JOURNAL OF GUIDANCE, CONTROL, AND DYNAMICS
Vol. 25, No. 1, January-February 2002

Aeroservoelastic Structural and Control Optimization
Using Robust Design Schemes

Boris Moulin,* Moshe Idan,” and Mordechay Karpel*
Technion—lIsrael Institute of Technology, 32000 Haifa, Israel

The procedure for structural and robust control design of multi-input/multi-output aeroservoelastic systems
presented contains modeling of uncertainties, synthesis of a robust controller, and a unified structural and control
optimization process under stress, flutter, and control performance constraints. Robust control design techniques
can enhance the preliminary structural design for cases where certain system parameters are not known exactly or
are uncertain. An aeroservoelastic interaction module is used for mediation between the structural optimization
code and the control synthesis tools in an iterative coupled process. It provides the reduced-size state-space aeroe-
lastic models needed for control synthesis, including model sensitivities to structural uncertainties, and integrates
the resulting control model in structural optimization that includes robust-control considerations in terms of sin-
gular value constraints. The efficient uncertainty modeling developed is based on the readily available structural
sensitivity data and the linear fractional transformation tools. Modeling of inertial uncertainties of the controlled
structure was performed to account for relatively large inertial deviations of a fighter aircraft wing-tip missile.
The numerical example clearly demonstrates the effectiveness of the proposed design scheme and its usefulness at
preliminary design stages of aircraft with multiple external store loads.

Nomenclature
[A,] [B)], = state-spacematrices
[Cl [D)]
Al|B —1

[AB] = et - an s o

[Ani 23], [D], = rational aerodynamic approximation

[E] matrices

b = reference semichord

[DM] = sensitivity of the modal mass matrix to a
normalized uncertainty

Fe = lower linear fractional transformation (LFT)

[G,] = controller gain matrix

[1] = identity matrix

k = maximum relative mass perturbation

[L;:1,[L,] = multi-input/multi-outputinput and output
uncertainty matrices

M! = LFT matrix for linear uncertainty

M1 = LFT matrix for quadratic uncertainty

[M},.] = mass coupling matrix between control and

structural modes

[My], [Byn], = modal mass, viscous damping, and stiffness

(Kl matrices

[My,], [My,] = nominal and perturbed modal mass matrices
m = mass of a perturbed part of the structure

ng, = number of aerodynamic states

n, = number of control surfaces

ny = number of generalized displacements

ng = number of sensors

q = dynamic pressure

[R] = aerodynamic lag matrix

s = Laplace transform variable
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Vv = true air speed

W, = weighting functions of controller design
{x},{u},{y} = state,input, and output vectors
{x.} = aerodynamic augmented states
{xac} = vector of actuator states

[AM;;] = variation of modal mass matrix
Am = mass variation

{5} = normalized uncertainty

{5} = control-surfacedeflections

(&} = generalized displacements

af} = minimum singular value

(.} = normal modes

10} = frequency

Subscripts

ac = actuators

ae = open-loop aeroelastics

ase = closed-loop aeroservoelastics

c = control modes or controller

h = structural modes

p = open-loop aeroelastics with actuators
v = gain-open aeroservoelasticsystem

I. Introduction

HE aeroservoelastic coupling between the aerodynamics,

structuraldynamics,and controlsystemsof flight vehiclesmust
be taken into account in procedures for optimal aircraft design. A
given aerodynamiclayoutrequires the optimization of the structural
design variables and parameters of the control system, while simul-
taneously accounting for stress, flutter, and control performance
constraints.!

ASTROS? was developed to provide a multidisciplinary analy-
sis and design capability for aerospace structures. The disciplines
considered include structural and aeroelastic (AE) analysis. A new
aeroservoelastic (ASE) discipline was recently incorporated into
ASTROS,' which allows simultaneous optimization of the struc-
tural and control systems. The ASE discipline is based on the AE
state-spaceequations of motion obtained using rational function ap-
proximation of the unsteady aerodynamic force coefficient matrices
and a control systemthatis defined in a way thatallows the modeling
of most general linear control laws in the ASE loop.

The state-space ASE formulation facilitated the use of modern
control analysis and synthesis methods. Robust-control p-analysis
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techniques were applied in ASE analysis by Lind and Brenner3*
They showed how model uncertainties can be modeled and used
for calculation of robust stability margins. Their applications were
mainly in the context of flight-test stability evaluation.

