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Introduction

T HE U.S. Air Force has recently completed an extensive review
of � ight control practices for avoiding pilot-induced oscilla-

tions (PIO),1 in responseto that theseproblemshaveoccurredduring
the developmentprocess for almost every new military aircraft.The
role of checking and designing to meet handling-qualities criteria
throughout the � ight vehicle development life cycle � gures promi-
nently in the “Ten Steps to Reducing the Risk of PIO” reviewed in
Sec. 1 of Ref. 1. A second compilation of best � ight control design
practices2 was prepared under the auspices of the NATO AGARD
Flight Vehicle IntegrationPanel (now theNATO Researchand Tech-
nology Organization System Concepts and Integration Panel). In
summarizing the lessons learned from much of the � y-by-wire air-
craft experience, this excellent document also emphasizes the key
role of handling qualities and robust stability criteria from the start
and throughoutthe development and � ight-test process. Automated
optimization methods offer the potential of considerable time and
cost savings in engineering over the manual evaluation and opti-
mization of control laws to meet the many and competing design
requirments that ensure good handling qualities and that limit the
potential for PIO. Optimization methods are epsecailly valuable as
an ef� cient means to update repeatedly control system parameters
as accurate aircraft dynamic responsedata become available during
� ight testing.

Design requirements for satisfactory aircraft handling qualities
and robust closed-loop stability have been developed and re� ned
based on extensive � ight-test, piloted-simulation, and analytical
studies.Recommended values of dynamic response metrics, for ex-
ample, bandwidth,rise time, phase lag, etc., and detailed supporting
explanationare compiled in speci� cation documents for � xed-wing
handling qualities (MIL-STD 1797A), rotorcraft handling quali-
ties (Design Standard ADS-33E), general � ight-controlstability re-
quirements (MIL-SPEC 9490), and much additional excellent de-
sign guidance.2 A complete set of design criteria may include as
many as 50–100 individual speci� cations, including metrics based
on time response, stability margin, and disturbance response.3

Many innovative � ight-control design methods have been and
continue to be proposedand advocatedin a desire to improve � ight-
controlsystem performance/robustnessand to automateand thereby
reduce the cost of the � ight-control development process. Each
� ight-control design method invariably has a set of tuning param-
eters, for example, Q and R matrices for LQR design, weighting
functions for H -in� nity design, or target eigenspace locations for
eigenvectorassignmentdesign. It is common for theseparametersto
be selected based on only one or two key design requirements,such
as control system bandwidth or rise time. A complete evaluation
against the full set of dynamic response criteria is then conducted,
if at all, as a � nal check of the completed design.

In most of the proposed methods, there is little transparent con-
nectivity between the tuning parameters and the ultimate dynamic
response requirements. Furthermore, there is rarely an attempt to
optimize the tuning parameters of a proposedmethod to achieve the
complete set of dynamic requirements without overdesign and the
resultantexcessiveactuatoractivity.Becauseprospectivealternative
design methods are not optimized against a common set of dynam-
ics response objectives, it is dif� cult to compare their performance
fairly. Some useful explanations and comparisons of alternative
design methods are presented in Refs. 4 and 5.

The Control Designer’s Uni� ed Interface (CONDUIT®/,3 used
in the current study, addresses the issues just discussed by facilitat-
ing the automated evaluation and optimization of any control law
design method or architecture against a common comprehensive
set of � ight-control design requirements. As improved modeling
data or design requirements become available during the develop-
ment process, control laws can be updated rapidly and problems
that arise during � ight tests can be resolvedquickly.Key featuresof
CONDUIT include the following: 1) extensive precoded graphical
librariesof key handlingqualities and dynamic responsecriteria de-
signspeci� cations;2) integratedenvironmentto create,validate,and
catalognew user-de� ned speci� cations;3) easy graphicalselection,
setup, and evaluation of speci� cations; 4) accommodation for any
design method or architecture;5) automated tuning of user-selected

design parameters using a vector optimization method that ensures
that each dynamic response criteria is individuallymet, rather than
only a weighted average being met; 6) ultimate design optimization
to minimize the selected performance objective that meets the de-
sign criteria with minimum overdesign;and 7) extensivesupporting
plots and integrated analysis tools. Furthermore, the optimization
results enable the proponent of a new design method to reverse en-
gineer the selection of tuning parameters that will yield a design
that best meets the criteria and thereby check the proposed rules of
thumb. Details of the CONDUIT design environmentmay be found
in Ref. 3.

