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Optimization and comparison of several alternative control system design methods againsta common extensive
set of dynamics response criteria is demonstrated using the Control Designer’s Unified Interface (CONDUIT®),
The alternative methods considered are classical, linear quadratic regulator, dynamic inverse, and H-infinity as
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Introduction

HE U.S. Air Force has recently completed an extensive review

of flight control practices for avoiding pilot-induced oscilla-
tions (PI0),' inresponseto thatthese problemshave occurredduring
the developmentprocess for almost every new military aircraft. The
role of checking and designing to meet handling-qualities criteria
throughout the flight vehicle development life cycle figures promi-
nently in the “Ten Steps to Reducing the Risk of PIO” reviewed in
Sec. 1 of Ref. 1. A second compilation of best flight control design
practices’ was prepared under the auspices of the NATO AGARD
Flight Vehicle IntegrationPanel (now the NATO Research and Tech-
nology Organization System Concepts and Integration Panel). In
summarizing the lessons learned from much of the fly-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 developmentand flight-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 efficient means to update repeatedly control system parameters
as accurate aircraft dynamic response data become available during
flight testing.

Design requirements for satisfactory aircraft handling qualities
and robust closed-loop stability have been developed and refined
based on extensive flight-test, piloted-simulation, and analytical
studies. Recommended values of dynamic response metrics, for ex-
ample, bandwidth, rise time, phase lag, etc., and detailed supporting
explanation are compiled in specification documents for fixed-wing
handling qualities (MIL-STD 1797A), rotorcraft handling quali-
ties (Design Standard ADS-33E), general flight-control stability re-
quirements (MIL-SPEC 9490), and much additional excellent de-
sign guidance? A complete set of design criteria may include as
many as 50-100 individual specifications, including metrics based
on time response, stability margin, and disturbance response.’

Many innovative flight-control design methods have been and
continue to be proposed and advocatedin a desire to improve flight-
control system performance/robustnessand to automate and thereby
reduce the cost of the flight-control development process. Each
flight-control design method invariably has a set of tuning param-
eters, for example, O and R matrices for LQR design, weighting
functions for H-infinity design, or target eigenspace locations for
eigenvectorassignmentdesign. It is common for these parametersto
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 final 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 proposed method to achieve the
complete set of dynamic requirements without overdesign and the
resultantexcessiveactuatoractivity. Because prospectivealternative
design methods are not optimized against a common set of dynam-
ics response objectives, it is difficult 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 Unified Interface (CONDUIT®),? 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 flight-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 flight tests can be resolved quickly. Key features of
CONDUIT include the following: 1) extensive precoded graphical
libraries of key handling qualities and dynamic response criteria de-
signspecifications;2) integratedenvironmentto create, validate,and
catalog new user-defined specifications;3) easy graphicalselection,
setup, and evaluation of specifications; 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 individually met, 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) extensive supporting
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 paper demonstratesthe optimizationand comparison of sev-
eral alternative control design methods againsta 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 aircraftlinearized dynamics. The key nonlinearitiesassoci-
ated with the actuator position and rate limiting are included in the
model. The designmethods consideredare classical,linearquadratic
regulator (LQR), dynamic inverse, and H-infinity. The results show
thateachmethod canbe tunedusing CONDUIT to meet the dynamic
requirementsnecessary to ensure good handlingqualities and 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 controllers with 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 aircraftas given by Blakelock® 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 comprehensive design model would
also inlude many additional elements, such as digital sampling ef-
fects, structuraldynamicsand related notch filters, sensor dynamics,
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/directional dynamics, 2) second-orderactuator dynamics in-
cluding rate and position limiting, 3) angular rate gyro filters, 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 fixed-wing transport aircraft
(1797A, 9490). The relative priority of each specification is desig-
nated by the user as hard specification (H), soft specification (S),
or summed objective (J) indicated in the upper right-hand corner
of the specification. The role of the specification priority in the
phases of CONDUIT optimization process 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 specifications selected for this design study: 1)
All closed-loop eigenvalues must lie in the left-half plane (ab-
solute stability) (EigLcGl1). 2) There are gain/phase margin
requirements (MIL-SPEC 9490) to ensure satisfactory relative
stability/robustness (StbMgG1).

If phase 1 specifications are met, the solution enters phase 2,
in which the design parameters are tuned to attempt to meet all
of the S specifications and performance metrics included in the
J objective. The S specifications 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-
ifications 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
response quickness (QikAtG1). Additionalsoft specs included from
the CONDUIT libraries are 1) actuator saturation limits (SatAcG1)
and 2) disturbanceresponse (HIANmH]1).

