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Full Envelope Multivariable Control Law Synthesis for a
High-Performance Test Aircraft

Richard J. Adams, Andrew Sparks, and Siva S. Banda
Wright Laboratory, Wright-Patterson Air Force Base, Ohio 45433

A full envelope multivariable flight control system is developed for the Variable Stability In-Flight Simulator
Test Aircraft (VISTA). Separate control laws are designed for the longitudinal and lateral directional axes. Out-
put feedback controllers with integral error feedback are created using linear quadratic synthesis and simple lin-
ear transformations. Longitudinal stick inputs are used to generate an angle-of-attack command at low-dynamic
pressure and a normal acceleration command at high-dynamic pressure. Lateral stick inputs are used to generate
a stability axis roll rate command, and rudder pedal inputs are used to generate a sideslip command. Linear point
designs are integrated into a gain schedule to create a full envelope nonlinear control system. Flying qualities are
evaluated according to military standards and shown to be satisfactory for a wide operating envelope. Classical
gain and phase margins and analysis of the structured singular value show robustness to be acceptable for a wide
operating envelope.

Nomenclature
Az = normal acceleration at e.g., g
J = performance index
n = load factor
p — body axis roll rate, rad/s
q = body axis pitch rate, rad/s
q = dynamic pressure, psf
r = body axis yaw rate, rad/s
TR = roll time constant, s
Ts — spiral time constant, s
Te2 = pitcn response time constant, s
wlat = lateral input vector
"ion = longitudinal input vector

V = velocity, ft/s
W0 = vertical velocity, ft/s
;clat = lateral state vector
*ion = longitudinal state vector
^lon = longitudinal output vector
z = performance variable
a = angle of attack, rad
P = sideslip angle, rad
8a = aileron deflection, rad
8^ = asymmetric flap deflection, rad
§dt = asymmetric tail deflection, rad
8e = symmetric tail deflection, rad
Spedai = rudder pedal force, Ibf
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8r = rudder deflection, rad
^stickp = pitcn stick force, Ibf
^stickr = roll stick force, Ibf
t,D = Dutch roll damping
£sp = short period damping
|i = stability axis roll rate, rad/s
T/> = pitch prefilter time constant, s
Tped = pedal prefilter time constant, s
Ttf = roll prefilter time constant, s
Tp = equivalent sideslip time delay, s
Te = equivalent pitch time delay, s
T^ = equivalent roll time delay, s
c|> = roll angle, rad
COD = Dutch roll frequency, rad/s
cosp = short period frequency, rad/s

Introduction

THE Variable Stability In-flight Simulator Test Aircraft
(VISTA) program is ongoing in the Flight Dynamics Direc-

torate of Wright Laboratory. The VISTA aircraft will be used to
study new technology in the control of advanced configuration
vehicles and advanced control concepts. The baseline aircraft
being modified to create the VISTA is the F-16. Multiple control
system capability gives the aircraft the ability to test advanced
control systems in-flight while maintaining the ability to revert to
its conventional systems in the event of difficulties. An extended
angle-of-attack capability is desired to allow the VISTA F-16 to
achieve maximum lift, thus giving it the ability to simulate the
capabilities of more advanced high-performance aircraft.

The goal of in-house efforts for the VISTA F-16 in the Flight
Dynamics Directorate's Control Dynamics Branch is to achieve
good handling qualities and robustness over a wide operating
envelope by using advanced control approaches to augment stabil-
ity and performance. One approach being undertaken is to use
multivariable control to synthesize new control laws for the
VISTA F-16. This involves developing controllers for the existing
operational envelope using multivariable synthesis techniques.
The purpose of redesigning the control system for conventional
flight is to gain experience with the aircraft's capabilities and limi-
tations and to provide a baseline control structure for the transition
to high angle-of-attack flight control.

