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Abstract: Gust alleviation is of great significance for improving aircraft ride quality and reducing
gust load. Using aircraft response (feedback control) and gust disturbance information (feedforward
control) to improve the gust alleviation effect is worthy of attention. In this paper, a combined control
system (CCS) composed of feedforward control system (FFCS) and feedback control system (FBCS)
is designed and analyzed. At the same time, the gust alleviation effect of the CCS, the single FFCS
and the single FBCS are analyzed and compared by means of numerical simulation and wind tunnel
test, respectively. Taking a flexible wing as the research object, the gust alleviation effects of three
control systems under different forms of gust excitation (1-cos discrete gust, sine gust and Dryden
turbulence) are analyzed by numerical simulation. In the wind tunnel test, the sine gust generated by
a gust generator was used, and the gust alleviation test was carried out under different wind speeds
and gust frequencies. The simulation and experimental results show that the CCS has better gust
alleviation performance for various gust excitations. When comparing FFCS and FBCS, the FFCS has
better robustness and control effect than the FBCS. When comparing FFCS and CCS, the better the
alleviation effect of FFCS, the more difficult it is to achieve significant effect improvement by using
CCS, which is obtained by adding FBCS on the FFCS.

Keywords: gust alleviation; wind tunnel test; feedforward control; feedback control; gust detection;
aeroelasticity

1. Introduction

The influence of atmosphere gusts on aircraft flight cannot be ignored. On the one
hand, gusts can cause aircraft vibration response, reduce the ride quality and increase the
difficulty of pilots’ manipulation; on the other hand, it will also increase the load on the
aircraft body and shorten the fatigue life of the structure, which may require additional
strengthening of the structure and result in increased weight of the aircraft. With the
increasing flexibility of modern aircraft, gusts will lead to a larger vibration response.
Aircrafts with a large number of composite materials [1] or with wing-body layout [2]
have smaller wing load, and gusts have a greater impact on such kinds of aircraft. In
order to cope with the gusts’ influence, active control technology is an effective method for
achieving gust alleviation.

Since the 1950s, a lot of research on gust alleviation based on active control technology
has been carried out, most of which was based on feedback control. Feedback control
means that when the aircraft is disturbed by gusts, the available sensors measure the
gust response signals (such as acceleration, pitch angle velocity), and the control system
uses these signals as the input to achieve gust alleviation. These sensors mainly include
the accelerometer, angular rate gyro, angular displacement meter, etc. PID control is a
commonly used method for designing gust alleviation system (GAS) in classical control
theory [3]. With the development of control theory, pole assignment [4,5], LQG control [6–8],
robust control represented by H∞ control to overcome model uncertainty [9–11], model
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predictive control [12,13] that can consider actuator constraints, and the combination of
these methods [14] are used to design GAS. In recent years, some authors have carried out
the research on intelligent GAS based on neural network-fuzzy control [15,16]. In addition
to theoretical research, a large number of wind tunnel tests [17–20], flight tests [21–23] and
practical applications have been carried out in terms of gust alleviation feedback control.
The practical aircrafts equipped with GAS include, but are not limited to, Airbus A320,
A380 and Boeing B-787 aircraft [24].

However, the GAS based on feedback control also has some shortcomings; for example,
the alleviation effect is limited by the performance of the actuator system, and the control
system designed for specific working stations has poor effect in other conditions. At the
same time, the feedback control belongs to the closed-loop control, and the selection of
its control parameter has a great influence on the stability of the aeroservoelastic system.
As a result, the feedforward open-loop control method with gust as input has entered
people’s vision. With the development of gust detection technology, this control method
has attracted more and more attention. At present, the detection of gust information is
mainly carried out by using light detection and ranging (LIDAR) system [25] and angle of
attack (AOA)/angle of sideslip (AOS) sensor [26]. The LIDAR system detection distance
is long, and the range is wide, but the weight is large, and the gust calculation method is
complicated, so the LIDAR system is suitable for larger aircraft. The gust area detected by
the AOA/AOS sensor is narrow, the sensor only detects the gust at its own location. For
general aviation aircraft or UAV, due to the limitation of the size or weight of the aircraft,
it is more appropriate to reduce the gust load based on this kind of sensor. Therefore,
it is of great significance to study the feedforward gust alleviation method based on the
AOA/AOS sensor.

