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Abstract: A flight test platform is designed to conduct an experimental study on the body freedom
flutter of a BWB flying wing, and a flight test is performed by using the proposed platform. A
finite element model of structural dynamics is built, and unsteady aerodynamics and aeroelastic
characteristics of the flying wing are analyzed by the doublet lattice method and g-method, respec-
tively. Based on the foregoing analyses, a low-cost and low-risk flying-wing test platform is designed
and manufactured. Then, the ground vibration test is implemented, and according to its results,
the structural dynamics model is updated. The flight test campaign shows that the body freedom
flutter occurs at low flight speed, which is consistent with the updated analytical result. Finally, an
active flutter suppression controller is designed using a genetic algorithm for the developed flying
wing for future tests, considering the gains and sensor location as design parameters. The open-
and closed-loop analyses in time- and frequency-domain analyses demonstrate that the designed
controller can improve the instability boundary of the closed-loop system effectively.

Keywords: body freedom flutter; ground vibration test; flight test; active flutter suppression design

1. Introduction

Compared with conventional aircraft, flying wings have a higher lift-drag ratio
and better stealth capability [1,2], which have become a research hotspot of advanced
aircraft in recent years [3]. The flying wings generally have a large aspect ratio to meet
the requirements of high altitude and long endurance, leading to increased flexibility
and decreased elastic modal frequency of the wing. As a result, a special aeroelastic
phenomenon occurs, known as body freedom flutter (BFF), caused by the coupling between
the low order wing bending mode and the rigid body pitching mode. BFF badly affects the
handling performance and even leads to the disintegration of flying wings [4,5]. Due to
the particularity of the flutter, aeroelastic analyses are very important during the aircraft
design process [6], by which we can determine the flutter characteristics and check if the
performance of the vehicle meets the design requirements.

The studies on aeroelastic characteristics of flying wings include the flutter mech-
anism investigation [7,8], passive flutter suppression [9,10], and active flutter suppres-
sion (AFS) [11,12]. Some of the studies only focus on the theoretical analyses of the
BFF [9,10,13,14]. The experimental studies on flying wings such as the ground vibration
test (GVT) [15], wind tunnel test [16,17], and flight test [18,19] have made significant signs
of progress recently. Zhao et al. [15] introduced an optimization method for composite
flying-wing finite element model (FEM) updating based on subcomponent test data. The
FEM method is updated according to the GVT and optimization algorithm, agreeing with
the test model well. Gu et al. [16] and Liu et al. [17] both carried out wind tunnel test
studies on BFE. Liu et al. [17] pointed out that for the flying wing with two-points elastic
support, the flutter characteristics obtained from the BFF wind tunnel test will be affected
by the support stiffness of spring. Zhang et al. [18] and Wu et al. [19], respectively, using
numerical simulation and wind tunnel tests, proved that the support system will interfere
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with the wind tunnel test results and cannot accurately simulate the actual flight state.
Therefore, it is necessary to carry out a flight test to study the BFF of flying wings.

As for the flight test study of BFF, Schmidt et al. [11,12] focused on the study of
BFF suppression of flying wings, and the closed-loop flight test for different flutter active
suppression controllers was completed. It should be noted that the vehicle may be damaged
during a flutter flight test, which even causes secondary disasters (the fragment of the
vehicle may fall and hurt people after disintegrating). Therefore, it is necessary to develop
a low-cost and low-risk (LCLR) flying wing as a flight test platform for the study of BFFE.

In previous research, there have been scarce studies on the BFF flight test, and there
is almost no study to systematically introduce the detailed development process of the
BFF flight test platform. In this paper, the design and test processes of an LCLR flying
wing as a flight test and research platform for BFF are investigated in detail. The unsteady
aerodynamic, structural dynamic, and aeroelastic characteristics of the designed flying
wing are analyzed by the doublet lattice method (DLM), finite element (FE) method, and
g-method, respectively. The GVT is conducted to update the analytical model, and the
flight test is performed to observe the phenomena of BFFE. For the developed flying wing, an
AFS controller is established, and the flutter suppression effect of the controller is verified
by time- and frequency-domain analyses.

