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Design and Examination of H,, Robust Controller for
Ground Effect Problem

Kyoko Nitta*
Nagoya University, Aichi 464-01, Japan

An aeroelastic problem in the ground effect is treated. The H, control theory based on the loop-shaping design
procedure is applied to designing controllers for flutter suppression and attenuation of the aerodynamic disturbance
caused by the ground irregulation. A two-dimensional flat-plate airfoil with three degrees of freedom, plunging,
pitching, and contro! surface deflection is treated. The aeroelastic characteristics vary according to the altitude at
which the airfoil is flying. Stability analysis and controller design are performed with the models with aerodynamic
data obtained by the doublet-lattice method aerodynamic calculations and Padé approximation with two lag terms.
Examination of robustness of the designed controllers are performed with numerical experiments using the finite

difference method.

Nomenclature

A, A, Ay = state coefficient matrices

a = pitch axis location, referenced to midchord, in
semichord

B, B., B, = control coefficient matrices

b = semichord length

C,C.,Cy, D; = output coefficient matrices

c = hinge axis location, referenced to midchord, in
semichord

C.,Cy,Cy = aerodynamic coefficients of lift, moment about
pitching axis, and control surface moment about
hinge axis, respectively

Cl,Cm,Cn = nondimensional lift, moment about pitching
axis, and control surface moment about hinge
axis, respectively

G = control distribution vector

H = distance between airfoil and wall surface, in
semichord

h = plunging degree of freedom, positive
downward, in semichord

hy = amplitude of wavy-wall surface, in semichord

K = generalized stiffness matrix

k = reduced frequency of oscillation based on

semichord

kn, ko, kg = uncoupled natural reduced frequencies based
on semichord of plunging, pitching about
elastic axis, and control surface deflection
about hinge axis, respectively

ky, = reduced frequency of wavy-wall surface based

on semichord
l = wavelength of wavy-wall surface, in semichord

M = generalized mass matrix
0, On = aerodynamic coefficient matrices
TayTg = radii of gyration of airfoil about elastic axis

and hinge axis, respectively

= nondimensional Laplace operator, s = ik for
harmonic motion

t = time nondimensionalized by b/ U

[

T, = nondimensional sampling period

U = free-stream velocity

Vv = nondimensional velocity,1/k,

Wi(s), Wa(s) = weighting functions in loop-shaping design

procedure
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= orthogonal coordinates in semichord, or state
and output vectors, respectively

z = nondimensional digital operator or augmented
state vector

= distances from elastic axis to mass center and
hinge axis to control surface mass center,
respectively, in semichords

= angle of incidence, or pitching degree of

freedom

control surface deflection degree of freedom

= control surface command rotation

mth aerodynamic lag root

airfoil-air mass ratio

velocity ratio of wavy-wall surface

= wave number of wavy-wall surface, in
semichord

X,y

Xe, Xg
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Introduction

NCREASING demand of commuter transportation these days

seems to activate the development of new types of vehicles. High-
speed ground effect vehicles have become important for both pas-
senger and cargo transportation, which can be located in the blank
of the famous Gabrielli-von Kdrman transportation efficiency chart.
As for ordinary airplanes, the takeoff and landing phases are crucial
in the flight envelope. Research on their flight conditions, that is, the
flight conditions in proximity to the ground, is strongly required.

Many reports exist on the aerodynamic problem in the ground
effect. A classical but enlightening way of research is the analyti-
cal approach,! for example, using conformal mapping.? A practical
way to view this problem is shown in the comprehensive study
by Pistolesi.> There also have been numerous researches that have
adopted numerical approaches such as the vortex-lattice method.
They cover the cases of steady and unsteady* or two-dimensional®
and three-dimensional® problems. Many use the concept of a mir-
ror image wing, which was first developed by Wieselsberger.” Re-
cent application of this problem is to drag reduction by large eddy-
breakup devices.?

