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Abstract. During buffeting control of an aircraft, there consequently is a motion-induced 
aerodynamic force. However, it is not yet clear whether this additional force must be considered 
in design of control law. In this paper, to hopefully answer this interesting question, effects of the 
motion-induced aerodynamic force on the active buffeting control during control law design are 
studied. The macro fiber composite (MFC) actuator is modeled by employing the load simulation 
method, and the motion-induced unsteady aerodynamic forces are computed by the doublet-lattice 
method. Two different controllers, i.e. one with the motion-induced aerodynamic force and 
another without it, are simultaneously designed based on the linear quadratic Gaussian (LQG) 
control method. And, two corresponding models are respectively developed. Then, the control 
effects of the two models are compared and the physical mechanisms are discussed. From our 
simulation results it is found that the motion-induced aerodynamic forces do influence the 
buffeting responses depending on airflow velocity. The differences of the control effects of the 
two models are smaller at lower airflow velocity below the flutter velocity, however with the 
increase of the airflow velocity the control effect of the model considering the motion-induced 
aerodynamic force is much better. The larger the velocity is, the more significant the differences 
are. Finally, the energy dissipation of the motion-induced aerodynamic force is examined and 
found to be a main factor influencing the differences of the two models. 
Keywords: buffeting control, motion-induced aerodynamic force, macro fiber composite (MFC), 
vertical tail, linear quadratic Gaussian (LQG). 

Nomenclature തܴ Percentage reduction ܾ Reference half-chord length, m ۱௨௨ Structural damping matrix ۲ Electric displacement vector, C/m2 ۳ Electric filed vector, V/m ۴ External force, N ۴ఝ External electric charges, C ݇ Reduced frequency ۹௙ Optimal state feedback coefficient matrix ۹௨௨ Structural stiffness matrix ۹௨ఝ Piezoelectric coupling matrix ۹ఝఝ Dielectric stiffness matrix ݉ Number of truncated mode ۻ௨௨ Structural mass matrix ܯஶ Mach number ܙ Modal coordinate ݍௗ Dynamic pressure, Pa ۿ௨௨ Generalized aerodynamic matrix ݎ Number of the actuators 
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 Process noise ો Stress vector, Pa ઴ Modal matrix ܟ Measurement noise ܞ ௜௡ Input voltage, V ܸ Airflow speed, m/s܃ Structural displacement, m ܝ in the ݉-order mode, m ݐ direction of point ݖ Strain vector ௭ܶ௧௠ Displacement in the ܁ Laplace variable ݏ

1. Introduction 

When the modern fighter aircraft undergoes maneuvers at high angles of attack, the strong 
leading-edge vortices emanating from wing-fuselage interface and leading-edge extensions might 
break down ahead of vertical tails. As a result, the breakdown vertical flow impinges upon the 
vertical tails surfaces and dynamic buffet loads are generated [1, 2], which may unfortunately 
cause severe vibration problems of the tail structure, known as buffeting. The tail buffeting can 
limit the flight envelope of aircraft and shorten the fatigue life of the tail. It can also affect aircraft 
maneuverability, and even cause disastrous damage of the structure.  

Many different approaches to tail buffeting alleviation have been studied. Essentially, they can 
be divided into two main categories: flow control [3-7] and structural control. However, the 
reduction of the buffet load by using flow control approach is limited, and this approach just 
supplies to certain flight conditions. Alternatively, tail rudder control [8-9] was developed as one 
of active structural control methods. Nevertheless, the drawback of using rudder is that it only 
works well at the frequency below its own driving frequency, or, it can hardly work in case of 
buffeting responses at high-frequency. Afterwards, piezoelectric actuator, due to its desirable 
electromechanical characteristics, has been popularly used to control buffeting responses. Hauch 
et al. [10] employed simple control techniques with piezoceramic actuators to study the feasibility 
of the vertical buffeting alleviation. A full-scale aircraft instrumented to alleviate the vertical fin 
buffeting were tested using strain actuation based on the standard time-invariant linear quadratic 
Gaussian (LQG) control law design [11], and very promising results were obtained. Sheta et al. 
[12] used a single input/single-output controller with distributed piezoelectric (PZT) actuators to 
present an active smart material control system. Their results showed that the buffeting responses 
can be effectively alleviated over a wide range of angels of attack by adopting the actively 
controlled PZT actuators. A simplified method of analyzing and designing a vertical tail buffeting 
alleviation system was developed [13] by Zhao. Wang et al. [14] performed a piezoelectric active 
control experiment of the tail buffeting in a wind tunnel using arching PZT actuator (APA) and 
principal modal control (PMC) method, and their test results indicated the validity and feasibility 
of the APA and PMC method for tail buffeting alleviation. The experimental evaluation of an 
advanced hybrid buffet suppression system on full-scale F/A-18 vertical tail structure was 
presented in Ref. [15] where a hydraulic rudder actuator and distributed MFC piezoelectric 
actuators were used. Gao et al. [16] developed an active vibration control system of the vertical 
fin with surface-bonded MFC actuators to reduce the dynamic vibration of vertical fin. And, the 
open-loop test for the system was implemented and the results validated the effectiveness of the 
MFC in alleviating structural vibration.  