2. Theoretical Fundamentals
2.1. Doublet Lattice Method

For harmonic oscillation, the linear small disturbance velocity potential equation is

%p ¢ a2<p_2i(Ma§ok>aq; Ma? k?
z

(1—Mad) o> + = + =5 A +

2x Ry 2 ox B2 =0 1)
where k = bw/V is the reduced frequency, b is the reference length, and w is the circular
frequency, respectively.

DLM [20] is a panel method based on the linear velocity potential equation of small
disturbance, which is used for unsteady aerodynamics analysis in this paper, and the lifting
surface is divided into a number of aerodynamic grids, as shown in Figure 1. The positive
direction of the x-axis is consistent with the far-field flow direction, the y-axis is pointing to
the right, and the z-axis is determined according to the right-hand rule. The aerodynamic
force acts at the midpoint of the 1/4 chord line on each grid element, which is called
the pressure point (F,), and the midpoint of the 3/4 chord line is called the downwash
control point (H). The boundary conditions at the control points of each grid are met
due to the amplitude of the normal downwash velocity generated by the proper doublet
line distribution.

Figure 1. Sketch of grid division used in DLM.

It is assumed that the lifting surface is divided into # grids, and the pressure difference
Ap on each grid is constant; pressure doublets are arranged at the points of each grid.
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Based on the theory of linear unsteady aerodynamics, the integral equation is satisfied at
the downwash control point of each aerodynamic grid as follows:

n
- 1 1 2
w; = ngl 20V* Acy; Ax;j cos ¢, Kiydl,

n (2)
= éj};l Acp].ij cos 4>ij]_ Kijdlj (i=12,...,mj=12,...,n)

where w;—the downwash at the 3/4 chord length point of the ith grid; Acp —the pressure
coefficient on the jth grid;Ax;—midsection length of the jth grid; [;—length at 1/4 chord
Fy ;3 of the jth grid; ¢;—sweepback angle at 1/4 chord F; F; of the jth grid; K;j—aerodynamic
kernel function.

The unsteady aerodynamic pressure distribution at the pressure point is written in
matrix form as

1 _
Ap = EpVZD lw (©)]

where Ap—pressure distribution vector at the point of pressure action; w—the downwash
vector at the downwash control point; D—the aerodynamic influence coefficient matrix.
By applying the modal approach, the generalized aerodynamic forces matrix can be
written as
Q(ik) = ®'G'DG® (4)

where G is the spline matrix, and ® is the modal matrix.

Up to now, the unsteady aerodynamic force is calculated by DLM, and the generalized
aerodynamic force matric used for aeroelastic analysis is obtained. In addition, it should
be noted that when the reduced frequency k = 0, DLM degenerates into the vortex lattice
method (VLM), which is used for steady aerodynamic analysis in the next section.

2.2. The g-Method

The g-method is used for aeroelastic characteristics analyses in this paper. The flutter
solution equation of the g-method [21,22] is

(V28 mp? K- 50V (i) ~ 5pVQ() | {a) =0 ©

where M, K, and Q(ik) are the generalized mass, generalized stiffness, and generalized
aerodynamic force, respectively. The relationship between the reference length b and the
reference chord length cis b = ¢/2.

Substituting the dimensionless operator p (p = g + ik) into Equation (5), we can obtain
a second-order linear system with respect to g

*A+gB+C|{q} =0 (©)

where A = (V/L)*M. B = 2ik(V/L)*M — 1pV2Q'(ik) + (V/L)Z. C = —k*(V/L)*M +
K — 1pV2Q(ik) +ik(V/L)Z.

For completeness, the modal damping matrix Z is included in Equation (6). To satisfy
the condition for the existence of solutions, Equation (6) is written in the state space form

[D —gI{X} =0 ?)

0 I

where D = _AlCc _A-lB

and {X} is the right eigenvector of the state space

equation.