This paperdemonstratesthe optimizationand comparisonof sev-
eral alternativecontrol design methods against a common set of dy-
namic response criteria. The case study performed is for the design
of lateral/directional control laws for a transport aircraft based on
KC-135 aircraft linearizeddynamics.The key nonlinearitiesassoci-
ated with the actuator position and rate limiting are included in the
model.The designmethodsconsideredare classical,linearquadratic
regulator (LQR), dynamic inverse, and H-in� nity. The results show
that eachmethodcanbe tunedusingCONDUIT to meet the dynamic
requirementsnecessaryto ensuregoodhandlingqualitiesand stabil-
ity, while minimizing overuse of the actuators. An important result
is that the alternative design methods optimized against a common
set of requirements yield controllerswith comparable performance
and robustness characteristics.

Lateral/Directional Aircraft Flight-Control
Design Problem

The case study problem is based on the lateral/directional dy-
namics of the KC-135 aircraft as given by Blakelock6 and is shown
in Fig. 1. The control system topology was selected for this case
study is notional and does not represent the actual implementa-
tion in the KC-135 aircraft. A comprehensivedesign model would
also inlude many additional elements, such as digital sampling ef-
fects, structuraldynamicsand relatednotch � lters, sensordynamics,
mechanical hysteresis, and stick shaping.

The key elements of the block diagram are 1) three-
degree-of-freedom (DOF) state-space representation of KC-135
lateral/directionaldynamics, 2) second-orderactuator dynamics in-
cluding rate and position limiting, 3) angular rate gyro � lters, 4)
washed-out yaw rate feedback (to enable turn coordination), 5) roll
rate and yaw command, and 6) disturbance inputs. The feedback
loop architecture shown in Fig. 1 is (one of several) that would be
appropriate to a classical design method.

The design objectives shown in Fig. 2 are selected from the
CONDUIT libraries as appropriate to � xed-wing transport aircraft
(1797A, 9490). The relative priority of each speci� cation is desig-
nated by the user as hard speci� cation (H), soft speci� cation (S),
or summed objective (J) indicated in the upper right-hand corner
of the speci� cation. The role of the speci� cation priority in the
phases of CONDUIT optimizationprocess is summarized later, but
is described more fully in Ref. 3.

In phase 1, the design parameters are tuned to attempt to
meet the H speci� cations selected for this design study: 1)
All closed-loop eigenvalues must lie in the left-half plane (ab-
solute stability) (EigLcG1). 2) There are gain/phase margin
requirements (MIL-SPEC 9490) to ensure satisfactory relative
stability/robustness (StbMgG1).

If phase 1 speci� cations are met, the solution enters phase 2,
in which the design parameters are tuned to attempt to meet all
of the S speci� cations and performance metrics included in the
J objective. The S speci� cations are the handling-qualities met-
rics and can comprise as many as 50–100 individual requirements
for a full-scale design problem. In the current study, the S spec-
i� cations are from MIL-STD 1797A: 1) roll command response
bandwidth (BnwRoD1), 2) equivalent system Dutch roll mode
damping (DmpDrD3) and frequency (FrqDrD4), and 3) roll time
responsequickness(QikAtG1). Additionalsoft specs included from
the CONDUIT libraries are 1) actuator saturation limits (SatAcG1)
and 2) disturbance response (HldNmH1).

Finally, if phase 2 speci� cations are met, the solution enters
phase 3. Here, the design parameters are tuned to attempt to
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Fig. 1 Case study problem based on KC-135 lateral/directional dynamics.

Fig. 2 Initial design for classical method.

minimize the J summed objective speci� cation, with the earlier H
and S speci� cations enforcedas constraints in the optimization.Ex-
tensive practical design experience using CONDUIT has indicated
that good performance metrics to be included in the J summed ob-
jective are 1) crossover frequencies for the individual broken loops
(CrsLnG1) and 2) actuatorposition responseas characterizedby the
root-mean square (rms) (RmsAcG1).

The rms value for each actuator is determined from a power spec-
trum calculation in the frequency domain, based on the transfer

function from pilot stick input to actuator position response. The
rms value is normalized to maximum control position, so that a
value of rms D 1.0 indicates that full stick input will command full
control surface authority (100% saturation).

By selecting these performance metrics, we ensure that the � nal
designwill meet all of the requirementspeci� cationswith minimum
overdesign. This approach minimizes 1) sensitivity to sensor noise
and unmodeled high frequencydynamics, 2) structural fatigue, and
3) actuator limiting.
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The use of a summed objective for phase 3, in contrast to the
min/max vector optimization of phases 1 and 2, allows the opti-
mization to explore a broad space of possibilities that improve the
ultimate performanceof the individual loops while still maintaining
compliance with the level 1 requirements. For example, the opti-
mization will continue to improve the roll axis metrics (roll loop
crossover frequency and aileron rms), even after the yaw axis met-
rics have reachedoptimum (but highervalues) of thesemetrics.This
allows all of the loops to be tuned to their ultimate performance.
Detailed explanation of this strategy is given in Ref. 3.