For case of buffeting control, the aerodynamic forces acting on the vertical tail surface 
generally include two parts [17]: one part is buffet excitation loads owing to flow separation, and 
the other part is the motion-induced aerodynamic forces. The motion-induced aerodynamic forces 
are unsteady aerodynamic forces and can be simulated by the linear model, such as doublet-lattice 
method (DLM). In previous studies of buffeting control, probably for simplicity and  
representative, the motion-induced aerodynamic forces were mostly not considered during control 
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law design. In fact, it is still unclear whether it is necessary to consider the motion-induced 
aerodynamic force during buffeting control law design. And few relevant research literatures have 
been seen. The presented study is aimed to examine the impact of motion-induced aerodynamic 
forces on buffet alleviation at different airflow velocities (all below flutter velocity), so as to give 
an answer to whether the motion-induced aerodynamic force should be considered in buffeting 
control law design.  

Two different controllers, i.e. one controller with the consideration of the motion-induced 
aerodynamic force, and another controller without the consideration, are designed by employing 
the LQG control method and the MFC actuator. And, two corresponding models are respectively 
developed. Afterwards, the control effects of the two controllers, in terms of mainly the dynamic 
displacement and buffet loads comparison between the open-loop and closed-loop systems are 
analyzed. Further discussions on energy dissipation are presented so as to explain the physical 
mechanisms of the impacts of motion-induced force and its differences.  

2. Aeroelastic buffeting modeling 

2.1. Structural and electromechanically coupled modeling 

Fig. 1 shows a schematic diagram of a vertical tail with MFC actuators. The linear constitutive 
equation of the MFC can be written as follows: ቂ۲܁ቃ = ቂܛா ்܌܌ ઽఙቃ ቂો۳ቃ, (1)

where ܁  represents the strain vector, ો  represents the stress vector, ۲  represents the electric 
displacement vector, ۳ represents the electric filed vector, ܛா is the compliance matrix at constant 
external electric field, ܌  represents the piezoelectric constants matrix and ઽఙ  refers to the 
dielectric matrix at constant stress.  

 
Fig. 1. Schematic diagram of the tail with MFC 

The global governing equation of motion of the vertical tail system with MFC actuators can 
be expressed as: 

ቂۻ௨௨ 00 0ቃ ൤ܝሷ߮ ሷ ൨ + ቂ۱௨௨ 00 0ቃ ൤ܝሶ߮ ሶ ൨ + ቈ۹௨௨ ۹௨ఝ۹௨ఝ் ۹ఝఝ቉ ቂ߮ܝቃ = ൤ ۴۴ఝ൨, (2)

where ۻ௨௨ denotes the structural mass matrix, ۱௨௨ denotes the structural damping matrix, ۹௨௨ 
denotes the structural stiffness matrix, ۹௨ఝ  denotes the piezoelectric coupling matrix, ۹ఝఝ 
denotes the dielectric stiffness matrix, ܝ represents the structural displacement, ߮ represents the 
electric potential vector, ۴ is the external force and ۴ఝ is the external electric charges.  

For the vertical tail buffeting control system, the electric potential vector ߮ is controllable by 
applying designed voltage on the actuator. So the governing equations of the vertical tail system 
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with MFC actuators can be rewritten as: ۻ௨௨ܝሷ + ۱௨௨ܝሷ + ۹௨௨ܝ = ۴ − ۹௨ఝ܃௜௡, (3)

where ܃௜௡ = [ ଵܷ ܷଶ ⋯ ௥ܷ]், ௜ܷ (݅  is the control voltage of the corresponding (ݎ ,…,2 ,1 =
actuator, ݎ is the number of the actuators.  

