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Design of an Autoland Controller for an F-14 Aircraft
Using Tioc Synthesis

R. J. Niewoehner* and Isaac I. Kaminer1"
U.S. Naval Postgraduate School, Monterey, California 93943

Our purpose is to present the results of a design effort to incorporate direct lift control into the F-14 aircraft
automatic carrier landing system. This was accomplished using a new design methodology whereby typical single
input/single output design specifications were translated into the weighting functions of an T^oo output-feedback
synthesis problem. Next, robustness of the Tioo controller was analyzed using the structured singular value concept
(JJL). A simplified uncertainty model for air vehicles based on flight test data was developed for this analysis. Finally,
the resulting controller was successfully validated on the nonlinear simulation.

I. Introduction

C ARRIER approach and landing is a challenging multivariable
control problem where the aircraft states must all be care-

fully controlled to comply with multiple structural and safety-of-
flight constraints. Automatic landing systems currently in service on
carrier-based aircraft (including the F-14) incorporate nested single
input/single output (SISO) controllers that generally seek to regulate
the angle of attack with the engines in the inner loop, while aero-
dynamic surfaces such as elevators or stabilators provide altitude
control. Since neither the engines nor the aerodynamic surfaces can
control the altitude state directly, their influence is indirect through
a combination of other states. The F-14 has an unusual aerody-
namic configuration that includes direct lift control (DLC), thereby
providing an aero surface with substantial authority to control al-
titude directly. Moreover, the DLC is driven by actuators whose
bandwidth exceeds that of the other control surfaces. Regrettably,
this powerful control surface is not used by the automatic landing
system currently in service. In this paper, a multivariable feedback
controller is presented that seeks to exploit this powerful but dor-
mant capability.

To achieve this objective, the design methodology presented here
was developed to enable the control engineer to translate the design
requirements into weighting functions for li^ synthesis.1"5 It has
been our experience when dealing with these problems that most
design requirements are SISO in nature, whereas the H.^ synthe-
sis technique is truly a multivariable tool. Thus, the main feature
of this methodology is a simple procedure for translating the SISO
requirements into the various weighting functions for Ti^ synthe-
sis. Moreover, once the SISO requirements have been satisfied, the
HOO framework offers a natural way to expand the weighting func-
tions to satisfy multivariable stability and performance robustness
requirements.

This methodology has been applied to the design of control sys-
tems for commercial airplanes, autonomous underwater vehicles,
flexible structures, and, most recently, unmanned aerial vehicles.6"10

In Refs. 6-10, this technique was used to synthesize state-feedback
controllers. In Ref. 9, where a controller for a flexible structure
was designed, the methodology was extended to include an output
feedback case. The methodology outlined here expands this previ-
ous work to include compliance with closed-loop sensor bandwidth
requirements.

Specifically, the methodology offers a simple and effective way
to design feedback controllers that satisfy specified command-loop
bandwidths, control-loop bandwidths, closed-loop damping, and
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closed-loop sensor bandwidths. Each of these objectives is pursued
through a specific formulation of the synthesis model and selec-
tion of the HOC synthesis weighting functions. Furthermore, it has
been observed that an additional benefit of this methodology is that
the resulting controllers do not cancel the undesirable modes of the
open-loop plant. This is attributed to the suitable choice of weights
to satisfy the closed-loop damping requirements.

The appeal of this methodology is that the control designer is
provided with a straightforward framework to implement HOC con-
trollers in pursuit of typical design requirements without a detailed
understanding of the theoretical basis for these tools. Moreover, the
results of the design effort are assessed using familiar SISO figures
of merit. The availability of good commercial software utilities and
ever improving computational resources only enhance the viability
of iterative design methods such as the one presented here. This
methodology is suggested as one means of placing these tools into
the hands of practicing control designers.

The controller design methodology we propose necessarily has
a heuristic component. This heuristic component has been influ-
enced by our experience in solving the practical problems already
mentioned. Although we were successful in applying the design
methodology to this problem, we cannot offer any guarantees as to
whether its application to an arbitrary control problem will yield a
satisfactory solution.