A reduced-frequency-sweep method is used to search the condition of Im(g) = 0
and solve the eigenvalues of D. By changing the reduced frequency k with a step Ak, the
one for Im(g) = 0 is obtained by linear interpolation when the imaginary part symbols
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of the eigenvalues correspond to k, and |k + Ak| changes from negative to positive. Then,
the flutter frequency is calculated by w¢ = k(V/L), and the damping is calculated by

2y = 2[Re(g)/k] when k = 0, there is 2y = %
3. Configuration Design of the BFF Flight Test Platform
3.1. Aerodynamic Configuration

The BWB aerodynamic configuration of the designed flying wing is shown in Figure 2.
It is a high-aspect-ratio flying wing, of which the wingspan and aspect ratio is 2 m and 10.2,
respectively.

Figure 2. Aerodynamic configuration of the flying wing for BFF flight test platform.

The steady aerodynamic characteristics of the flying wing were estimated by using
XFLR5, a tool for wing design and analysis based on the VLM method. By setting the
gravity center to 0.38 m aft the nose, the resulting lift and pitching moment coefficients of
the flying wing versus with the angle of attack are shown in Figure 3a,b, respectively. From
Figure 3b, we can see that the slope of the pitch moment coefficient is negative, indicating
that the flying wing has a sound static longitudinal stability. This means that the aircraft
will be easy to operate, which is a key factor for the successful implementation of the flight
test. In brief, the flying wing has good aerodynamic characteristics.

Cm

(b)
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Figure 3. Coefficients of (a) lift and (b) pitching moment versus with angle of attack (with Alpha in degrees).

3.2. Structural Configuration

The structural configuration of the flying wing was established based on the aerody-
namic analyses, as shown in Figure 4. The flying wing test platform was an unmanned
aerial vehicle (UAV) equipped with commercial flight control and power systems. The spar
was made of carbon-fiber-reinforced composite material (CFRCM), and the lifting surface
was made of the polypropylene (PP) foam board, partially reinforced by balsa wood. The
study of Gavrilovic et al. [23] shows that the winglet can significantly improve the lift-drag
ratio of the aircraft. In order to improve the performance of the flying wing, we added the
winglet to improve the lift drag ratio and the lateral heading stability.
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Figure 4. Structural configuration of flying wing for BFF flight test platform.

The designed configuration satisfies the necessity of LCLR and meets the flight test
requirements, specifically in the following aspects: (1) the simple configuration is conve-
nient for stiffness design, which means that we can ensure the flutter speed low enough
for flight test safety; (2) the motor-driven propeller provides the thrust, which is highly
efficient in low-altitude and low-speed conditions, and the propeller was installed in the
waist of the vehicle, an arrangement that can protect people from injury by the blade;
(3) the PP foam board, as a kind of flexible lightweight foam material, is easy to process.
Considering the possibility of crash or disintegration caused by flutter during flight tests,
using the PP foam board as the main material of lifting surface can effectively reduce the
possibility of secondary damage and protect the equipment; (4) the flying wing compatible
with the mature reliable commercial flight control system and power system, which can
significantly save the cost and time of the design.

4. Modeling and Analyses
4.1. Structural Dynamics

In order to study the structural dynamic characteristics of the flying wing, a FEM
model was established by using MSC.Patran, as shown in Figure 5. In this FEM, thin-shell
element in MSC.Nastran was used to model the composite spar (purple), lifting surface
(light blue), inner flap (red), outer aileron (green), and winglet (dark blue), and the airborne
equipment was simplified as concentrated mass elements; the detailed information of
the FEM model are summarized in Table 1. Considering the slenderness of the spar, it is
reasonable to simplify CFRCM as an isotropic material, and the tensile modulus Eq; of
the CFRCM was used as Young’s modulus of the simplified isotropic material, which was
150 GPa, and the Poisson’s ratio and density were 0.26 and 1600 kg/m?, respectively. While
Young’s modulus, Poisson’s ratio, and density of the material used by the lifting surface
were 10 MPa, 0.09, and 20 kg/ mS, respectively.

Figure 5. FEM of flying wing for BFF flight test platform.
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Table 1. Detailed information of FEM.

