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Dynamic Response of Aeroservoelastic Systems to Gust Excitation
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Technion—Israel Institute of Technology, 32000 Haifa, Israel
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Zona Technology, Scottsdale, Arizona 85251-3540

Frequency-domain and time-domain approaches to dynamic response analysis of aeroservoelastic systems to at-
mospheric gust excitations are presented. The discrete and continuous gust inputs are defined in either time-domain
or stochastic terms. The various options are formulated in a way that accommodates linear control systems of the
most general form. The frequency-domain approach is based on the interpolation of generalized aerodynamic
force coefficient matrices and the application of Fourier transforms for time-domain solutions. The time-domain
approach uses state-space formulation that requires the frequency-dependent aerodynamic coefficients to be ap-
proximated by rational functions of the Laplace variable. Once constructed, the state-space equations of motion are
more suitable for time simulations and for the interaction with control design algorithms. However, there is some
accuracy loss because of the rational approximation. The spiral nature in the complex plane of the gust-related
aerodynamic terms is discussed, and means are provided for dealing with the associated numerical difficulties. A
hybrid formulation that does not require the rational approximation of the gust coefficients is also presented for
optional use in discrete gust response analysis. The various methods were utilized in the ZAERO software and

applied to a generic transport aircraft model.

Introduction

HE design of modern flight vehicle requires the evaluation

of dynamic loads in response to discrete and random gust
excitations.! Aviation regulations define design discrete gust pro-
files in a deterministic manner and continuous gust profiles in a
stochastic manner. Common gust response procedures, such as those
of MSC/NASTRAN,? are based on second-order frequency-domain
formulation. Modal frequency response functions are used in these
procedures to calculate discrete transient gust response, via Fourier
and inverse-Fourier transforms, and continuous gust response in rms
terms via numerical integration of response power-spectral-density
(PSD) functions.

The main advantage of the frequency-domain approach is that
it is based on oscillatory generalized aerodynamic-force-coefficient
(AFC) matrices that can be generated by common, well-established,
commercially available procedures such as the doublet-lattice
method® implemented in MSC/NASTRAN? and the constant-
pressure panel method* implemented in ZAERO.® A major disad-
vantage of the existing frequency-domain procedures is that they are
not conveniently adaptable to the consideration of control system
effects on structural design gust loads and the inclusion aeroelastic
gust-response considerations in the control-system design.

A common approach to aeroservoelastic (ASE) analysis is based
on the conversion of the second-order aeroelastic equation of motion
into first-order, state-space constant-coefficient time-domain equa-
tions of motion, which requires the approximation of the AFC ma-
trices by rational functions in the Laplace domain. Rational approxi-
mation techniques such as the term-by-term Roger’s approximation®
and the more complicated minimum-state method’ are well estab-
lished and commercially available. However, their application might
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involve some problems such as degraded accuracy, excessive num-
ber of augmenting states or the need for careful parameterization,
namely, loss of process robustness. Furthermore, specific difficulties
might occur in the approximation of the generalized gust forces, as
detailed later in this paper.

Two different formulation approaches are developed, evaluated,
and compared in this paper. The first is first-order frequency-domain
approach, which accommodates control systems in their most gen-
eral state-space form, but with the AFC matrices still in their tran-
scendental frequency-domain form. This option is intended for be-
ing used in industrial gust loads analysis process in which typically
thousands of cases are evaluated in an automated manner, where ro-
bustness and compatibility with open-loop frequency-domain loads
are of critical importance. The second approach is based on state-
space time-domain formulation based on rational approximations.
This option is intended for cases where time-domain simulations,
possibly with nonlinear effects, are required, for representing the
aeroelastic system in a control design process, and for application
in design optimization processes, which are based on standard state-
space formulation.

The following formulation starts with Laplace- and frequency-
domain equations of motion, followed by time-domain state-space
equations. Response to deterministic discrete gusts is described next,
outlining various analytical options for performing the computa-
tions with their relative advantages and deficiencies. The two main
formulation options are then applied to continuous-gust loads anal-
ysis. A numerical example with a simplified transport aircraft model
demonstrates the various loads options and a control design process
aimed at evaluating the gust loads.