In this paper, the results of the longitudinal and lateral direc-
tional control law design for the full conventional maneuvering
envelope are presented. First, descriptions of the aircraft and the
nonlinear model are given. Then, a list of design requirements
from flying qualities and robustness specifications is presented.
The linear models used for control system design are described
next. Linear quadratic regulator (LQR) theory is reviewed, and the
control law design process using LQR theory with integral action
is shown. Linear and nonlinear elements are used to build the com-
mand shaping feedforward loops. The control gains at several
design points are scheduled with dynamic pressure to form an
implementable full envelope controller. Nonlinear time responses
to pilot inputs are plotted to show performance. Finally, flying
qualities and robustness analyses are performed and the results
presented.

Design Goals
The performance requirements of interest are the flying qualities

requirements in MIL-STD-1797.1 These requirements give mea-
sures of whether the aircraft has acceptable response to pilot
inputs. Several flying qualities requirements are based on low-
order equivalent system approximations of the actual dynamics.
The maximum allowable error in gain and phase between a high-
order transfer function and a low-order equivalent system is speci-
fied as a function of frequency. These gain and phase bounds rep-
resent the range of dynamics that are considered unnoticeable to
pilots.

Pitch axis control is the critical element in longitudinal flying
qualities. Control of normal acceleration is the pilot's primary
means of maneuvering. During missile delivery, the pilot directly

controls pitch angle to put his target within the lethal radius of his
weapons. In gunnery maneuvers, a pilot directly controls pitch to
point the aircraft at his target. Pitch is also used indirectly to con-
trol flight path in situations such as holding a landing approach.

Aircraft flying qualities requirements for the pitch axis are given
in terms of low-order equivalent systems that represent the pitch
rate and normal load factor responses to pilot control force inputs.

Kq(s+l/T92)e K e

stickp 3°v+%
The military standard guidelines for control anticipation param-

eter (CAP), equivalent short period damping and frequency, equiv-
alent pitch time delay, and ot)spr02 are selected as the evaluation cri-
teria for the longitudinal design. CAP is defined as

CAP = o)sp/K/°0 (2)

For category A flight phases, level I flying qualities1 require that
the CAP be between 0.28 and 3.60. The short period frequency
must be greater than 1.0 rad/s, and the short period damping must
be between 0.35 and 1.3. The equivalent time delay must be less
than 0.10 s, and the product o>spre2 must be greater than 1.85.

The basic philosophy of the lateral flight control laws is to pro-
vide control of the stability axis roll rate and the sideslip angle.
Control of stability axis roll rate rather than body axis roll rate
reduces kinematic coupling during rolls at high angles of attack. At
low angles of attack, body and stability axis roll rates are practi-
cally the same. Control of sideslip angle helps maneuvers to be
coordinated and allows landing in a crosswind.

The low-order equivalent system used for lateral directional fly-
ing qualities analysis is the fourth-order transfer function from
pilot stick force to roll rate. Since the objective is the control of
stability axis roll rate, the transfer function used for the analysis is
that from the lateral stick to stability axis roll rate.

5stickr (s + l/TR) (s + l/Ts) (s2 + 2£D

To meet level I flying qualities,1 the equivalent Dutch roll fre-
quency must be higher than 1 rad/s and the equivalent Dutch roll
damping ratio must be larger than 0.19. The equivalent roll mode
time constant must be less than 1.0 s. The equivalent spiral mode
must be stable or have a time to double amplitude of greater than
12s after a perturbation in roll angle. Finally, the equivalent time
delay must be less than 0.10 s.

Guidance for traditional stability margin requirements are given
in MIL-F-872422 for all relevant modes, that is, those between
0.06 Hz and the frequency of the first aeroelastic mode. The gain
and phase margin requirements for this design are ±6.0 dB and
±30 deg in all input and output loops. Because the longitudinal
system has only a single input and multiple outputs, these classical
robustness measures are considered acceptable for computing
robustness at the input of the longitudinal system. Unfortunately,
these gain and phase margins are not sufficient to ensure stability
in the multivariable case, since small, simultaneous perturbations
in several loops can destabilize a system, although individual loops
may have sufficient gain and phase margins.