The second term in the right-hand side of Eq. (3) represents the equivalent driving forces of 
the piezoelectric actuators which can be calculated here by the load simulation method of 
piezoelectric actuator [18].  

Introducing the modal matrix ઴ and the modal coordinate ܙ, Eq. (3) can be expressed as: ۻഥ ௨௨ܙሷ + ۱ത௨௨ܙሶ + ۹ഥ ௨௨ܙ = ۴ത − ۴ത௣, (4)

where: ۻഥ ௨௨ = ઴்ۻ௨௨઴,   ۱ത௨௨ = ઴்۱௨௨઴, ۹ഥ ௨௨ = ઴்۹௨௨઴, (5)۴ത = ઴்۴ = ۴ത௔௦ + ۴ത௕௦,  ۴ത௣ = ઴்۹௨ఝ܃௜௡ = ۹ഥ ௨ఝ܃௜௡, (6)

where ۴ത௔௦  is the generalized motion-induced aerodynamic force vector, ۴ത௕௦  is the generalized 
buffet load.  

2.2. Aeroelastic state-space modeling of buffeting 

The motion-induced aerodynamic forces are calculated by using the DLM [19]. 
The generalized motion-induced aerodynamic forces can be written as: ۴ത௔௦ = ,ஶܯ)௨௨ۿௗݍ (7) ,ܙ(݇

where ݍௗ is the dynamic pressure, ۿ௨௨(ܯஶ, ݇) is the generalized aerodynamic matrix, ܯஶ is the 
Mach number, and ݇ is the reduced frequency.  

By virtue of the minimum state approximation method [13], the generalized aerodynamic 
matrix can be expressed as: ۿ௨௨(ܯஶ, ݇) = ଴ۯ + ݏଵ̅ۯ + ଶݏଶ̅ۯ + ۲௦(۷̅ݏ − .ݏ௦)ିଵ۳௦̅܀ (8)

Hence, Eq. (4) becomes: ۻഥ ௨௨ܙሷ + ۱ത௨௨ܙሶ + ۹ഥ ௨௨ܙ − ଴ۯ)ௗݍ + ݏଵ̅ۯ + ଶݏଶ̅ۯ + ۲௦(۷̅ݏ − ܙ(ݏ௦)ିଵ۳௦̅܀ = ۴ത௕௦ − ۴ത௣, (9)

where ̅ݏ = ܸ/ܾݏ = ݅݇, ۲௦ , ۳௦ and ܀௦ are parameters matrix, ݏ is the Laplace variable, ܾ is the 
reference half-chord length, ܸ is the airflow speed and ݅ = √−1. 

Let ܆௔ be the aerodynamic states as follows: ܆௔ = ݏ۷̅) − .ܙݏ௦)ିଵ۳௦̅܀ (10)

Substituting Eq. (10) into Eq. (9), we have: ۻ෡ ௨௨ܙሷ = −۱෠௨௨ܙሶ − ۹෡ ௨௨ܙ + ௔܆ௗ۲௦ݍ + ۴ത௕௦ − ۹ഥ ௨ఝ܃௜௡, (11)

where: 

෡ۻ ௨௨ = ഥۻ ௨௨ − ௗݍ ൬ܾܸ൰ଶ ,ଶۯ ۱෠௨௨ = ۱ത௨௨ − ௗݍ ൬ܾܸ൰ ଵ, ۹෡ۯ ௨௨ = ۹ഥ ௨௨ − .଴ۯௗݍ (12)
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Thus, Eq. (11) can be expressed in state space as follows: ܆ሶ = ܆௠ۯ + ۰௠܃௜௡ + ۲௠۴ത௕௦, (13)

where: 

௠ۯ = ൦ 0 ۷ ෡ۻ−0 ௨௨ିଵ۹෡ ௨௨ ෡ۻ− ௨௨ିଵ۱෠௨௨ ෡ۻௗݍ ௨௨ିଵ۲௦0 ۳௦ ൬ܸܾ൰ ௦܀ ൪, (14)

۰௠ = ൥ ෡ۻ−0 ௨௨ିଵ۹ഥ ௨ఝ0 ൩, ۲௠ = ൥ ෡ۻ0 ௨௨ିଵ0 ൩ , (ݐ)܆ = ൥ .௔൩܆ሶܙܙ (15)

The velocity signals in the ݖ direction on the tail are taken as the output signals as follow: 

܇ = ሶݑ ௧ = [ ௭ܶ௧ଵ ௭ܶ௧ଶ ⋯ ௭ܶ௧௠]ܙሶ = ૐ௧் ሶܙ = [0 ૐ௧் 0] ൝ ௔ൡ܆ሶܙܙ = ۱௠܆, (16)

where ௭ܶ௧௠ is the displacement in the ݖ direction in the ݉-order mode of point ݐ, ݉ is the truncated 
mode number, ۱௠ = [0 ૐ௧் 0]. 

