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Gust alleviation is very important to a large flexible aircraft. A nonlinear low-order aerodynamic state space model is required 
to model the nonlinear aeroelastic responses due to gust. Based on the proper orthogonal decomposition method, a reduced or-
der modeling of gust loads was proposed. And then the open-loop and closed-loop reduced order state space model for the 
transonic aeroelastic system was developed. The static output feed back control scheme was used to design a simple multi-
ple-in multiple-out (MIMO) gust alleviation control law. The control law was demonstrated with the Goland+ wing model with 
four control surfaces. The simulation results of different discrete gusts show the capability and good performance of the de-
signed MIMO controller in transonic gust alleviation.  
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1  Introduction 

Gust loads can reduce the ride quality and structural fatigue 
life of aircrafts. Over the past decades, gust analyses have 
become one of the standard parts of aircraft design. The 
tendency to reduce weight and operating speed by using 
light-weight composite materials greatly increases structural 
flexibility of modern aircrafts. The flexible aircraft structure 
must withstand discrete gusts of certain profile, intensity 
and gradient [1]. In recent years, gust load alleviation has 
become one of the focuses in active control technology for 
modern large flexible aircrafts. The active gust alleviation 
system aims to control gust effects on flexible aircraft 
structures and improve aircraft stability and ride quality, 
such as the Active Aeroelastic Wing (AAW) program [2], 
the European Active Aeroelastic Aircraft Structures (3AS) 

wing program [3], and the Truss Braced Wing (TBW) con-
figuration [4]. 

Many control methods have been applied to design gust 
alleviation control laws for aerodynamic control surfaces 
[2−9]. Most of these investigations and traditional industrial 
applications concentrate on low-speed or subsonic fight 
regime. The unsteady aerodynamic responses are nearly 
entirely linear and therefore the gust load models typically 
rely on linear aerodynamic methods [10]. However, in the 
transonic regime, the unsteady aerodynamic forces are no 
longer linearly dependent on the flow parameters, i.e., the 
angle of attack and Mach number. Thus gust loads cannot 
be accurately predicted by linear aerodynamic models [11, 
12]. On the other hand, with the increase of the structural 
flexibility, fast accurate calculation of elastic generalized 
aerodynamic forces (GAFs) has been a major challenge in 
aeroservoelastic analysis and optimization. The design ex-
periences in new flexible aircraft configuration such as high 
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altitude long endurance (HALE) and the Helios crash inves-
tigation also indicate that gust response analysis has to be 
supported with some nonlinear aerodynamic models and 
nonlinear aeroservoelastic codes [13, 14]. 

As a benefit of the development of computational aeroe-
lasticity, reduced-order modeling (ROM) of nonlinear un-
steady aerodynamics has been popular in transonic aeroe-
lastic analysis. ROM seeks to capture the dominant nonlin-
ear behaviors of aeroelastic systems with a simple mathe-
matical representative model constructed from the full-order 
system. Different approaches for constructing ROMs have 
been proposed, i.e., the system identification-based models 
[15, 16], the flow eigenmode-based models [17, 18], and the 
nonlinear dynamic theory based models [19, 20]. ROMs 
have been widely used to make nonlinear aeroelastic re-
sponse prediction (i.e. flutter and limit cycle oscillation) in 
transonic flow regime [15−20] and active flutter control law 
design [21−26].  

Although great achievements have been made in nonlin-
ear aeroelastic stability analysis, ROMs are still scarcely 
applied to gust responses analysis and alleviation. Recently, 
Raveh presented ROM of the nonlinear aerodynamic gust 
forces in transonic flow for a clamped rigid wing and an 
elastic aircraft, including two parametric auto-regressive 
and moving average models (ARMA) and state-space mod-
els [11, 12, 25]. Volterra-based ROM has also been used to 
design gust load alleviation controller for a highly flexible 
aircraft [16]. Ronch and Badcock successfully extended 
their third-order nonlinear ROM to gust load alleviation 
control design for a pitch-plunge aerofoil with structural 
nonlinearities [17]. However, as one of the most popular 
and promising ROMs, proper orthogonal decomposition 
(POD) method is still seldom applied in gust loads allevia-
tion. Rather than only being capable of predicting integrated 
coefficient time histories (i.e. ARMA/ROM and Volter-
ra/ROM), POD/ROM can provide the time history respons-
es of the distributed surface pressures to arbitrary inputs  
[17, 18, 20], as well as suitable for an arbitrary gust input 
[14].  

