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Abstract: This paper introduces three new gust load alleviation control strategies, which are based on
variable camber technology, to achieve the design requirements for the safety, economy, and comfort
of modern civil aircraft. These strategies involve adjusting the inner and outer flap differential of
wings, spoilers, and ailerons to alter the aerodynamic shape of the aircraft structure, resulting in
drag reduction and gust load alleviation during stepped cruise flights. Furthermore, a logic design
is provided for both the cruise drag reduction function and the gust load alleviation function. To
validate the effectiveness of the proposed gust load alleviation control strategies, simulation results
are presented, utilizing ride quality and wing root bending moment changes as the evaluation
criteria. The presented approaches ultimately lead to the development of an optimal scheme that
meets the desired design requirements.

Keywords: gust load alleviation control; wing camber; civil aircraft; stepped cruise flight; logic design

1. Introduction

Boeing conducted its initial assessment of variable wing camber for transport aircraft
in the 1980s. Wind tunnel tests and theoretical calculations demonstrated that the vari-
able wing camber configuration significantly enhances aerodynamic performance across
the entire flight profile [1–5]. Concurrently, Messerschmitt-Bölkow-Blohm company also
carried out extensive research on variable wing camber, which contributed to Airbus’s
incorporation of variable camber on the A330/340 model [6]. The Boeing B787 and Airbus
A350 were pioneers in implementing varying wing camber technology in commercial
aircraft models, achieving optimal aerodynamic efficiency by controlling the curvature
change of the wing trailing edge during cruise flights [3,7,8]. Applying this technology, the
B787 can reduce drag by 0.4 counts during cruising, equivalent to a weight loss of 340 to
450 kg. The A-350 aircraft is capable of achieving 25% higher fuel efficiency, 25% lower
per-seat operating costs, and at least a 10% increase in revenue capacity compared with
traditional long-range aircraft.

Therefore, wing curvature technology has aroused research interest in both academia
and industry. In [9], a series-driven variable wing curvature design scheme was proposed
for the NACA4412 airfoil. The wing was divided into five segments along the chord
direction, with the leading edge segment serving as the fixed part of the bearing structure
and the trailing edge segment being driven by four steering engines in series. Compared
with traditional wings, the four-stage series-driven variable wing curvature operated under
similar flight conditions only 25% of the time, resulting in a 71.94% increase in lift–drag
ratio during take-off and a 104.83% increase during deceleration after landing. In [10,11], a
new method involving continuous deflection deformation of the front and rear edges of
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an airfoil combined with multiple deflection parameters and non-uniform B-splines was
proposed to achieve optimal aerodynamic performance. Using the NACA3412 airfoil as
an example, parametric reconstruction of the airfoil curve was conducted, resulting in a
19.26% improvement in lift ratio and a 44.43% improvement in lift compared with base
airfoils. In [12,13], the continuously variable wing camber technique and active aeroelastic
wing technology were employed to propose comprehensive optimization design based
on a genetic optimization algorithm. This optimization approach increased the handling
efficiency by 34.54%, reduced the maneuvering load of the wing effectively, and decreased
structural mass by 12.9% compared with traditional rudder surfaces. To solve the problem
of high load and large deformation at the trailing edges of the variable wing camber for
large civil aircraft [14,15], a multi-segment rotation-based structure scheme was created for
the trailing edges of variable camber, and a parametric optimization method was also set
up to achieve smooth, continuous deformation.

The aerodynamic characteristics of airfoil for large civil aircraft can be effectively im-
proved by optimizing variable wing camber parameters so as to enhance flight performance.
However, considering civil aircraft are inevitably affected by wind disturbances such as
gust or wind shear during flights, it can significantly impact the aircraft’s ride quality,
passenger safety, and it may even become a critical load on the structure [16,17]. Gust load
alleviation is an active control technology that aims to reduce wing bending moments and
structural fatigue by minimizing the overload caused by gust disturbance. Therefore, it is
necessary to design gust load alleviation systems for aircraft. Incorporating this capability
in the early stages of aircraft design can lead to weight reduction in the wings, improve
economy, and reduce the impact of various wind conditions on passenger comfort [18].
The gust load alleviation control system can also achieve stability augmentation for the
aircraft, but it can only attenuate the atmospheric disturbance effect to some extent, and
the performance is often unsatisfactory [19–21]. A more effective approach to increasing
stability involves designing an open-loop or closed-loop control system.