Finally, aeroelastic state-space equation is: ൜܆ሶ = ܆௠ۯ + ۰௠܃௜௡ + ۲௠۴ത௕௦,܇ = ۱௠܆. (17)

3. Active aeroelastic controls for buffeting alleviation 

In this section, two controllers, i.e. one controller with the consideration of the motion-induced 
aerodynamic force and another controller without the consideration, are respectively designed 
based on the LQG control method [20] so as to realize active buffeting control. Then two 
corresponding buffeting control models are developed.  

3.1. LQG control law design with the consideration of motion-induced aerodynamic force 

If considering process noise and measurement noise, we can rewrite Eq. (17) as a standard 
state-space equation of the system as follows: 

൜܆ሶ = ܆௠ۯ + ۰௠܃௜௡ + ۲௠۴ത௕௦ + ܇,ܟ = ۱௠܆ + .ܞ (18)

In Eq. (18), ܟ and ܞ are respectively process noise and measurement noise, which are assumed 
to be zero-mean Gaussian processes and independent random variables. The process noise has the 
covariance ۳(்ܟܟ) = ௡ۿ

 
and the measurement noise has the covariance ۳(்ܞܞ) =  ௥, and bothۿ

noises are uncorrelated, i.e. ۳(்ܞܟ) = 0. 
According to linear-quadratic-regulator (LQR) theory, the quadratic performance index or cost 

function dependent on the output response, and the control input are chosen to be the following 
objective function: 

ܬ = 12 න[܆ۿ்܆ + ௜௡]ஶ܃܀௜௡்܃
଴ ,ݐ݀ (19)
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where ۿ and ܀ are semi-positive-definite and positive-definite weighted matrices, respectively. 
Assuming full state feedback, the control voltage is given by: ܃௜௡ = −۹௙(20) ,܆

where ۹௙ is the optimal state feedback coefficient matrix. 
The Kalman filter is designed to estimate full states of the system, and then the LQG control 

law of the buffeting system is designed.  

3.2. LQG control law design without considering motion-induced aerodynamic force 

When the control law is designed without the consideration of the influence of the 
motion-induced aerodynamic force, the state-space equation of the system can be expressed as: 

ቊ܆ഥሶ = ഥ܆ഥ௠ۯ + ۰ഥ௠܃௜௡ + ۲ഥ ௠۴ത௕௦,܇ = ۱ത௠܆ഥ, (21)

where: ۯഥ௠ = ൤ 0 ഥۻ−۷ ௨௨ିଵ۹ഥ ௨௨ ഥۻ− ௨௨ିଵ۱ത௨௨൨, ۰ഥ௠ = ൤ ഥۻ−0 ௨௨ିଵ۹ഥ ௨ఝ൨, (22)۱ത௠ = [0 ૐ௧் ],   ۲ഥ ௠ = ൤ ഥۻ0 ௨௨ିଵ൨, (ݐ)ഥ܆ = ቄܙܙሶ ቅ. (23)

Then in this case, the control law can be designed based on the same LQG approach as 
mentioned in the Section 3.1. 

4. Numerical simulations and discussions 

To focus on the effects of the motion-induced aerodynamic force on the buffeting active 
control, other issues like geometry of the vertical tail and optimal location of the MFC actuators 
will not be discussed here. A rectangular cantilever plate is used as the vertical tail model, to 
theoretically represent the effects of the motion-induced aerodynamic force on the buffeting active 
control.  

As shown in Fig. 2, the vertical tail is modeled in NASTRAN software. The geometrical sizes 
and the material properties of the tail are: AB = CD = 400 mm, AD = BC = 200 mm, the thickness 
of the tail ℎ is 1 mm, the elastic modulus ۳௘ is 70 GPa, the Poisson’s ratio ߤ is 0.3 and the density ߩ is 2700 kg∙m-3. The finite element model of the tail includes shell elements and its surface 
consists of a total of 10×12 = 120 elements; the length and width of each element are respectively 
40 mm and 16.67 mm. The damping of the tail is not considered here.  