Second-Order Open-Loop Equations of Motion

The Laplace transform of the open-loop aeroelastic equation of
motion in generalized coordinates, excited by control surface motion
and atmospheric gusts, is

(IMin1s® + [Bunls + [Kun] + gocl Qun($)1) {5 (5)}

= —(IMhels® + ool One (5)1) {8:(5)}
— (@oo/ V) Q16 ($)]fwe ()} (0

where s is the Laplace variable; ¢, is the dynamic pressure; V is
the air velocity, the left-hand-side matrix coefficient matrices are the
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generalized mass, damping, stiffness and aerodynamic AFC matri-
ces associated with modal displacements {£ (s)}; and the right-hand-
side matrices are the mass and AFC generalized forcing matrices
caused by control surface commanded deflections {§.(s)} and gust
velocity vector {wg (s)}. The AFC matrices [ Qpy(s)], [Onc(s)], and
[Onc(s)] can be calculated by unsteady aerodynamic codes at vari-
ous tabulated reduced-frequency k values along the imaginary axis
of the nondimensional Laplace variable

p=sL/V =g+ik 2)

where L is the reference length. In principle, an aircraft linear con-
trol system, including the sensor and actuator dynamics, could be
expressed as a matrix of transfer functions relating the control sur-
face commanded deflections to the generalized displacements

{8:()} = [Ten()HE ()} 3

The ASE loop could then be closed by the substitution of Eq. (3) in
Eq. (1), which yields

(IMin1s® + [Bunls + [Kin] + gool O ()1) {5 (5)}
= —(goo/ V) Q16 ($){we ()} )

where
[0 ()] = [Qun ()] + ([Micls” + Goo[ Qne (1) [Ten()]  (5)

Frequency-domain numerical schemes, originally developed for
aeroelastic systems with no control augmentation, could be em-
ployed for ASE gust response analysis by simply using [ Qnn(ik)]
of Eq. (5) (with s replaced by ikV/L) instead of [Qyn(ik)] of Eq. (1).
The problem is that [ Oy, (1 k)] might cause numerical difficulties be-
cause of the control-system roots. Also, the solution of Eq. (4) does
not provide any information on the response of the control elements.
An alternative frequency-domain approach, which takes advantage
of the state-space ASE formulation and is also compatible with the
frequency-domain solutions of ZAERO,’ is presented next.

First-Order Equations with Transcendental
Aerodynamics

The time-domain part of the ASE module in the ZAERO is based
on modeling the ASE problem in a constant-coefficient state-space
form based on rational approximation of the AFC matrices. The con-
trol part of the modeling process transforms control components of
the most general architecture into a single state-space equation that
is augmented to the aeroelastic system. To facilitate a frequency-
domain solution that both retains the full representation of the con-
trol equations in a first-order form and avoids the need for ratio-
nal aerodynamic approximation, the state-space ASE equations are
expressed in this section in the Laplace domain, with the aerody-
namic coefficient matrices kept in their transcendental form. These
equations can be used for frequency-domain stability and response
analyses where the aerodynamic coefficients are interpolated from
the database of tabulated AFC matrices.

The second-order open-loop aeroelastic equation of motion (1)
can be expressed as

s{Xae} = [Auel{Xae} + [Bucl{ttae} + [Bawl{wi} (6)
where
S
{xac}={f§} {itae} = 1 55
528,

0 1
[Aw] = 1 1
—[Mun] [Kih + Goo Onn ()] —[Mun]™ [ Bpn]

0 0 0
[Bae] = |: 1 1 ]
~Goo[Mpn] " [One(8)] 0 —[Mu]™ [My]

0
B.w] = 00 _
B [—%[Mhh] ‘[thml]

The augmentation of the actuator states>’ yields the open-loop plant
equations excited by the actuator inputs {§.}. With state-space rep-
resentation of the control system, the uncoupled plant and control
equations can be expressed as

