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Flight control laws for commercial aircraft have traditionally been designed using classical methods. This is
adequate for rigid statically stable airplanes controlled by mechanical and hydraulic means. The challenge increases
as pitch stability is reduced and structural flexibility is increased. The practical application of modern linear
quadratic methods to stability augmentation system synthesis for a large subsonic transport is demonstrated.
Stability, robustness, handling qualities, and dynamic load requirements under discrete and random gusts are
addressed. The approach evolves from the traditional linear quadratic regulator methods to the synthesis of
robust low-order controllers of a given structure with parameter optimization. The design is accomplished with
aeroelastic models at flight conditions ranging from a low-speed takeoff to a high-speed cruise with forward and

aft center-of-gravity configurations.

Nomenclature
CAP = control anticipation parameter
Cu, = pitch moment coefficient with respect to speed
Cu, = pitch moment coefficient with respect to « equal to
wzsp/ Na
c* = g + kn,, where k is airplane dependent
c = aerodynamic chord
E[] = expected value
L, = turbulence scale length
M = stabilizer root bending moment
M = wing root bending moment
P = normal acceleration per o
Q/Q,s = normalized pitch rate
[om = steady-state pitch rate to a step &,
Gayn = dynamic pressure
Ty = 25¢/ Vras
T, = phugoid period of Q/Q;, ideal model
T, = pitch zero of @/ Q,, ideal model
iy = terminal time
7 = phugoid target mode
Vras = true airspeed
Wl’} = scalar weight per cost function i
Wy = vertical gust
w; = disturbance input to the ith synthesis model
Wy = vertical gust rate
o = angle of attack
Scol = column deflection

Se = elevator deflection

S, = elevator rate

Cop = short-period damping ratio

& = damping ratio of short-period target zeros

Ny = white noise input of unit power spectral density
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0. = impulse pitch command

B = pitch response of Q/Q,, ideal model

7 = short-period target mode

ol ,., = bounds on covariance responses to von Kérmén
o turbulence

(731‘2 = bounds on covariance responses to discrete gust

o = von Kdrman turbulence rms intensity

T = von Kdrman turbulence model time constant, L,/ Vras

Wy = discrete gust frequency, 27/ T,

Wnsp = short-period natural frequency

Wph = phugoid target zero

Wgp = short-period frequency of Q/Q,, ideal model

W, = frequency of short-period target zeros

I. Introduction

T HE design of robust control laws for a large, flexible, subsonic
airplane with reduced static stability (RSS) is challenging in
that there is a technological upper limit to the available control
power. Given that the inertia /,, of an airplane is proportional to
the fifth power of its length (L°) and the control power is only pro-
portional to L3, the control power to inertia ratio decreases with
1/L%. A length-constrained airplane with RSS will show a simi-
lar nonlinear decrease. The plane in this study indicated a 1/L!*
relationship. RSS increases the demand on the actuation system,
requiring a pitch stability augmentation system (PSAS). This PSAS
is vital and must provide adequate stability, handling qualities, and
robustness to variation in flight conditions and yet not unduly affect
the structural dynamic loads (e.g., increase in wing root bending
moment). This study addresses PSAS design for this type of sub-
sonic airplane. Properly reduced aeroelastic models of the airplane
have been developed for control synthesis. The complete PSAS de-
sign approach is based on optimal control.!:? This approach begins
with the synthesis of linear quadratic regulator (LQR) designs sat-
isfying all of the specified requirements without excessive control
effort. These full-state solutions provide meaningful insight into
achievable design characteristics and a direct way to evaluate the
potential benefits of multivariable control. Yet LQR design is not
practical since it requires all of the system states to be fed back.
Consequently, low-order controllers based on specified output feed-
back structure are obtained with parameter optimization,? adopting
the results from the LQR synthesis as guidelines. Detailed formu-
lation of the design problem for parameter optimization is given
in Sec. IV.
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II. Problem Statement

A. Problem Description

The objective of this study is to develop a unified procedure for
designing a PSAS for a large subsonic transport. The PSAS con-
troller structure is based on feeding back C*(Ref. 3). The design is
accomplished with linear aeroelastic models that include the effect
of unsteady aerodynamics.* The airplane also exhibits RSS behav-
ior. Hence, a PSAS is required for acceptable handling qualities
while keeping the structural dynamic loads of the aircraft within
reasonable limits.