Finally, if phase 2 specifications 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.
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minimize the J summed objective specification, with the earlier H
and S specifications enforced as constraintsin 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) actuatorpositionresponseas characterizedby the
root-mean square (rms) (RmsAcG1).

The rms value for each actuatoris determined from a power spec-
trum calculation in the frequency domain, based on the transfer
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function from pilot stick input to actuator position response. The
rms value is normalized to maximum control position, so that a
value of rms = 1.0 indicates that full stick input will command full
control surface authority (100% saturation).

By selecting these performance metrics, we ensure that the final
design will meet all of the requirementspecifications with minimum
overdesign. This approach minimizes 1) sensitivity to sensor noise
and unmodeled high frequency dynamics, 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 performance of the individualloops 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 reached optimum (but higher values) of these metrics. 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 designationsin the upper right of each
specification. The lightest shade region reflects level 1 handling-
qualities ratings, corresponding to characteristics that are satis-
factory without improvement. The medium shade reflects level 2
handling-qualities ratings and corresponds to characteristics with
deficiencies that warrantimprovement. Finally, the darkest shade re-
flects level 3 handling-qualitiesratings, corresponding to character-
istics with deficiencies 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-
ification 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 specification 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 -infinity. The alternative meth-
ods can be characterized by the number of design parameters and
the number of controller DOF. The design parameters are any quan-
tities, for example, gains, filter time constants, actuator limits, that
CONDUIT is free to manipulateto arrive at an optimized solutionto
the control system design problem. In this case study, the classical
method was implemented with three design parameters (feedback
gains), whereas the remaining methods were implemented with four
design parameters.

The designmethods can additionallybe characterizedby the num-
ber of controller DOF, one or two. A one-DOF controller refers to
a response feedback (RF) architecturein which the single compen-
sator must be tuned to meet both performance and robustness re-
quirements and, therefore, limits the design flexibility. 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-infinity methods were configured 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 architecture could be implemented in conjunction with 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 Kphi to aileron to achieve necessary stability margins and
closed-loop control bandwidth. The washed-out yaw rate feedback
to rudder Kr achieves the specified 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) QO matrix 4
H infinity 1 (RF) Loop shaping filters, K /(s + a) 4
Dynamic inverse 2 (CM, RF) CM frequencies 4

RF frequencies
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|
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Fig.3 Classical design optimization.

adopted herein to maintain consistency with Blakelock ® rather the
the more currently used pseudo-f feedback in modern aircraft. The
three feedbackgains, Kp, K phi, and Kr are designatedas CONDUIT
tuning parameters via the positive definite design parameter (dpp_)
in prefix seen in the block diagram of Fig. 1, and comprise a one-
DOF (RF) architecture as indicated in Table 1.

The initial values for the classicaldesign parameters were selected
as

Kp = 0.5 deg/deg/s, Kphi = 0.25 deg/deg

Kr = 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 (deficiencies 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
specifications are in the level 1 region. The fully convergedresultis
shown in Fig. 4. The optimized solution achieved after 12 iterations
meets all H and S requirements while minimizing the J performance
metrics. Convergence of the design in phase 3 toward the final op-
timized solution is quite smooth, as seen in Fig. 3, and is given by

Kp =0.12 deg/deg/s, Kphi = 0.24 deg/deg

Kr = 2.82 deg/deg/s ()

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, ¢, 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) overdesignin
stability margins and disturbance rejection to meet the handling-
qualities requirements, for example, quickness and bandwidth, for
the one-DOF architecture.

Each specification in CONDUIT has an associated set of support-
ing plots thatillustratesthe variousrelated analysesand calculations.
For example, the supporting plots for the stability margin specifi-
cation StbMgGl1 (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. Sa 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 interesting aspect 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 infinity
., aileron, rad/s 2.89 3.10 0.344 4.12
., 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
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Design rules to achieving maximum crossover frequency and ad-
equate stability margins for a given level of equivalent high-order
loopdelay are developedin Ref. 7. When the block diagram of Fig. 1
isreferred to, the actuatorand gyro filter dynamics contributea total
effective delay of 7. =0.092 s.
The maximum achievableroll crossover frequency is then deter-
mined,
(W) max = 0.370/ 7. = 4.02 rad/s 3)
which sets the roll angle feedback gain based on the roll control

effectiveness
>
K, = ———— = 0.29 deg/deg

= 4
2.48(Ls,,) @

The inverse lead time constantis also determined from the crossover
frequency:

1/T, = Ky/K, = 0.4420, = 1.78 rad/s %)
which finally determines the roll rate gain,
K, =0.16 deg/deg/s (6)

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

K, = o, [ Ny,, = 2.94 deg/deg/s @)
Comparing these results with the optimized gains from CONDUIT

[Eq. (2)] shows that the classical rules of thumb give good first
guesses to the optimized solution.
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Fig. 4 Optimized classical design characteristics.
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LQR Design

The control law architecture for the LQR design is analogous to
the classical design architectureof 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 quadratic cost function comprising
state errors weighted by the QO 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 controller will utilize a 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,
B, and ¢), 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 guaranteedstability of the LQR designbecausethe
omitted elements, for example, actuators, filters, etc., will contribute
phase lag to the overall system.