The main objective of the current study is to develop an efficient
technique for reliable modeling of the AE system variations caused
by uncertaintiesin the physical properties of its structural elements
and to apply this methodology in modeling the effects of inertial
uncertaintiesand perturbationsof the aircraft for preliminary design
and analysis. This goal is accomplished by incorporating the new
ASE computational module' in a robust multi-input/multi-output
(MIMO) control design scheme based on the p-synthesis approach
and by the evaluation of the performance of this new capability
using realisticdesign studies. The robustnessof the resulting control
systemis utilized to address ASE model uncertaintiesand variations
in the design and optimization process.

The AE equations of motion and their presentationin state-space
form are summarized in the next section. Then, the procedure of
structural and control optimization of MIMO uncertain systems is
discussed. New formulations for modeling of inertial uncertainties
of the controlled ASE structure based on the structural sensitivity
data and using the linear fractional transformation technique are
presented next. This modeling procedureis then applied to a sample
aircraft model with uncertaintiesin its tip-store inertial properties,
followed by a design of a robust roll-rate controller and structural
and control optimization. The numerical example is instrumentalin
demonstrating the effectiveness of the proposed multidisciplinary
design procedure.

II. ASE System Equations

The ASE formulationin this paper follows the state-space formu-
lation of Refs. 1 and 5. The time-domain ASE models for stability
and response analysis are constructed from the separate models of
the AE plant and the control system expressedin a state-space form.
The control system includes the control surfaces driven by actua-
tors, sensorsrelated to the structural degrees of freedom,and a linear
MIMO control law that relates the actuator inputs to the sensor sig-
nals. The formulation of the AE equationsof motionin a state-space
form is based on expressing the aerodynamic force coefficient ma-
trices as rational functions of the Laplace variable s, using either
Roger’s approximation® or the minimum-state method of Karpel.
The open-loop ASE model is a result of the augmentation of the AE
model and the state-space realization of the actuators, which leads
to the plant equations

(X, = [A4,1{x,} + B, 1{u,} (1a)
{yp} = [Cpl{x,} (1b)

where {u,} is the vector of actuatorinputs and {y,} is the vector of
sensor signals.

The vector of the plant states {x,} includes the vectors of ny,
generalized displacements {£} and n;, velocities {£}, vector {x,} of
n, aerodynamic states, and vector {x,.} of 3n. actuator states. The
ASE modeling procedure assumes that the order of each actuatoris
atleast three, with the number of poles larger than the number of ze-
ros by at least three.” In the plant model of Eq. (1a), a control surface
i is driven by a basic third-order actuator whose states are &, d,,
and §,,, where §,, is the vector of actuator output displacements ex-
pressedinradians, namely, the hypothetical control-surfacerotation
if there were no structural dynamic effects. The associated control-
surface deflection, with the rest of the aircraft not moving, is called
control mode. The assembly of basic actuator states {x,.} contains
the subassemblies §,,, 8., and §.,. This representation yields the
strictly proper form of Eq. (1), with no directeffectof {u,} on {y,}.
Higher-orderactuator dynamics can be expressed by adding proper
transfer functionsin series, as part of the control system that will be
addressed later.

_The matrix [A,] may be written according to the components {£},
(£}, {x,}, and {x,c} of the vector {x,} as

[A,1=[M,]7"[A,] 2)

where

M=10 0 1 o
0 0 0 [
0 [ 0 0
[A ] _ AIZ Azz Azz é;ﬁ)
! 0 E, (V/b)R BY
0 0 0 Ae

[M] = [M,;] + (qbZ/VZ)[Ahhz]v Ap= _[Khh + thho]

Ay = —[th + (qb/V)Ahhl]v Ay = —q[D]

é;g) = [_q[Ah('o] _(qb/v)[Ahq] _[Mh(' + (qb2/v2)Ah('z]]
BY =10 [E] 0]

[Mpyn], [Bin], and [K}p;] are the modal mass, viscous damping, and
stiffness matrices; [M,,.] is the mass coupling matrix between the
control and structural modes; [Ajs 51, [Ancy, ] [D], [En.c], and
[R] are the rational acrodynamic approximation matrices; b is the
reference semichord; V is the true air speed; and ¢ is the dynamic
pressure.