B. Background

Early work on active control of a transport airplane® demon-
strated the potential benefits of multivariable control based on a
linear quadratic Gaussian (LQG) method. Nevertheless, implemen-
tation of LQG control laws still poses a major challenge in terms
of its dimensionality and the difficulty in addressing many design
conditions through gain scheduling. In this study, practical PSAS
design is addressed through a combination of LQR synthesis! and
direct parameter optimization.? The L.QR full-state feedback de-
sign is optimum with respect to a weighted sum of mean square
responses to either random initial conditions or random white noise
disturbances. In addition, the design has a guaranteed robustness of
at least —6 dB—oo in gain margin and 360 deg in phase margin.
Although full-state feedback cannot be implemented in practice,
the achieved performance and robustness can be used as a point
of reference to identify the maximum level of improvement that
can be obtained with an output-feedback control law of a particular
structure. The LQR method also provides a timely assessment on
preliminary design issues such as the required control activity and
bandwidth to meet stability and performance objectives.’

Once optimal LQR PSAS designs are obtained, low-order con-
trollers are synthesized via direct optimization®® in an attempt to re-
cover the same performance and robustness. The control-law struc-
ture can be arbitrary; however, this study adopted the C* control
concept.

C. Design Requirements

The PSAS must meet the following stability and handling quali-
ties requirements. 1) The normalized pitch rate response Q/Q,, toa
step elevator input shall be between the appropriate lower and upper
limits. 2) The short-period damping ratio ¢, shall be between 0.4
and 0.8. 3) The control anticipation parameter C A P must be within
limits (i.e,, 0.16 < CAP < 3.6 for takeoff, approach, and land-
ing, and 0.085 < CAP < 3.6 for climb, cruise, and descent). This
requirement translates into limits on the minimum and maximum
acceptable wyp,.

In addition, the design must possess robustness of at least 6 dB in
gain margin and 45 deg in phase margin. While improving the pitch
stability, the design must not degrade the basic aeroelastic stability
nor increase the total gust 1oads. The requirements for these dynamic
loads are based on not-to-exceed values obtained with preliminary
structural analysis.

D. Design Models

For control-law synthesis, design models must include the effects
of RSS as well as aeroelasticity. Structural models that include the
effects of unsteady aerodynamics* had been developed for this pur-
pose. These high-order models of approximately 240 states must be
reduced for control system design. This reduction is accomplished
via the LK reduction method,” which preserves the dominant modal
characteristics over a wide range of frequencies as well as the steady-
state behavior. As a result, models of approximately 40 states are
obtained for the flight conditions listed in Table 1.

Open-loop analysis indicates a degenerate short-period mode.
This occurs when the static margin (defined by Cy, ) is reduced.
The exact effect on the resulting short-period and the phugoid modes
is determined by the speed-stability term Cj,.*~'° In general, the
short-period mode coalesces with the phugoid mode to form a pair
of real roots (a degenerate short-period mode) and a highly damped
oscillatory third mode. This behavior is shown in Fig. 1 correspond-
ing to flight conditions 1 and 2 (Table 1). Note that the forward c.g.
condition indicates an oscillatory short period within the required

Table1 Design flight conditions

Flight Gdyn» c.g.,
condition Description pst % mac
1 Takeoff 97.4 13.5
2 Takeoff 97.4 36.0
3 Cruise 269 135
4 Cruise 269 36.0

[
2
‘& 05
]
E
obA A |
F-->forecg
A-->afteg . L T
+ --> phugoid or "third mode" .-~ .7
05 x --> short period (ormal & degeneraté) :
s -1 F 0.5 0 0.5

real

Fig. 1 Aft center-of-gravity effects on the short-period and phugoid
modes, open loop configuration.