Table 1. The parameters of MFC 
Piezoelectric strain constant ݀ଵଵ = 4×10-10 C/N, ݀ଵଶ = –1.7×10-10 C/N  

Elastic constant ܧଵ = 30.34 GPa, ܧଶ = 15.86 GPa, ߤଵଶ = ଶଵߤ  0.31 = ଶଷߤ ,0.16 ଵଶܩ ,0.31 = = 5.52 GPa 
Thickness ℎଵ = 0.3 mm 

Two MFC patches are respectively bonded nearby the tail root and the tail tip. The direction 
of piezoelectric fiber of the MFC 1 nearby the root is same with the direction of ݕ axis; the 
direction of the piezoelectric fiber of the MFC 2 nearby the tip is the direction of ݔ axis. The 
thickness of the MFC patch ℎଵ is 0.3 mm and the parameters of the MFC are shown in Table 1. 
Point G is selected as the sensing point to output velocity feedback signal and point C the response 
output point. The maximum driving voltage applied to the MFC is 1500V. The control parameters 
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used in the LQG controller are: ۿ = ݎ̅ × ۷ ܀ , = ௡ۿ ,۷ = 0.1 × ۷ ௥ۿ , = ۷ , where ۷  is the unit 
matrix, ̅ݎ is a parameter which should be adjusted under different conditions not exceeding the 
maximum driving voltage of the MFC.  

The flow chart of the active buffeting control system is shown in Fig. 3, which depicts the 
whole scheme of implementing active control to the buffeting responses. 

 
Fig. 2. FEM of the vertical tail structure  

with MFC 
Fig. 3. Flow chart of the active  

buffeting control system 

4.1. Validations of the aeroelastic buffeting control models and stability analysis 

The electrodynamics of the MFC is modeled by the load simulation method of piezoelectric 
actuator [18] where the load simulation method was comprehensively proven to be effective and 
accurate to MFC actuator. Design of control law and buffeting alleviation process are 
implemented in commercial code MATLAB/SIMULINK. The structural modal data is calculated 
by NASTRAN software, and the first five truncated modes are selected and the natural frequencies 
of the tail with the MFC are shown in Table 2.  

Table 2. The first five natural frequencies of the tail with MFC 
Modes (Hz) Frequencies 

The first bending (Hz) 5.40 
The first torsion (Hz) 25.11 
The second bending (Hz) 33.44 
The second torsion (Hz) 79.04 
The third bending (Hz) 93.30 

The flutter speed of the tail, calculated by commercial code, is 53.4 m/s. The motion-induced 
aerodynamic forces, computed by equal pressure element method coded by our team, are 
transformed and fitted into time domain. Under given initial condition to the system, a dynamic 
response analysis is conducted. It can be seen from Fig. 4 that the maximum airflow speed of 
keeping the system stable is 53.4 m/s which is consistent with the result of commercial code. So 
that validates the motion-induced aerodynamic forces fitted above. 

Furthermore, two dynamic responses are performed. One dynamic response analysis is 
performed by using a sine harmonic excitation force with 5 Hz frequency and 1 N amplitude as 
the excitation signal based on the control method presented in this paper. Then the piezoelectric 
driving forces obtained by the above control method are used as the excitation forces for the 
corresponding model in NASTRAN to perform another dynamic response analysis. As shown in 
Fig. 5, the displacement responses calculated by the two response analysis methods agree well, 
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which confirms the validity of our control model.  
By now, we already have validated aerodynamic force model and the control model to prove 

our aeroelastic piezoelectric control model. In the flowing, the stability of the buffeting control 
model will be proved. 

 
Fig. 4. Displacement responses  
in different airflow velocities 

 
Fig. 5. Displacement responses  

with different methods 

It is noted that buffeting occurs below the flutter velocity, thus the aeroelastic system 
apparently is stable. So, only the stability of the control system needs to be discussed.  