Next, the ASE interactionmodelis formulatedto handle any linear
time-invariantcontrol system and enables changesin its parameters
during a multidisciplinarydesign and optimization. The ASE model
and the fixed part of the controller, which is not changed in the
optimization process, are combined into the so-called gain-open
ASE model

{xll} = [AU]{'xU} + [BU]{MU} (3a)

{yU} = [CU]{'xU} + [DU]{MU} (3b)

The closed-loop ASE model is obtained using output feedback by
relatingthe inputvector {u,} to the outputvector{y,} via the variable
gain matrix [G,], which may be changed during the design process,

{uU} = [GU]{yU} (4)

The resulting closed-loop ASE equations of motion are
{Xase} = [Aase{Xase} ®)
with
[Awel = [A,]1+ [BIG, — D,G,]7'[C,]

The closed-loopstate-spacerealizationof the ASE systemis used
in an optimization scheme that computes the flutter, stability mar-
gins, and robust performance constraints and that utilizes the sen-
sitivities of these constraints to changes in the structural design
variables and in the control gains.

III. Structural and Control Optimization
of MIMO Uncertain Systems

The procedure of multidisciplinary structural and control opti-
mization developed in Ref. 1 presents an efficient tool for highly
coupledstructuraland control aircraftdesign, which simultaneously
complies with structural (stress/strain, static aeroelastic, flutter, and
dynamic response) and control (stability and performance) design
requirements.

MIMO stability margins and sensitivities were defined, following
Ref. 8, by introducing ASE system uncertaintiesat the plantinputor
output as described in Fig. 1. The input and output MIMO stability
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margins are defined with respect to uncertainties (variations) in the
matrices [L;] and [L,], which are assumed to be diagonal, that is,

[L;] = diag[g/e™* ], [=1,2,....N (62)

[L,] = diag[gle’% ], k=1,2,...,N, (6b)
where N; and N, are the number of inputs and outputs, respec-
tively, to the ASE model. At the nominal condition,g; =g;=1and
¢, =¢;=0 VI k, thatis, [L;]= INi o, and [L,]=1, .y, -

Sufficient conditions for a guaranteed gain margin g’ and phase
margin ¢’ at any input to the gain-open ASE plant are®

[(1—1/3)° +2(1 —cos¢)/E']? <gll =GP} (Ta)
or
[(1-8)*+28' (1 —cosg)]? <a{l —[G,P1'} (7b)
where
[P,(5)] = [C,IsT — A7 [B,]+[D,]

and g {-} is the minimum singular value of the argument matrix
evaluated at s = jw V o > 0. Sufficient conditions for output gain
and phase margins are similar to the inequalities of Egs. (7), except
those of replacing the [G, P,] terms with [P,G,]. Sensitivities of
these stability margins are readily incorporatedin the ASE module.

In this paper, the multidisciplinary design and optimization pro-
cedure of Ref. 1 is extended to handle MIMO ASE systems with
model uncertainties. The main design steps are as follows:

1) The design of a baseline structure can be obtained by the op-
timization of an initial structure with static and/or open-loop flutter
constraints only.

2) With regards to the modeling of the baseline system uncertain-
ties, clearly, the uncertainty model depends on the baseline system
characteristics and the variable parameters. The modeling should
be realistic, that is, parametric, to reduce overbounding and, thus,
over-design.

3) Robust control synthesis using the baseline system and the
uncertainty model for a prespecified design point (velocity and dy-
namic pressure) is aimed at satisfying the basic robust stability and
additional robust closed-loop performance requirements. The re-
sults of this control synthesis step determine the following design
stages.

4) If the controller synthesis is successful (i.e., all of the robust
stability and performancerequirementsare met), amultidisciplinary
optimization of the closed-loop system is performed to guarantee
flutter margins and control performance for a range of velocity and
dynamic pressure values outside the control design point. If the
design is satisfactory, quit the procedure; if not, repeat step 3 with
the new optimized structure.

5)If the control synthesisis not successful(i.e., the control system
obtainedin step 3 does not comply with all of the robust stability and
performance requirements), the designer has to modify the baseline
structure or the design specifications. One way would be to reduce
the uncertainty range. Alternatively, a closed-loop optimization of
the baseline structure with the control system of step 3 can be carried
out to obtain a modified structure. The latter was found to be most
efficient in actual design examples. The optimizationis carried out
using the following guidelines and constraints:

a) Flutter constraints guarantee closed-loop system stability.

b) Single input/single output and MIMO stability margins to-
gether with additional low-frequency control constraints must be
tightened compared to the baseline design to obtain an improved
structure.