An alternative measure of robust stability is based on singular
value techniques. Specifically, using structured singular value
analysis, or ji analysis, to compute robustness to simultaneous per-
turbations in several loops gives a more reasonable measure of
robustness for multivariable systems.3'4 For the longitudinal con-
trol system, the structured singular value is computed for simulta-
neous perturbations in the loop gains at the sensor outputs. This
gives a measure of the smallest destabilizing perturbation in each
of the loop gains of the closed-loop system. For the lateral direc-
tional control system, the structured singular value is computed for
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CMD

Fig. 1 VISTA nonlinear model structure.

simultaneous perturbations in the loop gains both at the actuator
inputs and at the sensor outputs. Single-loop requirements do not
translate to multivariable systems, since simultaneous perturba-
tions are considered, and so the traditional 6-dB and 30-deg mar-
gins specifications cannot be used.

Aircraft Model
The VISTA F-16 aircraft is a lightweight, single engine, super-

sonic test vehicle. The aircraft is statically unstable in pitch for
increased performance. The aircraft has leading- and trailing-edge
flaps, an all moveable horizontal tail, and a single rudder. The hor-
izontal tail is used symmetrically for pitch control and differen-
tially for roll control. The pilot controls include a force-feel side
stick, rudder pedals, and a throttle.

A high-fidelity, six-degree-of-freedom, nonlinear simulation
model has been developed for the VISTA F-16 vehicle. The
VISTA nonlinear model is written as a series of FORTRAN sub-
routines, and implemented and validated in a generic nonlinear
simulation environment. Specific application modules include sub-
routines describing the equations of motion, actuators, and sensors.
The actuation models for all of the control surface deflections
include fourth-order linear dynamics, hinge moment effects, and
position and rate limits. Additional subroutines describe the pro-
pulsion system, weight and moments of inertia variations, the
atmosphere, and the existing digital fly-by-wire control system.
The aerodynamic data exists for a wide range of Mach numbers,
altitudes, and angles of attack and sideslip. The model is detailed
enough to simulate long duration and large-amplitude maneuvers
with extreme accuracy. The nonlinear model is used to generate
linear models for control law design and to generate nonlinear time
histories to evaluate control designs. A diagram of the VISTA F-16
nonlinear model structure is shown in Fig. 1, where CMD repre-
sents the pilot command.

Linear Model Description
Once a trim condition is established for the nonlinear aircraft

model within the simulation environment, a linear model is gener-
ated to capture the perturbational dynamics around the equilibrium
point. Linear models are generated for the open-loop aircraft using
two-sided perturbations to evaluate the necessary partial differen-
tials. Linear design models are generated at several different flight
conditions corresponding to different Mach numbers and altitudes.
Separate sets of linear design points were used for the design of the
longitudinal and lateral directional flight control laws. The design
flight conditions are shown in Figs. 2 and 3.

The linearization procedure yields a lOth-order model of open-
loop aircraft dynamics. The model states are transformed into con-
ventional aircraft states: Euler angles, body axis rotational rates,
forward speed, angles of attack and sideslip, and altitude. For a
wings level trimmed condition, the linear model consists of decou-
pled fifth-order longitudinal and lateral directional models. The
longitudinal linear model is reduced to second order by removing

the trajectory states: altitude, velocity, and pitch angle. This model
reduction essentially removes the neutrally stable altitude mode
and the phugoid mode, leaving the short period dynamics rela-
tively unchanged. The remaining model reflects the aircraft
dynamics in maneuvering flight,

q = (4)

The lateral directional linear model is reduced to third order by
removing the trajectory states: the neutrally stable heading angle
and the roll angle. Removing the roll angle removes the neutrally
stable spiral mode and leaves the roll and Dutch roll mode poles
relatively unchanged. The lateral directional linear model becomes