CAP and ¢, region, whereas the aft c.g. condition does not. Con-
sequently the PSAS must move the short-period mode to this region
to meet handling qualities requirements.

HI. LQR Synthesis of PSAS

A. LQR Synthesis Model

For LQR design a model must be synthesized to encompass the
requirements defined in Sec. I1.C. First, the aeroelastic model must
be rendered both minimal and balanced. The objective is to improve
the numerical conditioning in terms of controllability and observ-
ability and also to remove all of the weakly controllable and weakly
observable modes. Note that only a stable model can be balanced.
The unstable or purely imaginary poles, if they exist, must first be
isolated from the model to be balanced. This can be done by modal
residualization.® A balanced realization can then be obtained for the
stable part of the model. Nearly uncontrollable and unobservable
modes are at the same time removed using the method of balanced
truncation.!* The unstable modes are subsequently appended back
to produce the complete model for LQR synthesis. Integrators for
the vertical, lateral, and longitudinal displacements (often present
in structural models) are also removed as they do not contribute to
the overall design problem and could pose numerical problems with
the Riccati solution during LQR design. Moreover, these additional
poles at the origin could lead to a system with degenerate roots at the
origin, hindering the numerical diagonalization scheme in the de-
sign package SANDY.® This situation would occur when examining
aircraft responses to a step input at the elevator column transducer
or in the pitch command ¢..

Additional disturbance and ideal command models are also ap-
pended to the synthesis model. They are listed as follows.

1) A third-order filter for the transverse von Karmaén turbulence
model is given by

we(s) 0, (1 +2.61875)(1 4 0.129817s)
n,(s) T (1 +2.08375)(1 4 0.83275)(1 4 0.089775)

8y

where 7, o,, and the disturbance input 5, are as defined in the

Nomenclature. Inclusion of this model ensures that the LQR design

provides the desired disturbance attenuation to the von Kdrmén gust.
2) A second-order ideal model for Q/Q,; is of the form

bu(s) _ W, (1 + Tos)
0.(s) (s2 + 2Lpwsps + a)fp) (Tys+ 1)

2
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Mg{s)

s
von Karman
Turbulence Model

Column

Transducer xa(8)

LQR Synthesis Model
-1 LQR Control-Law

i I1deal Model for
Pitch Response

= ool

Fig.2 Closed-loop system, LQR.

where (s, Wy, T1, and T, are design parameters describing the de-
sired pitch response to an impulse input 6.(s). Note that T; was
selected to be 100 s to reflect the slowly decaying pitch response in
the speed-free model.

3) A first-order ideal model could also be set up for the speed
variable u. Speed stability, however, was not a consideration for this
study; hence, we assume u,, (1) = 0.

Formulation of the synthesis model is done using state-space
methods.® A diagram of this model is shown in Fig. 2.

B. LQR Synthesis
The LQR synthesis is based on the following cost function:

Jig = / FAOISAGES THOI @

0

which, according to Parseval’s theorem, can be rewritten as
1 [ . ) . .
Jo=7— / (@) Qye(jo) + RE; (jw)s,(jo)]dw (&)
O

The criterion variables are 1) y,, = 6 = (s* + 2w,5 + w?)
[6(s) — 6 (s)] = short-period target mode, 2) y.,, = Mg = stabi-
lizer root bending moment, and 3) y., = My, = wing root bending
moment, and Q is a diagonal weighting matrix. The first criterion
variable forms the appropriate target transmission zeros. The target
zeros are totally defined by the parameters w, and ¢;. Increasing the
penalty weight on 8 moves the resultant closed-loop poles asymp-
totically toward these target zeros. Additional weights on y,, and
Yo, are carefully introduced to improve the loads, if necessary. Note
that in this case there is only one control variable, the elevator §,(¢).