Scholars designed FFCS through a variety of control methods, such as adaptive control
system based on the least mean square (LMS) algorithm [27], circular leaky least mean
square (CCLMS) algorithm [28], orthonormal basis expansions along with recursive least
square (RLS) algorithm [29] and robust control system [30] based on H∞ theory. These
feedforward control systems showed promising results through simulation. In order to
further improve the performance of the control system, some scholars also began to study
the combination of FBCS and FFCS. Through the introduction of FBCS, the response caused
by short-scale gusts can be better suppressed [2]. At present, the experimental research
on feedforward control is not sufficient. Researchers [26] from Germany installed airflow
angle sensors on ATTAS aircraft to detect gusts and carried out flight tests. The test result
shows that the FFCS can suppress wing bending vibration caused by gusts. There are also
some feedforward flight tests [31,32], but in these studies, direct gust measurements were
not performed, disturbance was generated by driving the control surface on the aircraft
to simulate gust excitation, and the perturbed drive signal was used as the input of the
FFCS. Researchers in Germany [33] and Japan [34] also carried out the wind tunnel test of
feedforward control, and the gust input signal in the FFCS was indirectly replaced by the
control command signal of the gust generator. By reviewing the existing research, it can be
found that the research about the combination of feedforward control and feedback control,
and the analysis and comparison of their control characteristics are not sufficient. At the
same time, relevant experiments still need to be carried out.

In this study, the modeling method of the aeroelastic system and the gust model are
described at first. Then, based on the state-space model of a wing, CCS, FFCS and FBCS
are designed and simulated. Furthermore, in the wind tunnel test, the gust information
measured by the five-hole probe is used as the input of the simplified FFCS; the accel-
eration of wingtip is used as the input of FBCS; and the alleviation effect of three types
of control system is experimentally studied by sine gust with various wind speeds and
gust frequencies.
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2. Aeroelastic System Modeling and Gust Model
2.1. Aeroelastic System Modeling

In the complex frequency domain space, the dynamic equation of the aeroelastic
system under gust excitation can be expressed by [35](

−ω2Mξξ + iωCξξ + Kξξ

)
q −ω2Mξδδ =

1
2

ρV2Qξξ(ω)q +
1
2

ρV2Qξδ(ω)δ +
1
2

ρV2Qg(ω)wg (1)

where Mξξ is the generalized mass matrix; Mξδ is the inertial mass matrix of control surface;
Cξξ and Kξξ are generalized damping and stiffness matrixes, respectively; Qξξ , Qξδ, Qg are
the generalized aerodynamic matrix corresponding to generalized displacement, control
surface deflection angle and gusts, respectively; q is the generalized displacement matrix; δ
is the control surface deflection angle vector; wg is gust velocity; ρ is the air density; and
V is flight speed. The generalized mass matrix and inertial mass matrix can be further
expressed as

Mξξ = Φξ
TMsΦξ , Mξδ = Φξ

TMsΦδ

where Φξ is the structural modal matrix; Φδ is the control surface deflection modal matrix;
and Ms is the mass matrix generated by the structural finite element model. The generalized
stiffness and damping matrix can be expressed as

Kξξ = diag(ω2
1m11, · · · , ω2

nmnn), Cξξ = diag(2ξ1ω1m11, · · · , 2ξnωnmnn)

where ωi and ξi are the frequency and damping ratio corresponding to ith mode, respec-
tively; mii is the ith element on the diagonal of Mξξ and Mξξ is a square matrix with
dimension n× n. It should be noted that, for the rigid-body modes, ω, ξ should be set
to zero.

The frequency domain aerodynamic force is calculated by the double-lattice method in
the present work, and the gust response can be directly calculated according to Equation (1)
in the frequency domain. When the control law is designed in the time domain, the
minimum state method [4] can be used to transform the aerodynamic force in the frequency
domain into the time domain. In the Laplace domain, the generalized aerodynamic force
influence coefficient matrix can be fitted by real matrixes through the following relationship:

Q(s) = Q0 + sQ1 + s2Q2 + sD(sI−R)−1E (2)

where Q(s) is the fitted frequency domain aerodynamic influence coefficient matrix; D, E,
and Qi(i = 0, 1, 2) are fitting polynomial coefficient matrixes, it should be noted that the
Q2 corresponding to the gust is usually set to zero to avoid the coefficient related to the
second derivative of the gust velocity [36]; R is the aerodynamic lag root coefficient matrix,
which usually chosen to be diagonal with negative elements [4]. s is the dimensionless
Laplace variable, since the aerodynamic influence coefficient matrix is calculated in the fre-
quency domain, and the matrix is related to the reduced frequency, the real fitting matrixes
Qi(i = 0, 1, 2) for state-space modeling is obtained by set s = ik, k is reduced frequency and
k = ωb/V. The aerodynamic forces corresponding to generalized displacement, control
surface deflection and gusts can be fitted at the same time, and then, each fitting matrix in
Equation (2) can be written in the following block form:

Q = [Qξξ , Qξδ, Qg], Qi = [Qξξi, Qξδi, Qgi], E = [Eξξ , Eξδ, Eg] (3)

Introducing an aerodynamic state function xa as

xa(s) = (Is−R)−1Es

 q(s)
δ(s)

wg(s)

 (4)
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by converting the aerodynamic force into the time domain and applying the inverse Laplace
transform to Equation (1), the state-space model of the aeroelastic system can be obtained
as follows:

.
xae = Aaexae + Baeδae + Bwwg (5)

where Aae is the state matrix; Bae is the control surface deflection angle input matrix; and
Bw is gust input matrix. The state vector and input vector are defined by

xae =

 q
.
q
xa

, δae =

 δ
.
δ
..
δ

, wg =

[
wg.
wg

]