^n ^op = Yfl + —p--r + YBf&df+Ytdt&dt+Yirsr

P = (5)

The measured outputs are pitch, roll, and yaw rates; normal
acceleration; angle of attack; and sideslip angle. It was assumed

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig. 2 Longitudinal design envelope.
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Fig. 3 Lateral/directional design envelope.
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for this design that angle of attack and sideslip angle could either
be measured directly or reconstructed from inertial data. Only one
weight and store configuration and the trim throttle setting were
used in the design and in the analysis. Stores consist of two AIM-9
missiles on the wingtips.

Control Law Design
Proportional plus integral output feedback controllers are

designed separately for the longitudinal and lateral directional
axis. Figures 4 and 5 show the structure of the flight control sys-
tem. LQR theory is used to synthesize the feedback gains for both
axes. Consider a linear, time-invariant model

x = Ax+Bu (6)

A quadratic performance index of the criterion outputs z is
given by

where
z = Fx + Gu

(7)

(8)

Here, the weighting matrix Q is used as a design variable to
trade off different criterion outputs in the cost function. The crite-
rion outputs are functions of the states and inputs of the linear
plant model.

The state feedback control law is given by

u = -Kcx= ~(GTQF + BTP)x (9)

where P is the stabilizing solution to the Riccati equation

(A-BGTQF)TP +P(A-BGTQF)-PBBTP

+ FT(I-GGTQ)TQ(I-GGTQ)F = 0 (10)

Longitudinal Design
The VISTA F-16 is statically unstable in the pitch axis over

most of the flight envelope. The longitudinal flight control system

ICKP ^

/ 1

1̂ 3 + 1

1

— ̂ r

-S

Fig. 4 Longitudinal control system.

must provide inputs to the horizontal tail to stabilize the aircraft
and provide satisfactory handling qualities. For this design study,
the angle of attack, pitch rate, and normal acceleration sensor out-
puts are used to drive the longitudinal controller. To provide the
required response to pilot stick inputs for a wide flight envelope, a
dual command control structure is used. An angle-of-attack com-
mand system is employed at low-dynamic pressures and a normal
acceleration command is used at high-dynamic pressures.5 Integral
feedback in the commanded variable produces good low-fre-
quency tracking.

The open-loop longitudinal model is put into state-space form
for control law design

* Ion =

- 8,

(ID

(12)

where *lon and «lon are the longitudinal state and control vectors.
The signal e is the tracking error to a reference command rc. For a
normal acceleration command design, e = Az-rc, and for an angle-
of-attack command design, e = a—rc.

The criterion outputs for longitudinal control synthesis are

^4~ §, (13)

Initial selection of the weighting matrices is based on Bryson's
rule6

fi^^max d4)

where Qu are the diagonal elements of the criterion output weight-
ing matrix. The variables z/maxare the maximum allowable values
for each of the criterion outputs z,-. The weights are fine tuned to
place the closed-loop poles at suitable locations for flying quali-
ties.

In the longitudinal case, since normal acceleration, angle of
attack, pitch rate, and integrated tracking error are available, the
number of outputs exceeds the number of states in the design
model. The output vector is

n+ AonMlonMlon (15)

Because the matrix Clon has full column rank, an output feed-
back gain matrix can be derived that preserves the closed-loop
eigenstructure. The state feedback equation can be rewritten as a
function of Clon and a diagonal matrix S.

Mion=-^clm^ion=-^clOT(CLSC1J-1CL5CUmj:to (16)

Using Eqs. (15) and (16), the feedback solution can be expressed
in terms of the output y and the matrices Clon and Dlon.

n = yion ~ Aonwlon (17)

(18)

Fig. 5 Lateral/directional control system.