The derived closed-loop system is shown in Fig. 2. The feed-
forward controller (gains K¢y and K,,) is in part accomplished by
including the ideal model into the synthesis model. The resultant
control law as indicated in Fig. 2 is

Be(t) = K,x,(t) + Km-xm(t) + Kffacnl(t) (5)

where x,(¢) are the airplane and turbulence model states and x,, (¢)
are the ideal model states. Note that K s is not directly obtained with
LQR synthesis. Instead, K ¢ is selected afterwards via direct simu-
lation; its value is adjusted until the actual Q/Q,, closely matches
the desired response.

Design gains at each flight condition are obtained following an it-
erative procedure. First, penalty weights are chosen for the criterion
Y., and control §, along with the parameters (w,, ¢,) for the short-
period target zeros. At some flight conditions, RSS makes it neces-
sary to reduce £, to a small value to attract the short-period mode
away from the real axis, and thereby compensate for the increase
in Cy, (i.e., a loss in static margin).” In addition, since target zeros
only attract the closed-loop poles in the asymptotic sense, it is some-
times necessary to increase the frequency «, beyond what would be
the desirable CA P to obtain good handling qualities (short-period
placement and Q/Q,,).

In addition, some cases require penalty weights on y,, and y,, to
improve the load reduction to random gust. Increasing the elevator
control weight R also reduces My and M,,. The mean square re-
sponses of dynamic loads, elevator rates, and displacements to von
Kérmén turbulence are evaluated by calculating the covariance with
the Lyapunov matrix equation.

Table 2 LQ design parameters

Criterion Target
weights® Zeros
FC R 6 Mg Mu o g Kyr
1 4 05 1 1.8 15 0.7 -0.005
2 5 1 0 1 25 0.2 —0.03
3 25 0.1 0 5 2.5 0.9 —0.0035
4 30 0.5 110 10 22 0.1 —0.012
A Mg and My x 10714,
Table 3 Gain and phase margins
LQR C(*,‘pt
FC GM, dB PM, deg GM, dB PM, deg
1 —58.34 99.35 (—56.2,16.8) 79.8
2 00 68.45 14.9 69.5
3 00 107.32 (—58.8,12.8) 82.1
4 00 82.32 11.0 51.1

Q/Qss

1 2 3 4 5 6 7 8

Time (sec)

Fig.3 Q/Q, responses, LQR takeoff.

Q/Qss

L 2 3 4 5 6 7 8

Time (sec)

Fig. 4 Q/Q responses, LQR cruise.

C. LQR Design Results

Design parameters in the LQR synthesis are summarized in
Table 2. The achieved robustness in terms of gain and phase mar-
gins is shown in Table 3; clearly the results exceed the guaranteed
robustness of (—6 dB, oo) in gain margin and +60 deg in phase
margin. The Q/Q,, compliance is shown in Figs. 3 and 4. The
short-period damping and CA P compliance are shown in Figs. 5
and 6, respectively. Closed-loop dynamic loads, elevator rates and
displacements are shown in Table 4 for random gusts and in Table 5
for discrete gusts.

IV. Control Synthesis Using Parameter Optimization

The LQR results indicate that a PSAS can achieve the desired
stability, handling qualities and gust response. The next step is then
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Tabled M, My, 8., and [53 responses

MSD MW\" .
(105 in.-1b) 106 in.-1b 8., deg 8., degls

FC LOR Cox  LOR S LQrR Cox LQR  Cop

1 2.76 2.71 5.97 7.49 1.11 1.88 3.56 4.10
2 5.30 5.49 8.81 9.03 1.60 1.96 717 5.94
3 124 124 20.0 20.2 1.98 3.11 9.10 122
4 14.5 14.6 21.0 20.1 2.18 222 15.5 16.0
Table 5 Peak Mg, My,, 6., and 52, discrete gust
% Reduction® % Reduction® )
M, Mye 8., deg 8., degls
Fc LOR T LR  Cm LOR Com  LQR Com