¢) Additional, for example, static, constraints can be introduced,
although most often the design specifications and constraints of
step 1 can be retained.

6) Itcan be anticipatedthat the structure obtained in the preceding
step will be heavier than the initial one. In this case the obtained
structure is used as the new baseline for step 3, where a new robust
controllerfor the new system is synthesized.If the structure was not
changed in the optimization and the required constraints were satis-
fied just by modifying the changeable part of the control system, the
control design of step 3 should be repeated with the initial baseline
structure and modified control design specifications, guided by the
findings of step 5.

This procedure enables the inclusion of various structural and
robust-controlsynthesis schemes in a common aircraft design loop.
The control design results in a controller that provides the best per-
formance and stability margins with respect to structural perturba-
tions of a given structure and defines the control parameters that can
be tuned during the subsequent structural optimization. This proce-
dure can be repeated several times, providing a common framework
for interaction between structures and control specialists. The ASE
system uncertainty modeling and a related design scenario for a
sample aircraft are presented in the subsequent sections.

IV. Model of the Inertial Uncertainties

Modeling of the ASE system uncertainty is based on its sensi-
tivity data and the linear fractional transformation tools. The novel
proceduredevelopedhere caneasily handlea variety of model uncer-
tainties, including variationsin the structural and inertial properties,
uncertaintiesin the aerodynamic data, and more. As an example, in
this study we consider only uncertainties in the inertial properties
of the controlled structure. The inertial variations are expressed in
terms of changesin the mass, moments of inertia, and positionof the
centers of gravity of lumped parts of the structure. This is a typical
design problem for aircraft with external stores. Inertial variations
were not treated in previous robust ASE works,* mainly because of
the modeling complexity that arises from the inversion of the mass
matrix [M ;] in Eq. (2). These perturbationslead to deviation of the
modal mass matrix [M,,,] from its nominal, that is,

(Myy] = [My] + [AM,] ®)

where [M ;] is the nominal matrix and [AM,,] is its variation
caused by the model uncertainty. We adoptthe fixed-basismodal ap-
proach, which assumes that the structural displacements of the per-
turbed system can be adequately expressed as a linear combination
of the baseline normal modes. Whereas the baseline matrix [M,;,] is
diagonal, the variation [A M, ] is not. Fictitious-mass techniques’
can be used to allow large local mass changes with a fixed modal ba-
sis. In this work, however, because the mass perturbationsare added
to already-large lumped inertial properties of a tip store, fictitious
masses are not required.

We analyze the contribution of local mass and moment of iner-
tia variations to the ASE model uncertainty without changing the
centers of mass of the lumped elements. Because of the linear depen-
dence of the global finite element mass matrix on the local masses
and momentof inertia, the modal mass matrix variationis also linear
in those parameters and is expressed as

[ M;]
am
where m is the mass (or moment of inertia) of the disturbed part of
the structure and Am is the actual variation in the mass (or moment
of inertia).
The derivative [ M,,;,]/dm is obtained by pre- and postmultipli-

cation of the sensitivity of the global finite element mass matrix
[M,,] by the normal modes [¢,]:

0[M;]
am

[AM,,] =

Am )

oM
= [¢g]T%[¢g] (10)
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With the relations of Egs. (9) and (10), Eq. (8) becomes
(M = [My] + [DM]8 an

where § € [—1, 1] is the normalized uncertainty and [DM] is the
sensitivity of the modal mass matrix to § expressed as

[DM] = Ml<n‘1 (12)
om

Here m is the nominal mass (or moment of inertia) of the perturbed
part of the structure, and k is the ratio between the maximum mass
perturbation and the nominal mass 7z, that is, —km < Am < km.
Equation (11) can be cast in the form of a lower linear fractional
transformation (LFT) (see, for example, Ref. 10) as

(M1 = Fo(M', &) = M+ M A(T = MLA) ML, (13)

Mo | M M Z[Mhh DM}
M M, b0

A =[1,]6

where

where the superscript!/ denotes the linear uncertainties.