The contribution of this paper is to develop a gust allevi-
ation control law design method based on POD/ROM that is 
suitable for a flexible aircraft in transonic flow regime. The 
usage of multiple control surfaces can simultaneously re-
duce aerodynamic drags and gust loads, increase flight 
safety and comfort, and improve the aeroelastic control 
performance of flexible aircrafts [2−4, 27−30]. Thus the 
proposed gust alleviation control law design method is 
demonstrated by a flexible wing with four control surfaces. 
The designed multiple-in multiple-out (MIMO) control law 
is expected to reduce the gust loads to the structure (for 
structural fatigue life) and unsteady aerodynamic coeffi-
cients (for ride quality) simultaneously. 

2  ROM of gust alleviation system 

2.1  The full-order discretized aeroelastic equation un-
der gust 

For a fully coupled nonlinear aeroelastic system, the Euler/ 
Navier-Stokes equation discretized by the finite volume 
method is written as follows: 
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where w is the conservative fluid state variable, F is the 
nonlinear flux function, A is the fluid cell volume matrix, u 
is the position vector of the fluid grid points, and gw  is the 

gust velocity. Supposing that , ,  w u u  are the small 

perturbations around the nonlinear steady state variables 

 0 0 0, ,w u u , the full-order dynamical linearization of the 

unsteady fluid equation around the nonlinear steady flow 
can be derived by the Taylor expansion [17, 23]: 
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where 0A  is the volume of the fluid cell in the steady state. 

To simplify the notation, , ,w u u  are used to represent the 

perturbation variables , ,  w u u , respectively. 

The structural dynamic equation discretized by the finite 
element method is written as follows [31, 32]: 

  ext
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where s s,u v  are the displacement and velocity vectors of 

the structural grids, and s,M C  are the structural element 

mass matrix and structural damping matrix. In the unsteady 
transonic flow with gust, the nonlinear unsteady external 
forces fext acting at the structural grid points are represented 
as 
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where the first, second and third right items are the unsteady 
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aerodynamic influence forces related to the structural de-
formation, the flow flux variables and the gust velocity, 
respectively. Letting 

 

   

 

s g

ext ext

w 0 0 g0 w s0 0 g0
g

ext

f s0 0 g0
s

, , ,  , , ,

, , ,

 
 

 






f f
P u w w P u w w

w w

f
K u w w

u

 (5) 

the full-order discretized unsteady flow eq. (2), named 
snapshot equation, can be transformed into a state space 
equation: 
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The output ly  denotes the external aerodynamic forces 

acting on wing structure including the unsteady aerody-
namic loads due to the gust and the flow flux.  

Combining the structural eq. (3) with the fluid eq. (6), the 
fully coupled full-order dynamical linearization of the aero-
elastic state-space model is obtained: 
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where s f K K K . With a large mount of flow meshes, 

the direct time-marching computation of the above full- 
order aeroelastic equation is too expensive for the near real 
time simulation. It is also impractical and not capable of 
designing active gust alleviation and flutter controllers be-
cause of the large order of the full-order equation. Therefore, 
the full-order discretized aeroelastic system of eq. (7)  
should be reduced to a much lower order model that can 
predict the unsteady gust loads in near real time. Here 
snapshots-based POD model reduction method is used to 
realize such objective [17, 23].  

2.2  Snapshot-POD based reduced order model  

For one series of system snapshot data  ,k k nx x C  in 

the n-dimensional space, the POD method seeks to find an 

m-dimensional proper orthogonal subspace n mΨ R  to 

minimize the mapping errors from  kx  to Ψ . The con-

straint optimization problem is equivalent to [17, 33, 34] 
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and then it is transformed into a Lagrange equation:  
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By solving the partial derivative objective function  J Φ  

with respect to Φ , there is  
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where  1, ,x x  mX  is the matrix of snapshots which is 

the time responses of unsteady aerodynamic forces related 
to gust and structural movements. The snapshots can be 
calculated from the full-order dynamical linearization of the 
discretized aeroelastic snapshot eq. (6) by inputting some 
special training signals such as Dirac function signals to 
structural grids or a Gaussian doublet (zero mean) gust ve-
locity profile [10, 23]. Eq. (10) is then set equal to zero, 
thus, 

  H 0. XX Ι Ψ  (11) 