Development of powerful computers allows researchers to solve
the Navier-Stokes equation directly and simulate various situations
concerned with wing-in ground (WIG) effects. More and more in-
teresting results are obtained for application of WIG. In the road
vehicle’ and/or marine!'” industries, the ground effect problem is
also studied earnestly. These studies certainly will aid in solving the
ground effect problems.

However, the stability problem in ground effect does not seem to
be fully inspected. A study concerned with stability analysis was per-
formed by Kumar!! classically. Using the matched asymptotic ex-
pansion method, Barrows et al. analyzed stability near the ground.'?
From the standpoint of control, maintaining safety in flight becomes



more difficult in proximity to the ground. The altitude may change
rapidly, which causes an abrupt aerodynamic change. Moreover, in
the vicinity of the ground, the flight condition rapidly changes be-
cause of obstacles such as bumps in the ground surface. In other
words, there are a lot of uncertainties near the ground. Hence the
importance of this problem can never be emphasized enough.

Today, active control technology (ACT) becomes a common de-
sign philosophy for stabilizing aeroelastic motion. There are numer-
ous papers treating aeroelastic problems using ACT.'*~1> A common
procedure to examine the control laws is wind tunnel testing. In or-
der to examine the aerodynamic ground effect problem, experimen-
tal approaches have been performed in the past'® and nowadays."’
However, in order to simulate the ground, equipment such as mov-
ing belts or ground plates result in experiments that are large scale
and expensive. Also the accuracy of simulation of the actual ground
effect is always in question. Considering all of the above, numeri-
cal wind tunnel testing that includes the ground effect seems to be
attractive for examination.

This paper is presented to suggest a way to apply ACT to the
ground effect problem and to examine the robustness of the con-
troller. Considering the uncertainties of the flight conditions, the
control laws applied to the ground effect problem should be robust
enough to ensure stability. The H,, control theory allows us to deal
with a wide range of uncertainties. The loop-shaping design proce-
dure (LSDP)'® is adopted here because of its favorable aspects of
the obtained controller. The examination of robustness of the ob-
tained controllers are performed with numerical experiments using
a finite difference method (FDM). In addition to the cases of the flat
ground plane, disturbances caused by a moving wavy wall are con-
sidered. For the FDM computational scheme, the method of Ref. 19
is used with some modifications to implement the H,, controllers
obtained with aerodynamic data calculated with the doublet-lattice
method (DLM). The aerodynamic calculation part of the FDM code
is a version of LTRANZ, which includes the higher order term with
respect to time in the governing differential equation and bound-
ary conditions and permits the maximum computable reduced fre-
quency up to 0.8.%0 Using LTRAN2 and/or its versions, there are
many reports treating the aeroelastic problem. Time response anal-
ysis is available with this kind of approach and was first carried
out by Balthaus and Goorjian.?! For incompressible flows, there are
more accurate methods to obtain aerodynamic models than the cur-
rent approach based on the small perturbation potential equation.
However, to quickly check the effectiveness of ACT, the current
approach still seems very useful because of ease of programming
and cost efficiency. Moreover, for flutter analyses in the transonic
region, the small perturbation methods are still important tools.??

Problem Description

In this section, we will formulate the problem to be solved. The
adopted control theory, i.e., the H,, control theory with the LSDP,
is also explained briefly. The purpose of this paper is not to treat the
control theory itself; hence the description is focused on the reason
why this method is adopted. Interested readers should refer to the
original lecture note.'®

In order to construct a robust control law, in most cases designers
are limited as to which control theory to adopt. The current pa-
per treats the stabilization problem of a simple single-input, single-
output (SISO) system. Hence we could adopt the classical, or linear
quadratic Gaussian (LQG), control theory. However, if we adopt the
classical design method, we have to be very careful with the stability,
which is not known during the design procedure. If we adopt a mod-
ern control law such as the LQG, we have to work in the state space,
which makes it difficult to define the weighting functions. When we
solve a problem such as the A, mixed-sensitivity problem, some
of the obtainable closed-loop poles are located at the mirror im-
age of unstable poles of the nominal model.?* Hence for the design
points at hand, some of the closed poles remain near the imaginary
axis even after controlled, which give slow convergent characteris-
tics to the closed-loop time history. The H,, control theory with the
LSDP is adopted here for the following reasons. With this method,
the weighting functions can be easily designed for high- and low-
frequency regions by shaping the open-loop transfer function while
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Fig.1 Definition of parameters.