Lastly, a method is proposed for accommodating structured model
uncertainty in flight dynamics problems. Specifically, the gross un-
certainties in lift, drag, and pitching moment in the nonlinear model
are considered rather than the uncertainties in individual parameters.
This approach is suggested for use when flight test is the origin of the
aerodynamic stability data. The robustness of the resulting closed-
loop nonlinear system is then analyzed using established structured
singular value (/x) methods.11'12

This paper is organized as follows. In Sec. II, the carrier land-
ing problem and the design requirements are described. Section III
presents the details of the design process, and Sec. IV details the
uncertainty modeling and analysis results. Section V presents the
results of the nonlinear simulation. We present some concluding
remarks in Sec. VI.

II. Problem Statement
The objective of the controller design is to provide precise au-

tomatic control of the approach and landing of a carrier-based air-
craft in the longitudinal axis. In this section we describe both the
plant to be controlled and the desired performance specifications.
These specifications are classical in nature and are representative
of those posed to control designers in industry. The notational con-
vention adapted in this paper was to use uppercase letters of denote
total values of the variables introduced, whereas lower case let-
ters denoted the perturbations of these variables around their trim
values.
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A. Airplane and Model Description
The design problem to be solved here deals with the longitudinal

motion of a fighter airplane and the control of the longitudinal rigid
body dynamics. A complete description of an airplane's equations of
motion can be found in many available references: see, for example,
Ref. 13. Consequently, we will not describe the equations of motion
in detail. Rather, we will present a brief qualitative description of
the key features.

The longitudinal equations of motion of an airplane are described
by two force equations (longitudinal force Fx and vertical force Fz)
and one angular moment equation (pitching moment M). The state
variable associated with the Fx equation is the forward velocity U
(along airplane's body-fixed x direction). The state variable associ-
ated with the Fz equation is the angle of attack a (the angle between
the body-fixed x direction and the true total velocity). The state
variable associated with the M equation is the pitch rate Q. The
integral of Q for a typical approach and landing condition is the
pitch attitude 0 (the angle between the body fixed jc direction and
the horizon). Other motion variables of interest are the airplane's
airspeed Vt (generally not aligned with the body-fixed x direction),
flight-path angle y (the angle between Vt and the horizon), and the
airplane's altitude above sea level H. All of the angles used here
are expressed in radians, angle rates in radian per second, position
variables in feet, position rates in feet per second, and accelerations
in gravity.

Although the preceding discussion is germane to the flight dy-
namics of all aircraft, the F-14 has a distinctive aerodynamic con-
figuration because of the environment in which it was designed to
operate. Mission requirements dictated a variable-sweep wing for
low drag at high speeds, with full-span flaps and slats, for very
high lift at low carrier takeoff and landing speeds. Control along the
longitudinal axis is provided by two afterburning turbofan engines
(thrust). Pitch control is provided by symmetric deflection of two
stabilators (stab). In the landing configuration (gear down, wings
fully forward, and flaps fully extended), DLC is provided by sym-
metric deflection of wing mounted spoilers. The neutral position of
the spoilers is approximately 40% of full deflection so as to provide
for both positive and negative contributions to the lift.

For this design study, the sensors available included onboard ac-
celerometers and gyros that provide pitch attitude @, longitudinal
acceleration Nx, vertical acceleration NZ9 and pitch rate Q. Total ve-
locity Vt was provided by the aircraft's air data system. Lastly, for
automated approaches and landings, the altitude H was determined
by a shipboard tracking radar.

The model used for the design process was a linear model ob-
tained from a nonlinear simulation built using aerodynamic coeffi-
cient data. This simulation model was nonlinear in that although the
aerodynamic derivatives were held constant, the equations of mo-
tion included the nonlinear influence of airspeed and gravity, as well
as the dynamic coupling terms. The flight condition was a nominal
approach point of 230 fps, at sea level, with a gross weight of 54,000
Ib. The linearized longitudinal model included five states, u, a, q, 9,
and h, and three control inputs, <5stab, <$thrust, and <5dic, where all of the
linear states and inputs are small perturbations around the nominal
operating point. At this condition, the longitudinal rigid body mo-
tion of the F-14 is characterized by two second-order stable modes,
the phugoid and short period, and an altitude integrator. The phugoid
involves perturbations in Vf and H with nearly constant a, whereas
the short period mode involves perturbations in a and g, with Vt
and H remaining constant. The short period mode had a natural
frequency of 1.04 rad/s and a damping ratio of 0.45. The phugoid
had a natural frequency of 0.18 rad/s and a damping ratio of 0.06.
In addition to the plant's five states, the actuators were modeled
by three first-order transfer functions. These were appended to the
control inputs and had bandwidths of 20, 2.5, and 50 rad/s for the
stabilators, engine, and DLC, respectively. As a result the complete
system was represented by an eighth-order linear model.