Because 
HXX  and HX X  have the same eigenvalues, Ψ  

can be calculated from the following m-dimensional equiv-
alent equation: 
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where  1 2 l   Ψ ,  1 2diag l   Λ , 

and 1 2 l     . By retaining the leading r-order 

vectors and constructing a new eigenmode matrix 

 1 2r r   Ψ , the full-order series 1nx   can be 

reduced to a lower r-order system: 
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r

 x Ψ ξ  (13) 

Introducing the following relationship equations: 
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where rΨ  denote the eigenmodes of the snapshot matrix 

and mΨ  denotes the structural modal, the r-order POD/ 

ROM of the aeroelastic system in the generalized coordi-
nates is obtained as [25, 33] 
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The order of the gust POD/ROM in eq. (15) is much 
smaller than that of the original full-order system (7). It is 
very convenient for the fast analysis of the system perfor-
mance and is more efficient than the full-order unsteady 
CFD/CSD computation. If a gust velocity profile wg is given, 
the gust responses of the aeroelastic system can be calcu-
lated in near real time. For the convenience of controller 
design, the order of POD/ROM can be reduced further to 
tens by the balance truncation method [23].  

2.3  Verification of the gust POD/ROM 

A full-order unsteady CFD/CSD coupled aeroelastic solver 
should be used to generate the gust snapshots for construct-
ing the gust POD/ROM. Our in-house multi-block struc-
tured CFD/CSD solver used in this research has been evalu-
ated by many aeroelastic cases including two-dimensional 
airfoil model, wing model and full aircraft models [20−24]. 
To model a gust, the field velocity method proposed by 
Singh and Baeder was used in our in-house CFD/CSD solv-
er, in which the arbitrary gust profile was introduced into 
the FVM-based CFD solver by utilizing grid velocity [35]. 
The field velocity method has been successfully realized 
and verified for simple and complex gust velocity profiles 
by many researchers such as Raveh [11, 12, 25], Bartels [14, 
36] and Wang et al. [37].  

The Goland+ wing model developed by Eastep and Ol-
sen was used as a demonstrated case [38], which had been 
calculated by many researchers in transonic flutter predic-
tion [24−27, 39, 40]. A 300-order gust POD/ROM of the 
Goland+ wing model in Mach number 0.82 was constructed 
according to the method described in Sections 2.1 and 2.2. 
Then ROM and the full-order CFD/CSD coupled solver are 
both used to calculate the gust responses due to the assigned 
gust profiles with the time step of 0.001 s. Here only the 
z-component of gust velocity is taken into account because 
usually the vertical gust is the most important in engineer-
ing. The 1-minus-cosine discrete gust profile is often used 
to evaluate the gust responses, which is defined as 
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where gw  and gW  denote  the gust relative velocity and 

gust velocity, 0T  is the period, and t is the time.  

Figures 1 and 2 present the unsteady aerodynamic forces 
predicted by ROM and full-order CFD/CSD solver due to 
different periods of 1-minus-cosine discrete gust profiles 
(i.e. 10, 2, 1, 0.5 and 0.2 s ) with the relative gust velocity of 
0.01. Both Figures 1 and 2 show that the unsteady aerody-
namic coefficients predicted by ROM agree well with those 
of the CFD/CSD solver. As shown in Figure 1, the gust re-
sponses are similar to the gust velocity profiles which dis-
appear as soon as the gust finished. However, with the in-
crease of the time period of the discrete gust profiles, the 
gust perturbation to the aerodynamic forces does not disap-
pear but decreases gradually after the gust finished. Figure 2 
shows that the shorter period or the higher frequency 
1-minus-cosine gust generates more obvious and larger 
perturbation. 

The leading five modes of the aeroelastic Goland+ wing 
model were taken into consideration in the gust simulation. 
The modal frequencies are 1.7051, 3.0516, 9.200, 10.906 
and 13.493 Hz, respectively. Figure 3 shows the general-
ized modal displacement of the first two structural modes 
which presents the first bending and the first twist defor-
mation. With the decrease of the periods or the increase of 
the frequencies of the gust profiles which are close to the 
structural modal frequencies, both the displacement per-
turbations of the two modes occur and become larger and 
larger after the gusts disappear. It is the unsteady structural 
deformation excited by the gust that generates the long 
time unsteady effects on the aerodynamic forces. It is dif-
ferent from a rigid model without such obviously long 
time unsteady nonlinear effects. Meanwhile, the displace-
ment of mode 1 is much larger than that of mode 2 (i.e., 
near 10 times). It indicates that the low frequency bending 
modes are excited most easily by the gust. This result is 
very different from those obtained in flutter phenomena in 
which the unstable mode was usually dominant in twist 
[39−41]. The gust POD/ROM can catch these special 
phenomena of gust responses as well as the full-order 
CFD/CSD solver. 