the closed-loop stability is assured. One of the advantages of this
method is the ease in handling the poles on the imaginary axis and
the availability of dealing with the change in the number of unstable
poles. This situation is treated in the Results section.

System Modeling

For simplicity, a two-dimensional flat-plate airfoil in incompress-
ible flow is treated. The airfoil is located in the free stream U in the
x direction with three degrees of freedom (DOFs), plunging, pitch-
ing, and control surface deflection. No commuter aircraft flies very
fast in proximity to the ground; therefore incompressibility would
be an acceptable assumption. The ground surface is located just be-
low the wing, with its vertical coordinate —H . Here, H is set to 5
(case 1) or 0.5 (case 2), which are the upper and lower limits where
the ground effect problem can be meaningfully treated as a linear
problem. Symbols and coordinates are illustrated in Fig. 1.

The governing equation of the vertical motion of the airfoil is
given as

Mi+ Kx =p+ GB; 0))
where

x=[h o B

G=[0 o 2]

1 Xy Xg
M= x4 rk (c —a)xg + ré
xpg (c—a)xg+r} 3
K 0 0
K=|0 7% o0
2,2
0 0 1K

The overdots denote differentiation with time ¢ normalized by
b/ U. All the values except ¢ are nondimensionalized by semichord
length b. The structural damping term is neglected. In order to ob-
tain a constant coefficient matrix, state space, aeroelastic model, the
aerodynamic load vector p is expressed as

1 1
p=—I[-Cl Cm CnlT =—Qx )
TU TU

where
—Crn —Cra —Cip
O=|2Cum 2Cys 2Cup
2Cyn 2Cyo  2Cng
In the aerodynamic calculation, to obtain the nominal model, the

DLM with a mirror-image wing is used. To express the result in the
complex s plane, the Padé approximation

N
Q=Q0+Q1s+Q2s2+Z%”j%s 3)

m=1
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is adopted. This approximation has been widely used in the design of
active flutter suppression systems. The acrodynamic coefficients are
calculated for simple harmonic motion of several values of k and
approximated in the above form. The aerodynamic lag terms B,
are arbitrarily selected for the range of reduced frequencies from
the DLM calculation. The matrices Qg through Oy, are chosen
so as to give the best least squares fit to Q over a range of reduced
frequencies.
The resultant equations to be solved are expressed as

(M—- LQ2>JC e —1—Q1x+ <K—- —l—Qo)x
T U Ty

1 N
—;T’;ZxAm=Gﬂc

m=1

1G]

xAm = QerZ-"c - ,BmxAm

When we use the state vector z including the displacements, their
derivatives, and augmented aerodynamic state variables and express
the control surface command rotation 8, as the input vector u, we
can get the familiar expression of the state equation. Adding the
output equation, the equations to be solved are

z= Az+ Bu y=Cz (&)
Throughout this paper, the output signal y is selected to be the airfoil
plunging motion A.

Controller Design and Calculation Procedure

Here we will give a quick overview of the controller design pro-
cedure. At first, the plant is augmented with weighting functions so
as to achieve the desired specifications. The H,, controller is then
obtained in the class of stabilizing controllers. Finally, the weight-
ing functions are coupled with the obtained controller in order to
get the final controller.