Employing the measured atmospheric disturbance value, the open-loop control system
directly actuates the corresponding control surface to counteract the aircraft-generated
disturbance motion. The primary advantage of this approach lies in its capability to alleviate
gust loads without compromising the system’s stability. For instance, in a gust alleviation
control scheme, the measured normal acceleration is processed through a network and
low-pass filter to actuate the left and right canard wings for lift modulation, effectively
countering the effects of vertical gusts [22]. However, this method lacks comprehensive
consideration of aircraft operational stability and practical applicability, leading to increased
interest in academia regarding closed-loop control methods.

In the 1960s, Boeing developed a feasibility study on using an active control method to
enhance ride quality for B751 aircraft with a high performance and low wing loading. The
proposed strategy involves multiplying the normal overload signal by a gain and feeding
it directly into flap actuators. It concludes that flap speed requirements can reach 100°/s,
with a better alleviation performance obtained at higher limiting values and speeds. The
load alleviation system on A320 aircraft aims to adjust the additional wing loads caused by
wind gusts while reducing torque at the wing roots. The normal overload is the feedback
signal; actuator rudder surfaces encompass ailerons and outer flow plates, requiring an
actuator speed of up to 200°/s. Implementation of this system reduces aircraft wing loads
by 15% under vertical gust action and atmospheric turbulence while also decreasing the
wing structure weight by approximately 180 kg. DHC-6 is a small civil airliner in which
the control scheme involves utilizing a coefficient-multiplied normal overload signal as the
command input for driving ailerons and spoilers; similarly, the pitch angle rate multiplied
by another coefficient obtains commands for the elevator [23]. Grumman Aerospace
changed their gust alleviation system into a g-command-based flight control augmentation
system that used the steady-state overload command estimation technique. The system
uses the differences between the estimated signals and actual measured overloads as
feedback to the aircraft controls to make flap and elevator adjustments to counteract the
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changes in the atmospheric disturbances [24]. Considering nonlinear factors, a rigid elastic
coupling model of the aircraft was established, the gust load alleviation function of the
aircraft was implemented using a linear quadratic Gaussian controller in [21,25]. A new
gust load alleviation control strategy combining gust prediction technology to obtain gust
information in advance was developed, greatly enhancing the effectiveness of the gust load
alleviation [26].

Motivated by the aforementioned observations, this paper focuses on the study of gust
load alleviation control schemes for large civil aircraft, which have the same aerodynamic
layout as the new generation wide-body dual-channel aircraft, with a length of 55 m, a
wingspan of 50 m, and a maximum takeoff weight of 200 t. The main control surface
configuration includes elevators, ailerons, and a rudder. The flaps are divided into inner
flaps and outer flaps. Specifically, the spoiler is also divided into inner and outer spoilers.
Figure 1 displays its aerodynamic layout illustration. On this basis, three control schemes
are developed using a combination of variable wing camber technology and gust load
alleviation functions. The core uses the pitch rate feedback to improve the short-period
damping ratio and normal overload feedback to improve the short-period frequency. The
presented schemes contribute to efficient cruise flight, gust load alleviation capability,
and reduced wing structural weight, thereby improving the flight’s safety, economy, and
comfort. Their engineering feasibility is aliged with the current status, technological
maturity, and development level of China’s aviation industry, providing preliminary
exploration for the application of a wide-body civil aircraft under development with
wing curvature functions and independent control of the inner and outer flaps.

Elevator

Rudder

Inner flap

Outer flap

Aileron

Inner spoiler

Outer spoiler

Figure 1. Schematic diagram of the considered civil aircraft.

2. Preliminary Materials
Principle of Variable Wing Camber

During the cruise stage, the wing curvature distribution is adjusted through the
differential control of the inner and outer flaps in order to minimize the flight drag force,
enhance the lift–drag ratio of the aircraft, and improve the fuel efficiency. To describe the
basic principle, the lift coefficient CL of the aircraft is first introduced and is expressed as

CL =
L

0.5ρV2S
(1)

where L represents the lift, ρ is the air density, V is the true airspeed, and S is the wing
reference area.

During long-term cruising, the fuel consumption of an aircraft can cause a change in
weight of over 50% [1]. Assume that the aircraft is at its optimal aerodynamic efficiency
state when the lift-to-drag ratio is at its maximum. When fuel consumption or an air drop
mission leads to a decrease in aircraft weight, the required lift for longitudinal balance also
decreases. Without changing the flight altitude and speed, or the wing area, according to
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Equation (1), it can be seen that the lift coefficient will also decrease, and the lift–drag ratio
will gradually decrease, deviating from the designed optimal aerodynamic efficiency state.
Currently, improving this situation involves continuously increasing the flight altitude so
that the aircraft flies in a less dense atmosphere to increase the lift–drag ratio and return
to its optimal state. However, for commercial aircraft, flight altitude is strictly controlled.
For example, in the North Atlantic airspace, flight altitudes must be adjusted in steps of
1000 ft. Therefore, based on the above description, it can be concluded that during most of
its cruising stage, an aircraft does not fly at its optimal aerodynamic efficiency [27].