Xp _ Ap(s) O XP
Nx )7 o allx
B, 0 u, By (s)
o5 s e [5
ol C,(s) O X,
Ye B 0 Cc Xc
0 0 fu, Cap(s)
+[O DC”MC}JF[ 0 j|{wG} @)

where the plant state vector is {X,}7 = [£7 s&7 7 587 5287,
which includes the control actuator states; {X.} is the vector of
control states; [Byy] is [Bay] of Eq. (6), supplemented with zero
rows. The plant system matrix [A,(s)] can be expressed as

[Ap($)] = [Anal — goo[A11[Qrn(s) O QOne(s) 0 0]  (8)

where [Ap,] is the system matrix without the aerodynamic terms,
which is independent of s, and [A;]T = [0 M};f 0 0 0]. The plant
output matrices in Eq. (7) are

[Cp()] = [Cual = Goo[Pacc IMin] ' [Qun(s) O QOne(s) 0 0]

[CGp(s)] = _‘Ioo[¢acc][Mhh]7l[QhG(s)] (9)

where [C,,] is the output matrix without the aerodynamic terms and
[@acc] 1s a zero matrix except for modal displacement rows asso-
ciated with acceleration outputs. The constant matrices [A,,] and
[Cha] can be generated by the regular modeling processs'7 with the
aerodynamic terms ignored. We assume at this point that the out-
put vector in Eq. (7) is based on sensor measurements and control
outputs only. Plant outputs for calculating other gust response pa-
rameters will be added later.
The ASE loop is closed by the application of the gain matrix

p| _ G G| |¥p (10)
Uc ch Gcc Ye
The substitution of Eq. (10) in Eq. (7), using Egs. (8) and (9), yields
the closed-loop vehicle equation

$1X0) = [A X} + B (9)l{w) (1n
where
X" =[x X
and
[A,()] = [An] = gl A2][Qu(s) O Qnels) 0 0 0]

[Buw ()] = —(goo/ V)[A2][ QG ()] (12)

where [A,,] is the closed-loop system matrix with the aerodynamic
terms ignored, and

A B,G,,+ B,G c(I _Dchc)_lDL‘GC —
[A)] = 1 I pHp » P [¢HCC Mhhl]
0 Bchp+Bchc(l - D.G.) Dchp
13)
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Frequency-domain modal response analysis can be performed by
replacing s in Eq. (11) by iw and interpolating for the aero-
matrices from the tabulated [Qp,(ik)], [Onc(ik)], and [Qyc(ik)]
matrices.

State-Space Time-Domain Equations of Motion

The time-domain ASE model for gust response analysis is
based on the models of Refs. 7 and 8. The formulation here as-
sumes spanwise uniform gust velocity. However, spanwise correc-
tions can be made in ZAERO to reflect nonuniform gust velocity
distributions.

The tabulated aeromatrices are first used for approximating the
AFC matrix as a rational function of & in the entire frequency do-
main. An expansion to the entire Laplace domain is then performed
by replacing ik in the rational expression by the nondimensional
Laplace variable p of Eq. (2). The resulting Laplace-domain ap-
proximation of [Q] =[O One Onclis

[04()] = [Ao] + (L/V)[A1ls + (L*/ VH)[As]s?
+DY(Us — (V/L)IR) " [Els (14)
where the [A;] and [ E] matrices are column partitioned as
[A]]=[Am A, Ang .

[E]=[E, E. Eg] 15)

i=0,1,2)

To avoid coefficients associated with the second time derivative of
the gust velocity, approximation constraints® are applied to the gust
columns to yield [Ayg,] =0.