B. Problem Description
The general problem was to design a feedback controller that

would satisfy the operational constraints imposed by the mission.
The challenge of landing an aircraft at sea requires very precise

control of the aircraft states. Glideslope, which is the desired spatial
trajectory of the aircraft, must be tightly controlled to provide for
safety and to achieve the precise touch-down necessary to be arrested
on the ship. The glideslope is an imaginary ramp oriented three de-
grees above the horizon, moving with the ship and terminating in
the center of the landing area. In the case of manual landings, devia-
tions from glideslope are detected visually by the pilot with a visual
reference to a shipboard optical system. For automated landings,
a precision tracking radar onboard the ship compares the aircraft's
position with an internally calculated glideslope and transmits an
error signal to the aircraft's flight control system via data link. Tight
control of aircraft total velocity is driven by the competing require-
ments of providing for adequate aerodynamic performance, while
minimizing the kinetic energy that the airframe and arresting gear
must absorb on landing. Tight control of the aircraft attitude is re-
quired to prevent tailstrike. Both of these objectives can be achieved
by controlling angle of attack with total velocity and the pitch at-
titude as dependent variables. Angle of attack is also an attractive
control variable as consistent aerodynamic performance is achieved
for wide ranges of gross weights.

The approach-to-landing problem can be fully characterized by
several combinations of the variables in the state vector because of
the mathematical and aerodynamic relationships between these vari-
ables. Likewise the control objectives can be achieved by tracking
any one of these combinations. Systems in fleet use today incorpo-
rate nested SISO controllers, with the engine controlling angle of
attack in the inner-loop and the stabilators controlling either sink rate
or flight path. The remaining variables are then dependent functions
of the gross weight and the two controlled parameters. In this paper
we propose to use DLC to provide independent altitude control of the
F-14 in approach and landing. Currently, the F-14's DLC is engaged
for approach, such that the spoilers are deployed to their neutral DLC
position. DLC is not utilized as part of the control system, however,
and serves only to increase both the drag and the trimmed power
setting (this is done to keep the engines in a more responsive range
of operation). Neither the engines nor the stabilators provide direct
control over the flight path, but instead indirectly control it through
airspeed and pitch attitude. Performance may thereby be sacrificed,
as DLC is the only control effector that couples directly into alti-
tude, the most critical of the three parameters, and DLC actuator is
the fastest of the three available actuators. Given three independent
control effectors with sufficient control power, F-14 has the resident
capability to track three independent command signals. A multivari-
able approach to the control design would permit inclusion of the
DLC in the control system resulting in both an enhanced capability
and an improvement in performance. Therefore our control strat-
egy was to track altitude h and angle of attack a. using stabilators,
engines, and DLC. Since the number of control inputs exceeds the
number of command variables, we have the flexibility to wash out
one of the inputs. We chose to wash out the DLC. (Note that this
is equivalent to require that DLC be driven to zero in steady state.)
The desired effect was that the thrust would control the glideslope
in steady state, whereas the DLC would provide dynamic glideslope
control. Thus, the design problem was to synthesize a feedback con-
troller that tracked a glideslope signal, while controlling angle of
attack in steady state given the available sensor suite.

C. Design Requirements
In view of the problem description, the controller was required to

satisfy the following design requirements.
1) The controller had to achieve zero steady-state values for DLC

and for the errors in h and a in response to step commands in angle
of attack and ramp commands in altitude (this was necessary for
glideslope signal tracking and wind disturbance rejection).

2) The bandwidth requirements were as follows: a) The input-
output command response bandwidth for all three command loops
(altitude, angle of attack, and DLC) was not to exceed 1 rad/s. b)
The control loop bandwidth was not to exceed 40 rad/s for the DLC
actuator, 20 rad/s for symmetric stabilator, and 2 rad/s for the en-
gine. These numbers represented 80% of the corresponding actuator
bandwidths to ensure that the actuators were not driven beyond their
linear operating range, c) The sensor response bandwidths were not
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to exceed 100 rad/s for the gyros and accelerometer and 5 rad/s for
the altitude, angle of attack, and airspeed data.