Therefore, in view of the step-climb cruise mode, at each level of the flight segment,
a given Mach number, a given converted weight (the ratio of aircraft weight to altitude
pressure), and a given flight altitude are performed, while variable curvature control is
performed to achieve cruise drag reduction and improve the aircraft’s range and other
performance indicators. The cruising range is calculated using the Brickett equation [28],
as shown below

S = − aMK
Ce

∫ Wend

Wbegin

dW
W (2)

where a, M, K, and Ce are the sound velocity, Mach number, lift–drag ratio, and fuel
consumption per unit of engine thrust through unit time, respectively, and Wbegin and Wend
denote the initial cruise weight and cruise end weight of the aircraft, respectively.

Usually the change in a and Ce is small enough to be ignored. As can be seen from (2),
in order to obtain the maximum flight range, it is necessary to find the maximum parame-
ters, that is, cruise with the optimal cruise Mach number Mopt and the maximum lift–drag
ratio Kmax. According to the polar curve of the aircraft at different Mach numbers, one
can obtain Kmax. Consider a target aircraft with Mopt = 0.8 and whose cruising weight
range is known to be 100 t∼160 t. Referring to the flight level configuration standard and
based on conditions such as the equivalent conversion weight and aerodynamic data of the
flap differential, the step height variation and wing deflection strategy can be obtained as
shown in Figure 2.
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Figure 2. Diagram of the target aircraft cruising with variable wing camber flight.

The flap differential scheme is shown in Figure 2. It can also be considered to synchro-
nize aileron deflection with the outer flap and use the spoiler to shield the gap caused by
the flap movement at a small angle to achieve the closure of the airfoil profile [29], so as
to further reduce the cruise drag force and improve the lift–drag ratio. When the aileron
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deflection scheme is adopted and the spoiler is deflected on the basis of aileron deflection,
the optimization data of the target aircraft lift–drag ratio is obtained, as shown in Table 1.

Table 1. Comparison data of cruise wing varying camber lift–drag ratio.

State
Point Height (m) Weight (t) Lift

Coefficient
Lift-Drag

Ratio
Outer Flap

(◦)
Inner Flap

(◦)
Varying Camber
Lift-Drag Ratio Aileron Spoiler

P1 9114 160 0.531053 15.790 1.5 1.5 16.361 16.451 16.523
P2 9114 153 0.507907 15.556 0.5 1.0 15.834 15.918 16.000
P3 9114 146 0.484754 15.307 0.5 0.5 15.361 15.369 15.448
P4 9754 146 0.530511 15.785 1.5 1.5 16.358 16.443 16.516
P5 9754 140 0.508791 15.565 0.5 1.0 15.840 15.930 16.012
P6 9754 133 0.483444 15.292 0.5 0.5 15.343 15.350 15.429
P7 10,363 133 0.529914 15.779 1.5 1.5 16.355 16.435 16.507
P8 10,363 127 0.506098 15.537 0.5 1.0 15.822 15.893 15.975
P9 10,363 121 0.482275 15.279 0.5 0.5 15.327 15.334 15.411

P10 10,973 121 0.529499 15.775 1.5 1.5 16.352 16.429 16.502
P11 10,973 115 0.503341 15.508 0.5 1.0 15.804 15.855 15.937
P12 10,973 110 0.481536 15.271 0.5 0.5 15.317 15.323 15.401
P13 11,582 110 0.529131 15.771 1.5 1.5 16.351 16.424 16.497
P14 11,582 105 0.505170 15.527 0.5 1.0 15.816 15.880 15.962
P15 11,582 100 0.481201 15.267 0.5 0.5 15.312 15.319 15.396
P16 12,192 100 0.528764 15.767 1.5 1.5 16.348 16.418 16.491

3. Results
3.1. Existing Load Alleviation Logic Design Methods

To summarize the existing logic design methods for aircraft load alleviation, we can
summarize them into the following steps:

Step 1: The feedback signal for longitudinal gust load alleviation control usually uses
pitch rate and normal acceleration. Some schemes also use normal acceleration at the center
of gravity and wing [30].

Step 2: The control surfaces used for load alleviation include ailerons, elevators,
spoilers, flaps, etc.