Type Number
CBAR 12
CONM2 17
CQUAD4 998
CTRIA3 12
GRID 1220

Based on the FEM model, the normal mode analysis of the full span flying wing with
a free—free boundary condition was carried out by MSC.Nastran. The frequencies of the
first four elastic modes (corresponding to the 7th-10th modes under the free—free boundary
condition, since the first six modes were rigid modes) are summarized in Table 2, and the
corresponding mode shapes are shown in Figure 6.

Table 2. Frequencies and mode shapes of the first four elastic modes.

Modal Order Mode Shape Modal Frequency (Hz)
7 Symmetric 1st wing bending 3.60
8 Antisymmetric 1st wing bending 5.79
9 Symmetric 2nd wing bending 8.63
10 Antisymmetric 2nd wing bending 9.92

Figure 6. Mode shapes of first four elastic modes: (a) symmetric 1st wing bending; (b) antisymmetric
1st wing bending; (c) symmetric 2nd wing bending; (d) antisymmetric 2nd wing bending.

4.2. Aeroelastic Modeling and Analysis

In order to study the flutter characteristics of the flying wing, it was necessary to
carry out an aeroelastic analysis. The lifting surface model of the full span flying wing
corresponding to the structural FEM was established, as shown in Figure 7. The lifting sur-
face was divided into 784 grids, and the corresponding aerodynamic influence coefficient
matrix was calculated by DLM.
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Figure 7. Lifting surface model of flying wing for BFF flight test platform.

Infinite plate spline interpolation was used between the lifting surface model and the
structural FEM, then the aeroelastic model was obtained. The interpolated mode shapes
of the aerodynamic meshes were checked, as shown in Figure 8. It can be seen that the
interpolated mode shapes are in good agreement with the structural mode shapes shown
in Figure 6, indicating the correctness of the aeroelastic model.

(2) (®)

Figure 8. Interpolated mode shapes of aerodynamic mesh: (a) symmetric 1st wing bending;
(b) antisymmetric 1st wing bending; (c) symmetric 2nd wing bending; (d) antisymmetric 2nd wing
bending.

Then, the flutter analysis was carried out using the g-method; the rigid pitching mode
and the first four elastic modes were selected for the analysis. The flight altitude was
selected as sea level, and the Mach number was 0.04. The aeroelastic characteristics of the
flying wing obtained by the g-method are shown in Figure 9, and only the rigid pitching
and symmetric 1st wing bending modes are plotted for ease of observation. Results show
that the aeroelastic instability occurs at the speed of 18.18 m/s, and the coupling between
the rigid and symmetric 1st wing bending modes can be seen clearly, indicating that a
typical BFF occurs.
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Figure 9. Aeroelastic analysis results.

5. Ground Vibration Test
5.1. Introduction of Test Model

Based on the foregoing analyses, the manufacturing and assembly of the flying wing
were completed. The wing spar and lifting surfaces were bonded by adhesive. The winglets
were glued with the wings, the control surfaces were connected with the wings by sets of
hinges, and the fiber-reinforced tape was used to fill the gaps between the control surfaces
and the wings. In order to improve the reliability of the propulsion system, balsa wood
was used to strengthen the connection between the wing surface and the motor base. Two
sets of overlapped CFRCM sheets tightened with bolts were used to connect the wing spar
and the fuselage carried through the beam. The assembly details of the test model are
shown in Figure 10.

Figure 10. Assembly details of test model.

Then, the installation of airborne equipment was carried out. The assembled test
model, including the airborne equipment, is shown in Figure 11. The flying wing used
the commercial pix hawk flight control system, a global positioning system (GPS), digital
data transmission (DDT), etc. It was driven by an ECO2316 motor with an APC 9-inch
high-speed nylon blade.
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| Pix hawkl

Steering
engine

Figure 11. Test model including airborne equipment.

The detailed parameters of the test model are summarized in Table 3. The total weight
of the test model with all airborne equipment was very light (only 1.3 kg). When the
motor was powered by the ACE 35 battery, its maximum speed was RPM. The maximum
thrust of this model could reach 13.86 N, which exceeded the gravity of the fully assembled
test model; that is, the maximum thrust-weight ratio of the test model was larger than
1. Consequently, the critical velocity of BFF could be easily realized during the flight test,
which means that this platform was suitable for the flight test.