The complete set of design specs are shown in Fig. 2 with the as-
sociated H, S, and J priority designations in the upper right of each
speci� cation. The lightest shade region re� ects level 1 handling-
qualities ratings, corresponding to characteristics that are satis-
factory without improvement. The medium shade re� ects level 2
handling-qualities ratings and corresponds to characteristics with
de� ciencies thatwarrant improvement.Finally, the darkest shade re-
� ects level 3 handling-qualitiesratings, correspondingto character-
istics with de� ciencies that require improvement.These boundaries
are given by the various design standard (MIL-SPEC) documents
(e.g., Ref. 2) based on extensive piloted handling-qualitiesdata.

A desired amount of overdesign is selected (design margin) to
provide uncertainty robustness, by ensuring that the desired spec-
i� cation point lies a safe distance within the level 1 region and
not right on the level 1/level 2 boundary. As shown in Ref. 3, this
parameter provides a direct mechanism for evaluating the tradeoff
between improved performance and increased control usage. For
the current study, the overdesign parameter was selected as 10%
and is indicated by the additional dashed boundary line within the
level 1 region on each speci� cation in Fig. 2.

Alternative Design Methods
This paper presents and compares KC-135 case study results for

four alternative design methods listed in Table 1: 1) classical, 2)
LQR, 3) dynamic inverse, and 4) H -in� nity. The alternative meth-
ods can be characterized by the number of design parameters and
the number of controllerDOF. The design parameters are any quan-
tities, for example, gains, � lter time constants, actuator limits, that
CONDUIT is free to manipulateto arriveat an optimizedsolutionto
the control system design problem. In this case study, the classical
method was implemented with three design parameters (feedback
gains), whereas the remainingmethodswere implementedwith four
design parameters.

The designmethodscanadditionallybe characterizedby thenum-
ber of controller DOF, one or two. A one-DOF controller refers to
a response feedback (RF) architecture in which the single compen-
sator must be tuned to meet both performance and robustness re-
quirements and, therefore, limits the design � exibility. A two-DOF
controller architecture includes both an RF DOF and a command
model (CM) (or forward-loop) compensator. Such an architecture
allows a separate optimization of the regulator and the perfor-
mance characteristics.In this study, the control law architecturesfor
the classical, LQR, and H -in� nity methods were con� gured with
one DOF (RF), whereas the dynamic inverse method is inherently
two DOF (RF and CM). It is important to recognize that a two-
DOF architecturecould be implemented in conjunctionwith any/all
of the alternative design methods listed earlier. Furthermore, there
are numerous combinations and permutations of the four methods
that have been proposed in the literature. The objective of this case
study is to show the feasibility and desirability of evaluating and
systematically optimizing any selected method against a common
wide-ranging set of design criteria.

Classical Design
The classical control laws for the lateral/directional stabilization

and command response are shown in Fig. 1. The classical archi-
tecture design is employed with feedback of roll rate Kp and roll
angle K phi to aileron to achieve necessary stability margins and
closed-loop control bandwidth. The washed-out yaw rate feedback
to rudder Kr achieves the speci� ed minimum Dutch roll damping
and frequency.The feedbacks are also needed to reject atmospheric
disturbances.The choice of washed-outyaw rate feedback has been

Table 1 Alternative design methods

Tuning Number
Method DOF parameters (DP) of DPs

Classical 1 (RF) Feedback gains 3
LQR 1 (RF) Q matrix 4
H in� nity 1 (RF) Loop shaping � lters, K=.s C a/ 4
Dynamic inverse 2 (CM, RF) CM frequencies 4

RF frequencies

Fig. 3 Classical design optimization.

adopted herein to maintain consistency with Blakelock,6 rather the
the more currently used pseudo- P̄ feedback in modern aircraft.The
three feedbackgains,Kp, K phi, andKr are designatedas CONDUIT
tuning parameters via the positive de� nite design parameter (dpp¡ )
in pre� x seen in the block diagram of Fig. 1, and comprise a one-
DOF (RF) architecture as indicated in Table 1.

The initialvaluesfor theclassicaldesignparameterswere selected
as

Kp D 0:5 deg/deg/s; K phi D 0:25 deg/deg

Kr D 0:25 deg/deg/s (1)

These values (and the initial values for the other design methods
in this study) were intentionally selected to yield poor dynamic
behavior (as shown in Fig. 2) and highlight the robustness of the
CONDUIT optimization to poor initial design guesses. As seen in
Fig. 2, the initial design is in the level 2 (de� ciencies warrant im-
provement) region for many of the design requirements.