The resultant controller is expressed in the state space form

Ze= Az + ch u==Cez, (6)
The bilinear transformation
21—z1
s= 2 )
T, 1+z7!

has been used in order to implement the digital version of the ob-
tained controllers. Then the control dynamics calculation is per-
formed with the difference equations

zg(n+ 1) = Agzq(n) + Bay(n)

)]
u(n) = Cyza(n) + Dyy(n)
Numerical Experiment Procedure

A FDM is adopted to examine the designed control laws. For the
FDM aerodynamic calculation, the method of Ref. 19 is used. In or-
der to implement the designed controllers, some modifications are
added. The algorithm is shown in Fig. 2 in block diagram form. The
parameters CI, Cm, and Cn are calculated in the aerodynamic sub-
routine with the boundary condition using &, «, 8, and their deriva-
tives obtained in the previous time step. Equation (5) is a set of
differential equations to be solved step by step following the change
of the flow field immediately after the aerodynamic calculation in
order to get the new values of A, «, 8, and their derivatives. The time
step sizes used in aerodynamic and structural dynamics calculations
are the same.

For the continuous controllers, the control dynamics calculation
is performed using Eq. (6) at each step immediately after the aero-
dynamic and structural dynamics calculation. For this case, the time
step for the aerodynamic and structural dynamics calculation is also
used for the control dynamics calculation. For the digitized con-
trollers, the control dynamics calculation is performed using Eq. (8)
at each sampling time using the output information at that time.
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Fig. 2 Block diagram of FDM calculation: a) with continuous con-
troller and b) with digitized controller.

Results

In this section, models used in designing controllers are called
DLM models as they use DLM calculation results for aerodynamic
augmented states. The models obtained by FDM aerodynamic cal-
culations are called FDM models. The aeroelastic parameters of the
airfoil are!®

kp/k, =05 kg/ky = 3.0 u=40.0
a=—-04 c=0.6 Xe =02
r2=025  xp=00125  r;=0.00625

Examination of DLM Models

Prior to searching for efficient control laws, the aeroelastic char-
acteristics of the nominal models should be examined. In order to
reduce the size of the nominal models, N in Eq. (3) is taken as
2 whereas most others use four aerodynamic lag terms.'* The har-
monic motions relating the three modes were calculated using values
of k from 0.0 to 1.0 in increments of 0.1. Considering the range of
calculated reduced frequencies, the values of g, were selected as
0.05and 0.5 at first. The curve fit seemed to be quite reasonable. With
these values, when nondimensional velocity V increased, in case 2
the torsion branch went into the right-half plane (RHP) whereas in
case 1 the bending branch became the flutter mode. However, the
bending mode became unstable in both cases when four lag terms
were used (0.2, 0.4, 0.6, 0.8 or 0.05, 0.15, 0.3, 0.5). The eigenvalue
root loci seriously differ according to the number and the values
of the aerodynamic poles. Although the root pair 0.5 and 0.05 was
not used this time, the fact that the torsion branch only went into
the RHP in case 2 suggests an interesting aspect of the aeroelastic
characteristics according to height: The torsional component of the
flutter mode is more predominant in case 2 than in case 1.

In order to rearrange the lag roots that can closely approximate the
behavior of the actual systems, the results of H = oo (case 0) were
compared with the exact root loci using Bessel functions.! In this
calculation, the DLM without a mirror-image wing was used. Jones’s
approximation, whose lag roots are 0.0455 and 0.3, gives almost the
same root loci for case 0 as the exact solution. This pair was also
tried but showed poorer agreement when used in Eq. (3) because
of the higher order terms in the interpolation function. Finally, the
lag terms are rearranged as g8, = 0.05, 0.25, which gave the closest
root loci in all the examined pairs of lag roots. In Ref. 15, it is
stated that the best selection of the lag pole is the open-loop flutter
frequency if a single lag term is used. The frequency 0.25 is almost
the flutter frequency for both cases 1 and 2. The flutter velocities
Vr, which are the velocities when the bending branch goes into
the RHP, are 3.0102, 2.9488, and 2.4681 for cases 0, 1, and 2,
respectively. Nearer the ground, larger aerodynamic forces make
the flutter velocity significantly lower.