3) The closed-loop eigenvalues associated with physical states
were to have the damping ratio of at least 0.6. (This permits con-
troller modes to have damping ratios less than 0.6.)

4) The robustness requirements were as follows: a) The controller
could not cancel the lightly damped open-loop poles of the plant.
b) Simultaneous gain and phase margins of ±6 dB and 45 deg were
to be achieved in all control and sensor loops, c) Stability was to be
guaranteed for simultaneous variations of 20% in the perturbed lift
and drag forces and pitching moment.

III. Controller Design
In this section, we will describe the key features of the controller

design process that we followed. The section is organized into a
number of subsections that emphasize some of the important engi-
neering issues that arose in the controller design.

A. Synthesis Model
The first step in the controller design process was the develop-

ment of the synthesis model that served as an interface between the
designer and the H^ controller synthesis algorithm.

Consider the feedback system in Fig. 1. The synthesis model
was derived from the linear model of the airplane by appending the
depicted weights. The weights became the knobs that the designer
adjusted to achieve the specified performance requirements. Here C
denoted the controller to be designed, P was the linear model of the
F- 14, and the block Q within the dashed line was the synthesis model.
The vector w\ represented the commanded inputs to be tracked,

The signal e represented the vector of the tracking errors (e =
wi -Xi=:[he,ae8dicJ').

The outputs of W\, W2, and W^ comprised the vectorz. To achieve
zero steady-state errors in tracking a ramp altitude command, and
step a and DLC commands, the weighting function W\ was chosen
to have the following form:

where the constants ci, c2, and c3 were adjusted to get the desired
command-loop bandwidths. Thus, W\ provided weighted integra-
tors on the error channels of the regulated variables.

The choice for the weighting function W2 was

where c4, c5, and c6 were adjusted to achieve the desired control-
loop bandwidths.

Next, notice that the elements of the vector x2 were the rate terms
on the principal states of the aircraft. Selection of x2 was an impor-
tant element of our methodology. Applying the weighting matrix
W3 to Jt2, and including these signals in z, penalized activity in their
corresponding states. As a result, W^ had the following form:

W3 = diagfo), i =7, 11

The vector w2 consisted of the measurements noise inputs for each
of the aircraft sensors and of the process noise inputs for each of the

where c, were used to improve damping in a particular mode, as
discussed in Sec. III.B.

Therefore, we obtained

z —

aircraft control effectors. The vector uc represented the control in-
puts to the aircraft and was composed of the stabilator control input,
the thrust control input, and the DLC control input. The signals jci
and x2 were

This selection of the regulated output vector z guaranteed that
the appropriate integral control was applied to achieve steady-state
requirements and that a mechanism existed for providing adequate
damping on excessively active states.

The vector y included the aircraft's sensor outputs. Furthermore,
y had to include the integral error states to satisfy the detectability
assumption in Theorem 3 of Ref. 1:

1 = \h a vt 0 n7
A,
S2

Otf

S

Finally, from the definition of the disturbance input vector w2 and
the measurement output vector^, it followed that

W4 = diagfo), i = 12 , . . . , 25

Fig. 1 Synthesis model.

where the first three elements of W* corresponded to the pro-
cess noise input and were used for loop transfer recovery proce-
dure similar to linear quadratic Gaussian/loop transfer recovery
(LQG/LTR),14'15 whereas the remaining elements corresponded to
the sensor noise inputs and were adjusted to obtain desired sensor
loop bandwidth (see Sees. III.B.2 and III.B.3).

Next we present a procedure for adjusting the weights W\, W2,
W$, and Wi to achieve the design specifications.

B. Design Procedure
The design process used to obtain a feedback controller C is now

summarized, followed by a detailed discussion of how each of the
design steps were applied to the F-14 design example.

1) Set W3 to zero. Use H^ state-feedback synthesis to determine
W\ and W2 to satisfy the command and control-loop bandwidth
requirements.
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2) If closed-loop damping was unsatisfactory, refine the state-
feedback design by adjusting W-$ weights to include derivatives of
the lightly damped states in the output z. These states were identi-
fied by examining the eigenvectors associated with lightly damped
eigenvalues of A -I- B2Ksfb, where A and B2 were the state and
control input matrices of Q and K^ was the state-feedback gain
determined in step 1. The maximum element of such eigenvectors
corresponded to the state contributing most to the lightly damped
mode. Increasing the weight in the corresponding W3 entry had
the effect of damping the dynamic activity of that state. Readjust
Wi and W2 weights to maintain the previously achieved bandwidth
specifications.