£ Sy = - (19)

The diagonal matrix S can be chosen to adjust the gains on par-
ticular feedback signals to reflect design considerations such as
output response characteristics. It is important to note that because
the output feedback system is not strictly proper, the state feedback
stability margin guarantees are no longer valid. In this case, partic-
ular care must be taken in the selection of the output feedback
transformation so that stability robustness properties are not
destroyed.

Separate designs were completed for each of the eight design
points shown in Fig. 2. The points chosen represent a range of
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Fig. 9 Rudder gains.

dynamic pressures and angles of attack. For each point design, the
design weights were adjusted to achieve the desired closed-loop
flying qualities. For each point, there are three proportional gains
and one integral gain.

Lateral Directional Design
The lateral directional flight control system must provide satis-

factory handling qualities through control of stability axis roll rate
and sideslip angle. Integrators on the stability axis roll rate and the
sideslip angle signals provide good steady-state response. The two
integrators result in two additional states. The resulting synthesis
model has five states: sideslip angle, roll rate, yaw rate, integral of
sideslip angle error, and integral of stability axis roll rate error.
Since roll and yaw rates and sideslip angle are measured, and the
integrated error signals are generated, all of the states of the linear
model are available for feedback.

The inputs to the lateral directional dynamics are the differential
horizontal tail, the differential flaperon, and the rudder. The deflec-
tions of the differential flaperon and the differential tail are com-
bined to form a single input in the linear model (8a). This is done to
represent the hardware of the actual vehicle. The combined control
effectiveness of the flaperon and differential tail is formed by sum-
ming the control effectiveness of the flaperon and one-fourth that
of the tail. Thus, a single input is created in the design model. In
the implementation of the control laws, the command sent to the
differential flaperon is scaled by one-fourth and sent to the differ-
ential tail.7 The linear design model is

*!*= tPerr Perr ^err /Parr & Ulat= [8. 8r] (21)

where jclat and wlat are the lateral directional state and control vec-
tors. The stability axis roll rate signal is generated as a function of
body axis roll, body axis yaw, and angle of attack

err = Perr COS OL + Terr sin Oi (22)

For the linear point designs, the values for the components of a
in the stability axis roll rate signal were assumed to be constant. In
the nonlinear implementation, the nonlinear elements are included
in the feedback path between the angle of attack and the stability
axis roll rate signal.

The criterion outputs were chosen to achieve good flying quali-
ties in the closed-loop design. Combinations of states are created
to produce zeros in the criterion outputs. The desired closed-loop
poles are used to select the criterion outputs, since the closed-loop
poles will approach these zeros. The desired flying qualities are
used to select these zeros, providing a way to incorporate desired
flying qualities into the design.8

For the lateral directional model in this design, the first criterion
output is a combination of roll rate, yaw rate, and integrated stabil-
ity axis roll rate error, and is given by

(20) =pmcosa + reirsina + K, (23)
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The second criterion output is a combination of sideslip angle,
integrated sideslip angle, and the derivative of sideslip and is
given by

(24)

The derivative of the sideslip angle is formed using the sideslip
equation in Eq. (5). A sensor for the derivative of sideslip is not
required for control. The third and fourth criteria outputs are the
control inputs:

z3=§a z4=8r (25)

The constants in Eqs. (23) and (24) are selected to make the
zeros of the controlled output equations the desired closed-loop
poles. The constant Kt in zl is chosen to specify the roll mode time
constant. Similarly, the constants co and £ in z2 are chosen to spec-
ify the Dutch roll damping and frequency. The criterion output
weighting matrix <2latis a diagonal matrix that is used to adjust the
relative weights of the criteria outputs in the cost function.

Separate designs were completed for each of the design points
shown in Fig. 3. As in the longitudinal case, the points represent a
range of dynamic pressures and angles of attack. The resulting
feedback gain matrices have 10 elements, since there are five feed-
back signals and two independent inputs.