Substituting Eq. (20) into Eq. (18) leads to: ܆ሶ = ܆௠ۯ + ۰௠܃௜௡ + ۲௠۴ത௕௦ + ܟ = ൫ۯ௠ − ۰௠۹௙൯܆ + ۲௠۴ത௕௦ + =    ܟ ௠௞ۯ ܆ + ۲௠۴ത௕௦ + ,ܟ (24)

where ۯ௠௞  is called the state transition matrix of the close-loop system. 
Then the aeroelastic closed-loop state-space equation can be written as: ൜܆ሶ = ௠௞ۯ ܆ + ۲௠۴ത௕௦ + ܇,ܟ = ۱௠܆ + .ܞ (25)

The complex eigenvalues of the ۯ௠௞  can be obtained through solving the characteristic matrix. 
If those eigenvalues all have the negative real parts, the stability of this control system is proved. 
Through the calculation, the eigenvalues of the state matrix of the close-loop system all have the 
negative real parts at different airflow velocities by using MFC 1 or MFC 2 actuator, which 
indicates that this buffeting control system is stable. Taking the condition, i.e. ܸ = 50 m/s and using 
MFC 1, as an example, as shown in Table 3 where all eigenvalues of the state matrix of the buffeting 
close-loop system have the negative real parts, which proves the stability of our control system. 

4.2. Buffeting responses of the two models 

Actually, vertical tail buffeting response is forced vibration because high energy turbulent 
flows impinge upon the vertical tail. Intense responses occur around low-order modal frequency. 
Since to get theoretical buffet load is pretty difficult, the load is usually simplified during buffeting 
simulation in the past. Apparently, the purpose of controlling the vertical tail buffeting responses 
can be achieved as long as the main low-order modal responses, which in fact have major 
contributions to buffeting response, are effectively alleviated. Therefore, here a sine harmonic 
excitation is used as the buffet load whose frequency is close to the first bending modal frequency, 
which can appropriately represent the typical behavior of the buffet load.  

For two different buffeting control law design methods, two corresponding models are 
developed, respectively. The control law of the model 1 is designed with the consideration of the 

0 1 2 3 4 5
-8

-6

-4

-2

0

2

4

6

8

D
is

pa
ce

m
en

t(m
m

)

Time(s)

 V=53.4m/s
 V=54.0m/s

0 1 2 3 4 5
-15

-12

-9

-6

-3

0

3

6

9

12

15

D
isp

ac
em

en
t(m

m
)

Time(s)

 Control method in the paper
 NASTRAN



1942. EFFECTS OF MOTION-INDUCED AERODYNAMIC FORCE ON THE PERFORMANCE OF ACTIVE BUFFETING CONTROL.  
JIE SUN, MIN LI 

 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAR 2016, VOL. 18, ISSUE 2. ISSN 1392-8716 959 

motion-induced aerodynamic force, while the control law of the model 2 is designed without the 
consideration. A sine harmonic excitation is used as the buffet load whose frequency is 5 Hz and 
amplitude is 1 N. Since the buffeting response principally is the first bending modal response, 
only the MFC 1 is used as the piezoelectric actuator to control the first bending modal response. 
It is assumed that the peak-to-peak values of control voltages applied to the MFC are 1500 V at 
all airflow velocities. The buffeting open-loop and closed-loop responses are solved at some 
typical airflow velocities below the flutter velocity. 

Table 3. Eigenvalues of the state matrix of the close-loop system 
Order Eigenvalues Order Eigenvalues 

1  –1076.3 8 –162.3 
2 –301.9 + 528.0݅ 9 –8.6 + 102.6݅ 
3 –301.9 – 528.0݅ 10 –8.6 – 102.6݅ 
4 –11.1+ 490.9݅ 11 –56.7 + 82.9݅ 
5 –11.1 – 490.9݅ 12 –56.7 – 82.9݅ 
6 –114.7 + 267.5݅ 13 –10.9 
7 –114.7 – 267.5݅ 14 –26.5 

Fig. 6 shows that, during the steady state phase, as the airflow velocity increases, the 
amplitudes of the open-loop buffeting responses decrease gradually. This means that the airflows 
can improve the system damping. So the higher the airflow velocity is, the stronger the damping 
effect is.  

 
Fig. 6. Buffeting open-loop responses of the vertical tail 

 
Fig. 7. Buffeting closed-loop responses of the model 1 

Comparing Fig. 7 (or 8) with Fig. 6, we can see that the amplitudes of the closed-loop buffeting 
responses of the two models are markedly reduced under active control. In other words, the tail 
buffeting responses can be effectively alleviated by the LQG control of piezoelectric smart actuator. 
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Afterwards, the influences of the motion-induced aerodynamic forces on the buffeting closed-loop 
responses are analyzed. As shown in Figs. 7-8, below the flutter velocity, the higher the airflow 
velocity is, the smaller the amplitude of the buffeting response is. The amplitude of the buffeting 
response of the model 1 is smaller than that of the model 2 at the same airflow velocity. Therefore, 
the buffeting responses of the model considering the motion-induced aerodynamic force are much 
smaller, that is to say its active control effect is much better than model 2.  