The results of the 1-minus-cosine gust indicate that the 
frequency of the gust has great impacts on the gust respons-
es. In order to further verify the performance of the gust 
ROM, a complex gust profile plotted in Figure 4 is used, 
which is composed of multiple 1-minus-cosine and sine gust 
profiles with different frequencies and relative velocities. 
The comparison of gust responses of the lift and moment 
coefficients calculated by ROM and CFD/CSD solver is 
presented in Figure 5. The good agreement indicates that the 
constructed POD/ROM can catch the dominant nonlinear 
aerodynamic responses due to gust in transonic flow. It pro-
vides a good low-order state-space plant model for gust 
alleviation controller design. 

(15) 
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Figure 1  Unsteady aerodynamic coefficients due to gusts. 

 

Figure 2  Unsteady lift coefficients due to different gusts. 

3  Gust alleviation control law design 

3.1  Aeroservoelastic ROM for active gust alleviation 
control 

The open-loop aoeroelastic dynamic equation of a gust alle-
viation system with aerodynamic control surfaces is  

  t s 0 f s g g c ,v v u        M C K K q Pw q D w q f  (17) 

where the cq f  is the unsteady aerodynamic forces due to 

the movement of the control surfaces. Adding the unsteady 
aerodynamic perturbation of the control flaps to the aeroe-
lastic model in eq. (15), the augmented open-loop reduced 
order aeroservoelastic state equation is obtained as 
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Figure 3  General modal displacements of the two leading modes. 

 
Figure 4  Gust profile time history. 

 
Figure 5  Comparison of unsteady aerodynamic forces. 
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where the  is the deflection of control surfaces, i.e., the 
leading-edge and rear-edge aerodynamic control surfaces of 
the wing; wβP  is the aerodynamic perturbation matrix of 

the unit deflection of the control surfaces to the flow field 
variables, and fβP  is the perturbation matrix of the unit 

deflection of the flap to the generalized aerodynamic forces. 
All of these unsteady aerodynamic influence matrices can 
be pre-computed by unsteady CFD/CSD solvers.  

The structural inner force induced by the gust is neces-
sary in gust load analysis. The relationship between struc-
tural loads and modal displacement is  

 s s ,f K u  (19) 

where f are load vectors such as bending moments, torsions 
and shear forces, su  are modal displacement vectors of the 

structural grid point, and sK  is the stiffness matrix. In the 

generalized coordinates, the generalized structural stress 
loads is presented as 

 m m m m ,f K u  (20) 

where m m m, ,K ψ u  are the generalized modal stiffness, 

generalized modal vectors, and modal displacements re-
spectively. The generalized structural gust stress load mf  

is expected to be suppressed by the gust alleviation system 
to improve the structural fatigue life, as well as the unsteady 
aerodynamic forces such as the lift and pitch moment coef-
ficient affecting the ride quality. Thus, the open-loop aero-          
servoelastic model with gust alleviation system is rewritten 
as a general form: 
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The inputs of the open-loop aeroservoelastic system are 
the deflection of the control surface . The output variable y 
is the structural response, i.e., the generalized displacement 
and velocity. The objective of the gust alleviation control 
law design problem is to find a feedback control law 

( , ) β Kf x y  to improve the structural and aerodynamic 

gust responses.  

3.2  Static output feedback control law design 

In practical active aeroelastic control problems, the states 

related to nonlinear aerodynamics cannot be directly meas-
ured by sensors. Therefore the state-based controllers such 
as the classic LQR controller and many adaptive state feed-
back controllers require at least one state observer to esti-
mate these state variables for feedback. However, the ob-
servers will reduce the robustness of the controller and 
meanwhile the real-time implementation of high-order con-
trollers is also quite problematic. Rather than state feedback 
controllers (i.e., LQR and LQG controllers), the optimal 
static output feedback (SOF) controller is only based on the 
direct feedback of the sensors’ output, which is very suita-
ble for the active control law design based on the aeroelastic 
ROM [41].   