Choosing appropriate design points is very important to obtain
favorable closed-loop characteristics. This time, V = 3.0 for case 1
and V = 2.5 for case 2 are selected. We choose these design points
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Fig.3 Pole-zero examination of DLM models: a) case 1 and b) case 2.

(the eigenvalue due to the bending mode is almost on the imaginary
axis but in the RHP) because our purpose is to suppress flutter using
ACT. The concept is that no aircraft can fly at speeds much higher
than the flutter speed, namely deep in the RHP.

The aerodynamic characteristics change drastically as a function
of height in the ground effect region. Coincidentally, the aeroelas-
tic characteristics change, although the structural parameters of the
airfoil remain the same. In order to examine the above-mentioned
phenomena more generally, it is convenient to look at the pole—
zero location of the models. The pole-zero plots are calculated by
parametrically changing the nondimensional velocity V up from
V = 2.0to V = 3.5 (Fig. 3). The plots represent all 0.5 values of
V. The stars are for the pole—zero locations of the design points.
The broken lines are pole—zero plots of case 0 for comparison. It
is shown that, in both cases, at least one zero is in the RHP. Espe-
cially for case 1, pole-zero locations are very close to each other
around V = 3.1. For that case, the flutter mode becomes almost un-
controllable. The ground effect is favorable considering pole-zero
cancellation is avoided. Moreover, the RHP zero locates farther from
the origin in case 2 than in case 1, which would make the largest
achievable bandwidth higher below which effective disturbance at-
tenuation is possible. Hence from the standpoint of achieving per-
formance, case 2 is favorable compared with case 1.

It is interesting to see the behavior of cases 1 and 2 in comparison
with case 0. In case 2, torsion and bending branches coalesce so
tightly in the subcritical region that they almost unite. Moreover,
compared with case 1, they separate each other much more rapidly. It
means that once an unstable motion occurs, the increase of instability
of case 2 is much harder than cases 0 and 1. Case 1 behaves similar
to case 0, but the two branches do not coalesce as much.

The flutter conditions for both cases were also examined with
the time histories of DLM models (results not shown). In case 2,
where Vr is much lower than case 1, the amplitude of the bending
disptacement was smaller. However, the torsion and control surface
displacement were almost the same. Again we can see the difference
of the predominant modes.
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Numerical Experiment Results

At first, examination of the FDM models was performed. The re-
sults are simply explained here without figures because of the space
limitation. For case 1, the FDM flutter velocity is 3.1 whereas in
the DLMs it is 2.9488. For case 2, the FDM flutter velocity is 2.6
whereas in the DLMs it is 2.4681. It suggests the unstable poles of
the design point of DLM models are still in the left-half plane in
FDM models for both cases. In the physical situation, some damp-
ing must exist, which would make the degree of instability smaller
compared with DLM models. Remember that DLM models do not
include even the structural damping in Eq. (1). Hence FDM models
can be treated as the real systems with damping, and the procedure
taken for the ordinary wind tunnel testing is performed. Fast Fourier
transform (FFT) was performed using the time history data of im-
pulse responses of FDM models and compared with the Bode plots
of DLM models. The critical peak near the natural frequencies of
bending and torsion seemed to be modeled well, whereas the roll-off
characteristics were different in the high-frequency region. Numer-
ical errors in the FFT calculation may be the most possible reason,
because the same procedure was performed with DLM models and
the same phenomenon was observed. Another possible reason is, of
course, the modeling error.

The uncertainties in the FDM models are attributed to differences
in aerodynamic forces and calculations of structural integration.
With respect to these two parameters closer examinations of the
FDM models were performed.

The former is examined in Ref. 19 by comparison of the pressure
distribution on the airfoil. They were in good agreement, however;
the FDM values were lower at the leading edge of the airfoil and the
control surface. It causes the aerodynamic force to be less in the
FDM models than in the DLM models. In order to certify the aero-
dynamic calculation of FDM and get more information near the
ground, another examination was performed by solving Euler and
Navier-Stokes equations and comparing the pressure contours of
the flow field. They agreed very well in spite of the fact that the
governing equations are different.