The dependence of the modal mass matrix on variations or uncer-
tainty in the centers of gravity of lumped mass elementsis quadratic.
For example, an offset Ax in the x direction between a structural
grid point and the center of gravity of the mass lumped to this point
leads to a deviation of the grid point mass matrix [Mg,] as follows:

[AMg] = [A]Ax + [A,]Ax7

0 0 0 0 0 0
0 0 0 0 0 mAXx
_ 0 0 0 0 —mAx 0 (14)
0 0 0 0 0 0
0 o0 —-mAx 0 mAx? 0
|0 mAx 0 0 0 mAx? |

In general, for any normalized variation § € [—1, 1] in the center of
gravity the relation is

(M) = (My] + [DM©]s + [DM®]s? (15)
where
[DMD] = [¢,17[A1[,)ec (16)

and e, = max(Ax).
Equation (15) can be expressed as an LFT

[Mhh]=.7‘—((Mq,A) 17
where
M, =M, M! = [DM“) DM@)]
Ly 0 0
M, = M M, = [[h O}
A =1[118

For any n, uncertainties in the ASE system, the modal mass
matrix is constructed as a sum of LFTs

(M) = Fo(M, A) (18)

where
My, = [My,], M12=[M{2 M, - MY%]
Mél
My = Mg‘ : My, = diag(M},, M, ..., Mb3)
M3

A = diag({118,. 115, ... [115,,)

Every linear uncertainty inserts matrices M;; of the form given by
Eq. (13), and uncertainties with quadratic dependence insert ma-
trices of the form given by Eq. (17). The identity matrices in the
expression for the A matrix are of order n,, for linear uncertainties
and 2n;, for quadratic.

The derived model of the modal mass matrix is used next to
construct the uncertainty model of the ASE system equations of
motion. In particular, the mass matrix [M ] of Egs. (1a) and (2)
depends on the modal mass matrix [M;]. Therefore, the model
of [M ,] with uncertainties can be easily expressedas an LFT of the
model uncertainties

[M,] = F,(M,A) (19)

where

My, =[M,], My, =

oo_zo
]

MZI = [O MZI 0 O], MZZ = M22

The matrix product [I\;Ip]*‘[fip] is also an LFT, leading to the
following equation of motion

6} = FL WV, A)x,) + (B, 1) (20)
where
N _ M?ll‘ip _MTIIMIZ
/\;llefllAp /\;122 — /\;lzlf\;lﬂl/\;tlz

A — M My
MZlAp Mzz—leMﬂlMlz
Perturbation of the modal mass matrix also affects the equation

of the plant outputs in the case of acceleration measurements, where
the [C, ] matrix becomes

[C)) =1, )IMI'[A;, Ay Ay BR] =1[¢,1[M17'[A?]
@1

where [¢, ] is the row vector of modal displacementsat the sensorlo-
cation. With the preceding models of the mass matrix uncertainties,
the output equation can be expressed as
—.0
ot =F N, M){x,} (22)
where

o | G —lepy M5 M,
MZlAp /\;122—/\;121/\;1?11/\;112

Note that./\_/; =Ny and/\_/;2 =Np.
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Finally, after opening the uncertainty A block loop and perform-
ing some elementary LFT operations, the model of the uncertain
ASE system is expressed as

{).Cp}z[Ap]{xp}+[Bl]{ur§}+[Bp]{up} (233)
(s} = [C1 {x,} + [Dy1 Hus) (23b)
{yp} = [Cp]{xp}+[D21]{ur§} (23C)

where [B{1=N,, [C{1=N, [D11=N 1, and [Dy ] =NT2 and
{us} and {ys} represent, respectively, the inputs and outputs of
the uncertainty block. The transfer function matrix for the overall
augmented plant becomes

A,| Bl B,
Ps)=|c, | D, 0 (24)
Cp D21 0

The preceding procedure may result in a repeated scalar uncer-
tainty block of a relatively large dimension. Because the dimension
and, thus, complexity of a controller synthesized using design tech-
niques such as p depends on the size of the uncertainty block, it
is desirable to reduce it to a minimum. In the repeated scalar un-
certainty case, this can be accomplished using minimum realiza-
tion techniques, as is discussed in Ref. 11. There, if the repeated
scalar block variable is interpreted as the Laplace s variable, the
size minimization procedure is equivalent to obtaining a minimum
state-spacerealization of a dynamic system.!! This procedure leads
to a minimum dimensional uncertainty block representation only
when the A contains one repeated scalar block. If the uncertainty is
modeled by a few repeated scalar blocks, the same procedure can
be repeated for each block, but no minimum can be guaranteed.
In any case, the reduction of the uncertainty block A is extremely
desirable, leading to a simplified design.