Step 3: Permission restrictions need to be imposed on the control surface to avoid
affecting the normal operation of the aircraft. For example, DHC-6 aircraft provides 40% of
the ailerons and 20% of the elevators for gust alleviation.

Step 4: The activation condition of the gust load alleviation function when there is
pilot control is related to the margin considered by the aircraft structure at the beginning of
design. Reducing the gust loads can reduce the wing loads under atmospheric disturbances,
thereby reducing the weight of wing structures and improving the fatigue life of the aircraft.
To ensure safety, the structural stiffness of the aircraft needs to meet the maximum load-
bearing requirements, and then the gust load alleviation function is used to reduce the
wing weight and improve its fatigue life. To avoid overlapping maneuvers, it may be
considered that this function is only used during steady-state flight when the pilot does
not aggressively maneuver the aircraft. For instance, the A320 plan stipulates that the load
alleviation function will activate if the difference between the system’s normal overload
and the pilot’s control overload exceeds 0.3 g and persists for more than 5 s. Grumman
Aerospace proposes suppressing this function during the pilot’s effective command period
and activating it once the effective command ceases, for which the control flow diagram is
shown in Figure 3.

Step 5: Filter design is required after the sensor, such as controlling the elevator
through low-pass filters and washout networks for pitch and elevation rate signals. The
feedback channel adopts a washout network to eliminate the influence of steady-state
overload and pitch rate during turning [31]. The B751 aircraft showed that adding a high-
pass filter to the overload feedback channel can improve long-term stability, and adding a
low-pass filter to the elevator feedback channel can appropriately adjust the control quality.
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Figure 3. The control flow diagram of the gust load alleviation function.

Step 6: The implementation of this function largely relies on sensors with higher
control surface deflection rates and smaller time delays. Higher control surface deflection
rates need to be achieved by large bandwidth and high-power actuators, ensuring that the
bandwidth of the control surface actuators used is greater than the bandwidth of the gust
disturbances. Compared with the aircraft maneuverability requirements, active control
systems require an increase in the speed of the control surface deflection. If the traditional
system architecture of “centralized drive and coaxial transmission” is adopted for flap
control, it is not possible to use flaps to achieve this function. However, this article carries
out the design based on the wing variable curvature design architecture, but there will also
be requirements for flap speed.

Step 7: When the gust load reduction function exits, it is necessary to consider setting a
hysteresis loop for the exit condition to avoid oscillation problems caused by reciprocating
forward and backward near the entry condition.

According to the above observations, a new gust load alleviation logic design will be
carried out:

The logic design of the gust load alleviation function switch GLASW is shown in
Figure 4. When there are no faults in the flap system, the flap handle is in the 0 position,
there is no driver operation, the normal overload is exceeded, the gust load alleviation
function is activated, and GLASW = 1. Otherwise, it will be closed; GLASW = 0.

Flap system is fault-free

Flap handle at 0 position

Fault_Flap =0

Flap_hand =0

AND GLA_SW

Gust load alleviation switch：

1-Function on

0-Function off

Normal overload 

exceeds the limit

Pilot control signal Xe

zN

And duration

 0.15zN  1

 0.05zN 

Start the clock

030t s

Figure 4. The logic design of the gust load alleviation function.

Specifically, when there is no driver control, hysteresis judgment is used in the logic
design to prevent repeated logic switching due to signal jitter. When the longitudinal
control lever command Xe ≥ 2 mm, the output value is 0. When the longitudinal control
lever command Xe ≤ 0.5 mm, the output value becomes 1.
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Furthermore, considering that normal overload may exceed the limit, in the design
logic, when the change in normal overload ∆Nz ≥ 0.15 occurs, the output value is 1, which
means the gust load alleviation function is activated and timing begins. When the normal
overload change ∆Nz ≤ 0.05 and the timing time has been continuous for 30 s, the output
value is 0, which means the gust load alleviation function is turned off. This hysteresis
design mainly prevents the function from repeatedly turning on/off at the boundary value.

3.2. Load Alleviation Control Schemes

The gust load alleviation control approach provided in this paper is an outer loop
design. Taking the longitudinal channel as an example, the considered aircraft adopts a
typical PI architecture and C* control law configuration in the longitudinal channel. This
configuration uses pitch rate feedback to improve the short-period damping ratio and
normal overload feedback to increase the short-period frequency. The considered aircraft
has a wing deflection function, and its core is that its inner and outer flaps can be controlled
separately. To reduce the load, three control schemes are designed.