2.2. System Output

For the gust response and alleviation problem, what is usually concerned is the motion
response at some key positions (such as the wingtip, center of gravity) and the load response
at key parts (such as the wing root). Acceleration responses at specific location can be
obtained by

u = Φ
..
q (6)

where Φ is the modal vector at the location. As for the load at the critical section, it can
be obtained by the modal displacement method. Supposing the displacement at a certain
point of the structure is X, then the relationship between the internal force FI and the
displacement at this point can be expressed as

FI = KIX = KIΦq (7)

where KI is the element stiffness matrix. Thus, the model state-space equation containing
the output can be written as

.
xae = Aaexae + Baeδae + Bwwg
yae = Caexae + Daeδae + Dwwg

(8)

where Cae is the output matrix; Dae and Dw are output matrixes related to control surface
deflection angle and gusts, respectively. The output vector is defined as

yae =

[
u
FI

]
(9)

2.3. State-Space Model of Actuator

The characteristics of the actuator system are very important for the GAS, so the
actuator model needs to be considered in the state-space equation. In the aeroelastic active
control, it is common to use the electric actuator or electro-hydraulic servo actuator to
drive the control surface. Generally, the second-order or third-order transfer function can
approximately describe the physical characteristics of these actuators. At the same time,
since the second-order derivative term of the deflection angle of the actuator needs to be
used when establishing the state-space model, we usually choose a third-order transfer
function as the actuator model. The mathematical model of the ith actuator can usually be
expressed by [37]:

δi
uci

=
a0i

s3 + a2is2 + a1is + a0i
(10)

written in the form of a state-space model:
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.
δi..
δi...
δ i

 =

 0 1 0
0 0 1
−a0i −a1i −a2i


 δi.

δi..
δi

+

 0
0

a0i

uci

 δi.
δi..
δi

 =

 1 0 0
0 1 0
0 0 1


 δi.

δi..
δi


(11)

In the above formula, the control command uc is calculated by the GAS, and the final
output is the control surface deflection angle obtained by the above state-space model. If
there are m actuators, the compact form of Equation (11) should be as follows:

.
δae = Aacδae + Bacuc
δae = δae

(12)

where

Aac =

 0 I 0
0 0 I
−A0 −A1 −A2

, Bac =

 0
0

A0

, δae =

 δ
.
δ
..
δ

, uc =

 uc1
...

ucm


Ai = diag[ai1 · · · aim], δ = [δ1 · · · δm]

T

the size of 0, I above is m×m.

2.4. Gusts Modeling

Atmospheric disturbance is a very complex physical phenomenon, including spatial
and temporal changes (temperature, pressure, wind speed, etc.), and the mechanisms and
physical processes that cause atmospheric changes (such as terrain changes, rainy and
snowy weather, etc.) are completely different. In terms of gust response analysis and gust
alleviation, scholars mainly study the influence of the change of air velocity (wind speed)
on the aircraft, while other factors (such as pressure changes, temperature changes and
the cause of wind, etc.) are ignored as secondary factors in the gust model. Therefore, the
simplified atmospheric disturbance models can be adopted when analyzing the impact
of gusts on aircraft. These simplified models of atmospheric disturbances are gradually
summarized through long-term observational statistics and research.

In the initial stage of research on gusts, scholars put forward the “sharp-edged”
gust model [38], which is very simple; later, scholars developed the “1-cos” discrete gust
model [39], which can consider the pitching motion effect of aircraft when entering the
gust area. With further in-depth study and the acquisition of a large amount of gust
measurement data, continuous turbulence models were also developed [40–42], among
which the von Karman model and Dryden model are commonly used. These models
describe the statistical characteristics of gusts, and the theory of random process can be
used to carry out the gust response analysis. Some commonly used gust models will be
described below.

2.4.1. 1-Cos Discrete Gust

A deterministic gust disturbance is defined as [43]

wg =

{
wm
2 (1− cos 2π(Vt−x)

L ), x
V ≤ t ≤ (x+L)

V
0, others

(13)

where Wm is gust amplitude; V is flight speed; and L is the gust scale.
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2.4.2. Continuous Turbulence

Continuous turbulence is random wind speed fluctuation. Since this kind of wind
speed variation cannot be described by a deterministic function, its characteristics can only
be described from a statistical point of view. Through a large amount of measurements
data, two types of turbulence models are proposed: the Dryden model and the von Karman
model. The spectral form of the Dryden model is simple and is a rational fraction, which
is convenient for numerical simulation analysis. The spectral characteristics of the von
Karman model in the high frequency band are closer to the real situation, the von Karman
model is more suitable for aircraft with larger elasticity. The spectral characteristics of the
two models are very similar in the low-frequency band, from the perspective of engineering
practice, there is little difference between the two models.

