rates R and, in particular, P change signif-
icantly while the bank angle ¢ is slewed from +72 to —72 deg.
The dynamics are pointwise linearized at each time step during the
dynamic velocity vectorroll maneuverto accountfor changesin the
P, R, and ¢ variables.

Itis importantto stress that the linearizationis performed abouta
nonsymmetricalflight condition;therefore, the resultinglinear pitch
and lateral/directional dynamics of the open-loop plant are strongly
coupled. One of the requirements of a velocity vector roll control
law is the decoupling of the closed-loop flight control system.

The response to a commanded roll rate pulse with a 2.1-rad/s
amplitude and 1.5-s duration (applied to a first-order prefilter) is
shown in Fig. 2. A pitch stick command of constant AOA, so thata
3-g turn is held, and a sideslip angle command of §,., which drives
the sideslip angle g from B, to — By, are shown in Fig. 3.

Specifically, we show that a velocity vector roll maneuver is in-
deed accomplishedin ~2 s. In Fig. 2 we show the good tracking
of the roll rate command before and after the failure, which occurs
at 1 s into the flight. The bank angle time history is shown in Fig. 4
where the new bank angle of —72 deg is intercepted at about 2 s,

A !

RN /
LN
N

120 i i

Deg/Sec
3

Aoli Rate Model

—————— Roll Rate

Time{sec})

Fig.2 Roll rate command tracking.
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Fig.5 Angular rates for roll input.

at which time the roll is almost arrested and P ~ P, ~ (. Figure 3
shows that during the velocity vector roll maneuver, the excursions
in the aerodynamic angles are small, so that the aircraft is not un-
loaded. Elevator rate activity is apparent during failure onset and
command reversal. In Fig. 5 the pitch rate Q and yaw rate R are
shown. Because of coupling, the roll maneuver and later the failure
cause fluctuationin pitch rate, but Q does return to the trim value as
required. The more interesting yaw rate R does behave as expected
during a velocity vector roll, and its polarity is indeed reversed, but
could be better damped.

Figure 6, where the control surfaces’ activity is shown, is most
interesting. There are two causes for abruptchangesin actuatorrate:
1) The structural change occurring in the system at the moment
of failure (1 s) causes the model-driven optimization algorithm to
produce a discontinuity in the commands that translates into high
actuator rates, which is also determined by the actuators’ deflection
rate penalties. Because of coupling, a discontinuity in any of the
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model’s parameters will simultaneously affect all of the commands
outputby the optimization-basedcontroller(accordingto the penalty
coefficients) and cause abrupt changes in the elevator and aileron
rate. 2) The abrupt change in the reference signal, which occurs at
1.5 s in the flight when the roll rate command goes out, causes a
high level of actuator activity, as was also the case at time t = 0
when the roll rate command came in. This activity is compounded
somewhat by the prediction error at this point, which assumes the
pilot input is constant, but only lasts for 1 or 2At.

In Fig. 6 it can be seen that the aileron saturates in rate (1 rad/s)
att = 0, 1.5 s. The LP is attenuating the roll reference model by
the amount €, to just satisfy the rate constraints. As can be seen,
the LP is quite effective, as there are no hard limits on the actuator
rates in the nonlinear simulation. As a benefit, the LP avoids the
need for integrator antiwindup logic. This is because the error being

60 H
h
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S (R A S . ]
] — — = Aileron
i
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integratedis between the LP-attenuatedroll rate model and the actual
roll rate, not between the pilot-commandedroll rate model and the
actual roll rate.

In addition, a pitch pulse input of 6 deg « is given at = 0 for
2 s while the aircraft is in the 3-g level turn for a total of 6 g. The
tracking response compared to the o handling qualities model is
shown in Fig. 7, where the sideslip is essentially zero. Note that a
failureis notintroducedin the simulation for Fig. 7 or the remaining
plots. These plots are to demonstrate the decoupled tracking ability
of the other two command inputs. Figures 8 and 9 show that there is
essentially no cross coupling into the roll and yaw rates with only
small elevator deflection rates.

Also, a yaw pulse input of 6 deg 8 is given at r = 0 for 2 s while
the aircraftis in the 3-g level turn. The tracking response compared
to the B handling qualities model is shown in Fig. 10. This is a

Deg/Sec
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Fig.12 Surface deflection rates.

large B inputat this flight condition, but the control system holds the
coupling into roll at a minimum, as can be seen in Fig. 11. The large
input saturates the rudder in rate, as can be seen in Fig. 12, but the
command limiting effectivelymodifies the § command to notexceed
the rate limit; the simulation does not contain actuator rate limits.

V1. Conclusion

The nonlinear dynamics are relinearized every At and are as-
sumed constantover the predictionhorizon. The pointwise lineariza-
tion is performed about arbitrary, nonequilibria trajectories. Also,
total rather than perturbation, variablesare used. The frequentrelin-
earization guarantees the fidelity of the linear plant model used for
control design and also reduces the modeling error for the on-line
identification of the aerodynamic stability and control derivatives
that are needed to implement an adaptive or reconfigurable con-
trol system. The plant model used for controller design does not
rely on decoupled longitudinal and lateral directional channels, but
rather acknowledges the coupling of the longitudinal and lateral di-
rectional dynamics introduced by the roll rate. Using a timescale
separation argument, which removes the airspeed and aircraft Euler
angles from consideration, allows us to settle on a five-state bare
aircraft model. Furthermore, actuator constraints are included in
the controller design process, mainly to enable accommodation of
high-amplitude slewing commands and aerodynamic effector fail-

ures. The proposed controller has an inner-loop LQ optimization
module for good small-signal tracking and an outer-loop LP opti-
mization module for modifying the pilot reference signals to avoid
actuatorrate saturationduring high-amplitudemaneuvers. Although
bounded input bounded output (BIBO) stability is not guaranteed,
good tracking performance is achieved. The performance of the
nonlinear flight control system is demonstrated for an aggressive
velocity vector roll maneuver with a 50% loss of rudder area during
the 3-g loaded roll maneuver. Large pitch and yaw input command
responses with no failures are also shown. The nonlinear, on-line
designed feedback controller maintains axes decoupling for a rud-
der failure during the 3-g loaded roll maneuver, thus significantly
alleviating the pilot’s workload.
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