An optimal SOF controller aims to find constant feed-
back gains to optimize the given performance index. A very 
brief introduction of SOF control is presented here and the 
details can be found in many publications [42, 43]. For an 
nth-order LTI system: 
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where x is the system state variable, A is the system dy-
namic matrix in state-space form, u is the command of the 
actuator, B is the control matrix, y is the measurement of the 
sensors, C is the matrix relating the sensor’s measurements 
to the state variables, w is the zero-mean unit intensity white 
noise process, and D is the matrix of noise intensity. Sup-
pose the constant gain output feedback control law as the 
form: 

     ,t t u Ky  (23) 

the feedback gain K can be determined by minimizing the 
quadratic performance:  
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where Q and R are the pre-selected positive matrices. The 
solution to the above optimization problem is [41, 42]: 
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The unknown matrices P, S and K can be calculated by 
many iterative algorithms, i.e., Newton-Raphson’s method 
and BFGS method [42, 43]. 

4  Simulation and results 

4.1  MIMO gust alleviation control scheme 

The gust alleviation controller aims to improve the ride 
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quality related to the gust unsteady aerodynamic forces, 
reduce the structural gust loads due to the structural defor-
mation, and improve the structural fatigue life due to the 
structural vibration velocity. The objectives of the MIMO 
SOF gust alleviation controller include: (i) reducing the gust 
aerodynamic coefficient by not less than 50% to improve 
ride quality, because the gust perturbation to unsteady aer-
odynamic coefficients has great impact on the rigid dynam-
ics; (ii) reducing the maximum structural stress due to gust 
by not less than 20%; (iii) reducing the generalized modal 
velocity of mode 1 by not less than 30% during the gust and 
stabilizing the generalized modal velocity as soon as possi-
ble, which would obviously improve the structural fatigue 
safety. The Goland+ wing model with the span of 6.096 m 
and the chord length of 1.8288 m is modified slightly by 
adding four control surfaces at the leading-edge (LE) and 
trailing-edge (RE) to demonstrate the MIMO active gust 
alleviation control scheme. As presented in Figure 6, these 
control surfaces (i.e., REO, REI, LEO, and LEI) are the 
same size of length 1.12 m and width 0.43 m. 

In Section 2.3 it has been founded that the first low fre-
quency bending mode is excited most easily by the gust and 
the others are much smaller. So it is better to select the first 
bending modes as the dominant feedback signal. Consider-
ing that the structural twist mode may have great impact on 
the local angle of the attack, the structural velocity of the 
second structural mode is also selected as the feedback sig-
nal. Thus, a lower-order SOF controller (4×3) is defined as 
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The open-loop aerosevoelastic state-space model was 
constructed based on the evaluated 300-order POD/ROM in 
Section 2.3. For the convenience to control design, it then 
was reduced further to a 50-order POD/BT-ROM model by 
balanced truncation method [25]. The designed constant 
control gain [0.001, 0.205, 0.0053, 0.022; 0.0011, 0.20, 
0.005, 0.02; 0.102, 0.002, 0.031, 0.064; 0.10, 0.0013, 0.03, 
0.06]T is determined according to the above-mentioned SOF 
algorithm.  

 

Figure 6  Modified Goland+ wing with four control surfaces. 

4.2  Gust alleviation for discrete 1-minus-cosine gust  

The discrete 1-minus-cosine gust is often used to evaluate 
the gust alleviation performance. Figures 7‒9 present the 
transonic gust responses of the Goland+ wing model in 
Mach 0.82 with and without the controller. The period of 
the gust is 2 s. The curves of the gust responses of the 
closed-loop predicted by the full-order CFD/CSD solver 
and the ROM agree well, which indicates that ROM has 
good accuracy and is capable of catching the dominant non-
linear behaviors of the aeroelastic model in transonic flow. 
The unsteady lift and pitch moment coefficients during the 
gust are reduced by 54% and 71%. The generalized velocity 
of mode1 is reduced by 67%. Figure 8 shows that there is an 
obvious large gust excited vibration of the generalized ve-
locity. The frequency is very close to the natural frequency 
of the first bending mode. However, the gust alleviation 
controller can suppress the vibration very quickly. In Figure 
9, it can be seen that the maximum of the generalized struc-
tural inner stress is reduced by 21%. The vibration of struc-
tural stress exited by the gust is also suppressed quickly 
once the gust disappears. The deflections of the control sur-
faces presented in Figure 10 are not more than 0.03, which 
is easy to be realized and also only produce very small per-
turbation to the rigid body movement. The agreement of the 
commands predicted by ROM and the CFD/CSD solver 
verifies the capability of ROM in gust alleviation.  