Control Scheme 1: Select the pitch rate and normal overload as the feedback signals.
The inner flaps and elevators are selected as the control surfaces for the gust load alleviation
system, and the control law schematic is shown in Figure 5. After passing the pitch
rate signal through low-pass filtering and multiplying control gain, generate the elevator
command δe_GLA and add it to the longitudinal channel output. Using normal overload as a
feedback signal and passing through a high-pass filter and proportional-integral controller,
an inner flap command (Fgin) is generated. In order to maintain that there are no gaps on
the wing after flap movement, synchronous motion of the inner spoiler is added, and left
and right inner spoiler commands of δGsp_l_in and δGsp_r_in, respectively, are generated.

The commands for the pitch rate and normal overload mentioned above are both
output through a bidirectional attenuator to prevent transient changes during control
law switching. The working principle of a bidirectional desalinator is as follows: when
GLASW = 0, the output is 0. When GLASW = 1, the output is the rudder command. When
GLASW is between 0 and 1, the output is a mixed command of 0 and the rudder surface.
From a dynamic perspective, GLASW changes from 0 to 1, and the output transitions from
0 to the control surface command. GLASW changes from 1 to 0, and the output transitions
from the control surface command to mode 0. The fading time of the transition process is
selected as 1 s.

Control Scheme 2: Select the pitch rate and normal overload as the feedback signals.
Select the outer flaps, ailerons, and elevators as the control surfaces for the gust load
alleviation system. Among them, the principle of the pitch rate control is the same as
Figure 5. Figure 6 shows the normal overload part of the wind load alleviation control law
in this control scheme.

Control Scheme 3: Select the pitch rate and normal overload as the feedback signals.
Select the inner flaps, outer flaps, ailerons, and elevators as the control surfaces for the
gust load alleviation system. Figure 7 shows the normal overload part of the wind load
alleviation control law for Scheme 3.

3.3. Functions Switching Logic Design

The cruise drag reduction and gust load alleviation functions are both designed based
on control augmentation, and their output commands include flaps, ailerons, and spoilers.

To avoid affecting the architecture of the original control law, the control laws for cruise
drag reduction and gust load alleviation can be placed separately in one module, namely
the variable curvature control module. Finally, the control surface commands output by
this module can be superimposed on the control surface commands of the original flight
control system. Therefore, it is necessary to switch the commands for cruise drag reduction
and gust load alleviation inside the variable curvature control module.



Actuators 2024, 13, 229 8 of 15

Pitch rate 
Low-pass 

filter

Proportional 

tuning

Attenuation

module

1s

Load revelation 

switch 

GLA_SW：

On--1

Off--0

0

-

1
+

+

+

Prefilter

Stick 

command Command 

and amplitude 

limited

Normal 

overload 

command
Forward 

channel gain 

Ke

Proportional 

control

Integral 

control

Indicated 

speed

+

+

+

Elevator 

command

eX

Incremental 

solver of  normal 

overload and 

pitch angular rate

e

eF

eI

eP

zN q  、 、 、

iV

+
_e GLA

q

(a)

Normal 

overload

zN High-pass 

filter

Proportional 

+ integral 

controller
-

1
+

+

+

Attenuation 

module

1s

Load alleviation
switch
GLA_SW：
On--1
Off--0

Inner flap 

command GinF

Left inner 

spoiler 

command

Right inner 

spoiler 

command
_ _Gsp r in

_ _Gsp l in

0

(b)

Figure 5. Schematic diagram of the gust load alleviation control of Scheme 1; (a) elevator control
channel; (b) flap control channel.

Normal 

overload

zN High-pass 

filter

Proportional 

+ integral 

controller -

1
+

+

+

Attenuation

module

1s

Outer flap 

command GoutF

Left outer 

spoiler 

command

Right outer 

spoiler 

command

_ _Gsp l out

_ _Gsp r out

Left aileron 

command _Ga l

_Ga rRight aileron 

command

GK

G aK 

Load alleviation
switch
GLA_SW：
On--1
Off--0

0

Figure 6. Schematic diagram of the gust load reduction control of Scheme 2.



Actuators 2024, 13, 229 9 of 15

Normal 

overload

zN High-pass 

filter

Proportional 

+ integral 

controller

0

-

1
+

+

+

Attenuation

module 1s

Load alleviation 
switch
GLA_SW：
On--1
Off--0

Outer flap

command GoutF

Left outer 

spoiler 

command

Right outer 

spoiler 

command

_ _Gsp l out

_ _Gsp r out

Left aileron 

command _Ga l

_Ga rRight aileron 

command

Inner flap 

command GinF

Left inner 

spoiler 

command

Right inner 

spoiler 

command
_ _Gsp r in

_ _Gsp l in

3GinK

3GoutK

3G aK 

Figure 7. Schematic diagram of the gust load reduction control of Scheme 3.