3) Given Wi>2)3 determined as described, use measurement feed-
back design to determine the sensor noise weights in W4 necessary
to satisfy sensor response bandwidths.

4) Determine the process noise weights in W4 by analyzing the
broken-loop system responses, adjusting the weights as necessary
to match the crossover frequencies that were observed for the state
feedback design. This step is similar to LTR technique developed
for linear quadratic methods.14'15

5) Readjust W\^,3 as required to maintain previously achieved
specifications.

6) Evaluate resultant controller using linear and nonlinear simu-
lation. Readjust weights if necessary.

7) Confirm compliance with other specifications: robustness,
damping, and cancellation of lightly damped open-loop poles.

1. State Feedback Design: Determining the W\ and W2 Weights
The objective of this step was the determination of the appropriate

W\ and W2 weighting functions to achieve the specified command
and controller bandwidths. As a general rule, increasing the weight
on the integral errors in W\ increased the bandwidth of the respec-
tive command loop, and increasing the weight on the controller
commands in W2 decreased the crossover frequency in the corre-
sponding control loop. Although adjusting the weight on a given
term in W\ or W2 consistently had the desired effect on the cor-
responding command or control loop bandwidth, the multivariable
nature of the problem meant that the changing a given weight oc-
casionally resulted in wild variations in the bandwidths of the other
loops, invariably in the most undesirable direction. Generally, once
a desired crossover or corner frequency was attained, weights were
then readjusted in response to adverse coupling effects. Table 1 de-
picts both the nominal performance and the refined performance for
several iterations as the weights were varied. Here the numerator
of each entry represents the value of the weight c/ applied to the
identified term in z, whereas the denominator provides the result-
ing bandwidth in the corresponding loop. The column containing
damping ratios represents the minimum damping ratio for all com-
plex closed-loop poles at each iteration.

As can be seen from Table 1, by the third iteration, the band-
widths had been balanced close enough to the desired specifications
to attempt improvement of closed-loop damping. The objective here
was to identify the principal states contributing to the under-damped
modes and to increase the weight on their respective rates in the
output vector z such that activity in that mode was penalized. After
the third iteration, the closed-loop system matrix (A + B2KSfb) had
two complex pairs of eigenvalues with damping ratios of 0.55 and
0.43. The eigenvectors corresponding to these under-damped modes
pointed at the he/s and q states, respectively. This indicated that

he/s and q were the dominant participants in each of the two under-
damped modes. Since he/s was a state internal to the controller, it
was disregarded and attention was focused on enhancing the damp-
ing on q. To improve the damping of this mode, the weighted output
q was included in z, and the value of the corresponding term in W^
was set to a nonzero value.

Initially a very small weight was introduced relative to the other
weights. Each time a damping weight was adjusted, the W\ and
W2 weights were readjusted in response, to maintain the bandwidth
characteristics previously achieved prior to further refinement of the
damping weights. The eigenanalysis was performed after each ad-
justment of the damping weights to identify the most active state of
each under-damped mode and to ensure that another mode had not
become under damped. In fact, penalizing q made GL and 0 the domi-
nant participating states in the same under-damped mode, requiring
inclusion of a penalty on a and 9 in W^. A total of 24 iterations were
required to achieve the design that approached both bandwidth and
damping specifications. At the conclusion of this phase the weight-
ing functions W\, W2, and W3 had the following values:

.
10/s2 0 0

0 30/5 0
0 0 5/5,

-
5 0 0 N

0 0.01 0
0 0 1

W3 = diag(0, 10,5,1,0)

Figure 2 includes the broken-loop responses for the elevator,
thrust, and DLC control loops for the given values of W\, W2, and
W3. Similarly, Fig. 3 includes Bode magnitude plots for h/hcmd,
a/acmd, and <$dic/<$diccmd command loops.

2. Output Feedback Controller Design: Selecting the
Measurement Noise Weights

The next step was to determine the terms in the weighting function
W4 that correspond to the measurement noise signals. The objective
of this phase was to tune the controller to filter each sensor input as
not to exceed the expected reliability of the sensor. For example, if

•g 10

frequency (rad/s)

Fig. 2 Bode magnitude plots of the broken-loop control-loop responses.