Nonlinear Implementation
The control law design covers the subsonic flight envelope for

dynamic pressures between 40 and 1150 psf. Feedback gains are
scheduled with dynamic pressure to establish a full envelope con-
trol law. Design points were selected at various altitudes and Mach
numbers to capture a broad range of dynamic pressures. Figures 2
and 3 show the design points used in formulating the gain sched-
ules. The gains at the linear design points are connected through a
hermite cubic interpolation routine.9 The interpolation routine is
written in FORTRAN 77 and contained within the controller sub-
routine, thus creating a nonlinear control law implementation. The
feedback gains for two longitudinal modes are plotted in Figs. 6
and 7. The lateral directional feedback gains are shown in Figs. 8
and 9. The gains shown are in units of deg/deg, deg/(deg/s), and
deg/n.

Two different longitudinal gain schedules exist, one for the
angle-of-attack mode and one for the normal acceleration com-
mand mode. The transition between the modes is controlled by a
local trimming routine that ensures that there are no discontinuities
in the actuator command at the time of transition. For dynamic
pressures less than 130 psf, longitudinal stick inputs translate into
angle-of-attack commands. For greater dynamic pressures a nor-
mal acceleration command is generated. Lateral stick inputs trans-
late into roll rate commands, and rudder pedal inputs translate into
sideslip angle commands.

First-order lag prefilters are used to smooth commands so that
abrupt pilot inputs do not create abrupt aircraft responses. The lon-
gitudinal stick prefilter time constant is scheduled with dynamic
pressure. The rudder prefilter time constant is fixed at 0.067 s. The
roll rate prefilter has a variable time constant. For large commands
the prefilter has a time constant of 0.4 s, and for small commands
and for commands moving toward zero roll rate, the prefilter has a
smaller time constant of 0.2 s. This allows the pilot to perform
small maneuvers and to stop rolling crisply when the desired roll
attitude is reached. Local feedback loops around the three integra-
tors are closed in the event of control surface saturations. These
conditional loops provide antiwindup protection to the control sys-
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Fig. 11 Short period frequency results.
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tern during demanding maneuvers that may create unmanageable
transient errors.

Figures 4 and 5 show that several nonlinear elements are
included in the forward path of the control system. Deadbands in
the stick and rudder pedal paths create command breakout forces
that prevent small force disturbances from creating undesirable
control action. Force gradients translate pilot stick and rudder
pedal inputs into commands to the control system. Piecewise linear
control gradients provide fine tracking capability for small stick
inputs and gross maneuvering capability for large stick inputs. Lin-
ear first-order lag prefilters smooth the scaled pilot commands
before they are used to generate the error signals in the control sys-
tem.

The control laws were implemented in FORTRAN and used in
the nonlinear simulation. The time history for a loaded roll maneu-
ver starting at 20,000 ft, Mach 0.7 is shown in Fig. 10. A simulated
pilot command is given to roll the aircraft to 60 deg, and then to
command 3 g normal acceleration. The roll command is reversed,
and the aircraft rolls from 60 deg to past 60 deg in the opposite
direction. Both roll rate and normal acceleration are tracked very
well. In particular, the load factor commanded is held very close to
the commanded value during the loaded roll. Sideslip is regulated
within ±1.2 deg during the maneuver, showing that the coupled
maneuver is well coordinated.

Flying Qualities Results
The closed-loop aircraft was evaluated at several points to quan-

tify the flying quality parameters across the flight envelope. Fig-
ures 2 and 3 show the points that were used in the flying qualities
analysis. The analysis points are a combination of design points
and off design points. For the latter case, the gains were derived
from the schedules in Figs. 6-9, and the linear aircraft models
were obtained by linearizing the nonlinear model at the appropri-
ate point. Both design and off design points were used in the anal-
ysis to assure good transition between flight conditions and good
performance across the flight envelope.