When the gust load alleviation function activates, specifically when GLASW = 1, the
drag reduction function transitions to VCWSW = 0, effectively disabling the cruise drag
reduction function. For this purpose, the gust load alleviation switch GLASW is used as the
switching command for the variable curvature control module command. The specific logic
design is shown in Figure 8. When the alleviation function is not turned to GLASW = 0,
output the rudder surface command for cruise drag alleviation control calculation. When
the deceleration function is turned on, GLASW = 1; after being diluted for 2 s, the output is
the rudder surface command for the gust load alleviation control. Within the 2 s fading
time, the output is a mixed command.
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4. Simulation Results
4.1. Wind Model

GJB2874-97 [32] specifies the type of atmospheric disturbance models, such as atmo-
spheric turbulence, wind shear, mean wind, and discrete gusts. In terms of the flight stage
and impact degree, the objects reducing gust loads are mainly atmospheric turbulence
and discrete gusts. The atmospheric turbulence studied in this paper adopts the Dry-den
spectral form and uses the turbulence scale and mean square value of wind speed suggested
by MIL-HDBK-1797. The atmospheric intensity is selected as moderate 10−3; discrete gusts
use the (1-cos) type. Before the 1980s, full wave models were mostly used, while after the
1980s, half wavelength models were more preferred [29]. This paper uses a half-wavelength
model, with gust amplitudes set at 3.5 m/s.

4.2. Ride Quality

When the vertical vibration overload exceeds 0.1 g, passengers feel uncomfortable.
When it exceeds 0.2 g, the instrument panel becomes difficult to read. When it exceeds 0.5 g
and lasts for a few minutes, the pilot will worry about an accident and change the flight
altitude and speed. The allowable value for lateral vibration overload is approximately
half that of vertical overload. The riding quality indicators can be given as follows: the
vertical acceleration should be limited to ±0.05 g and horizontal acceleration should be
limited to ±0.02 g. Moreover, the above command variables should not be overshoot at
heights greater than 1000 ft.

The most common criterion in engineering is the C criterion [33], and uses the mean
square deviation parameter of aircraft atmospheric turbulence response to evaluate passen-
gers’ riding experience. This paper adopts the C criterion for passenger quality evaluation,
and the expression of the passenger comfort index is as follows

C = 2 + 11.9āy + 7.6āz (3)

where āy is the root mean square value of the normal overload caused by turbulence for
passengers and āz is the root mean square value of lateral overload. The relationship
between ride comfort index C and ride quality evaluation is shown in Table 2.

Table 2. The relationship between passenger comfort index and ride quality evaluation [34].

Range Ride Quality Rank

2 ≤ C < 3 Comfortable
3 ≤ C < 4 Moderatly comfortable
4 ≤ C < 5 Not comfortable

C ≤ 5 Very uncomfortable

The above evaluation is based on a survey conducted primarily on passenger planes [33].
If used as a military aircraft, a score of “5” should be used as the reference boundary
for whether the riding quality requirements of the aircraft seriously distract the pilot’s
combat energy. If the rating value falls within the range of “5”, it is considered to meet the
requirements for riding quality; if it falls outside of this range, it is considered to not meet
the requirements. This indicates that civil aircraft prioritize ride quality control.

4.3. Atmospheric Turbulence Is Considered in Simulation Case 1

At 10 s, atmospheric turbulence disturbance is added, and the simulation of state point
1 in Table 1 is shown in Figure 9.
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Figure 9. Simulation curve of atmospheric turbulence on P1. (a) The evolution of aircraft’s character-
istic parameters; (b) The time response curves of the aircraft’s actuators.

It is shown that when the turbulence intensity is high, the normal overload of the
stabilization scheme will exceed 0.1 g. Scheme 1, Scheme 2, and Scheme 3 all control the
normal overload within 0.1 g. The simulation data for atmospheric turbulence at 16 state
points are shown in Table 3.

Table 3. Comparison of data from different schemes (atmospheric turbulence).