Table 3. Detailed parameters of the test model.

Items Value
Total weight/kg 1.3
C.G.(from nose)/m 0.38
Area of lifting surface/m? 0.47
Wingspan/mm 2024
Aspect ratio 10.2
Sweepback/deg 22

5.2. Tests and Results

In order to identify the structural dynamic characteristics of the test model, a GVT test
was carried out using the hammer impact method. The FE simulation results indicate that
the first four elastic modes of the flying wing mainly manifest in the bending of the wing.
Therefore, ten accelerometers were used to measure the acceleration signals, with eight of
them arranged along the spanwise direction of the wing spar and two of them situated at
the nose and tail, respectively. The layout scheme of the accelerometers, represented by the
red dots, is shown in Figure 12.

Figure 12. Layout scheme of sensors.

The setup of the GVT test is shown in Figure 13. The test model was hung on a rigid
frame by a single-point spring suspension to simulate the free-free boundary condition.
As the first four elastic modes of the flying wing were mainly represented by the bending
of the wing, the excitation position of the impact hammer was selected at the wingtip.
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The accelerometers were glued to the corresponding locations, shown in Figure 11, and
were connected to the data acquisition instrument of the LMS test lab system by cables.
They measured the vibration signals generated by the striking of the impact hammer and
transfer the signals to the LMS for data processing. Skillfully, the cables connected to the
accelerometers and LMS were hung on the rigid frame loosely to reduce the test error
caused by their self-weight.

| Rigid beam |

| Spring suspension | //
/‘ A

—re ¥
[Ty t—

| Impact hammer | A ¢ W

o

| LMS Test.Lab |

Figure 13. GVT setup.

The mode shapes of the first four elastic modes of the test model identified by the
GVT simulation are shown in Figure 14. Since the ideal free boundary condition could
not be realized by the single-point spring suspension, the elastic heaving mode (not the
free—free one), i.e., the vertical elastic mode caused by the spring suspension, did not exist
in the analysis model but could be obtained by the GVT test. Meanwhile, caused by the
arrangement of accelerometers, the torsional mode of the wing could not be measured, and
the fuselage bending of the symmetric first wing bending was also hardly excited by the
wingtip excitation. The mode shapes did not match so well for the fuselage bending and
wingtip mode between GVT and FEM simulations. However, the wing bending modes that
we were chiefly concerned about matched well between the GVT and FEM simulations.

~r
P s

Figure 14. Mode shapes of first four elastic modes obtained from GVT: (a) elastic heaving; (b) symmetric
1st wing bending; (c) antisymmetric 1st wing bending; (d) symmetric 2nd wing bending.

The first four elastic modal frequencies obtained from GVT are summarized in Table 4.
The test model with light weight was very sensitive to mass distribution. Therefore, the test
results change with the layout schemes of the accelerometers. In order to further reduce
the test error, the concentrated mass elements simulating the accelerometers and the single-
point spring element simulating the spring suspension were added in the FEM simulation,
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then the new FEM would be consistent with the actual test model, defined as G-FEM for
convenience, while F-FEM represents the FEM simulation without the additional elements
for structural dynamics and flutter analysis under free boundary, i.e., F-FEM was consistent
with the free—free model without accelerometers and suspensions.

Table 4. Comparison of analysis results and GVT results.

Modal Frequency (Hz)
Modal N
odal Name GVT G-FEM Error F-FEM
Elastic heaving 0.93 0.92 1.08% /
Symmetric 1st wing bending 4.02 3.98 1.00% 4.13
Antisymmetric 1st wing bending 7.12 6.98 1.97% 7.20
Symmetric 2nd wing bending 8.87 8.73 1.58% 8.92

Based on the GVT results, G-FEM was updated, and the main updated parameter was
Young’s modulus of the CFRCM material, which was updated from 150 GPa to 109 GPa.
The suspension spring stiffness was also tuned to match with the elastic heaving mode.
The first four elastic mode shapes of the updated G-FEM are shown in Figure 15. The
comparison between the results of updated FE and GVT simulations is summarized in
Table 4. It can be seen that the first four elastic modes of the updated G-FEM match well
with those of GVT, indicating that the updated G-FEM is in good agreement with the test
results. The modal frequencies of the corresponding F-FEM are also listed in Table 4, which
could be taken as the updated free—free modal results. Obviously, the spring stiffness and
the mass of accelerometers affect the structural dynamic characteristics of the model.