An augmenting aerodynamic state vector is defined by its Laplace
transform as

{xa(®)} = (U1s = (V/DIRD ™ UEANE®)} + [EcI{8c(5))

+ A/ V)Ecl{wg(s)Ds (16)

The resulting state-space time-domain version of the open-loop
Eq. (6) is

{Xae} = [Asel{xac} + [Bae{ttae} + [Baw {05} an

where {xu}, {#ae}, [Asel, and [ B,.] are defined in Refs. 5 and

libg} = {Lf’c}
(el

0 0

gL

L) [Aie,] - L0 A ]

Bul=| v

% G]

where
[M] = [Mw] + (gL / V*) [ At |

The sensor-reading expression in Ref. 5 is expanded to include a
gust noise term,

{yae} = [Cae]{xae} + [Dae]{uue} + [CGJ]{‘IZ)G} (19)
where the only nonzero rows in [Cg,] are those associated with

acceleration signals, as just shown for [Cg,] in Eq. (9).
The plant equations, which include the actuators, become

{).Cp} = [A,,]{X,,} + [Bp]{up} + [Bpw]{ﬁ)(z}

{yp} = [Cp]{xp} + [CGd]{II}G} (20)

where [BpW]T =[B," 0]. The vehicle equations of motion with the
control system augmented become

{xv} = [Av]{xv} + [Bv]{uv} + [va]{wG}
{yt} = [Cv]{xv} + [Dv]{uv} + [CGV]{‘II)G} (21)

The equation of motion of the closed-loop aeroservoelastic system,
similarly to Eq. (11), is obtained by the substitution of the gains of
Eq. (10), which yields

{6} = [A,1{x) + [Buw i) (22)
where [A,] is the closed-loop system matrix defined in Ref. 5 and
[Buw] = [Buw] + [B,1IG,1I — D,G,] '[Cqy]

where [G,] is the entire gain matrix of Eq. (10). Output parame-
ters that are not used by the control system but are of interest for
dynamic response analysis can be defined as a separate vector {yg}
and expressed in terms of the plant states, similarly to the sensor
readings of Eq. (20).

Generation of a Gust Column

The formulation for generating a gust column of the gust aerody-
namic matrix [Qg(ik)] is similar to that of Ref. 2. It is given here
as a background for the discussion on its special features and their
treatment in subsequent applications.

Figure 1 depicts a prescribed discrete gust profile wg () moving
towards the flight vehicle at speed V. The reference point at which
the gust profile is defined is located at x =x, along the vehicle
longitudinal (x) axis. The induced angle of attack at station x caused
by the traveling gust profile can be expressed as

a(t) =we(t — (x —x0)/V)/V (23)
whose frequency-domain counterpart is
a(io) = (we(iw)/ V) exp(—io(x — x0)/ V) (24)

The resulting generalized force vector caused by a single sinusoidal
gust with amplitude wg (iw) and a reference point at x is

{[PE @)} = =(qeo/ V) Qna(ik)hwi (i) 25)
where

{Onc(iK)} = [On (k) {jc (1K)} (26)

where the complex gust mode {¢jG(ik)} and the interim aeromatrix

[Q4i(iK)] are
(316 (R)} = § —n, ekl —0/L]

(04 (iE)] = [Pl [Qxi(iK)]

where the index j relates the j-set control points located at x;, the
index k relates to the panel displacements and rotations at the force

)

.

fo— Xg —=]

Fig. 1 Traveling excitation caused by the discrete gust profile.
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Fig. 2 Variation of sample aerodynamic gust-column term with k, cal-
culated with a) x9 = —51.4 m and b) x¢ = 6.9 m (apex point).

points, and #n, is the normal vector component of the aerodynamic
box along the gust direction. It can be observed that the complex
terms of {¢;g} define the phase shift in gust loads between the ref-
erence point and the particular panel control point. When x — x is
relatively large, the phase changes rapidly with k, which exhibits a
spiral shape at high frequencies when the term variation with & is
plotted in the Re-Im plane. The variation of a sample Qg term with
k, taken from the numerical example discussed next, is shown in
Fig. 2. When the reference point is 51.4 m ahead of the vehicle nose
(the thin line), the variation curve exhibits a very spiral behavior.
This curve cannot be adequately approximated by a rational function
of the form of Eq. (14). The choice of a reference point at the wing
leading edge (the thick line) eliminates most of the spiral behav-
ior in this case, especially at low frequencies where the response is
most significant. The stars in the plots mark the k value, which cor-
responds to the wing-bending natural frequency. The circles mark
the k values at which data were calculated by the ZAERO code. It
can be noticed that the absolute values of corresponding data points
are the same along the two lines, which indicates that the choice
of reference point would not affect the aerodynamic forces at tab-
ulated k values. Interpolation between tabulated points, however,
must consider the spiral nature of the curves.