In order to examine the latter, i.e., structural integration, two tech-
niques were tested in the FDM calculation. In Ref. 24, some inte-
grators are suggested and compared. The transient matrix method
seemed excellent and was applied to the comparison with the
Runge—Kutta procedure, which is currently used in the FDM for
integration of the structural dynamics equation.!® The integrators
presented almost the same time histories for every case examined.
The Runge-Kutta method seems to treat the dynamic motion of
the airfoil more directly, so the Runge-Kutta integration method is
adopted in the numerical integration of both the structural and con-
trol dynamics calculations. The time step for aerodynamic and struc-
tural dynamics calculation is 360 per cycle of the bending mode.

Controller Design

Figure 4 shows the Bode plots of the nominal DLM models.
Because the design points are very near the critical flutter conditions,
the first peaks are almost at the flutter frequencies for both cases.
We can ascertain that the contribution of the torsion mode is greater
in case 2 from the peak locations. The second peaks are the control
surface mode. We can use this information directly in the LSDP.
The poles are very close to the zeros, which makes designing the
weighting function difficult. After some trial and error, the designed
weighting function is the same for both models and has the notch
filter form

0.05(s? + 2kys + 16k2)

W, =
1) =~ 5 s + 0498

©)

This is designed to alleviate the flutter mode with appropriate input
cost.

Initial Value Responses with and Without Control

Next, initial value responses are examined including control. The
FDM calculations are performed following the procedure given in
Fig. 2a. The DLM models include unstable poles, which make the
initial value [2(0) = 0.01 and all the other variables are zero] re-
sponses of the nominal models diverge. Although the acrodynamic
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Nominal plants f——H 5.0, V=3.0 and H=0.5, V=2.5
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Fig.4 Comparison of Bode plots; case 1, solid line; case 2, broken line.
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Fig. 5 Initial value response of FDM models with continuous Wj con-
trollers: case 1, solid line; case 2, broken line.
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Fig. 6 Time history of case 2 over wavy-wall surface (! = 1): with-

out control, solid line; with continnous Wy controller, broken line; with
continuous W5 controller, dot-dashed line.

forces are greater in case 2 because of the ground effect, displace-
ments are smaller because the unstable pole of the design point is
slightly shallower in the RHP in case 2 than in case 1 (see Fig. 3).
On the other hand, the FDM models do not include unstable poles.
Hence the time histories converge. However, bending poles are very
near the imaginary axis. It is just the situation where the control is
required to avoid getting unstable. The amplitudes of the displace-
ments are almost the same between cases 1 and 2, which tells us
that the critical root of case 1 is closer to the imaginary axis. The
phase lags are almost the same between DLM and FDM models.

Figure 5 shows the time histories of the controlled FDM models.
Because the weighting function in designing controllers is the same
{Eq. (9)]} for cases 1 and 2, the time histories of the controlled variable
h are similar to each other. It is interesting to see that although the
airloads are greater in case 2, the required input cost is greater in
case 1. It may come from the pole—zero location. In case 1, DLM
pole—zero locations are close to each other in the RHP. We can
expect that in FDM models it is again true because DLM models
approximate FDM models well, as examined above.
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Fig. 7 Time history of case 2 over wavy-wall surface (! = 5): with-
out control, solid line; with continuous W; controller, broken line; with
continuous W, controller, dot-dashed line.