Figure 15. First four elastic mode shapes of G-FEM: (a) elastic heaving; (b) symmetric 1st wing
bending; (c) antisymmetric 1st wing bending; (d) symmetric 2nd wing bending.

The aeroelastic characteristics of the updated F-FEM were analyzed again by the
g-method, and the obtained V g and V—f curves are shown in Figure 16. It can be seen
that the flutter speed and frequency of the updated F-FEM are 10.66 m/s and 3.46 Hz,
respectively. The flutter speed of the updated F-FEM is much lower than that of the original
FEM, which is beneficial to the flight test.
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Figure 16. Aeroelastic characteristic of updated F-FEM.

6. Flight Test

The above results of simulations and GVT indicate the designed flying wing is feasible
as a BFF flight test platform. The flight test was carried out at Northwestern Polytechnical
University on a sunny day with a relatively stable atmospheric environment. The airborne
acceleration sensor was used to collect the vertical acceleration response of the flying wing
to record the vibration information during the flight test, and flutter characteristics were
identified through the vertical acceleration signal. During the flight test, the flight speed
was increased gradually, and the inner flap was deflected simultaneously to excite the test
model. The BFF phenomenon was observed, as shown in Figure 17. The flying wing flew
from the right to the left of the diagram. Due to the limited performance of our equipment,
the photos were not very clear. However, the flutter mode is shown in the zoomed typical
state in Figure 17; the pitch of the fuselage is marked with a blue line, and the symmetric
bending of the wing is marked with a red line to facilitate observation. When approaching
the critical speed of BFF, the flight altitude decreased rapidly. To protect the test model,
immediately, the airspeed was reduced, and the test model was recovered from the state of
BFF. After recovery, the test model could continue to maintain level flight and finally land
smoothly. This test did not lead to the destruction of the test model.

Figure 17. BFF occurred in flight test.

We carried out several BFF flight tests; the data of two representative experimental
(named BFF#1 and BFF#2) are demonstrated in this paper, and the data of low-speed level
flight are also given to compare with the BFF results. The experimental data include the
flight velocity and vertical acceleration response information recorded by the airborne
sensors. In order to check the frequency-domain information of the flight test, the frequency
spectrum obtained by the fast Fourier transformation (FFT) of the time-domain acceleration
signal is also plotted.

The flight test data of BFF#1 is shown in Figure 18a. As can be seen from Figure 18a,
the vertical acceleration response of the test model begins to diverge after the velocity of the
test model reaches 12.03 m/s. The acceleration response converges when the flight velocity
is lower than 11.86 m/s. Since the speed change is gentler in the acceleration process than
that in the deceleration process, the BFF critical velocity is selected as 12.03 m/s in BFF#1.
The frequency spectrum is shown in Figure 18b; there are three frequency response peaks
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occurring in the frequency range of 0~20 Hz, and their frequencies are 3.13 Hz, 9.86 Hz,
and 16.41 Hz, respectively. It should be noted that there might be a typical nonlinear
characteristic shown in Figure 18b, as 9.86 Hz is almost 3 times (period 3) of 3.13 Hz,
16.41 Hz is almost 5 times (period 5) of 3.13 Hz, and 3.13 Hz (period 1) is the frequency of
the flutter mode obtained from the flight test BFF#1. Geometric nonlinearity is expected
to arise due to the large deformation of the spar in flutter buildup, which might be a
reasonable explanation for this kind of nonlinear flutter behavior.
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Figure 18. Flight test results of BFF#1: (a) time-domain data and (b) frequency spectrum.