State
Point

Passenger Comfort
Index C-Value

Alleviation of Wing Root Bending Moment
(Relative Increase in Stability%)

Increase
Stability Scheme 1 Scheme 2 Scheme 3 Scheme 1 Scheme 2 Scheme 3

P1 2.070 2.011 2.006 2.004 15.074 13.864 13.634
P2 2.076 2.011 2.006 2.004 15.035 13.785 13.666
P3 2.082 2.012 2.006 2.004 14.987 13.673 13.664
P4 2.065 2.010 2.005 2.004 15.084 13.977 13.760
P5 2.070 2.010 2.005 2.004 15.049 13.907 13.791
P6 2.076 2.011 2.006 2.004 15.000 13.792 13.793
P7 2.060 2.009 2.005 2.003 15.087 14.070 13.864
P8 2.065 2.009 2.005 2.004 15.050 13.996 13.899
P9 2.070 2.010 2.005 2.004 15.005 13.890 13.898

P10 2.057 2.009 2.004 2.003 15.072 14.096 13.892
P11 2.062 2.009 2.005 2.003 15.028 14.010 13.925
P12 2.067 2.009 2.005 2.004 14.983 13.908 13.918
P13 2.056 2.009 2.004 2.003 15.053 14.088 13.883
P14 2.060 2.009 2.005 2.003 15.007 14.006 13.909
P15 2.066 2.009 2.005 2.003 14.951 13.888 13.895
P16 2.048 2.008 2.004 2.003 15.113 14.206 13.988

As shown in the table, the C value at each state point is less than 3, indicating a
comfortable riding quality. Compared with the control of no gust load alleviation, the C
value alleviation in Scheme 3 is the most significant. The root bending moment of the wing
has relatively little alleviation control, and the percentage alleviation of each scheme is not
significantly different. Scheme 1 has the most alleviation. If considering the premise of
comfortable ride quality, Scheme 1 is optimal.

4.4. Discrete Gust Is Considered in Simulation Case 2

At 10 s, discrete gust disturbance is added, and the simulation of state point 4 in
Table 1 is shown in Figure 10.
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11.  2.062 2.009 2.005 2.003 15.028 14.01 13.925 

12.  2.067 2.009 2.005 2.004 14.983 13.908 13.918 

13.  2.056 2.009 2.004 2.003 15.053 14.088 13.883 

14.  2.06 2.009 2.005 2.003 15.007 14.006 13.909 

15.  2.066 2.009 2.005 2.003 14.951 13.888 13.895 

16.  2.048 2.008 2.004 2.003 15.113 14.206 13.988 
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Figure 10. Simulation curve of discrete gust turbulence on P4. (a) The evolution of aircraft’s
characteristic parameters; (b) The time response curves of the aircraft’s actuators.

It can be seen that the stability enhancement scheme will have a normal overload
exceeding 0.1 g when the gust intensity is high, as shown in Figure 10. Part of the state
points in Scheme 1 will slightly exceed 0.1 g, while both Scheme 2 and Scheme 3 will control
the normal overload within 0.1 g. The discrete gust simulation data for 16 state points are
shown in Table 4.

Table 4. Comparison of data from different schemes (discrete gusts).

State
Point

Passenger Comfort
Index C-Value

Alleviation of Wing Root Bending Moment
(Relative Increase in Stability%)

Increase
Stability Scheme 1 Scheme 2 Scheme 3 Scheme 1 Scheme 2 Scheme 3

P1 2.039 2.008 2.005 2.003 16.190 15.132 17.228
P2 2.042 2.008 2.005 2.004 16.130 14.832 17.068
P3 2.045 2.008 2.005 2.004 16.055 14.489 16.872
P4 2.041 2.008 2.005 2.004 16.195 15.112 17.223
P5 2.044 2.008 2.005 2.004 16.138 14.828 17.071
P6 2.047 2.009 2.005 2.004 16.054 14.448 16.851
P7 2.043 2.008 2.005 2.004 16.227 15.101 17.244
P8 2.046 2.009 2.005 2.004 16.165 14.782 17.073
P9 2.049 2.009 2.006 2.004 16.084 14.414 16.859

P10 2.046 2.009 2.005 2.004 16.311 15.105 17.316
P11 2.049 2.010 2.006 2.004 16.244 14.745 17.124
P12 2.053 2.010 2.006 2.005 16.172 14.396 16.922
P13 2.049 2.010 2.006 2.004 16.428 15.120 17.423
P14 2.052 2.010 2.006 2.005 16.375 14.786 17.250
P15 2.056 2.011 2.006 2.005 16.302 14.396 17.031
P16 2.047 2.010 2.006 2.004 15.777 14.507 16.706

The table reveals that each state point’s C value is less than 3, signifying a comfortable
riding quality. Moreover, the C value of Scheme 3 shows the most significant percentage
reduction compared with the control without gust alleviation. The percentage difference
in the relative alleviation of the wing root bending moment without slowing down is not
significant, with Scheme 3 demonstrating the most significant alleviation. If considering
the premise of comfortable ride quality, Scheme 3 is optimal.