Figures 11‒13 present the gust responses calculated by 
ROM due to the 1-minus-cosine gust with the period of 0.2 
s. For the open-loop aeroelastic system, all the gust re-
sponses were excited by the high frequency gust. It is obvi-
ous that the vibrations of these responses exist for a long 
time after the gust disappears, such as the aerodynamic re-
sponse in Figure 11, the generalized velocity response in 
Figure 12, and the generalized maximum structural stress in 
Figure 13. Although finally the gust responses will gradual-
ly disappear in nearly 40 s after the gust finishes, the excited 
such large structural velocity and stress will do harm to the 
structural fatigue life and reduce the lift of the aircraft. With 
the gust alleviation controller, the peak values of the lift and 
pitch moment during the gust are reduced by 57% and 62% 
respectively. The peak values of the generalized structural 
velocity and stress during the gust are also reduced by 64% 
and 22%, respectively. The control performance of the con-
troller is capable of keeping nearly the same for different 
frequency gust. The excited gust responses can be sup-
pressed as quickly as in 4 s with the controller. Meanwhile, 
as shown in Figure 14, the maximum control commands are 
still very small and no more than 0.06.  

4.3  Gust alleviation for a sequence of 1-minus-cosine 
and sin gust  

In this section a multiple discrete 1-minus-cosine and sin 
gust presented in Figure 15 is used to further evaluate the  
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Figure 7  Unsteady aerodynamics of open-loop and closed-loop. 

 

Figure 8  Generalized velocity of open-loop and closed-loop. 

 
Figure 9  Generalized maximum stress of open-loop and closed-loop. 

control performance of the designed SOF control law. It can 
be seen in Figure 16 that the gust unsteady aerodynamic 
responses can be well alleviated. Both the lift and pith mo-
ment coefficients due to the gust are reduced by more than 
50%. Figure 17 presents the generalized structural velocity 
excited by the gust. It can be found again that the first 
bending mode is excited the most by the gust and the  

 

Figure 10  Comparison of the control commands. 

 

Figure 11  Unsteady aerodynamics of open-loop and closed-loop. 

 

Figure 12  Generalized velocity of open-loop and closed-loop. 

second twist mode is excited much little. The excited struc-
tural velocities are suppressed by the gust alleviation con-
troller greatly, especially for the first bending mode which 
is reduced by more than 70%. Figure 18 presents the struc-
tural maximum inner stress response excited by the gust. In 
the open-loop aeroelastic system, the large and high fre-
quency vibration of the stress excited by the gust is very  
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Figure 13  Generalized maximum stress of open-loop and closed-loop. 

 

Figure 14  Comparison of the control commands. 

 

Figure 15  Gust relative velocity time history. 

harmful to the health of the wing structure. However the 
controller can successfully suppress them with the reduction 
of more than 30%. Figure 19 presents the deflection of the 
control surfaces. The peak value of the control commands is 
no more than 0.035 and the variation of the command is not 
so large, which is convenient to be realized by hardware.  

 

Figure 16  Gust responses of aerodynamic forces. 

 

Figure 17  Gust responses of structural velocity. 

 

Figure 18  Gust responses of structural inner stress. 

The simulation results indicate that the designed simple 
SOF controller can alleviate the gust responses in transonic 
flow with good performance in different gust profiles. The 
gust POD-ROM is capable of catching the dominant tran-
sonic aeroelastic behaviors in gust, which provide a useful 
reduced order model for gust analysis and gust alleviation 
for elastic aircrafts.  
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Figure 19  Control commands of the control surfaces. 

5  Conclusions 

Gust alleviation is one of the key technologies in modern 
high-speed elastic aircraft design. In transonic flow regime, 
the traditional gust analysis method based on linear aerody-
namic panel model is not accurate enough for gust allevia-
tion controller design. A POD-based reduced order model-
ing of gust responses in transonic flow was proposed and 
verified. The simulation results indicate that the proposed 
gust POD/ROM can catch the dominant nonlinear gust re-
sponses in transonic flow with good accuracy. POD/ROM 
provides a good low-order state space model for gust allevi-
ation controller design. An output feedback MIMO gust 
alleviation control law was designed and demonstrated by 
the Goland+ wing aeroelastic model. The simulation results 
of different discrete gust cases show the good performance 
of the controller. In the future, the proposed method can be 
integrated with the flight controller of a fully flexible air-
craft. It can be also extended to morphing aircrafts and very 
large flexible aircraft such as Helios. The simulation is car-
ried out in the ideal theory condition without taking into 
account the time-delay and nonlinear mechanism of the 
hardware, which can also be further investigated in the de-
tail design of the active controller. 
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