Discrete Gust Response via Fourier Transforms

With the aerodynamic influence coefficient matrices defined in the
frequency domain, a convenient method for solving the response of
a structure to discrete gusts is the Fourier transform method adopted
by NASTRAN.? Fourier transform of f(¢) can be expressed as

Flio) = / fOe ™ dr = 3(f (1) 27
The inverse of the Fourier transform F (iw) is

f) = if F(iw)e™™ dw = 3™ (F(iw)) (28)

2 J_o

where ¢ is the physical time in seconds and w is the oscillatory
frequency in rad/sec.

The response analysis starts with transforming the input gust vec-
tor to the frequency domain

we (iw) = I(we (1)) (29)

Equation (11), with s replaced by iw, is then solved for the state
vector

{X,(iw)} = (A, (iw)] — [[Niw) ' [Buw(iw){ws(w)}  (30)

which can be used for calculating the required plant output values
{yr(iw)} similarly to {y,(iw)} of Eq. (7).

Time-domain response parameters can now be calculated by per-
forming inverse-Fourier transforms

e} =37 {yr(iw)} €1

Subsequent dynamic loads procedures are based on the structural
modal displacements, velocities, and accelerations. These are cal-
culated by

{E0)) =3 &)}, (HOIER I EH))
M} =3"(—oElw)}) (32)
with {£ ((w)} taken from {X,(iw)} of Eq. (29).

Discrete Gust Response via Time-Domain Simulation

The open-loop state-space equations (17), with the {u,.} input
terms ignored, or the closed-loop equations (22) can be used for
direct simulation of the time response to discrete gust excitation,
performed by a straightforward numerical simulation. Once con-
structed, these equations are very efficient and can be used by stan-
dard simulation and control-design tool boxes such as MATLAB®.
For clarity and simplicity, a single gust velocity profile is assumed
in this section. The input vector {w¢ (¢)} is based in this cases on
the user-defined gust velocity history wg () at the reference point
Xg and its derivative w¢ (¢). The modal response vectors {£(7)} and
{€ (1)} are parts of the open-loop state vector {x,.(z)} or the closed-
loop one {x,(z)} obtained by the numerical integration. The modal
acceleration response {£ (1)} can be derived from the state and input
vectors by the second row block of Eq. (22).

The main disadvantage of the time-domain approach, relative
to the Fourier-transform one, is that the state-space modeling pro-
cess requires the unsteady aerodynamic force coefficient matrices
to be approximated by rational functions of the Laplace variable
[see Eq. (14)]. Any approximation might reduce the accuracy in
subsequent analysis, relative to methods that do not require approxi-
mations. Nevertheless, the minimum-state approximation processes
described in Ref. 7 and applied in Ref. 5 have been shown to be
fairly robust and adequately accurate for typical aeroelastic stabil-
ity and response applications when applied to the modal and control
aeromatrices [Qn,(ik)] and [Qy(ik)]. However, rational approxi-
mations of the gust-related matrix [ Qng (ik)] might be problematic
because of the high-frequency spiral nature of the gust terms when
Xo is located far ahead of some panels of the aeromodel, as dis-
cussed earlier. The solution for this problem is obtained by dividing
the aerodynamic model into 7,4, acrodynamic zones (i.e., sets of
aerodynamic panels) each having its own reference point xo,. The
gust velocity profile wg (¢) is replaced by several synchronized gusts
of time-shifted profiles applied to the different zones,

wg, (1) = wa(t — (xo, — x0)/ V) (33)