 
Fig. 8. Buffeting closed-loop responses of the model 2 

4.3. Comparisons of the buffeting responses of the two models at different airflow velocities 

As we know, vertical tail buffeting is forced vibration because the vertical tail is excited by a 
random excitation force with certain narrow-band frequencies. In order to examine more general 
buffet loads, four typical excitation signals are selected as the buffet loads to calculate the 
buffeting responses. Buffet load 1 is the sine harmonic excitation used in Section 4.2. Buffet load 
2 is a white noise signal ranging from 4 to 6 Hz to cover the frequency of first bending mode. And 
only MFC 1 is adopted in the load case 2. Buffet load 3 is a superposed signal of two sinusoidal 
signals whose frequencies are respectively close to the frequencies of the first bending mode and 
the first torsion mode. Buffet load 4 is a white noise signal which has two narrow bands, i.e. one 
ranging from 4 to 6 Hz and another one ranging from 24 to 26 Hz, so as to cover both the first 
bending and the first torsion modes. Both the MFC 1 and the MFC 2 are used as actuators in the 
load cases 3 and 4 so that both the first bending and the first torsion modal responses all can be 
controlled. The loads and their excitation spectra of the buffet load 2, 3 and 4 are depicted in Fig. 9.  

The reduction of the displacement root-mean-square (RMS) at the output point C is defined as തܴ = (1 − (଴ܣ̅/ܣ̅ × 100 % , where ̅ܣ  is the displacement RMS of the buffeting closed-loop 
response at point C, ̅ܣ଴ is the RMS of corresponding open-loop response. In order to compare the 
buffeting control effects of the two models at different airflow velocities, the reductions of the 
displacement RMS of the buffeting responses are calculated in four load cases at five typical 
airflow velocities (below the flutter velocity), i.e. 15, 30, 40, 50 and 53 m/s. It is assumed that the 
peak-to-peak values of the control voltages applied to the MFC are all 1500 V for each load cases.  

It can be seen from Table 4 to Table 7 that the displacement reductions of model 1 are all larger 
than those of model 2 for four load cases. We may say that the control effect, in terms of 
displacement reduction, of the model 1 is much better than that of the model 2. The differences of 
the reductions between model 1 and model 2 is small at lower airflow velocity. As the airflow 
velocity increases, the difference becomes significant. The larger the airflow velocity is, the more 
obvious the advantage of control effect of the model 1 is. The differences of the reductions of the 
two models both reach up to the maximum values at 50 m/s velocity of which is near the flutter 
velocity for the four load cases. The maximum differences are respectively 17.17 %, 19.41 %, 
19.22 % and 20.23 % for the load cases 1, 2, 3 and 4. Therefore, here the influence of the 
motion-induced aerodynamic force on the active buffeting control effect is small at lower airflow 
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velocity. However, the influence becomes significant at middle or high airflow velocities, and, in 
that cases, the motion-induced aerodynamic force should be considered in buffeting control law 
design.  

 
a) Load 2 

 
b) Load excitation spectra of the load 2 

 
c) Load 3 

 
d) Load excitation spectra of the load 3 

 
e) Load 4 

 
f) Load excitation spectra of the load 4 

Fig. 9. Buffeting load cases 

Table 4. Reduction of the displacement RMS (load case 1) 

Reduction (%) ܸ (m/s) 
Model 1 Model 2 

15  55.63 55.39 
30 45.75 39.32 
40 36.99 24.32 
50 29.85 12.68 
53 22.18 9.39 

4.4. Physical mechanism of the differences between the two models 

The physical mechanism of the differences between the model 1 and model 2 is discussed 
based on mechanical energy and its transmission and dissipation during buffeting control. To be 
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representative, it is assumed that the system mechanical energy is zero at initial time. Thus the 
system mechanical energy at a certain time should be equal to the overall work done by the 
motion-induced aerodynamic force, excitation force and piezoelectric driving force at this time. 
Taking the sine harmonic exciting force (load case 1) as buffet load, the energy dissipation of the 
motion-induced aerodynamic in a cycle during steady-state response phase and the mechanical 
energy at 1 s are calculated, as shown in Figs. 10-11.  