The modeling procedure presented demonstrates the efficient use
of the LFT tools for modeling a wide variety of ASE model uncer-
tainties, assuming their dependence on the physical system param-
eters is rational. This type of dependence was encountered while
modeling uncertainties in the system inertial properties. The mod-
eling procedure can deal efficiently with the difficulties associated
with the mass matrix inversion in the ASE model and with the
quadratic dependenceon the variations in the lumped-element cen-
ter of gravity. Complex rational dependence may lead to repeated
scalar block uncertainty models, as is the case when considering
modal mass perturbations.

V. Test-Case Aircraft Model

The uncertainty modeling and multidisciplinarydesign procedure
presentedis tested using the AE model of a generic advanced fighter
aluminum (AFA) aircraft. The finite element ASTROS model has
an all-movable horizontal tail and four control surfaces on each
wing, where only the two trailing-edgecontrol surfaces are used for
maneuvering. The aircraft structural model is shown in Fig. 2. The
skin of the wing torsion box is subject to structural optimization.
A top view of the wing box divided into 13 design zones is shown
in Fig. 3. The design variables are the thickness of the upper and
lower aluminum skinsin the 13 design zones, leading to a total of 26
structuraldesign variables. More details on this model may be found
in Ref. 12, where the model is optimized for minimum weight, with
only stress and static AE constraints.

The unsteady aerodynamic model of AFA is shown in Fig. 4. The
model consists of nine aerodynamic panels representing the fuse-
lage, inboard and outboard parts of the wing, four control surfaces,
a tip missile, and a horizontaltail. The panels representingthe fuse-
lage and the horizontal tail are attached to the support grid point
of the structural model. Four root boxes of the inboard LEF panel
are also attached to this point. Wing, control surfaces, and missile
panels are splined to the structural grid points.

Fig.2 AFA structural model.
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Fig.4 Unsteady aerodynamic model.

VI. Model of Uncertainty due to Tip-Store
Inertial Deviations

In the numerical example we tackle the uncertainties in the in-
ertial properties of the AFA wing-tip store, a wing-tip missile. The
missile inertial properties are representedin ASTROS by a concen-
trated mass element attached to a grid point located at the nominal
missile c.g. Uncertainties of three inertial properties of the tip mis-
sile are consideredin this study: the total mass, the pitch moment of



MOULIN, IDAN, AND KARPEL 157

inertiaaboutc.g., and the c.g. locationin the x-axis direction. These
uncertainties are expressed as

Am, =m, —m, = m;k,8 (25a)
Aly =1y — I_y)' = ix')'k}')"SZ (25b)
Axcg = Xeg — -)Ecg = ecgafi (ZSC)

where m, I,,, and x., are, respectively, the missile mass, moment
of inertia, and c.g. x coordinate, with m_, I,,, and X, represent-
ing their nominal values. Here k, and k,, are the maximal relative
uncertaintiesin m and Iy, and e, is the maximum displacement
of c.g. from its nominal position; §; € [—1, 1] are the normalized
uncertainties.

Because of the linear dependenceof the modal mass matrix onm,
and I,,, these uncertainties are modeled according to Egs. (10-12).
The effects of mass changes are considered only in the z (vertical)
direction, assuming that the in-plane mass-change effects are neg-
ligible. Because the mass variations in z-axis direction, as well as
the moment of inertia /,,, lead to changes only in a single element
of the global mass matrix of the finite element model, the pre- and
postmultiplicationsin Eq. (10) can be performed using only one row
of the mode matrix [¢,]. The quadraticallydependentc.g. variations
are modeled according to Egs. (14-16).

The overall state-space model and the transfer function matrix of
AFA with uncertaintiesare obtained accordingto Egs. (23) and (24),
leading to an uncertainty matrix A that consists of two n, repeated
scalar blocks and one 2n,, repeated scalar block. The size of A is
reduced to six using the technique of Ref. 11 with two scalar blocks
and one repeated scalar block of four.