The iteration history plot (Fig. 3) shows that after six iterations
CONDUIT reached phase 3, which is a feasible solution where all
speci� cations are in the level 1 region. The fully convergedresult is
shown in Fig. 4. The optimized solution achieved after 12 iterations
meets all H and S requirementswhile minimizing the J performance
metrics. Convergence of the design in phase 3 toward the � nal op-
timized solution is quite smooth, as seen in Fig. 3, and is given by

K p D 0:12 deg/deg/s; K phi D 0:24 deg/deg

Kr D 2:82 deg/deg/s (2)

The individual performance metrics (crossover frequency and rms
for both loops) that comprise the J summed objective are listed in
Table 2.

A key characteristic of the converged phase 3 design in
CONDUIT, as seen in Fig. 4, is that one (or more) of the S or
H requirements lies on the design margin (dotted) boundary. This
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indicates that the level 1 design requirements have been met with
minimum overdesign because further reduction in control usage
(lower crossover frequency and/or lower control rms) will result
in one (or more) requirements penetrating into the level 2 region.
Important aspects of the classical design achieved with CONDUIT
are 1) control law requires measurements of p, Á, and r ; 2) all
level 1 design requirements achieved (with 10% design margin); 3)
no control saturation for the largest expected command inputs; 4)
reasonable crossover frequencies (3–4 rad/s); and 5) overdesign in
stability margins and disturbance rejection to meet the handling-
qualities requirements, for example, quickness and bandwidth, for
the one-DOF architecture.

Each speci� cation in CONDUIT has an associatedset of support-
ing plots that illustratesthevariousrelatedanalysesandcalculations.
For example, the supporting plots for the stability margin speci� -
cation StbMgG1 (Fig. 4) show the broken-loop response plots for
the aileron (Fig. 5a) and rudder (Fig. 5b) loops that are used in
the gain and phase margin calculations.Reference to Fig. 5a shows
that the roll crossover frequency could be reduced considerably,
while still maintaining adequate phase margin. However, the one-
DOF architecturerequires the higher gains to achieve the remaining
handling-qualitiesrequirements.

An interestingaspect of the results is the comparison of the opti-
mized design parameters with rules of thumb for classical control.

Table 2 Comparison of performance metrics

Dynamic
Objective metric Classical LQR inverse H in� nity

!c , aileron, rad/s 2.89 3.10 0.344 4.12
!c , rudder, rad/s 4.24 1.92 1.772 3.96
rms, aileron, nondimensional 0.0118 0.0137 0.0276 0.0131
rms, rudder, nondimensional 0.1759 0.1702 0.1813 0.291

Fig. 4 Optimized classical design characteristics.

Design rules to achieving maximum crossover frequency and ad-
equate stability margins for a given level of equivalent high-order
loop delayare developedin Ref. 7. When the blockdiagramofFig. 1
is referred to, the actuatorand gyro � lter dynamicscontributea total
effective delay of ¿eff D 0:092 s.

The maximum achievable roll crossover frequency is then deter-
mined,

.!c/max D 0:370=¿eff D 4:02 rad/s (3)

which sets the roll angle feedback gain based on the roll control
effectiveness

KÁ D !2
c

2:48
¡
L ±ail

¢ D 0:29 deg/deg (4)

The inverse lead time constant is also determinedfrom the crossover
frequency:

1=Tp D KÁ=K p D 0:442!c D 1:78 rad/s (5)

which � nally determines the roll rate gain,

K p D 0:16 deg/deg/s (6)

Analogously, the yaw rate gain is easily determined from the
maximum achievable yaw crossover frequency as

Kr D !c

¯
N±rud D 2:94 deg/deg/s (7)

Comparing these results with the optimized gains from CONDUIT
[Eq. (2)] shows that the classical rules of thumb give good � rst
guesses to the optimized solution.
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Fig. 5a Aileron broken-loop response (optimized).

Fig. 5b Rudder broken-loop response (optimized).

LQR Design
The control law architecture for the LQR design is analogous to

the classicaldesignarchitectureof Fig. 1, but now with an LQR full-
state feedback block replacing the individual feedback gains. The
LQR method calculates the optimal gain matrix K for the (full) state
feedback law that minimizes the quadraticcost functioncomprising
state errors weighted by the Q matrix and control usage weighted
by the R matrix.

The matrix Q is assumed to be a diagonal, so that the elements
representweights for the correspondingstates. In practice, R is usu-
ally set to the identity matrix. When the elements of Q are selected
to be small with respect to one, the penalty for the state errors is
small with respect to the penalty for control usage, thus producing
lower feedback gain, that is, lower crossover frequency and lower

bandwidth, corresponding to a sluggish response. In the opposite
case, when the elements of Q are selected as large relative to one,
the controllerwill utilizea large amount of control to minimize state
error, and thus, the response will be more brisk corresponding to a
higher crossover frequency.