CONDUIT is usedto optimize the elementsof Q as design param-
etersto achievethelevel 1 requirementswith a minimumoverdriving
of the control:

Qpp
(8)

Q
Il

O
Q
I_ pB o J

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

A roll angle stick command gain and associated specification
FrqGnGl is includedto ensure constantunity steady-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 specifications for the initial design pa-
rameter guesses (Q =) 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 challenge CONDUIT.

CONDUIT tuned the Q matrix to achievean LQR design that sat-
isfied all of the handling qualities,even when the initial guess for the
design parameters was poor. The design parameters are fine 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

0,, = 0.0079, 0, =0.81
Qps = 0.95, Q46 =0.071 )
The corresponding feedback gain matrix is
p r B ¢

K:|:0.1141 —0.2024 0.2262 0.2823i| Sa (10)

0.0088 —0.8456 0.2455 0.0061 | 8;ua

The key characteristicsof the optimized LQR solutionare 1) control
law requires measurements of p, r, 8, and ¢; 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.

Itis interesting to compare the optimized LQR 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 diagonalelements of Q to correspondto the square of the ratio of
maximum control authority to maximum expected response, that s,

Qi = [(Mi)max/(xi)max]2 (1D

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,, =001,0, = 1.0, 04 = 1.0, Qyy =001  (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 method'® 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.!" The control law architecture can conceptually be
divided into three key elements: command model, regulator, and
aircraftinversion.

The inverse control acts to cancel the basic aircraft dynamics to
yield a simple (1/s%) system. Then the regulator loops (RF) closed
around these accelerationlike dynamics are easily tuned to produce
the desired regulator bandwidth and stability margins. Finally, the
CMs, contain first- or second-order transfer-function characteriza-
tions of the desired closed-loopaircraft response, tuned to meet the
handling-qualities requirements. The control law implementation
contains a dynamic algorithm that requires the measurement of rud-
der position 8y, or lateral accelerationa, to reconstructthe needed
sideslip rate 8, as shown in Fig. 7.

Four design parameters were selected for CONDUIT optimiza-
tion: inverse time constant, that is, bandwidth, for the first-orderroll
rate command model 7p, roll regulator natural frequency omphi,
Dutch roll CM frequency comdr, yaw regulator natural frequency
ombet. The roll and yaw regulationloop damping ratios were fixed
atzeta=0.7.

An arbitrary initial choice of design parameters was selected as

comdr = 1 rad/s

omphi = 1 rad/s (13)

Tp =15,
ombet = 1 rad/s,

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

CONDUIT convergesin 11 iterations to an optimized design that
satisfies all level 1 requirements (Fig. 8) while minimizing overde-
sign (Table 2). The optimized design parameters are

Tp = 0.837 s,
ombet = 0.76 rad/s,

comdr = 1.21 rad/s
omphi = 0.835rad/s  (14)

The generation of high actuatorrates and/or displacementshas been
reported in some previous applications of the dynamic inverse con-
trol method.'? 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 characteristic of this design is the low
roll crossover frequency (w., = 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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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 specifi-
cation HIANmHI1 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 actuator hardware 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 introduction of a second controller DOF.

The results of the dynamic inverse design method are 1) control
law requires measurements of p, r, B, ¢, and 84 or ay; 2) control
law requires dynamic estimate of §8; 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 overdesignin
stability margins or disturbance rejection.

H-Infinity Design

The H-infinity control method implemented in this case
study used the one-DOF loop-shaping approach described by
Postlethwaite.!* 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-infinity 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 remaining weighting function W1 comprises first-order
filters for the aileron loop

Wl = ki /(s + au) (15a)
and for the rudder loop
erud = krud/(s + ) (15b)

where the filter parameters ky;, @y, Krug, and a,q are used as design
parameters in CONDUIT.