Table 1 State-feedback design: weights/resulting bandwidths

W2 W3

Iteration: he ae DLC <5stabcmd
spec. >1 rad/s >1 rad/s >1 rad/s <20 rad/s <2 rad/s <40 rad/s >0.6

1
2
3
5
7
8

24

1/1.5
1/0.8
1/0.8
1/0.9
1/0.9
1/0.8
10/1

1/0.01
10/2
5/1
5/1
5/1
5/1
30/3

1/1
1/0.01

1/1
1/1
1/1
1/1

5/20

1/2.5
1/4.5
1/4

1/100
1/100
5/8
5/10

1/0.01
1/0.01
1/0.01
1/0.01
1/0.01
1/0.01
0.01/2

1/1
1/1
1/1
1/1
1/1
1/1
1/6

0
0
0
0
0
0
0

0
0
0
0
5
5
10

0
0
0
5
5
5
5

0
0
0
0
0
0
1

0
0
0
0
0
0
0

0.43
0.43
0.45
0.53
0.62
0.44
0.60
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108

frequency (rad/s)

Fig. 3 Bode magnitude plots of the command-loop responses.

10" 10° 10°

frequency (rad/s)

Fig. 4 Bode magnitude plots of the sensor loop responses.

a sensor could be regarded as reliable at frequencies up to 10 rad/s,
then the controller response to that sensor channel should roll off at
a frequency less than or equal to 10 rad/s.

Consider the following representation of the controller:

C =
Bcy

u = Cc?

The frequency responses of the diagonal terms of the transfer
function matrix C2(sl — AC)~1BC were plotted to evaluate the influ-
ence of each channel on the controller (Fig. 4). The outputs of this
transfer matrix represented the estimates of the states of Q in the
presence of the worst-case disturbance.1 By examination of the cor-
ner frequency for each of the 10 channels of C2(sl — AC)~1BC, the
weights could be adjusted to achieve the desired sensor response
bandwidth. Increasing the weight on a given term resulted in the
bandwidth for that channel being decreased. This is similar to the re-
sults encountered in LQG design15 and is consistent with intuition.
Very little effort was required to find the appropriate set of weights
since little coupling was observed between the sensor channels.

3. Output Feedback Controller Design: Selecting the
Process Noise Weights

The next step in the design process was the determination of the
terms in the weighting function W^ corresponding to the process
noise inputs in the vector w>2- This step was similar in execution
to the loop recovery part of the LQG/LTR design procedure, with
a slightly different purpose. Whereas the objective of LQG/LTR is
principally the recovery of state-feedback robustness properties, the

10 10" 10'

frequency (rad/s)

Fig. 5 Output feedback broken-loop controller responses.

frequency (rad/s)

Fig. 6 Output feedback closed-loop command responses.

objective here was the recovery of the performance characteristics of
the state-feedback controller, as reflected by the various bandwidth
and damping specifications. Consequently, these adjustments were
made to recover the control- and command-loop responses of the
state-feedback controller obtained in step 2 of the design procedure.
Figures 5 and 6 contain the Bode magnitude plots of the control and
command loops for the output feedback controller. Comparison with
the Figs. 2 and 3 points to a successful recovery of the state-feedback
controller performance. As a result the final value of W4 was

W4 = 0.00001 * diag(0.1,4, 4, 0.01, 0.01, 0.01

0.1,10,10,1,5,5,5)

4. Closed-Loop Analysis: Assessing the Controller Structure
At this point the closed-loop linear system was analyzed to deter-

mine whether reasonable actuator deflections were being used and
to ensure that an altitude ramp could be tracked while controlling
a to a desired trim value and DLC to zero. The closed-loop system
was initialized to level flight and then expected to intercept and
track an altitude ramp. Although the altitude ramp was successfully
intercepted and tracked, both a and 5dic stabilized at values other
than their respective set points. Examination of the transfer functions
from altitude command to a and <$dic revealed only a single zero at the
origin within each numerator. In both cases there was an additional
zero numerically close to the origin but insufficient to provide the
desired washout characteristics. To achieve these characteristics, an
additional integrator was added to a and 8&c terms in W\. A new con-
troller was then obtained using this modified synthesis model with
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the weights already determined. This controller was then evaluated
using the identical simulation, with the result that both a and 8d[c
stabilized at their desired values. Finally, slight changes in W\ and
W2 resulted in the final determination of control-and command-loop
bandwidths. Therefore, the final values of the weighting matrices
were

( 5 0 0 N

0 0.1 0
0 0 1

W3 = diag(0, 10,5, 1,0)

Figures 5 and 6 depict the resulting broken-loop controller responses
and the closed-loop command responses. The Nyquist plots of the
broken-loop responses for each control input are shown in Fig. 7.