We adopt a common implementation of the LQR design method
by including only the bare airframe dynamics (four states, p, r ,
¯ , and Á), in the Riccati solution. This ensures that we will only
require these aircraft states as feedback measurements, and not all
of the internal states of the control system. However, this approach
alsodegradesthe guaranteedstabilityof the LQR designbecausethe
omitted elements,for example, actuators,� lters, etc., will contribute
phase lag to the overall system.

CONDUIT is used to optimizetheelementsof Q as designparam-
eters to achievethe level1 requirementswith a minimumoverdriving
of the control:

Q D

2

6664

Q pp

Qrr

Q¯¯

QÁÁ

3

7775
(8)

As before, we intentionally chose poor initial values for the design
parameters (Q D I , the unity matrix) to show that CONDUIT is
robust to initial design choices and that a good controller is quickly
achieved.

A roll angle stick command gain and associated speci� cation
FrqGnG1 is includedto ensureconstantunitysteady-statesensitivity
in the roll axis, but this does not constitute an additional controller
DOF. Therefore, as indicated in Table 1, the LQR implementation
is one-DOF with four design parameters.

The handling-qualities speci� cations for the initial design pa-
rameter guesses (Q D I ) are far from ideal, with level 3 behav-
ior indicated for the eigenvalue and stability margin requirements
and level 2 behavior indicated for several other requirements, thus
presentinga poor initial design with which to challengeCONDUIT.

CONDUIT tuned the Q matrix to achievean LQR design that sat-
is� ed all of the handlingqualities,evenwhen the initial guess for the
design parameters was poor. The design parameters are � ne tuned
in phase 3 to a converged solution after 12 iterations that meets all
level 1 design requirements (Fig. 6) at minimum crossover frequen-
cies and actuator rms (Table 2). The optimized design parameters,
corresponding to the diagonal elements of the Q matrix [Eq. (8)],
are

Q pp D 0:0079; Qrr D 0:81

Q¯¯ D 0:95; QÁÁ D 0:071 (9)

The correspondingfeedback gain matrix is

K D
p r ¯ Áµ

0:1141 ¡0:2024 0:2262 0:2823

0:0088 ¡0:8456 0:2455 0:0061

¶
±ail

±rud

(10)

The key characteristicsof the optimizedLQR solutionare 1) control
law requires measurements of p, r , ¯ , and Á; 2) all level 1 design
requirements are achieved (with 10% design margin); 3) no control
saturation for the largest expected command inputs; 4) reasonable
crossover frequencies (2–3 rad/s), and 5) overdesign in stability
margins and disturbance rejection to meet the handling-qualities
requirements, for example, quickness and bandwidth, for the one-
DOF architecture.

It is interestingto compare the optimizedLQR design parameters
with the rule of thumb guidance for Q matrix selection given by
Bryson as described in Refs. 8 and 9. Bryson recommends setting
the diagonalelementsof Q to correspondto the squareof the ratio of
maximum control authority to maximum expected response, that is,

Q ii D [.u i /max=.xi /max]2 (11)

When we assume a maximum control input of 5 deg (aileron and
rudder) and maximum expected state responses [50 deg/s, 5 deg/s,
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Fig. 6 Optimized LQR control system characteristics.

5 deg, 50 deg], corresponding to roll rate, yaw rate, sideslip, and
roll angle, respectively, then we obtain

Q pp D 0:01; Qrr D 1:0; Q¯¯ D 1:0; QÁÁ D 0:01 (12)

These initial guesses are reasonably close to the CONDUIT opti-
mized values and, thus, support Bryson’s rule of thumb.

Dynamic Inverse Design
The dynamic inverse control method10 provides a very intuitive

way of designing a control system by allowing a direct and inde-
pendent selection of regulation loop bandwidth and command re-
sponse bandwidth in a two-DOF architecture (Table 1). However,
the method requires carrying a look-up table of accurate stabil-
ity and control derivatives in the onboard software for the linear
implementation or carrying a complete nonlinear simulation on-
board in the nonlinear implementation. The linear implementation
is adopted herein (Fig. 7) following closely the approach outlined
by Franklin.11 The control law architecture can conceptually be
divided into three key elements: command model, regulator, and
aircraft inversion.