The vertical acceleration response and the velocity information of BFF#2 are shown
in Figure 19a, with the criteria for judging the flutter velocity in BFF#1; the BFF critical
velocity of BFF#2 is 11.89 m/s. From the frequency spectrum of BFF#2 shown in Figure 19b,
we can see that there are three frequency response peaks occurring in the frequency range
of 0~20 Hz, and their frequencies are 3.13 Hz, 9.77 Hz, and 16.21 Hz, respectively. The
amplitude of the response peaks with 3.13 Hz and 9.77 Hz is almost the same, which is the
smallest for the 16.21 Hz frequency response peak, indicating that the nonlinear charac-
teristic is more significant in BFF#2, as flutter built up deeply. However, the fundamental
frequency of the flutter mode in BFF#2 is the same as that in BFF#1.

§ 10 - . o : . Gaussian Pulse in Frequency Domain
£ | () ! ‘ |
=]
® 0
2
[}
(2]
2 -10 - = : :
0 1 2 i3 4 5 6 0 5 10 15 20
Time (s) Frequency (Hz)
157 . ;:'*T Power Spectral Density
= = 100 ‘ ‘ 1
£ 11.83 ~
210 AT33 2
(%] =
o =
g 5 L L L L g‘ 0 i -
0 1 2 3 4 5 6 < 0 3.13 5 9.7710 15 16.21 20
Time (s) Frequency (Hz)

Figure 19. Flight test results of BFF#2: (a) time-domain data and (b) frequency spectrum.

The flight test data of the low-speed level flight is shown in Figure 20a, according to
which the flight velocity is almost 10 m/s, which is lower than the BFF critical velocity. The
vertical acceleration response of the test model is calm. From the corresponding frequency
spectrum shown in Figure 20b, we can hardly find any noticeable frequency response peak
that corresponds to structural vibration mode with a frequency lower than 10 Hz.
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Figure 20. Flight test results of low-speed level flight: (a) time-domain data and (b) frequency spectrum.

The comparison between the results of the two effective flight tests and flutter analysis
with 2% structural damping is summarized in Table 5. The simulation results are in good
agreement with those of the tests.

Table 5. Comparison of flight test results and analysis results with 2% structural damping.

Items BFF#1 BFF#2 Analysis Relative Error#l Relative Error#2
Flutter speed (m/s) 12.03 11.89 10.82 10.06% 9.00%
Flutter frequency (Hz) 3.13 3.13 3.46 10.54% 10.54%

7. Development of Active Flutter Suppression Controller

As a potential active flutter suppression (AFS) testbed, the AFS study is also explored
for the developed BWB BFF flight test research platform in this section. The AFS controller
was designed in the framework of a closed-loop aeroservoelastic system for future tests. A
genetic algorithm was applied, taking the position of the sensor as a design parameter in
addition to the gains of the controller.

7.1. Modeling of Closed-Loop Aeroservoelastic System

A single-input-single-output (SISO) AFS controller, based on the proportional-integral
(PI) feedback control law, was designed for the proposed flying wing. The schematic block
diagram of the corresponding closed-loop aeroservoelastic system is shown in Figure 21.
The input of the AFS controller was the vertical acceleration at the nose of the flying wing.
A Butterworth filter was used to filter the output signal of the sensor, and the output signal
of the controller was the deflection command of the actuator, which was used to drive the
symmetric deflection of the ailerons of the flying wing and control the pitching motion of
the vehicle, so as to achieve the flutter suppression.

- p|an-t

Excitation

Actuator »1Flying wing H Sensor

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Pl controller |« Butterworth filter

Active flutter suppression controller

__________________________________________________________________________________________________

Figure 21. Schematic block diagram of closed-loop aeroservoelastic system.
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The closed-loop aeroservoelastic equation in the state-space form [22] is

Xk Bka Ak Xk 0
X
Y,=(c 0]} ]

A, +B,D,C, B,C;
Let A, = { e Bie
system can be obtained by solving the eigenvalues of A, at different speeds. Similar to the
open-loop case, the closed-loop critical flutter point can be determined according to the
speed corresponding to the root locus crossing the imaginary axis.

®)

} ; the root locus of the closed-loop aeroservoelastic

7.2. Design of the AFS System

The PI controller was applied in the active flutter suppression system. The transfer
function of the PI controller can be written as

1
H(S)PI:KP—I—KI*E 9)

where Kp and K] represents the coefficients of proportional and integral links, respectively.