5. Specification Compliance
Figures 5 and 6 show all of the control and command loops as

having satisfied their respective specifications, with the exception of
the a command response, which was slightly low at approximately
0.3 rad/s. This was because of the presence of a complex zero at
0.45 rad/s in the a command loop. No objectionable properties re-
sulted since this channel was used to regulate a constant command
rather than respond to changes in the command signal. Figure 7
clearly depicts the simultaneous phase and gain margin require-
ments as having been satisfied, with all three controller traces stay-
ing in the right-half plane for all frequencies. Eigen decomposition
of the closed-loop system revealed a complex pair of eigenvalues

o
real

Fig. 7 Broken-loop Nyquist plot of the output-feedback system.

10° 101 102

frequency (rad/s)

Fig. 8 Singular values of the output-feedback controller.

that failed the damping ratio requirement (0.45). Examination of
the corresponding eigenvectors, however, revealed that no vehicle
states and only controller states were participating in this mode.

The next step was to ensure that the cancellation of the plant's
lightly damped modes by the controller had not occurred. The con-
troller is a 3 x 10 matrix of transfer functions, and although cancel-
lation may occur in one or several channels, complete cancellation
would only occur if all of the channels had a common numerator
term. See Ref. 16 for a discussion of multivariable transmission
zeros. Figure 8 depicts Bode plots of the singular values of the
open-loop controller. The presence of a clear spike at the frequency
of the lightly damped phugoid mode and a small bump at the fre-
quency of moderately damped short period mode indicated that the
controller had not canceled these open-loop poles. Furthermore,
numerical analysis revealed no transmission zeros in the controller,
confirming the absence of pole-zero cancellations.

IV. Robustness Analysis
A. Uncertainty Modeling

This section describes the methodology used for analyzing ro-
bustness of the closed-loop system consisting of the aircraft model
and the H^ controller. The aircraft model used in this paper was
obtained from the flight-test data. As a result, some of the terms in
the model were poorly known. These terms included the airplane's
lift, drag, and pitching moment. On the other hand, terms such as
gravity and aircraft dynamic coupling were well known. Further-
more, lift and drag were measured in the so-called stability axis,
whereas the aircraft model was derived in the body-fixed coordi-
nate system. These considerations indicated that the uncertainties
in lift, drag, and pitching moment must be modeled exactly where
they occurred. Therefore, this needed to be done using the aircraft's
nonlinear equations of motion while taking into account the coordi-
nate systems where these forces and moments were measured during
the flight test. A detailed discussion of this process is given next.

Let X represent the vector of the longitudinal states of the aircraft:

Let 6 represent the vector of the aerodynamic control effectors,
consisting of the stabilators and DLC, and let F represent the vector
of body-axis forces and moments, where

Fgrav(X) :— influence of gravity
^dyn (X) := influence of dynamic coupling
jPaero(X) := influence of aerodynamic forces on the body
Fthrust := influence of thrust
FS := influence of aerodynamic forces on the control surfaces

The aircraft equations of motion can now be expressed as

1 + ^thrust

U

LeJ

where /?wb(*) is the wmd to body axis rotation matrix

~ — cosa sin a 0"
/?wb — — sine* — cosa 0

0 0 1

(1)

(2)

We only consider uncertainties in the aerodynamic forces and
moments, since the gravity, dynamic coupling, and thrust are all
well known.

The aerodynamic model of the airplane is derived using stability
derivatives that represent the contribution of each state and control
input to the aerodynamic forces and moments acting on the airplane.
This data can be obtained either in the wind tunnel, where isolation
of individual contributions is possible, or flight test, where only
macroscopic behavior is observed, and then numerically distributed
among the aircraft's states and inputs. The stability derivatives ob-
tained from the flight-test data therefore depend on very complex
multivariable parameter indentification (PID) methods, which are
executed in two steps. First, forces and moments are computed from
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observed accelerations and rates. Second, the PID process tries to
identify which control inputs and airplane states contributed to the
observed change in forces and moments. This step clearly introduces
errors not present in the first computation.