The inverse control acts to cancel the basic aircraft dynamics to
yield a simple (1/s2) system. Then the regulator loops (RF) closed
around these accelerationlikedynamics are easily tuned to produce
the desired regulator bandwidth and stability margins. Finally, the
CMs, contain � rst- or second-order transfer-function characteriza-
tions of the desired closed-loopaircraft response, tuned to meet the
handling-qualities requirements. The control law implementation
containsa dynamic algorithm that requires the measurementof rud-
der position ±rud or lateral acceleration ay to reconstruct the needed
sideslip rate P̄, as shown in Fig. 7.

Four design parameters were selected for CONDUIT optimiza-
tion: inverse time constant, that is, bandwidth, for the � rst-order roll
rate command model Tp, roll regulator natural frequency omphi,
Dutch roll CM frequency comdr, yaw regulator natural frequency
ombet. The roll and yaw regulation loop damping ratios were � xed
at zeta D 0.7.

An arbitrary initial choice of design parameters was selected as

Tp D 1 s; comdr D 1 rad/s

ombet D 1 rad/s; omphi D 1 rad/s (13)

resulting in the initial control system performance that again is far
from ideal. The roll bandwidth is in the level 3 region,and the Dutch
roll frequency is in the level 2 region.

CONDUIT converges in 11 iterations to an optimizeddesign that
satis� es all level 1 requirements (Fig. 8) while minimizing overde-
sign (Table 2). The optimized design parameters are

Tp D 0:837 s; comdr D 1.21 rad/s

ombet D 0.76 rad/s; omphi D 0.835 rad/s (14)

The generationof high actuator rates and/or displacementshas been
reported in some previous applicationsof the dynamic inverse con-
trol method.12 Although the aileron rms is substantially higher (a
factor of two) than for the other methods (see Table 2), there is no
rate or position saturation even for the largest commanded inputs.
An important distinguishing characteristicof this design is the low
roll crossover frequency (!cÁ

D 0:344 rad/s), and reduced (but still
level 1) phase margins for both loops (about 45 deg) as compared
to the other methods. These features arise as a result of the two-
DOF controller architecture, which allows independent tuning of
the feedback response, that is, crossover characteristics, from the
command response.
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Fig. 7 Dynamic inverse control architecture.

Fig. 8 Optimized dynamic inverse control system characteristics.
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In the roll channel, satisfactory stability is achievable at low
crossover frequencies, as can be seen in Fig. 5a. Therefore for this
(two-DOF) design, CONDUIT reduces the crossover frequency as
an element of the summed objective until the attitude hold speci� -
cation HldNmH1 is just met. Tighter attitude hold or gust rejection
requirements would drive the roll crossover frequency higher. As
long as all of the level 1 design characteristics are preserved, the
reduced crossover frequency decreases sensitivity to measurement
noise, relaxes actuatorhardware requirements,reduces actuator sat-
uration, reduces structural fatigue, and reduces the possible exci-
tation of unmodeled high-frequency modes. Note that these same
characteristics would be achieved with any of the other methods
with the introductionof a second controller DOF.

The results of the dynamic inverse design method are 1) control
law requires measurements of p, r , ¯, Á, and ±rud or ay ; 2) control
law requires dynamic estimate of P̄; 3) level 1 design requirements
achieved (with 10% design margin); 4) increased aileron control
rms; 5) no control saturation for the largest expected command in-
puts; 6) low roll loop crossover frequency; and 7) no overdesign in
stability margins or disturbance rejection.

H-In� nity Design
The H -in� nity control method implemented in this case

study used the one-DOF loop-shaping approach described by
Postlethwaite.13 In this method, two diagonal weighting matri-
ces W1 and W2 are introduced to shape the bare-airframe re-
sponse. Then, a high-order controller is synthesized to minimize
the H -in� nity norm of the shaped aircraft dynamics system. Fi-
nally, the controller order is reduced to match that of the aircraft
dynamic system. In an approach analogous to the R matrix in the
LQR method, the W2 weighting matrix is set to identity for sim-
plicity.The remainingweighting function W1 comprises � rst-order
� lters for the aileron loop

W1ail D kail=.s C aail/ (15a)

and for the rudder loop

W1rud D krud=.s C arud/ (15b)

where the � lter parameters kail , aail , krud , and arud are used as design
parameters in CONDUIT.

The complete H -in� nity control system architecture is shown in
Fig. 9 and is listed as one DOF with four design parameters (DPs)
as indicated in Table 1. As before, an additional (but dependent) pa-
rameter was included to maintain unity steady-statestick sensitivity
in the roll axis.

Fig. 9 H-in� nity control system architecture.