The negative flutter velocity of the closed-loop system was defined as the objective
function, and the proportional coefficient Kp, integral coefficient K;, and position of the
sensor (using the serial number Loc = 1,2, ...,5, representing the 5 locations of the sensor
as 0 mm, 100.68 mm, 200.86 mm, 316.53 mm, 380 mm at the nose, respectively) were
selected as the genetic algorithm variables, i.e.,

min f(x) = =V
0.00001 < Kp < 0.01
—0.01 < K; < —0.00001
1<Loc<5

where V7 is the flutter velocity of the closed-loop system.

A genetic algorithm was used to solve this optimization problem. After 51 generations
of iteration, the configuration of parameters with the best flutter suppression effectiveness
was obtained within the defined range of variables. The convergence process of the
objective function is shown in Figure 22.

Best: -21.37
-19 -
° ® Best penalty value
-19.5 (%
o,
@ LT
= 20+
«
- [
z )
2 %0ecccccce
S 205+
[
21+
0000000000
0000000000000000000
21.5 w ‘ ‘ X ‘
0 10 20 30 40 50

Generation

Figure 22. Genetic algorithm optimization process.

The corresponding parameters obtained from the genetic algorithm are summarized
in Table 6.
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Table 6. Optimal configuration parameters of AFS.

Parameters Values
Loc 5 (380 mm aft nose)
Kp 0.00006
Kj —0.00011

The stability analysis of the closed-loop system with the optimal configuration param-
eters was carried out. The root locus diagram is shown in Figure 23a, and the results of the
g-method are shown in Figure 23b. The results show that the closed-loop system is unstable
at a speed of 21.37 m/s, and the corresponding flutter frequency is 9.53 Hz. The flutter
is caused by the coupling of antisymmetric first wing bending mode and antisymmetric
second wing bending mode, which means that the flutter form is no longer BFE.

12 . Antisymmetric 2" wing bending (b) . : , : ,
E N N N N Y N N W W WU

mr > 10
10 % 8

o . . =
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Figure 23. Stability of closed-loop system with optimal configuration parameters: (a) root locus diagram; (b) g-method results.

8. Conclusions

In this paper, the design and test process of an LCLR BWB flying wing, used as a BFF
flight test platform, were introduced in detail. The design, processing, and manufacture of
the test model were completed, and a GVT simulation was conducted to update the analysis
model to be consistent with the test model. The classical BFF phenomenon at low speed
was observed in the flight test, and the flutter characteristics were in good agreement with
the updated analysis results, after which an AFS controller was designed for the developed
flying wing for future tests. Compared with the analyses results of the open-loop system,
the flutter boundary of the closed-loop system with the nominal parameters increased by
45.97%, and that with the optimal configuration parameters increased by 100.47% after the
genetic algorithm optimization. The instability form of the latter is no longer BFE.
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Nomenclature

b Reference length

D Aerodynamic influence coefficient matrix
G Spline matrix

k Reduced frequency

K Generalized stiffness matrix

Kij Aerodynamic kernel function

K; Coefficients of integral link

Kp Coefficients of proportional link

) Length at 1/4 chord

M Generalized mass matrix

Q(ik) Generalized aerodynamic influence matrix
Vs Flutter velocity of the closed-loop system
w Downwash at the 3/4 chord length point
w Downwash vector at the downwash control point
w Circular frequency

¢ Sweepback angle at 1/4 chord

Lo Modal matrix

Acy Pressure coefficient

Ap Pressure distribution vector

Ax Midsection length

Abbreviations

AFS Active flutter suppression

BEFF Body freedom flutter

CFRCM Carbon-fiber-reinforced composite material
DDT Digital data transmission

DLM Doublet lattice method

FE Finite element

FEM Finite element model

FFT Fast Fourier transformation

GPS Global positioning system

GVT Ground vibration test

LCLR Low cost and low risk

PI Proportional integral

SISO Single input-single output

UAV Unmanned aerial vehicle

VLM Vortex lattice method
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