The associated gust mode {¢; (ik)} is replaced by 7,4, gust modes
{pic, ()} = { — Kjn., o~k —x0)/L] 34)

where K;; =1 when the jth panel belongs to the ith zone and
K ;i =0 when it does not. The x,, values should be selected such
that the x; — xo, values for each zone are small enough to prevent
gust-mode spirals in the frequency range of interest. With the new
gust modes, the single gust column { Qg (ik)} of Eq. (17) becomes
a gust matrix [ Qng(ik)] of n,0ne columns where the ith one is

{Ohc;i (1K)} = [ Oy (ik) N dyg; (1K)} (35)
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The rational function approximation with the new tabulated
[Onc(ik)] matrices yields a different column in the [Ayg, ] and [Eg]
matrices of Eq. (14) for each aerodynamic zone. The {w¢} vector
in the equations of motion, (17) or (22), has now 2n,,,. terms: the
wg, (¢) inputs of Eq. (32) and their time derivatives wg, (f).

The replacement of a two-term gust input vector by an input vector
with 2n,,,. terms does not yield significant difficulties in subsequent
time simulations. However, it might create difficulties when used in
continuous gust response or in control design schemes. To return
to a two-term-input situation, the time delays can be represented
by approximate delay filters that are augmented to the state-space
equations. The nth order approximation of a pure time delay 7 in
the Laplace domain is’

e = 1/[1+ (Ts/n)]" (36)

which can be realized by state-space equations. When we have, for
example, a gust input generated with two aerodynamic zones, the
inputs associated with the second zone can be related to those of the
first one by the first-order approximation filter, Eq. (35) withn =1,

)'c——lx—f—l:] O:I wa,

we M 1 0 0 we
{w 2} ll DL A D {w ‘} 37
G2 T T G
where T = (xo, — x0,)/ V.
An nth order approximation is obtained by connecting n filters

of Eq. (36) in series. The result will be an nth order state-space
realization of the form

(i} = [Asl{xs} + [Brl{wg, )

we, (n) 3
. =[Cslx; + [DsHwg, } (38)
we,

where {ibg,} = |wg, We,]|”. The augmentation of Eq. (37) to the
closed-loop equation (22) yields

X A‘ va C Xy va va D
.v _ v Cf + 1 + 2 HMf {ﬁ)GI}
Xy 0 A Xg By

(39)

which has n states more than the original one. A delay approximation
with n = 3 is typically accurate enough for gust response problems.
With more than two aerodynamic zones, several filters of the form
of Eq. (37) can be connected to {ig, } in parallel.

Discrete Gust Response by a Hybrid Approach

A hybrid approach that combines the Fourier-transform and the
time-domain approaches is presented. The purpose of this approach
is to obtain a time-domain state-space model without performing
rational approximation to the spiral gust columns. The Fourier trans-
form of the gust profile is first multiplied by the frequency-domain
gust column. Inverse-Fourier transforms are then performed to gen-
erate the time-domain generalized gust excitation vector. The re-
sulting open-loop state-space matrices are those of Eq. (17) with
the gust term [ B,y J{w} replaced by

[ Baryo {wrys (1)}

0

oo, o 9
= |~ Ml 3‘1({th<%>}3(wc(t))) (40)
0

where the number of gust input terms is equal to the number of
modes taken into account. The resulting hybrid version of the open

loop Eq. (17), or that of the closed-loop Eq. (22), are then integrated
for the required gust response parameters.

A detailed description of the hybrid approach with numerical
verification is given in Ref. 10. The main disadvantages of the hybrid
approach are that it has a relatively large input vector, which might
be impractical when the model is used in a control design process,
and that it involves a relatively large number of Fourier-transform
evaluations.