1 —4.69 —2.67 1.34 —04 047 0.84 0.65 1.23
2 14.7 0 —2.18 0 1.12 1.56 1.17 2.56
3 21.2 4.90 -101  —-11.0 325 4.28 104 18.1
4 4.48 21.1 —147 —433 136 3.26 627 153

ACompared to open-loop response.

3.5

imaginary
-
W

Q.5 i

L(——> O] en;:';loop R
sk >closedloop | L . pl . i
735 3 2.5 -2 -1.5 -1 0.5 0 0.5

real

Fig. 5 Short-period damping and CAP, LQR takeoff.
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Fig. 6 Short-period damping and CAP, LQR cruise.

to realize such a control law in terms of an output-feedback design.
One approach would be to synthesize a LQG control law’ using
the measurements of normal acceleration and pitch rate. The re-
sulting controller, however, would be of high order (approximately
40th), and gain scheduling would be difficult. Hence, a simpler ap-
proach is attempted, which can only be done with direct parameter
optimization.® Because of ongoing interest in the C* criterion, a
C*-type controller was selected for the design optimization.

In this study, the design package SANDY® was used to solve for
the optimum gains. The design algorithm behind SANDY is based
on the optimization of a quadratic cost evaluated to a finite terminal

time ¢;. Given a linear time-invariant (LTI) system with impulse
or white noise inputs, the objective is to find a LTI controller of a
given structure and order such that the following performance index
is minimized:

Np
J=Y WiJ(t) (6)

i=1

where, for impulse inputs,

'l
L A . )
Ji() = / [T Q'yi) +u" (YR u()] at )
0
and for white noise inputs,

7)) = BT () @yilry) + " () Ru()] - ®

The design optimization may also include additional linear and
nonlinear constraints: direct bounds on the design gains, eigenvalue
constraints on the maximum real part and minimum damping, and
covariance constraints on the control and criterion variables.

Note in Eq. (6) that J involves the sum of quadratic performance
indices with the associated scalar weights W ;(2 0). Individual per-
formance index J(#}) is formulated to represent a particular de-
sign specification (Table 2). Thus, at each flight condition, we have
N, = 3 and the following objective function:

3
J=>"Jir) ©)

i=1

The design approach in SANDY provides the following advan-
tages.

1) The initial guess for the controller need not be stable because
the terminal time is finite. Closed-loop stability is guaranteed upon
convergence using eigenvalue constraints.

2) Nonlinear and tracking requirements may be approximated
using synthesis filters with a finite terminal time.

3) The computer program NPSOL is used to optimize the con-
troller parameters for a minimum J.

4) Numerical optimization is efficient since gradients are eval-
uated analytically. The problem is, however, generally nonconvex,
and the optimal design corresponds only to a local minimum.

A. Synthesis Models for Parameter Optimization

Given the three design criteria shown in Table 6, synthesis models
are formulated as shown in Fig. 7. Note the differences from the
LQR synthesis model (Fig. 2). This is a result of the different types
of disturbance and command inputs used to evaluate the design
specifications. Note that all of these models share the same control
input and sensor outputs. These models and the associated design
cost and constraint functions are as follows.