Summarizing the above simulation results in Sections 4.3 and 4.4, the considered atmo-
spheric turbulence and discrete gusts can, to some extent, represent the wind disturbance
situations that civil aircraft may encounter during actual flight. Therefore, the simulation
results can serve as a qualitative reference for selecting gust load alleviation schemes. The
results reveal that the three control schemes offer comfortable ride quality, and there is no
significant difference in the percentage reduction in wing root bending moment. Given
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that an increase in control surface will lead to a more complex control law design, thereby
increasing software computation, the synchronous rapid motion of inner flaps, outer flaps,
and ailerons will further complicate the design of actuators on each control surface. Based
on the above considerations, this paper recommends Scheme 1.

4.5. Functions Logic Switching Simulation Test

To observe the logical switching performance of the cruise drag reduction function
and gust load alleviation function, taking state point 1 as an example, set the drag reduction
switch VCWSW to change from 0 to 1 after 10 s of simulation, representing the activation
of the drag reduction function in 10 s. Wind interference is added after 20 s of simulation
and ended after 30 s. The simulation results are shown in Figure 11.

9. 2.049 2.009 2.006 2.004 16.084 14.414 16.859 

10. 2.046 2.009 2.005 2.004 16.311 15.105 17.316 

11. 2.049 2.01 2.006 2.004 16.244 14.745 17.124 

12. 2.053 2.01 2.006 2.005 16.172 14.396 16.922 

13. 2.049 2.01 2.006 2.004 16.428 15.12 17.423 

14. 2.052 2.01 2.006 2.005 16.375 14.786 17.25 

15. 2.056 2.011 2.006 2.005 16.302 14.396 17.031 

16. 2.047 2.01 2.006 2.004 15.777 14.507 16.706 

3.5 逻辑切换仿真
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阻开关 VCW_SW 在仿真 10s 后从 0 变到 1，代表 10s 开启减阻功能；风干扰在仿真 20s 后

加入，30s 时风干扰结束，仿真结果如图 9 所示。
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到 0，同时减阻功能开启，减阻开关 VCW_SW 从 0 变到 1，内、外襟翼、扰流板及副翼按

照最优减阻控制律运动至 1.5°。整体仿真实现了控制律设计的功能切换逻辑。

4.结论
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新一代大型宽体客机机翼变弯度控制系统的设计提供参考，具有一定的工程应用价值。 
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Figure 11. Cruise drag reduction and load reduction logic simulation results. (a) The evolution of
logic switching; (b) The time response curves of the aircraft’s actuators.

From Figure 11, it can be seen that at 10 s, VCWSW = 1, the drag reduction function
is activated, and the inner and outer flaps, spoilers, and ailerons all move according
to the optimal drag reduction control law. After adding wind disturbance at 20 s, the
normal overload is greater than 1.15. At 20.02 s, the gust alleviation function is activated
(the simulation step size is 0.02 s), and the gust load alleviation function switch GLASW
changes from 0 to 1. At the same time, the drag reduction function is turned off, and the
drag reduction switch VCWSW changes from 1 to 0. At 30 s, the wind disturbance is turned
off, but due to the gust alleviation function setting a duration of 30 s, at 50.02 s, the gust
alleviation function is turned off, the load alleviation function switch GLASW changes from
1 to 0, and the drag reduction function is turned on. The drag reduction switch VCWSW
changes from 0 to 1, and the inner and outer flaps, deflectors, and ailerons move to 1.5°
according to the optimal drag reduction control law. The overall simulation achieves the
functional switching logic of the control law design.

5. Conclusions

Combining the current level and maturity of aviation technology development in
China and focusing on the economic, safe, and comfort design requirements of civil air-
craft, this paper developed three gust load alleviation control schemes based on variable
curvature technology. Different control schemes for the flaps, ailerons, and spoilers were
provided, and the benefits of gust load alleviation capability were analyzed. The simulation
results showed that the designed control scheme could achieve the goal of improving the
economic benefits and enhancing passenger riding quality. The findings in this paper can
be employed as a guide for designing the wing variable curvature control system and
making it easier to achieve gust load alleviation in engineering for the new generation of
big wide-body civil aircraft. In addition, this work did not consider the feasibility analysis
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of gust load alleviation under structural elasticity and actuator fault conditions, which will
be a focus of our future research work.
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