Table 5. Reduction of the displacement RMS (load case 2) 

Reduction (%) ܸ (m/s) 
Model 1 Model 2 

15  66.69 62.89 
30 65.59 58.41 
40 60.55 48.89 
50 44.26 24.85 
53 31.53 18.80 

Table 6. Reduction of the displacement RMS (load case 3)  

Reduction (%) ܸ (m/s) 
Model 1 Model 2 

15  49.00 45.00 
30 46.50 37.40 
40 44.95 31.79 
50 38.78 19.56 
53 31.32 16.40 

Table 7. Reduction of the displacement RMS (load case 4)  

Reduction (%) ܸ (m/s) 
Model 1 Model 2 

15  62.00 59.00 
30 58.10 50.00 
40 55.46 40.68 
50 44.60 24.37 
53 31.30 18.74 

For case of buffeting control, generally speaking, both the motion-induced aerodynamic force 
and the piezoelectric driving force can improve the damping behavior of the system, which 
principally are causes of the energy dissipation of the system. Fig. 10 shows that with the increase 
of the airflow velocity, the motion-induced aerodynamic force does negative work. In other words, 
the system energy is consumed by the ambient airflow and the energy dissipation gets larger. This 
means that with the increase of airflow velocity (below the flutter velocity), the damping of the 
system generated by the motion-induced aerodynamic force is increasingly strong, so the 
motion-induced aerodynamic force plays a more and more important role in the buffeting 
alleviation. Thus, the system mechanical energy drops, and the response attenuation becomes 
faster. Consequently, the amplitudes of the buffeting responses decrease gradually, as shown in 
Fig. 11. Generally speaking, the principal reason for the buffeting alleviation is that the 
motion-induced aerodynamic force does negative work and its energy dissipation continuously 
increases with the increase of the airflow velocity.  

The active buffeting control effects of model 1 and model 2 are compared. It can be observed, 
in Fig. 10, that as the airflow velocity increases, the energy dissipation of the motion-induced 
aerodynamic force of the model 1 is larger than that of the model 2. Or, the mechanical energy of 
model 1 is smaller than that of model 2, as shown in Fig. 11. So the amplitudes of the buffeting 
responses of the model 1 are smaller too. We may say that, below the flutter velocity, the 
differences of the energy dissipation of the motion-induced aerodynamic force between the two 
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models are small at low airflow velocity. With the increase of the airflow velocity, the energy 
dissipation of the motion-induced aerodynamic of the model 1 is more than that of the model 2. 
Moreover, the larger the velocity is, the much more significant the differences are, which might 
be the main reason for the fact that the amplitudes of the buffeting responses of the model 1 are 
much smaller. That is to say, the model without consideration of the motion-induced aerodynamic 
forces in control law design actually weakens the damping of the system, so the response 
amplitudes of model 1 are smaller than that of model 2. However, at middle and higher airflow 
velocity below the flutter velocity, the effect of the motion-induced aerodynamic force on the 
buffeting control gets more obvious. Therefore, in practical applications of aeronautical 
engineering, the motion-induced aerodynamic force should be considered during buffeting control 
law design so as to effectively realize the buffeting alleviation.  

 
Fig. 10. The energy dissipation of the motion-induced 

aerodynamic force of the two models 

 
Fig. 11. The system mechanical energy  

of the two models 

5. Conclusions 

1) The motion-induced aerodynamic forces can influence the buffeting open-loop and 
closed-loop responses. Below the flutter velocity, as the velocity rises, the amplitude of the 
buffeting response gets smaller because the damping of the system generated by the 
motion-induced aerodynamic force is increasingly strong.  

2) For buffeting control below the flutter velocity, the differences of the buffeting responses 
between the two models are small at lower airflow velocity. As the airflow velocity increases, the 
amplitudes of the buffeting response of the model 1 is much smaller than model 2. The larger the 
velocity is, the more significant the differences are. Therefore, the motion-induced aerodynamic 
force should be considered during buffeting control law design. 

3) Below the flutter velocity, with the increase of the airflow velocity, the energy dissipation 
of the motion-induced aerodynamic force of model 1 is larger than that of model 2. Moreover, the 
larger the velocity is, the much more significant the differences are, which is the main reason for 
the fact that the buffeting control effect of the model considering the motion-induced aerodynamic 
force is much better. 
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