1. Synthesis Model 1 (Fig. 7)

To achieve handling qualities in the form of Q/Q,,, an ideal
model is formulated for the desired pitch rate response g, (t). The
step input is modeled as the output of a first-order impulse filter with

Table 6 Formulation of synthesis models

Synthesis ty, Disturbance, Criterion,
model s w(t) ye(t)
1 10 w (#) = impulse Aqg(t)
Pitch command Agq(t)
2 Ty wy (t) = impulse Mg (2)
Discrete gust My, ()
8.(1)
e ()
3 00 w3 (¢) = white noise M (1)
von Karman
turbulence My, (1)
8.(1)
§e(0)
o(t)
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Co {Input Criterion Varizbles:
wy(s), ©sp2(Tos + 1) Am(s) =~ Aq(s)

(impulse) Tis+1 s2+2 CspWsps + mspz ' *Aq

Disturb ¥ —™Aq(s)

wa(s) Up_og? | %gr— W
(impulse) 2 s(s2+ag?)
©0<t<Ty |

w3(s) von Karman | wg(s)

. s—x—#{ Turbul 3
(white noise) “I!v(:d?l‘ce 8w a(s)
—p Msr
f————————— My,

————————————— 8 (8)
———————————— 8 (s}

q(s)

Aeroelastic
Control Input: Model

————— WADIRU (s
[ O ADIRU )
[—————~———® qADIRU (5
[—————————# 0z ADIRU 5

8 (s)

Fig.7 Synthesis models 1, 2, and 3; direct optimization.

a slow time constant 73 = 100 s. Note that the input to this filter
corresponds to w(s). Parameters T3, wg,, and {, in the second-
order filter are determined to produce a nominal response that lies
between the required lower and upper boundaries of the Q/Q,
envelope. Note that these parameters do vary with flight conditions.
For the low-speed conditions: T, = 2.0 s, wy, = 1.0 rad/s, and
{op = 0.57. For the high-speed conditions: T, = 1.25 s, wg, = 2.0
rad/s and ¢, = 0.6.

Alternately, a second-order approximation of the pitch response
in the closed-loop LQR design may be used for this model. This
is accomplished with SANDY using a model-matching technique.
The ideal model then represents a solution that satisfies all require-
ments, regardless of the pitch zero and the degree of RSS. The design
objective for synthesis model includes pitch rate and pitch acceler-
ation tracking errors between the airplane and the ideal model. The
resulting cost function is of the following form:

7'(t) =£I {Qlag* () + 0}ag ()} ar (10)

2. Synthesis Model 2 (Fig. 7)
To address the airplane response to a discrete gust of the form

U, (1 — coswyt) r<Ty
=142 = 11
we () {0 t> Ty an

where wy; = 21/ T, and T; = 25¢/ Vras, a synthesis model is for-
mulated as shown in Fig. 3. Note that exciting the given third-order
filter with an impulse input w, (s) will result in a sinusoidal output
identical to the discrete gust for 0 < ¢ < 7. The period 7} is ade-
quate to capture the peak response to the discrete gust in Eq. (11),
since the peak response is expected to occur between the time at
maximum excitation (+ = T,/2) and where the gust excitation is re-
moved (¢t > 7). The output covariance response evaluated over the
gust period T, can be used to provide a rough measure to the max-
imum discrete gust loads. Given the low-frequency content of the
gust excitation, if the output covariance is constrained to be small,
then it is likely that the maximum discrete gust loads will also not
be excessive. This synthesis model has the following cost function:

2

t
s
JH) = / {OIMZ() + O3M2 (1)} ar (12)
0
with additional direct constraints on the covariance responses

7
/ MA(t)dt < o
0 a3

2
thz dt <o?
wr(t) t—adz
0

and with terminal time 1} = T,. The criterion weights Q? and
Q3 and the upper bounds in the covariance constraints are selected

iteratively until the resulting peak bending moment responses are
below the allowable limits. Care must be taken in the selection of
the upper bounds in Eq. (13) so as to not overly constrain the design
problem where no feasible design solution exists.