The power spectral density (PSD) function of the Dryden turbulence model is defined
by [43]

Φw(ω) = σ2
g

L
πV

1 + 3(ωL/V)2[
1+(ωL/V)2

]2 (14)

where σg is mean square root of turbulence; L is scale of turbulence; V is flight speed. The
PSD function of the von Karman turbulence model is defined by [43]

Φw(ω) = σ2
g

L
πV

1 + 8
3 (1.339ωL/V)2[

1+(1.339ωL/V)2
]11/6 (15)

In the time domain numerical simulation of turbulence, the usual method is to generate
a set of white noise data first, and then obtain the colored noise data through the shaping
filter. The PSD of the colored noise data is the same or approximate to the given PSD of the
turbulence model. The transfer function of the shaping filter Gg is determined by

Φw(ω) = G∗g(iω)Gg(iω) (16)

where G∗g(iω) is the conjugate transfer function of Gg(iω). In the simulation of present
work, the Dryden turbulence model is used, and the shaping filter is defined as

Gg(s) =
√

3/τs + (1/
√

τ)
3

(s + 1/τ)2 (17)

where s = iω, τ = L/V, and the PSD of the turbulence velocity obtained by the filter is
compared with the theoretical model in Figure 1.
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2.4.3. Sine Gust

In addition, there is a gust model with fixed frequency. This kind of gust disturbance is
almost non-existent in practical situations, but the gust disturbance can be generated during
wind tunnel tests. It is defined by the sine function, and the mathematical expression is
as follows:

wg = wm sin(2π f t) (18)

where f is the gust frequency. The gust velocity variation with time of 1-cos discrete gust,
continuous turbulence and sine gust is shown in Figure 2.
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3. Controller Design Method
3.1. Adaptive Feedforward Controller

In the adaptive feedforward control, there are two loops: disturbance loop and control
loop. In the disturbance loop, the dynamic response of the aircraft is generated after being
disturbed by gusts; in the control loop, the FFCS takes the gust signal as the input and
obtains the control command through the control law to drive the control surface deflection
to offset the aerodynamic force caused by the gusts. The control system parameters are
updated by adaptive law. The control principle’s block diagram is shown in Figure 3.
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Figure 3. Feedforward control principle of gust alleviation.

In the disturbance loop, the input is the gust speed wg, and the response caused by
the gust is set to yg. Then, there is

yg = Ggwg (19)

where Gg is the transfer function of gust input to the gust response output. In the control
loop, the aircraft response output due to the deflection of the control surface is set to yc,
and there is

yc = GcHwg (20)

where H is the transfer function of the control system and Gc is the transfer function of
control surface to aircraft body, so in the controlled state, the total output of the aircraft is
expressed as

e = yg + yc = Ggwg + GcHwg (21)

The goal of feedforward gust alleviation is to minimize the gust response by designing
a control system. In order to obtain the optimized control system, considering the aircraft
gust response within a period of time and paying more attention to the latest response, the
objective function can be designed as

J =
t

∑
τ=0

λt−τe2(τ, t) (22)

where λ is the weight coefficient which less than 1. Equation (21) can also be written in
discrete format [44]:

J =
n

∑
l=0

λn−le2(l, n) (23)

In the practical application of the sensor and control system, the signal is usually
implemented in the computer in discrete format, so the FFCS will be derived in discrete
format below.

In the control loop, finite impulse response (FIR) adaptive control system is used to
solve the control command. The structure of the control system is shown in Figure 4. The
order of the control system is M, the input is wg, and the output of the control system is y f f :

y f f (n) =
M−1

∑
k=0

h(k)wg(n− k) (24)

where h(k) is the weight coefficient of the control system. Obviously, in the Z domain,
the poles of the control system are the origin, so no matter what value the control system
parameters take, it is always stable.
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For the gust alleviation problem, the control goal is to minimize the gust response.
It can be seen from Equation (21) that the goal can be achieved by adjusting the optimal
weight coefficient of the FIR control system. In this study, the optimal coefficients of the
control system are obtained by the RLS algorithm. When the control system coefficient is
optimal, the following equation holds:

∂J
∂HM

= 0 (25)

where the control system weight coefficient vector HM is expressed as

HM(n) = [h(0, n), h(1, n), . . . , h(M− 1, n)]T (26)

by solving Equation (25), we can obtain

HM(n) = PM(n)DM(n) (27)

where DM is the weighted cross-correlation vector and can be expressed as

DM(n) =
n

∑
l=0

λn−lU f (l)yg(l) (28)

where U f is the input vector of the adaptive algorithm, the expression is

U f = [u f (n), u f (n− 1), . . . , u f (n−M + 1)]T (29)

u f = Gcwg ≈ Ĝcwg (30)

usually, the exact value of Gc in Equation (30) is not easy to obtain, so it is often replaced by
the estimated value Ĝc, which is obtained through experiment or theoretical calculation.
PM in Equation (27) is the signal inverse autocorrelation matrix. According to the inverse
lemma of a matrix [44], the matrix can be obtained recursively as follows:

PM(n) = [I−KM(n)UT
f (n)]PM(n− 1)/λ (31)

where KM is the Kalman gain vector, which is defined by

KM(n) =
PM(n− 1)U f (n)

λ + UT
f (n)PM(n− 1)U f (n)

(32)

Combining Equation (27) to Equation (32), the following control system update method
can be obtained as follows:

HM(n) = HM(n− 1) + KM(n)[yg(n)−UT
f (n)HM(n− 1)] (33)
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3.2. PID Feedback Controller

For the feedback control, the PID control method is used in this study. The input of the
PID control system is the gust response e (such as wing tip acceleration (WTA)) measured
by the sensor, and the output y f b is the control command to the control surface, which can
be expressed as

y f b = Kp · e + Ki ·
∫ t

0
edt + Kd ·

.
e (34)

where Kp, Ki and Kd are the proportional coefficient, integral coefficient and differential
coefficient of the control system, respectively. Generally, due to the noise influence of the
measurement signal, differential control is not commonly used.

3.3. Combine Feedforward Control and Feedback Control

As shown in Figure 5, the CCS is composed of FFCS and FBCS. The input signal of the
FFCS is the gust angle or gust velocity, and the input signal of the FBCS is the aircraft body
response caused by gust excitation. The control commands of the FFCS and the FBCS can
be jointly applied to the same control surface or independently applied to different control
surfaces. In practical application, the deflection angle of each control surface reserved for
the gust alleviation system is limited. In order to make full use of the deflection angle
to obtain the best gust alleviation effect, the output commands of FFCS and FBCS can be
assigned to multiple different control surfaces. For example, the FBCS uses the wing tip
acceleration as the input to drive the aileron deflection to suppress the vibration of the
wing, and the command of the FFCS can be applied to the elevator to suppress the rigid
motion response. In short, the specific combination of the FFCS and FBCS needs to be
adopted according to actual needs.
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4. Numerical Simulation
4.1. Wing Model Description

Figure 6 shows the finite element model of flexible wing equipped with an engine.
There are two ailerons on the wing. All components were established by beam elements,
and the mass of the model was distributed on multiple nodes in the form of lumped mass.
As for the actual physical model, wing spar and ribs were made of aluminum alloy, the
engine frame was made of steel, and the skin was made of glass fiber composite material.
The material of the finite element model is consistent with the physical model, the stiffness
characteristic of the skin is reflected by the beam element. The wingspan of model is 2.85 m,
the leading-edge sweep back angle is 22.0◦, and the chord length of the wing root is 0.98 m.
In the simulation analysis, wing tip acceleration and wing root bending moment (WRBM)
are used to evaluate gust response and alleviation rate, their location is shown in Figure 6.
Before the wind tunnel test, the modal test was carried out on the physical model of the
wing, and the finite element model was modified according to the test results. In this
work, the double-lattice method is used to calculate the aerodynamic influence coefficient
matrix in the frequency domain. Figure 7 shows the interpolated structural modes on the



Aerospace 2022, 9, 225 11 of 23

aerodynamic model. The comparison of the theoretical and experimental values of the first
four modal frequencies is shown in Table 1.
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Table 1. Comparison between the experimental and theoretical values of wing modal frequency.

Modal Name of Flexible Wing
Modal Frequency (Hz)

Experimental Value Theoretical Value

First-order bending 2.59 2.63
Engine yaw 4.97 4.99
Engine pitch 5.75 5.79

Second-order bending 8.29 7.82

4.2. Simulation and Results Analysis

In the numerical simulation, three kinds of gusts, including continuous turbulence,
1-cos discrete gust and sine gust, are considered. The flight speed is 20.0 m/s, and the
altitude is 0 km. The continuous turbulence scale is 530.0 m, and the root mean square of
gust velocity is 5.0 m/s; the sine gust amplitude is 1.0 m/s and the frequency is 3.0 Hz
(close to the wing’s first bending frequency 2.59 Hz); 1-cos gust amplitude is 1.0 m/s, and
the gust scale is 5.0 m.

The control scheme is divided into three categories: (1) CCS, which is composed of
the adaptive feedforward control system and the PID feedback control system, (2) FBCS,
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which is the feedback part of the CCS, (3) FFCS, which is the feedforward part of the CCS.
The outer aileron is used as the control surface for all control systems. Figure 8 shows
the simulation block diagram of the CCS. The gust response output signal of the wing is
WTA, the adaptive block of the FFCS uses this signal as the input to update the parameters
of the FIR controller, and the FBCS uses this signal as the input to calculate the feedback
control signal. In terms of feedforward control, assuming that the gust signal is obtained by
the ideal sensor and is used as the input of the FFCS; the gust delay module in the figure
represents the time delay of the gust from gust sensor to the wing; the parameters of FFCS
are updated online through the adaptive law. The FBCS is PI control. Two wing dynamics
models are placed in the simulation environment for the comparison of controlled and
uncontrolled gust responses.
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The gust alleviation rate of the control system is defined as

η =
Auncon − Acon

Auncon
× 100% (35)

where Acon and Auncon are gust response values with control and without control, respec-
tively. The response value is the peak value for 1-cos discrete gust and sine gust, and for
turbulence, it is the root mean square value of the response.