VII. Controller Design

The interconnectionmodel used in the robust controllerdesign is
presented in Fig. 5. It incorporates the AFA ASE dynamics model
with its uncertainties A, performance specification functions, and
design constraints. The latter are specified using the various weight-
ing functions W,. The synthesis results in a dynamic controller
K (s).

The main design goal is to provide robust stability and level-one
roll-rate performance of the AFA in compliance with MIL-STD. '3
This is dictated in the design with the reference model

Woar(s) = 2.076 26)
0.2s + )(0.27s + 1)
This model assures 20% better than high-speed level-one roll-rate
performance,defined by the time it takes the aircraft to reach various
roll angles: 90 deg in 1.4 s, 180 deg in 2.3 s, and 360 deg in 4.1 s.
The allowable difference between this desired reference model and
the actual aircraft response is specified by

W,(s) = 5/(0.08s + 1) 27)
1 A
b
AFA W.
ASE .
el Model 22—
................... n
W, ~—
: : K(s) | d
S S Waf
ic Yref
LZ — W Wref

Fig. 5 Robust-control design interconnection model.

requiring a roll-rate error lower that 10% of its maximum reference
value in the frequency range of up to 2 Hz. Together with the slight
overdesign requirement in the specified reference model, this will
assure level-one roll performance.

The normalized pilot roll command is bandlimited to about 1 Hz,
specified by the W; weight

_(00ls+1)
W) =02+ 28)

The inputs to the controller are the measured pilot commands
and the measured aircraft roll rate. Both signals are assumed to be
contaminated with additive white measurement noise with power
spectral densities specified by the constants W; and W, . In addition,
an integral control action is obtained by introducing the weighting
function (approximate integration)

(0.0025 + 1)
W)= " To0s + 1) @9

acting on the measured roll rate.

Finally, the aileron deflection angles used for the roll maneuver
were limited by setting the actuator weighting function W, to the
reciprocal of a realistic limit of 13 deg of aileron deflection.

VIII. Numerical Results

The preliminary structural design was aimed to provide a baseline
for consequentrobust control design and closed-loop optimization.
The design was initiated with a basic structural model with uniform
thickness of 0.5 in. assigned to all of the design skin elements, with
a total weight of 779.5 1b. Stress and open-loop flutter constraints
were applied in the first optimization run. The stresses were calcu-
lated for a single symmetric 9 g pull-up maneuver at Mach 0.95.
The von Mises stresses of the skin elements were constrainedto less
than 36,700psi. The flutter constraintswere applied for antisymmet-
ric boundary conditions at Mach 0.9. There were 30 low-frequency
modes, including 1 rigid-body mode, used for updating the modal
properties and performing ASE analysis during the optimization.
There were 13 reduced frequency values between 0.0 and 0.29 used
to generate the aerodynamic data base. The nominal design veloc-
ity was defined as 12,057 in./s. Flutter design points were defined
at seven velocity values of 9000; 10,000; 11,000; 12,057; 13,000;
14,000; and 14,470 in./s. Two additional velocity values were used
to provide the required flutter margins. The structural damping was
setto g = 0.02 and was converted to generalized viscous damping
matrix using [By,] = glw,], where [w;,] is the diagonal matrix of
natural frequencies. The flutter constraints required positive damp-
ing at all of the design points.

The optimization performed in ASTROS employed the modal-
based static disciplines described in Refs. 12 and 14 and the ASE
module. The total weight of the wing box skin was reduced to
486.8 Ib. The resulting structure was then used as the baseline for
the robust controller design.

The state-space model of the baseline structure at the design
velocity of 12,057 in./s was constructed next by the ASE mod-
ule of ASTROS. It included 40 structural states, representing 20
low-frequency modes (including 1 rigid-body roll mode), 10 aero-
dynamic states, and 6 actuator states, representing the 2 trailing-
edge aileron actuators, leading to a total of 56 states. The inputs
were the commands u,,, and u,, to the outboard and inboard wing
trailing-edge actuators, respectively. The only output y, was the
roll-rate reading. The state-space matrices [A,], [B,], and [C,] of
that model were stored in a data file, which was then exported into
the MATLAB® environment for consequent control design. In ad-
dition, the data files also included the sensitivity matrices of the
preceding model to variations (uncertainties) in the system’s phys-
ical parameters. These sensitivities are used in the MATLAB code
to construct the overall system uncertainty model.