Frequency-Domain Continuous Gust Response

Continuous gust response analysis is commonly performed in the
frequency domain."? The key equations are given here for the sake
of completeness. Frequency response functions of the vehicle states
can be calculated by Eq. (29) with a single input parameter wg = 1.
Any required response parameter can then be obtained by

yr(iw) = [CrR{X, (iw)} (41

The PSD function of the response parameter can then be calculated
by

D, (@) = [yr(i0) Py, (@) (42)

where @, (w) is the PSD function of the input gust velocity. The
associated rms value of the response can be calculated by

1 o0
Oy = —/ Dy, () dow (43)
0

T

Continuous Gust Response via State-Space Formulation

A detailed description of continuous gust response analysis using
the time-domain state-space ASE formulation is given in Ref. 8.
The analysis is based on the addition of a gust filter that yields an
ASE system that is excited by a white-noise process input w. The
augmentation of the gust-response equation of motion (38) by the
gust filter yields

Xy A, Bw,C; (By, + By, Dy)C,
Xpg=10 A B;Cy
i 0o 0 A,
Xy 0
X 1xr¢+140 rw (44)
g B,

which can be used for gust response analysis using Lyapunov’s
equation

[AIIX] + [X][A] = —(B.,}{Bu}" (45)

where [A] and [B,,] are the dynamic and input matrices in Eq. (40)
and [ X] is the covariance matrix of the state vector. The solution of
Eq. (44) for [X] yields the covariance matrix of the output vector
{yr} of Eq. (40),

[Yz] = [CRIIXI[CR]" (46)

The output covariance matrix can be used for calculating stochastic
output parameters such as rms values, number of positive zero cross-
ings, and equal probability ellipses.'® The main advantages of the
state-space continuous gust formulation are that it avoids potential
difficulties associated with the numerical integration of Eq. (42), its
efficiency when applied with a large number of output parameters
(all based on the same [ X]), and its efficiency and convenience when
applied for sensitivity analysis in optimization processes.?
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Numerical Example

The various options for calculating the dynamic response of flight
vehicles to atmospheric gusts were integrated it the ZAERO aeroe-
lastic package. They are demonstrated here using the aeroelastic
model of a generic transport aircraft (GTA) with a straight wing and
a T-tail. The structural stick model for calculating normal modes
using MSC/NASTRAN is shown in Fig. 3. The weight of the model
is 7203.7 kg. The wing span is 19.0 m, the uniform chord length is
2.3 m, and the length and height of the aircraft are 22.0 m and 6.0 m,
respectively. The model contains 117 grid points and 137 structural
elements.

The ZAERO unsteady aerodynamic model is shown in Fig. 4.
The lifting surfaces are divided into aerodynamic panels with each
panel containing several spanwise and chordwise divisions that de-
fine the elementary aerodynamic boxes. The model of each wing
consists of five aerodynamic panels representing four parts of the
wing and the aileron, the model of each side of the horizontal tail
contains three panels representing two parts of the tail and the el-
evator, and the model of the vertical tail contains three panels that
represent two parts of the tail and the rudder. The fuselage is rep-
resented by body elements. The full model contains 894 aerody-
namic boxes. Seventeen aerodynamic force coefficient matrices at
reduced frequency values between k =0 and 3.0 were calculated at
Mach 0.3.

Discrete and continuous response analyses to symmetric gusts
were performed at V =200 kn, sea level. The streamwise gust ref-

Fig. 3 GTA structural model.
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Fig. 4 GTA aerodynamic model.

erence point was xo = 6.9 m, where the wing’s leading edge is lo-
cated. The frequency range for the frequency-domain options was
0 to 50 Hz. The discrete gust velocity at the reference point was

we = (wg/2)[1 — cos(2r f1)] 47

with wg =100 ft/s and f =11 Hz. The time window for transient
analysis was — 0.5 to 1.0 s. The continuous gust analysis was per-
formed with Dryden’s PSD of the input gust velocity’ with rms
value of o,,, = 100 ft/s and a turbulence scale of L =2500 ft.

Nine symmetric modes including two rigid-body modes (heave
and pitch) were used in the gust response analysis. Minimum-state
rational approximations of the AFC matrices were used for the state-
space and the hybrid modeling approaches with nine approximation
roots that added nine aerodynamic states.

The control system was based on the application of the two
ailerons symmetrically. The state-space plant model was obtained
by augmenting the aeroelastic model with third-order models of the
two aileron actuators. A single output was that of an accelerometer
located at the tip of the right wing. The resulting model was of 33
states, two gust inputs (ws and wg), two identical control inputs,
and one sensor output.