The parameters of the FIR adaptive feedforward controller are obtained by adaptive
law under continuous turbulence excitation, and the parameters of the feedback controller
are determined by comprehensively considering the system stability requirements and
gust alleviation effect. Figures 9–11 show the comparison of the gust alleviation effects
of the three control systems (CCS, FBCS, FFCS) under the excitation of 1-cos gust, sine
gust and Dryden turbulence, respectively. The specific gust alleviation values are shown
in Table 2. The results suggest that CCS has the best alleviation effect among all control
systems. The WTA and WRBM are greatly reduced under three different forms of gust
excitation. The FFCS also shows good robustness and alleviation effect. The FBCS has
obvious alleviation effect on sine gust excitation with critical frequency, but the alleviation
effect under continuous turbulence excitation and 1-cos gust excitation is weak, and the
robustness is poor. At the same time, the alleviation effect of PI feedback control with
acceleration as feedback on the bending moment is relatively poor. This is because the
bending moment depends on the combined effect of aerodynamic force and inertial force,
and the acceleration at the wing tip mainly represents the effect of inertial force, the FBCS
mainly reduces the WRBM caused by inertial force.
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Table 2. Comparison of alleviation rate of different types of gusts (simulation results).

Type of Control System
Alleviation Rate of WTA (%) Alleviation Rate of WRBM (%)

1-Cos Sine Dryden 1-Cos Sine Dryden

FBCS 22.31 54.46 27.48 6.62 50.79 0.16
FFCS 67.04 66.00 52.31 54.17 75.74 60.45
CCS 76.45 77.19 55.11 53.49 85.98 60.46
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5. Wind Tunnel Test Design
5.1. Test Model and Gust Generator

As shown in Figure 12, in the wind tunnel test, the wing model was fixed in the middle
of the wind tunnel sidewall. A fairing fuselage is installed at the root of the wing, which is
independent of the wing and has no effect on the stiffness of the wing. The detailed wing
parameters are described in Section 4.1. The gust generator designed in the experiment is a
two-stage, four-blade segmented device. The airfoil of the gust generator is NACA0015,
and the chord length is 0.30 m. The span of each blade is 1.40 m. The blade deflection of
the gust generator driven by a motor can produce sine gust in the wind tunnel flow field.
The gust frequency range is 1.0 Hz–5.0 Hz. In the test wind speed (16.0 m/s–20.0 m/s), the
gust amplitude range is 0.30 m/s–1.50 m/s. In the wind tunnel test, the gust generator is
located at 5.3 m in front of the wing model, about 3.3 m away from the gust sensor. The gust
alleviation test was completed in the FD-09 low-speed wind tunnel of the China Academy
of Aerospace Aerodynamics.
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5.2. Gust Detection

In order to carry out the feedforward gust alleviation test, it is necessary to measure
the gust in the flow field as the input signal of the FFCS. When detecting gusts by using
airflow angle sensors, the local airflow angle is measured by the airflow angle sensor, and
the gust angle αw can be calculated by fusing the information measured by other sensors
on the aircraft [45]:

αw = cos(φ)[arcsin(

.
H
V
)− θ + (α +

q · xAOA
V

) cos(φ) + (β− r · xAOS
V

) sin(φ)] (36)

where φ is roll angle; H is flight altitude; θ is pitch angle; α is AOA; β is AOS; r is yaw angle
rate; xAOA, and xAOS are the distance from the center of gravity to the AOA sensor and
AOS sensor, respectively. In this study, the sensor measuring the gust angle is a five-hole
probe (Figure 13) mounted on the wall of the tunnel, as shown in Figure 12. The test object
is a fixed flexible wing without rigid freedom. All variables on the right of Equation (36)
are zero, except α, so the AOA measured by the fixed five-hole probe in the wind field is
the gust angle. The five-hole probe used in the tunnel test can simultaneously measure the
AOA, AOS and wind speed through the pressure difference ratio between the five holes
at the head of the probe. The RS485 digital signal is output by the air data computer. The
bandwidth of the five-hole probe is about 20.0 Hz, and the measurement delay is about
25.0 ms. The measurement range of AOA/AOS that can be reliably realized is from −25◦

to 25◦.
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5.3. Measurement and Control System Description