The uncertaintiesof the tip missile mass and the moment of inertia
were bounded to £30% of their nominal values, and the uncertainty
of the tip missile center of gravity was bounded to £10 in. First,
a full uncertainty model of the system was constructed. Then, the
order of each of the mass and the moment of inertia uncertainty
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blocks was reduced from 20 to 1, whereas the order of the center of
gravity uncertainty block was reduced from 40 to 4.

The interconnectionmodel of Fig. 5 was used for a p-controller
synthesisusing the MATLAB j-Analysis and Synthesis Toolbox."
The sparse structure of the uncertainty block motivated the use of
o synthesis, which has the potential of less conservative designs
in such structured uncertainty cases. The design process converged
after 8 D-K iterations, with a structured singular value of © =1.18.
The 205th order controller was order reduced using the balanced
truncation technique to 47, with negligible effect on the value of
. The structured singular value plot shown in Fig. 6 demonstrates
the violation of the requirement for 1 < 1, indicating that the robust
performance specifications were not met.

To reach the required performance, the baseline structure had to
be modified. The state-space model of the  controller was written
by the MATLAB code in the bulk-data format of ASTROS. Within
ASTROS, the controller was connected to the ASE model through
two additional design gains on the controller output. The result-
ing closed-loop model was then subjected to multidisciplinary op-
timization where structural properties and the two additional gains
can change simultaneously. The baseline values of these control
gains were G; =1 and G, =1, with magnitude limits of £20%.
The same stress and flutter constraints as in the preliminary struc-
tural design were applied together with additional control related
constraints. In particular, constraints on the minimum singular val-
ues of the closed-loop system (for MIMO robustness) and on the
total dc gain of the open-loop system were introduced. The latter
constraints were increased by about 10% compared to their values
in the baseline structure. As before, 30 low-frequency modes were
used in the optimization process.

The optimization weight history is shown in Fig. 7. All of the con-
straints were satisfied by increasing the structural weight to 505.11b
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and slightly changing the overall controller gains to G, =0.985 and
G, =0.933. Changesin the structural design variables for each zone
are shown in Fig. 8. The increase in the weight and the minor re-
duction in the controller gains show that the performance require-
ments cannot be achieved just by controller redesign and require
modifications of the structure. To satisfy the addition singular value
constraints, the structure weight was increased leading to a decrease
in the required controller gains (due to increase in the AE control
effectiveness).

The second px controller was designed for the modified structure.
The design process converged after 5 D-K iterations, with a struc-
tured singular value of £ = 0.93 and a 171st-ordercontroller. Again,
the controller order was reduced to 40 with a negligible effect on
the structured singular value, as shown in Fig. 6.

The roll angle response of the final AFA design to a step
command input for the extreme uncertainty values is shown in
Fig. 9. The uncertainty cases of §=(1,1,1), §=(1,—1, 1), and
8 =(—1, —1, —1) demonstrate very similar responseas the nominal
system [ = (0, 0, 0)]. In addition, the 6 = (—1, 1, 1) case demon-
strates almost an identical response as the § = (—1, —1, 1) case. For
all of the cases, a roll angle of 90 deg is reached in about 1.3 s,
180 deg in 2.1 s, and 360 deg in 3.6 s, all faster than the level-one
requirements.!?

IX. Conclusions

A methodology for modeling ASE system uncertainty is de-
veloped. This methodology provides a tool for constructing an
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uncertain or parameter-variable ASE system model while minimiz-
ing the uncertainty overbounding. The conceptand procedureforro-
bust ASE design of MIMO uncertainsystems presented in this study
facilitate an efficient multidisciplinary design optimization process
that incorporates modern methods of robust-control synthesis and
analysis. The effectiveness of the proposed procedure relies on the
efficient transfer of data, constraints, and requirements between the
various disciplines involved. In addition, efficiency is obtained by
a reliable and compact modeling of the ASE system uncertainties.
The combinationof the overalldesign procedureand the uncertainty
modeling tools lead to ASE systems that satisfy both stress and AE
requirements, as well as robust stability and robust closed-loop per-
formance requirements. This was clearly demonstrated using a real-
istic test case design of a fighter aircraft with tip-missile (store) iner-
tial uncertainties. The adequate modeling and robustdesign process
over relatively large deviations of the store mass, moments of iner-
tia, and c.g. location can be very useful at preliminary ASE design
stages of an aircraft capable of carrying a large variety of external
stores.
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