The state-space plant model was generated by ZAERO and ex-
ported to for control design using MATLAB. Two different control
systems were designed, a simple single-input single-output system
and a more complicated one based on H,, concepts. The simple sys-
tem was designed to reduce the measured wing-tip acceleration in
response to the discrete-gust excitation as much as possible without
exceeding the maximal control-surface deflection of 20 deg. The
resulting system is based on a low-pass filter Tj,; supplemented by
a notch filter 7} to prevent unfavorable interaction with the lowly-
damped fuselage bending mode at about 32 Hz,

8-10° 8 s°+10s 44 - 10
54100 " 5242005 +4 - 10*

T(S) = Tlprnf = (48)

The H controller was designed using the MATLAB pn-Analysis
and Synthesis Toolbox. The goal was to minimize the rms value of
the wing-tip acceleration in response to the Dryden gust spectrum
just described with control-surface rms deflection of 5.7 deg. The
H,, design resulted in a control system with 21 states. The maxi-
mal closed-loop response of the control surface to the discrete gust
excitation of Eq. (46) was about 25 deg.

The two control systems used in ZAERO analyses were the wing-
tip acceleration and the wing-root shear force, and bending moment
and torsion moment were monitored in open- and closed-loop dis-
crete and continuous gust response analyses.

The results of the discrete gust response analysis are shown in
Figs. 5-7. It can be observed that all of the three methods, frequency-
domain, state-space, and hybrid, gave very close results. A compar-
ison of the maximal absolute values of the wing-tip accelerations
obtained by the three methods is given in Table 1. It can be observed
that the peak values obtained by the state-space and hybrid methods
compare well with the frequency-domain results, and that significant
reductions were obtained by the application of the control laws.

Power-spectral-density variations of the wing-tip acceleration ob-
tained in frequency-domain continuous gust response analyses are
shown in Fig. 8. RMS values of the wing tip acceleration obtained
by the application of frequency-domain and state-space methods
are shown in Table 1. Here again, the control systems are effective,
and the state-space results compare well with the frequency-domain
ones.

Table 1 Wing-tip acceleration caused by discrete and continuous gusts

Maximal acceleration caused by discrete gust, m/s?

RMS acceleration caused by continuous gust, m/s>

Freq. State Error, Error, Freq. State Error,
Case domain space % Hybrid % domain space %
Open loop 479.9 484.8 1.0 484.6 1.0 58.24 59.93 29
Simple control 360.4 367.0 1.8 369.0 2.4 49.36 50.18 1.7
Hyo controller 177.8 184.3 3.7 183.0 2.9 31.40 32.55 3.7
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Conclusions

Frequency-domain and time-domain approaches were formulated
and applied to dynamic discrete and continuous gust response anal-
yses of aeroservoelastic systems to atmospheric gust excitations.
A linear control system of the most general form can be included
in the analysis. The frequency-domain approach is based on the
interpolation of generalized aerodynamic-force-coefficient matri-
ces calculated by common unsteady aerodynamic routines at tab-
ular reduced-frequency values. The interpolation scheme consid-

ers the special spiral nature of the gust-related coefficients. The
time-domain approach is based on constant-coefficient state-space
formulation, which requires the approximation of the aerodynamic
coefficients by rational functions of the Laplace variable. The ap-
proximation might degrade the resulting accuracy, but it typically
yields considerably more efficient models and better suitability to
the application of modern control techniques. Rational approxima-
tion problems associated with the spiral nature of the gust columns
can be alleviated by dividing the aerodynamic model into several
aerodynamic zones. A hybrid approach is also presented for discrete
gust response analysis. The hybrid approach can be more accurate in
some cases because it does not require the rational approximation of
the gust columns. However, it might be less efficient in subsequent
simulations and less suitable for control applications because of the
relatively large number of input parameters. The various methods
were utilized in the ZAERO software and applied to a generic trans-
port aircraft model. The results exhibited good agreement between
the various methods. A practical scenario of model generation, con-
trol system design, and gust response analysis was demonstrated.
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