The initial choice of H -in� nity design parameters yields a range
of level 1, 2, and 3 characteristics:

kail D 6; aail D 50; krud D 160; arud D 50 (16)

CONDUIT optimized the design parameters to satisfy level 1 re-
quirements (Fig. 10), with some overdesign in several specs due to
the one-DOF nature of the controller:

kail D 17:11; aail D 48:63

krud D 159:8; arud D 50:58 (17)

which shows a signi� cant change only the � rst DP. As might be
expected, the optimizedrolloff in the loop transmissioncorresponds
to just below the actuator bandwidth (62.8 rad/s), to keep from
overdriving the control inputs.

The ability to achieved an optimized solution for the H -in� nity
design was quite sensitive to the initial values for the design param-
eters. If the design was started too far from a feasible solution, the
optimizationtended to wander and often did not reach a satisfactory
result. This problem was not encounteredfor the other design meth-
ods, which achieveda uniqueconvergedsolutionindependentof the
initial guesses for the design parameters.The design parameters for
the chosen H -in� nity implementation (� rst-order � lter coef� cients
in W1) did not appear to map well into the design requirements,
which in turn caused problems for the optimization. It is possible
that a more general implementationof the H -in� nity designmethod
would resolve this problem.The performancemetrics for this design
are listed in Table 2.

The results of the H -in� nity design method are 1) control law
requires full state measurements of p, r , ¯, and Á; 2) sixth-order
dynamic compensator (fourth-order controller plus W1 � lters); 3)
all level 1 design requirementsachieved (with 10% design margin);
4) increased rudder control rms; 5) no control saturation for the
largest expectedcommand inputs; 6) reasonable crossover frequen-
cies (4 rad/s); 7) overdesign in stability margins and disturbance
rejection to meet the handling-qualitiesrequirements, for example,
quickness and bandwidth, for the one-DOF architecture;and 8) op-
timizationquite sensitiveto initial choicesof the design parameters.

Comparison of Stability Robustness
for Alternative Design Methods

An analysis of the stability robustness to uncertainties in the air-
craft parameters was conducted for the alternative design methods.
The aircraft state-space model matrices (A and B) were perturbed
element by element, singly and in combination, by plus or minus
20%, with the optimized DPs � xed as determined earlier [Eqs. (2),
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(9), (14), and (17)]. Figure 11 shows the robustness analysis for the
four designs on the stability margin boundary.

The nominal results (without perturbation) are shown for refer-
ence and correspond to the earlier CONDUIT optimization results.
The one-DOF design methods (classical, LQR, and H -in� nity) all
had large nominal values for stability margins, and therefore, per-
turbed cases do not penetrate the level 2 region. In the case of the
two-DOF dynamic inverse design, the nominal margins are some-
what reduced,so that the perturbatedcases penetrate into the level 2
region. This could be easily alleviated by tightening the level 1
stability margin boundaries used for the nominal design, or by in-
creasing the overalldesign margin. The resultsof Fig. 11 also reveal
that the classical and H -in� nity designsdisplay a very small scatter
between all of the aileron and rudder margin cases, as compared to
the LQR and dynamic inverse designs.

Table 3 compares the relative robustness for the four designs, as
measuredby the maximum deviationin gain and phase margin from
the nominal point (data from Fig. 11). The classical and H -in� nity
methods display improved robustness (reduced scatter) for the rud-
der loop compared to LQR and dynamic inverse, but overall the
differences seem much less pronounced than one might expect at
the outset considering the large differences in design methods. In

Table 3 Relative robustness for 20% variations in aircraft
dynamics model (maximum deviation from nominal value shown)

Dynamic
Objective metric Classical LQR inverse H in� nity

Aileron gain margin, dB ¡1, C2 ¡2, C2 ¡2, C3 ¡2, C3
Aileron phase margin, deg ¡9, C9 ¡10, C9 ¡8, C9 ¡7, C8
Rudder gain margin, dB ¡2, C2 ¡4, C2 ¡2, C3 ¡2, C3
Rudder phase margin, deg ¡6, C3 ¡22, C19 ¡11, C14 ¡7, C9

Fig. 10 Optimized H-in� nity control system characteristics.

additionto checkingthe sensitivityto parametricvariationsarounda
single reference condition,a complete robustnessevaluation should
also include aircraft con� guration and � ight condition changes that
are not explicitly included in a gain schedule implementation.

Discussion
The key results of this comparativedesign study are summarized

in Tables 1–3. The design methods were intentionally setup for a
comparablenumberof designparameters(3–4) and a single-degree-
of-controller freedom (except for the dynamic inverse). CONDUIT
readily tunedall four designmethodsvia the selected tuning param-
eters to meet the level 1 standards and minimize overdesign.