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

rolt
disturbance

The initial choice of H-infinity design parameters yields a range
of level 1, 2, and 3 characteristics:
kai = 6, @i = 50, kwa = 160, ana = 50 (16)

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

k'di] = 17117
kg = 159.8,

Ay = 48.63
ang = 50.58 a7

which shows a significant change only the first DP. As might be
expected, the optimizedrolloff in the loop transmission corresponds
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 -infinity
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 notreach a satisfactory
result. This problem was not encountered for the other design meth-
ods, which achieved a unique convergedsolutionindependentof the
initial guesses for the design parameters. The design parameters for
the chosen H -infinity implementation (first-order filter coefficients
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 generalimplementationof the H -infinity design method
wouldresolvethis problem. The performance metrics for this design
are listed in Table 2.

The results of the H-infinity design method are 1) control law
requires full state measurements of p, r, 8, and ¢; 2) sixth-order
dynamic compensator (fourth-order controller plus W1 filters); 3)
all level 1 design requirementsachieved (with 10% design margin);
4) increased rudder control rms; 5) no control saturation for the
largest expected command 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-
timization quite sensitiveto initial choices of 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 fixed as determined earlier [Eqgs. (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-infinity) 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-
whatreduced, so that the perturbated cases penetrateinto 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 overall design margin. The resultsof Fig. 11 also reveal
that the classical and H -infinity designs display 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
measured by the maximum deviationin gain and phase margin from
the nominal point (data from Fig. 11). The classical and H -infinity
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 infinity
Aileron gain margin, dB 1,42 -2,42 —-2,43 —2,43
Aileron phase margin, deg —9,4+9 —-10,+9 —-8,+9 7,48
Rudder gain margin, dB 2,42 4,42 2,43 —2,43
Rudder phase margin, deg —6,+3 —22,+19 —11,+14 —-7,49
EiglLcG1: StbMgG1: Gain/Phase Margins
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additionto checkingthe sensitivityto parametric variationsaround a
single reference condition, a complete robustness evaluation should
also include aircraft configuration and flight condition changes that
are not explicitly included in a gain schedule implementation.

Discussion

The key results of this comparative design study are summarized
in Tables 1-3. The design methods were intentionally setup for a
comparablenumber of design parameters (3-4) and a single-degree-
of-controller freedom (except for the dynamic inverse). CONDUIT
readily tuned all four designmethods via the selected tuning param-
eters to meet the level 1 standards and minimize overdesign.

As seenin Table 2, the three methods that use a one-DOF architec-
ture (classical, LQR, and H -infinity) achieve comparable values of
crossoverfrequencyas needed to meetboth the disturbanceresponse
and command response specifications. The addition of a second
DOF in the dynamic inverse method relaxes the constraintbetween
the feedback and command response characteristics as imposed by
the one-DOF architecture. This permits the significant reduction in
aileron loop crossover frequency until 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 broken out/aileronbrokenin) 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 -infinity loop shape is essentially the same but with a slightly
higher loop gain, resulting in the increased crossover frequency
(Table 2). Also, the H-infinity shaping filters W1 cause the addi-
tional phaserolloffat higher frequencies(beyond20rad/s). Whereas
the dynamic inverse loop shape is also K /s and parallel to the other
designs,the magnitudecurveis shifteddown by —20dB. This results
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in a crossover frequency that is about one-tenth of 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 -infinity
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 optimized designsin
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, bandwidth and quickness, which
explains the nearly identical values for aileron rms. The H -infinity
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 first-order roll-rate command model at higher frequencies.
The increased response gain at higher frequencies accounts for the
sizeableincreasein aileronrms for the dynamic inverse design. The
increased rudder rms (and increased aileron crossover frequency)
for the H-infinity method reflects some overdesign that appears
to results from the lack of direct mapping between the H-infinity
design parameters (W1 shaping filters) and the handling-qualities
requirements. This may also be evidenced in the sensitivity of the
H -infinity convergence to initial design parameter values.

The overall results of this study suggest the careful definition of
design requirements sets a unique broken-loop shape and CM re-
sponse. CONDUIT will alternatively drive on the respective DP for
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classical (feedback gains), LQR (Q matrix), etc., using the associ-
ated mathematical mechanisms (direct gains tuning, Riccati equa-
tions, etc.) to achieve the common required loop shape and, thus, the
common set of handling-qualitiesrequirements. Also, the optimized
controller performance and robustness do not vary much between
the different design 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 field 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 specifications, 2) selection of a one- vs two-
DOF controller architecture, 3) flight measurements required for
each method, and 4) degree of transparency in the design method
for efficiently resolving problems that may arise in flight 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 alternative design methods can and should be evalu-
ated against a consistent set of design specifications that include all
relevant handling-qualitiesand controller performance metrics.

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

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

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