Longitudinal
For each evaluation point shown in Fig. 2, an equivalent system

transfer function matching program was used to match the high-
order transfer function from pilot stick inputs to outputs of interest
to the low-order equivalent systems in Eq. (1) over the frequency
range between 0.1 and 10 rad/s. The second-order longitudinal
dynamics, high-order actuator models, and the compensator were
used to generate the high-order transfer function. Figure 11 shows
that the short period natural frequency is greater than 1.0 rad/s for
all conditions. The boundaries in Fig. 11 represent acceptable
ranges for CAP. The level I boundaries are the middle lines. The
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value of the control anticipation parameter falls slightly below the
level I requirements at 30,000 ft and Mach 0.5.

Figure 12 shows that the short period damping and the product
cospr62 are level I for all conditions. As shown in Fig. 13, the equiv-
alent pitch time delay requirement is the most difficult metric to
satisfy. For Mach 0.3 and 10,000 ft and 20,000 ft, level I equiva-
lent pitch time delay requirements are violated by 0.002 and 0.001
s, respectively. For Mach 0.9 and 10,000 ft, the equivalent time
delay is 0.118 s. The excessive equivalent time delay at this condi-
tion is caused by coupling between the short period and actuator
modes.

Lateral/Directional
The equivalent system transfer function matching program was

used to fit the lateral stick force to stability axis roll rate transfer
function to a third-order equivalent transfer function which
includes the roll and Dutch roll modes. The fourth-order lateral
directional dynamics, high-order actuator models, and the com-
pensator were used to generate the high-order transfer function.
The equivalent systems were matched for the frequency range
between 0.1 and 10 rad/s. The Dutch roll frequency and damping,
roll mode time constant, and equivalent roll time delay are plotted
in Figs. 14-16. For each of the flight conditions where the flying
qualities were tested, the values are well within the level I bound-
aries. The spiral stability was assessed from the high-order transfer
function. At each of the design points the spiral mode was nearly
neutrally stable. A spiral mode with level I flying qualities has a
time to double amplitude after a disturbance in roll of at least 12s.
Thus, this requirement is met for all of the flight conditions.

Stability Margin Analysis
Gain and phase margins were computed at the input of the lon-

gitudinal plant for a wide array of flight conditions. The conditions
tested were at lO^T, 2QK, and 30K ft altitude, and Mach numbers
0.3, 0.5, 0.7, and 0.9. Longitudinal input gain and phase margins
exceed specifications for all test points.

Robustness at the output of the longitudinal system was com-
puted by assuming each sensor loop had an independent, multipli-
cative perturbation bounded by unity magnitude. Each perturba-
tion was allowed to vary independently in gain and phase, and the
structured singular value was computed to obtain the magnitude of
the smallest destabilizing perturbation. For the conditions tested,
the structured singular values peak between 1.1 and 1.8 in the fre-
quency range of the short period dynamics. The inverse of the peak
values is the size of the smallest perturbation that makes a mode of
the system, in this case the short period, unstable. Since this mea-
sure of robustness considers simultaneous, independent perturba-

tions in gain and phase in each loop, the robustness is considered
satisfactory.

Robustness at the input and output of the lateral directional sys-
tem was computed in a similar fashion. The flight conditions tested
were at WK, 2QK, and 30K ft altitude, and Mach numbers 0.4, 0.6,
and 0.8. Simultaneous, independent perturbations were assumed
first in the actuator loops and then in the sensor loops. The struc-
tured singular values for input perturbations are all less than unity,
whereas the peak values for output perturbations are all in the
range 1.7-2.3. This robustness is considered satisfactory.

Conclusions
A full envelope control system for both the longitudinal and lat-

eral directional axes of the VISTA F-16 test aircraft has been
developed. Linear quadratic synthesis provides state feedback
solutions that are transformed into output feedback controllers
with integral error states. A nonlinear control law has been created
by scheduling feedback gains with dynamic pressure. The result-
ing flight control system has been implemented and tested within a
high-fidelity, six-degree-of-freedom nonlinear simulation. Analy-
sis demonstrates that the controller provides stability, robustness,
and flying qualities for a broad range of flight conditions.
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