As seen in Table2, the threemethods that usea one-DOF architec-
ture (classical, LQR, and H -in� nity) achieve comparable values of
crossoverfrequencyas neededto meet both the disturbanceresponse
and command response speci� cations. The addition of a second
DOF in the dynamic inverse method relaxes the constraint between
the feedback and command response characteristicsas imposed by
the one-DOF architecture.This permits the signi� cant reduction in
aileron loop crossover frequencyuntil the disturbance response just
reaches the level 1/level 2 boundary (Fig. 8). These characteristics
are illustrated well in Fig. 12, which is a comparison of the aileron
broken-loopresponses(aileron brokenout/aileronbroken in) for the
optimized designs. The classical and LQR designs are seen to have
an identical K =s loop shape as needed to achieve the common feed-
back requirements, for example, stability margin and disturbance.
The H -in� nity loop shape is essentially the same but with a slightly
higher loop gain, resulting in the increased crossover frequency
(Table 2). Also, the H -in� nity shaping � lters W1 cause the addi-
tionalphaserolloffat higher frequencies(beyond20 rad/s). Whereas
the dynamic inverse loop shape is also K =s and parallel to the other
designs,themagnitudecurveis shifteddownby¡20dB. This results
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Fig. 11 Robustness comparison for 20% plant variations.

Fig. 12 Aileron broken-loop response comparison.

in a crossover frequencythat is aboutone-tenthof the other designs,
but still meets the disturbance response requirement with adequate
stability margin. The stability robustness associated with the feed-
back response is somewhat better for the classical and H -in� nity
design methods, but still quite comparable across the four methods.

The responses to roll command (phi¡dot/Ail command) for
closed-looproll rate are compared for the four optimizeddesigns in
Fig. 13. Once again, we see that the responses for the classical and
LQR designs track very closely to meet the common command re-
sponse requirements,for example, bandwidthand quickness,which
explains the nearly identical values for aileron rms. The H -in� nity
design exhibits a slightly higher closed-loop bandwidth consistent
with the increased crossover frequency, but displays a compara-
ble gain rolloff at higher frequencies resulting in an identical value
of aileron rms. Finally, the dynamic inverse response tracks the
other designs at low frequencies (up to 2 rad/s) to achieve common
closed-loop bandwidth and quickness requirements, but then fol-
lows the � rst-order roll-rate command model at higher frequencies.
The increased response gain at higher frequencies accounts for the
sizeable increase in aileron rms for the dynamic inverse design.The
increased rudder rms (and increased aileron crossover frequency)
for the H -in� nity method re� ects some overdesign that appears
to results from the lack of direct mapping between the H -in� nity
design parameters (W1 shaping � lters) and the handling-qualities
requirements. This may also be evidenced in the sensitivity of the
H -in� nity convergence to initial design parameter values.

The overall results of this study suggest the careful de� nition of
design requirements sets a unique broken-loop shape and CM re-
sponse.CONDUIT will alternativelydrive on the respectiveDP for
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Fig. 13 Aileron closed-loop response comparison.

classical (feedback gains), LQR (Q matrix), etc., using the associ-
ated mathematical mechanisms (direct gains tuning, Riccati equa-
tions, etc.) to achievethe common requiredloop shapeand, thus, the
common set of handling-qualitiesrequirements.Also, the optimized
controller performance and robustness do not vary much between
the differentdesign methods. Perhaps achievingsuch similar results
using different but all linear controllers might have been expected,
but this is now made clearly apparent with the opportunity to opti-
mize the methods on a level playing � eld using CONDUIT. Thus,
the results here lend further support to the view that the mathemat-
ical mechanism to achieve the level 1 requirements is not nearly as
important as the 1) proper selection of and optimization against a
comprehensive set of speci� cations, 2) selection of a one- vs two-
DOF controller architecture, 3) � ight measurements required for
each method, and 4) degree of transparency in the design method
for ef� ciently resolving problems that may arise in � ight test.

As stated at the outset, the objective of this research work was
not to demonstrate the superiority of one method of control system
design over another. Moreover, an expert in any one of the methods
used may come up with a more effective implementationor a better
design based on a combination of the methods. The intent herein
was to demonstrate the feasibility of using CONDUIT to analyze

and optimize a range of familiar control design methods against a
broad-spectrumset of design requirements.

Conclusions
1) Proposed alternativedesign methods can and should be evalu-

ated against a consistent set of design speci� cations that include all
relevant handling-qualitiesand controller performance metrics.

2) Four alternative design methods (classical, LQR, dynamic
inverse, and H -in� nity) optimized against a common and com-
prehensive set of requirements achieved similar performance and
robustness.

3) CONDUIT served as an ef� cient and effective tool for eval-
uating and optimizing alternative control system designs. Level 1
performance speci� cations were produced after a small number of
iterations with poor initial guesses for the DP.

4) The � nal DP were reasonably close to predicted values based
on standard rules of thumb for these design methods.
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