Wavy-Wall Disturbance

From here on, only case 2 is dealt with. A moving wavy wall
is introduced to the system. Under the airfoil, an infinite wavy-
wall surface travels with the velocity vUU whose mean line lies on
y = —H and the wave amplitude is 4, (see Fig. 1). For simplicity,
the wall surface is assumed to keep harmonic motion. The vertical
displacement and velocity of the wall surface are then expressed as

y = —H + hy, sinfk,, (t — x/v)]

10
wy = hy(ky — Q) cos(k,t — Qx)

where we assume h,, < [ (small disturbance). The reduced fre-
quency of the wall, k,,, is defined as k,, = 27v/[, where [ is the
wavelength of the wavy-wall surface. Here, 2 = 27/1 is the wave
number of the wavy wall. In the current calculation, the fixed pa-
rameters of the wavy wall are h,, = 0.01 and k, = 0.7k,, which
seems to be the most severe situation because it is almost the flutter
frequency.
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12 13 14 15 16 17 18
ka x time /2pi

Fig. 8 Last part of time history calculation of case 2 over wavy-wall
surface with W5 controller (I = 1): continuous, solid line; digitalized with
k = 20ky, dot-dashed line; digitalized with k; = 10k, broken line.

The time histories without control are shown in Figs. 6 ({ = 1)
and 7 (I = 5) as solid lines. Itis interesting to note that the responses
differ a lot for different wavelengths even though the frequency of
coming wavy wall is the same. The difference of 2 in Eq. (10)
causes the transient responses of the time histories to differ consid-
erably. The phenomena of this transient part can be explained as the
resonance of the wave frequency and the natural frequencies of the
airfoil.

After the free motion of first six cycles of the torsion mode, the
controllers with W; are tested (Figs. 6 and 7, broken lines). Com-
pared with the responses without control, the amplitudes are reduced
but the oscillations still remain.

The internal model theorem is adopted here to obtain a more
efficient control law for this case. The modified weighting func-
tion is

0.025(s2 + ks + 16k2)
52 4 0.49k2

Wals) = an
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Fig. 9 Last part of time history calculation of case 2 over wavy-wall
surface with W, controller (I = §): continuous, solid line; digitalized with
kg = 20k, dot-dashed line; digitalized with k; = 10k, broken line,

which gives the specified pole at the wall frequency to the obtained
controller. Although there exist uncertainties, FDM models can be
controlled efficiently with this controller (Figs. 6 and 7, dot-dashed
lines). As the output signal is /4, the amplitudes of % are reduced for
both cases whereas « and 8 are not. Especially, the amplitudes of 8
are increased because of the input cost.

Treatment of Implementation of Controllers

In order to simulate the real wind tunnel testing, the controllers
obtained in the continuous region are discretized using Eq. (7).
The FDM model can be treated as a discrete system with a sam-
pler and a zero-order holder, as already described in Fig. 2b. The
control dynamics calculation procedure for this case follows Eq.
(8) whereas structural integral equations remain the same. The re-
sults of implementation of the digitalized W, controllers with the
disturbance of the wavy wall are shown in Figs. 8 and 9, which
show the last six cycles of the torsion mode in the calculations. The
sampling frequencies are taken to be k, = 20k, (dot-dashed lines)
and k, = 10k, (broken lines). Solid lines are with the continuous

controller. Considering the wall frequency, k, = 14k, would be the
“safe” sample rate.?’ For wavelength [ = 1, there seems to be little
deterioration with digitalization even for k, = 10k,. However, for
the case [ = 5, the output signal & with k, = 10k, oscillates much
harder than the other two cases although its amplitude is decreased
compared with the nominal oscillation. For cases 1 and 2, almost
no deterioration was observed in the initial value response with the
digitalized W, controllers. With this method, one can have a quick
view of deterioration caused by discretization of controllers.

Conclusions

The ground effect stability problem has been studied. To summa-
rize:

1) The characteristics of the three-DOF airfoil at different alti-
tudes are examined. The aeroelastic nature differs between H = 5
and H = 0.5, which affects controllability of plants. The contribu-
tion of the torsion mode to instability is greater when the airfoil is
closer to the ground.

2) The stability problem is solved with the H,, control theory
using the loop-shaping design procedure.

3) Numerical experiments using a FDM are performed. Under
the uncertainties of modeling errors and wavy-wall disturbances,
perturbed models are efficiently controlled, which ensures the ro-
bustness of the obtained controllers.
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