3. Synthesis Model 3 (Fig. 7)

The dynamic loads and the elevator activity under a continu-
ous von Karmén turbulence are accounted for in synthesis model 3
through the disturbance input ws; (s). The short-period damping and

. CAP requirements are also included in the objective function us-

ing a short-period target mode with the desired damping ¢, and
frequency w,. Target zeros in a frequency-shaped cost function are
only approached in the steady-state design, i.e., with the terminal

time t; — 00. The design objective function is of the form

7(6]) = QE[0*()] + Q38 [Ma()] + Q3E [M0(17)]
14
with additional direct constraints on the covariance responses

E[M(1})] < o2, E[M(5)] =,

E[()) =i E[8(H)] =0

The upper bounds are usually determined from either the open-loop
responses or from the closed-loop responses of a baseline design.
Starting with a reasonably small ¢, the terminal time £} is gradu-
ally increased until a steady-state solution is achieved® in the mean
square response calculation.

15)

V. ¢* Control-Law Structure for Parameter
Optimization

The C* control-law structure for this study is shown in Fig. 8. Any
feedback variables to be integrated are replaced by their integrated
states to avoid uncontrollable poles at the origin in the feedback
path. The feedforward and C* augmentation gains are optimized
simultaneously with respect to the overall performance index J
given in Eq. (9) while subject to all of the nonlinear constraints
defined in Egs. (13) and (15). Table 7 shows the design parameters
selected for the synthesis of the optimal C* controller. The achieved
robustness in terms of gain and phase margins is shown in Table 3
that surpasses the requirements of 6 dB in gain margin and 45 deg in
phase margin. The Q/Q,, compliance is shown in Figs. 9 and 10 for
the takeoff and cruise conditions, respectively. Note that the pitch
response is within the desired envelope. The C A P and short-period
damping compliance are shown in Figs. 11 and 12. Closed-loop

Table 7 Design parameters in C;pt synthesis
Synthesis Synthesis Synthesis
FC model 1 model 2 mode] 3
1 0} =100 0% =600 03=10
0} =10 o =6.31x 10" w =20
op = 1.0 & =07
&p = 0.57
T, =20
2 0} =25 o = 18.982 x 1012 w =20
wp =094  of =23073x 10" & =07
top = 0.62 ol =30.138 x 10"
T, =2.67 ol = 81475 x 1012
3 Q] =100 03 =10
0l =10 w =20
wgp = 2.0 & =09
fp = 0.6
T, =125
4 0l = 03 =10
0i=1 wp =20
wyp = 1.77 & =09
Lsp =0.68 ol = 48400 x 10%
T, =165

#Damping constraint of {sp < 0.8 was required to ensure a complex short-period mode.
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Q/Qss

Q/Qss

imaginary
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Transducer Tys+ 1
Feedforward Gains
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z ADIRU ‘& » Control Qutput
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apIRU 468 . —
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Fig. 8 C* controller, direct optimization.
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Fig. 11 Short-period damping and CAP, C;pt takeoff.
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Fig. 9 Q/Qs responses, C:pt takeoff.
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Fig. 10 Q/Qq; responses, C:pt cruise.
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Fig. 12 Short-period damping and CAP, C*pt cruise.

0]

dynamic loads as well as elevator rates and displacements are shown
in Table 4 for random gusts, and in Table 5 for discrete gusts. Note
that the design goals in terms of allowable loads and elevator activity
are also met. The results obtained show the viability of parameter
optimization for the design of a practical control law with a given
structure. The potential of this approach is its ability to explore
other types of stability augmentation systems for a large subsonic
transport beyond the proposed C* controller.

V1. Conclusions

Optimal control synthesis of a stability augmentation system for
a large subsonic transport has been presented. A systematic design
procedure has been developed that includes pertinent design re-
quirements in the quadratic cost function with a frequency-shaped
cost and a model-following method. Both feedback and feedfor-
ward design has been successfully obtained with the well-known
LQR synthesis. The reduced-order implementation in the form of a
C* control law is designed with parameter optimization. The pro-
posed numerical optimization-based method offers a convenient and
powerful means of synthesizing practical control laws that approach
the optimum performance and robustness of the LQR design using
direct nonlinear constraints.
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