The measurement and control system of the wind tunnel test includes sensors, data
acquisition equipment, control computer and actuator system. Strain gauges were pasted
on the wing root to measure the WRBM. Accelerometer was installed on the wing tip to
measure the WTA which is the feedback signal of the control system. Five-hole probe was
used to measure the gust as the input of FFCS. The sensor signals were collected by the
data acquisition equipment of the NI company and then input into the control system, in
this process, PXIE-4309 was used to collect acceleration analog signal and realize the A/D
conversion. The control commands obtained through the control system deflect the control
surfaces to achieve gust alleviation. The actuator is the FUTABA brushless digital actuator.
The speed of the actuator is 0.12 s/60◦, the delay is about 100 ms, and the maximum
torque is about 7.40 Nm. The structure of the measurement and control system is shown in
Figure 14.
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When implementing the wind tunnel test, for the sake of simplicity, the feedback
control adopts PI control, and the control law is

y f b = Kp f b · awtip + Ki ·
∫ t

0
awtipdt (37)

where y f b is the FBCS output; KP f b is the proportional coefficient; Ki is the integral coeffi-
cient; and awtip is the WTA. The FFCS is simplified to a first-order control system, and its
control form is as follows:

y f f b = Kp f f b · Z−m · αwg (38)

where y f f b is the output of the FFCS; Kp f f b is the control system gain; Z is the Z transform
operator; m is the delay parameter whose value depends on the wind speed and delay of
the test hardware; and αwg is the gust angle.

6. Wind Tunnel Results and Discussion
6.1. Comparison between Experiment and Numerical Simulation

When the flight speed is 20.0 m/s, without control, the comparison between the
experimental and simulation results (WTA and WRBM) under 3.0 Hz gust excitation is
shown in Figure 15. The gust velocity used in the simulation is the experimental value.
It can be seen from the figure that the simulation value is in good agreement with the
experimental value. For the controlled situation, only the outer aileron is used as the
control surface. The comparison between the experimental value and the simulation value
of the alleviation rate of feedforward control and feedback control is shown in Table 3. It
can be found that the experimental alleviation rate of the feedback control is close to the
simulation value, but the simulation alleviation rate of the feedforward control is quite
different from the experimental value. This is mainly because the delay of each hardware
in the experiment cannot be accurately measured, so it cannot be accurately simulated
in the numerical simulation, and the effect of the FFCS is affected by the delay time of
the hardware.
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Table 3. Comparison between wind tunnel test and numerical simulation.

Comparative Variables Experiment Numerical Simulation

WTA (g) 1.95 1.88
WRBM (Nm) 110.00 107.05

FFCS alleviation rate of WTA (%) 52.11 80.80
FFCS alleviation rate of WRBM (%) 63.40 80.84
FBCS alleviation rate of WTA (%) 53.93 64.49

FBCS alleviation rate of WRBM (%) 63.45 60.75

6.2. Wind Tunnel Test Results at Different Wind Speeds and Key Frequency

In the wind tunnel test, three group control schemes are designed according to the
different control surface selections: (1) control group A: the control system (CCS or FFCS or
FBCS) drives the inner and outer aileron together, and the two control surfaces deflect the
same angle at any time; (2) control group B: the FFCS drives the inner aileron, and the FBCS
drives the outer aileron. For the CCS, the inner and outer aileron deflect independently at
the same time; (3) control group C: the FBCS drives the inner aileron, the FFCS drives the
outer aileron, and the inner and outer control surfaces are deflected independently during
the combined control.

For the above three group control schemes, gust alleviation tests were carried out
under three different wind speeds (16.0 m/s, 18.0 m/s and 20.0 m/s), the frequency of the
gust generator was fixed at 3.0 Hz, and the gust response under this excitation frequency
is larger. It should be noted that in the same group, the control parameters of the FBCS
remain unchanged under different wind speeds, and the delay parameters of the FFCS are
adjusted with different wind speeds. Figures 16 and 17 are the comparison of the alleviation
rate of WAT and WRBM, respectively. It can be seen from the figure that, no matter which
control scheme is adopted, the CCS is more likely to achieve higher gust alleviation rate,
and for different wind speeds, the alleviation rate of WRBM can reach about 80%, while
the alleviation rate of WTA can reach about 70%. Compared with FFCS and FBCS, FFCS
achieves good gust alleviation effect more easily because the feedforward control belongs
to the open-loop control mode, and the control parameters have no effect on the stability of
the wing aeroservoelastic system, so it can take a relatively large control gain to achieve
gust alleviation, and the control parameters of the FBCS directly affect the stability of the
closed-loop aeroelastic system. The control system gain selected cannot be too large due
to the requirements of system stability, so smaller gain affects the gust alleviation effect of
the FBCS.
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Figure 18 shows the time domain response curves of the WRBM and the deflection
angles of the two control surfaces in the wind tunnel test of control group C at wind speed
of 20.0 m/s. The wing is in an uncontrolled state from 0 s to 12 s; from 12 s to 28 s, the
FFCS drives the outer control surface deflection to achieve gust alleviation; from 28 s to
40 s, the wing is in uncontrolled state again; from 40 s to 58 s, the FBCS drives the inner
control surface deflection; 58 s to 70 s is the combined control stage, FFCS and FBCS are
simultaneously activated to drive the deflection of the inner and outer control surfaces. It
can be clearly seen from the figure that the WRBM is reduced to varying degrees under the
action of the different control systems.
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6.3. Wind Tunnel Test Results with The Same Wind Speed and Different Gust Frequencies