Our choice was, therefore, to consider either the contribution of
the uncertainty in each parameter or the net uncertainty in our knowl-
edge of the forces and moments. There are several reasons to choose
the latter. First, the size of the uncertainty model is significantly re-
duced. Second, the uncertainties in each stability derivative were
not independent. If they were, then large uncertainties in each sta-
bility derivative would have resulted in large uncertainties in the net
forces or moments, leading to an unnecessarily conservative design.
A similar approach was used in Ref. 17 in synthesizing an H^ con-
troller for a missile autopilot. Consequently, we chose to model the
uncertainty block A as a 3 x 3 diagonal matrix, where each diagonal
element represented a percentage of the nominal perturbation in the
aerodynamic forces and moments (drag, lift, and pitching moment).
Incorporating this block in Eq. (1) yields

U
ct

LfiJ
= ^gravW + > + ^thrust

A)[Faero (x) + F(8)] (3)

Figure 9 depicts Eq. (3)'. Here signals ws and zs denote the uncer-
tainty inputs and outputs.

B. p, Analysis
The robustness analysis was performed by determining the struc-

tured singular value of a linearization of the closed-loop system
consisting of the nonlinear plant model and the H^ controller. The
analysis was performed about the nonlinear closed-loop system to

Fig. 9 Uncertainty model.

10" 10'
frequency (rad/s)

g °
•§-1000
1-2000

50
time (sec)

100

Sr zu

8 0

•c-20

/^x
) 50 1C

time (sec)

^ 0.05 ro.1
i 0

50
time (sec)

100 50
time (sec)

^ 0.01

| 0

^-0.01 50
time (sec)

100

i$ U.U<£

f °
§ -0.02

J ^Mto/vsr^ArVv-vv-v^^

) 50 1C
time (sec)

g5000

to 0

£ -5000

^•0.2

50
time (sec)

VY^J^M^^
100 "~0

Fig. 11 Nonlinear simulation results.
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Fig. 10 Structured singular value plot.

achieve the best possible fidelity. The linearization was performed
about the trimmed operating condition, with the uncertainty inputs
and outputs wg and zs included in the nonlinear equations of mo-
tion as shown in Fig. 9. Figure 10 depicts the resulting structured
singular value, where the peak value of 0.6 indicates compliance
with the stability robustness condition /x < 1 and the robustness
design specification. Note that had the design effort failed to yield
the desired robustness, the design process could have been repeated
with the signals ws and zs incorporated in the synthesis model, and
using either H^ synthesis or D-K iteration.12

V. Nonlinear Simulation
In this section we present the results of the nonlinear simulation

of the HQQ controller. First, the controller was implemented on the
nonlinear plant using the P-implementation methodology (see Ref.
18). This methodology is based on the observation that linear con-
trollers are designed to act on the perturbations about the plant's
nominal trajectory. Next, as with the linear simulation performed in
Sec. III.B.4, the controller task was to intercept and track an altitude
ramp, while appropriately controlling the other signals of interest.
A vertical and horizontal gust field was simulated by passing white
noise of moderate intensity (rms =10 fps) through a zero-order
hold. Results of the simulation are depicted in Fig. 11, where all of
the variables are shown as deviations from the trimmed level flight
condition. The simulation was initialized in steady level flight with
all surfaces at their trim positions. In response to the altitude ramp,
the DLC and stabilizer deflected immediately to establish the ap-
propriate descent rate. The result is a decrease in both a and 0.
Both the average angle of attack and the average DLC wash out to
their desired trim values as the altitude error is nulled and the thrust
decreases to stabilize at the new steady-state condition. Deflections
and deviations are all well within reasonable practical values. This
simulation validated the results of the design effort.

VI. Conclusions
An output feedback controller was successfully designed to pro-

vide longitudinal control of an F-14 aircraft during automatic land-
ing and was implemented on a nonlinear simulation. A key feature
of the design was the exploitation of the aircraft's DLC to allow
direct control of glideslope and altitude. Additionally, a method-
ology was detailed whereby SISO performance requirements were
achieved using H,^ synthesis. Next, a method was presented for
the macroscopic consideration of parametric uncertainties arising
from flight-test data to assess the robustness of the resulting closed-
loop system. Finally, the resulting controller was validated on the
nonlinear simulation.
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