At wind speed of 20.0 m/s, gust frequency varies from 1.0 Hz to 5.0 Hz, and all control
system parameters remain unchanged under different test conditions. Figure 19 shows
the alleviation effect of each control system in control group A under gust excitation of
different frequencies. It can be seen from the figure that the alleviation effect of FFCS, FBCS
and CCS are good when the gust frequency is 3.0 Hz. FFCS at other frequencies still has
more than 40% alleviation rate, and the robustness is good; the alleviation rate of FBCS
at other gust frequencies are greatly reduced and the robustness is poor. In general, the
alleviation effect of CCS combining feedforward and feedback control is the best.
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6.4. Improvement of Alleviation Rate by Combining Feedforward and Feedback Control

On the basis of FFCS, if the FBCS to be added to form the CCS, the improvement of
gust alleviation rate will not always be ideal. After adding feedback control on the basis of
feedforward control, the improvement of the alleviation rate of CCS is defined as

∆η = ηcc − η f c (39)

where ηcc is the alleviation rate of CCS and η f c is the alleviation rate of FFCS.
All alleviation rate data of FFCS and CCS involved in the simulation and experiment

in this paper are counted and compared. It can be found from Figure 20 that when the
alleviation rate of the FFCS is low (for example, when there is only feedforward control,
the alleviation rate is less than 50%), the alleviation rate can be effectively improved by
adding the FBCS. If the alleviation rate of feedforward control is higher, it becomes more
and more difficult to increase the control effect by adding feedback control on the FFCS.
The reason for this phenomenon is that if the gust response of the wing has been effectively
suppressed under the control of the FFCS, the control command signal that can be output
by the FBCS using the gust response signal as the input will become smaller, so further
improvement of the gust alleviation rate is relatively limited.
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7. Conclusions

This study shows the process of gust alleviation by combining feedforward control
and feedback control, taking a fixed supported flexible wing as research object, numerical
simulation and wind tunnel test was carried out. Some conclusions can be obtained as
follows: (1) Numerical simulation and wind tunnel test show that the CCS is more likely
to achieve good gust alleviation effect. For example, the wind tunnel test results show
that under CCS control, for different wind speeds and 3 Hz gust excitation, WRBM and
WTA can be reduced by nearly 80% and 70%, respectively. (2) Compared with feedback
control, feedforward control has better robustness and achieves good gust alleviation effect
more easily. The selection of the parameters of FBCS is limited by the system stability
requirement, which makes it difficult to obtain higher control effect. (3) Compared with
single feedforward control, the improvement of the gust alleviation effect by adding
feedback control is related to the original effect of FFCS, that is, the better the effect of
FFCS, the more difficult it is to improve the control performance by adding feedback
control. (4) The wind tunnel test results demonstrated that the gust detection method
based on a five-hole probe still has good alleviation effect when the gust frequency is
high (5.0 Hz), while the natural gust is dominated by low-frequency components, which
indicates that the five-hole probe can be used to carry out the practical application of
feedforward gust alleviation.

The research object of this paper is the fixed supported flexible wing without rigid
body freedom. The gust response (WTA, WRBM, etc.) is mainly dominated by the flexible
mode. In future research work, theoretical and experimental research on the complex
full-aircraft model with rigid degrees of freedom will be further carried out.
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Nomenclature

Acon Gust response value with control Auncon Gust response value without control
Cξξ Damping matrix D Fitting polynomial coefficient matrix
DM Weighted cross-correlation vector E Fitting polynomial coefficient matrix
f Gust frequency FI Internal force

Gc
Transfer function from control

Gg Gust shaping filter
surface deflection angle to aircraft

H Transfer function of control system HM Control system weight coefficient vector
J Objective function KI Element stiffness matrix
Kξξ Stiffness matrix K Control system gain
KM Kalman gain vector k Reduced frequency
L Gust scale M Mass matrix
PM Inverse autocorrelation matrix Qg Generalized aerodynamic matrix
r Yaw angle rate R Lag root coefficient matrix
s Laplace variable U f Input vector of the adaptive algorithm
V Flight speed wg Gusts velocity
wm Gust amplitude xa Aerodynamic state function

xae State vector xAOA
Distance from center of gravity to
AOA sensor

xAOS
Distance from center of gravity to

yc Response caused by control system
AOS sensor

yg Response caused by gust Z Z Transform operator
αwg Gust angle α Angle of attack
β Angle of sideslip δ Control surface deflection angle
η Alleviation rate θ Pitch angle
λ Weight coefficient ρ Air density
φ Roll angle Φw PSD of gust
Φ Modal vector

Abbreviations

AOA Angle of attack
AOS Angle of sideslip
CCS Combined control system
CCLMS Circular leaky least mean square
GAS Gust alleviation system
FBCS Feedback control system
FFCS Feedforward control system
FIR Finite impulse response
LMS Least mean square
LIDAR Light detection and ranging
RLS Recursive least square
WRBM Wing root bending moment
WTA Wing tip acceleration
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