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Dynamic stability is signiﬁcantly important for ﬂying quality evaluation and control system design of the advanced aircraft, and it
should be considered in the initial aerodynamic design process. However, most of the conventional aerodynamic optimizations
only focus on static performances and the dynamic motion has never been included. In this study, a new optimization method
considering both dynamic stability and general lift-to-drag ratio performance has been developed. First, the longitudinal
combined dynamic derivative based on the small amplitude oscillation method is calculated. Then, combined with the PSO
(particle swarm optimization) algorithm, a dynamic stability derivative that must not be decreased is added to the constraints of
optimization and the lift-drag ratio is chosen as the optimization objective. Finally, a new aerodynamic optimization method
can be built. We take NACA0012 as an example to validate this method. The results show that the dynamic derivative
calculation method is eﬀective and conventional optimization design can signiﬁcantly improve the lift-drag ratio. However, the
dynamic stability is enormously changed at the same time. By contrast, the new optimization method can improve the lift-drag
performance while maintaining the dynamic stability.

1. Introduction
As one type of the advanced transport systems, highperformance airfoil and aircraft conﬁgurations are increasingly important for the whole design cycle of advanced aircrafts. Therefore, the development of an aerodynamic
optimization method combined with CFD technology, which
can determine the best aerodynamic shape and maximize the
aircraft performance and ﬂight quality under given constraints, can greatly promote aerodynamic design. In recent
years, domestic and foreign research institutions have developed a variety of eﬀective aerodynamic optimization
methods and made great progress. The single-objective and
single-point optimization problem of the optimization
design model has become a multiobjective, multipoint optimization, and multidisciplinary optimization problem [1–
4]. The simple wing surface representation method of the
parametric model has been developed into the spline function method of a complex shape and the free surface defor-

mation method [5–8]. Euler and NS methods have been
developed into surrogate model-based CFD methods. Moreover, optimization search has evolved from gradient-based
and evolutionary methods to current artiﬁcial intelligence
optimization methods. The developments mentioned above
all provide a powerful reference for aerodynamic design.
At present, with the improvement of aircraft performance requirements, the scope of attention of aerodynamic
design extends to a wider area. One is a multidisciplinary
comprehensive design combined with structural stress and
reliability [9–13]. The other is an unsteady aerodynamic
design considering dynamic aerodynamic characteristics.
The combination of the former and optimization becomes
multidisciplinary optimization, which is one of the hot spots
of current research, especially in recent years. Zhu et al. [9]
investigated the integrated aerodynamic thermal structure
design optimization method of lifting surfaces. He combined
the heating transfer and unsteady aerodynamic to present a
coupled optimization process. This excellent study related
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the unsteady aerodynamics to the optimization; however, the
dynamic motion or stability is not considered, which limits
the application of the method. Benaouali [14] developed a
multidisciplinary design optimization framework by considering the aerodynamics and structure characteristics. He
used several commercial software to achieve the calculation
results. This work studies the coupling process between the
diﬀerent analysis tools and provides a practical method for
aircraft design. Li et al. [8] used machine learning techniques
to reduce the abnormality of both initial and inﬁll samples in
aerodynamic performance optimization of the airfoil and
wing; similar work had been proposed by Yan et al. [7]; the
applied the AI method to improve the aerodynamic performance of the aircraft. The new optimization concept with
AI grows fast and leads to various new algorithms. Champasak et al. [15] developed a many-objective optimization problem for an unmanned aerial vehicle (UAV) with 6 objective
functions. This method presented good eﬃciency in aerospace design. Yildiz and Erda [16] proposed a new hybrid
Taguchi salp swarm algorithm (HTSSA) to speed up the optimization processes of structural design problems in the
industry and to approach a global optimum solution; this
work can also be referenced in an aerodynamic design process. Panagant et al. [17] investigated the comparative performance of fourteen new and established multiobjective
metaheuristics when solving truss optimization problems,
which gave us a brief introduction and comparison of the
generally used algorithms. These previous studies indicates
that the various improved optimization algorithms have been
widely used on the aerodynamic design; however, these jobs
only focus on the static aerodynamic performance; the aerodynamic optimization design combined with dynamic characteristics is rare.
The dynamic aerodynamic characteristics of an aircraft
originate from the motion of the aircraft aﬀected by various factors. One of the most important concepts is
dynamic stability [18–24], which refers to the damping
moment during the movement of the aircraft after disturbance and ﬁnally makes the object return to the original
equilibrium state. It studies the time response history of
the disturbed movement of the object. In the linear range,
the dynamic stability can be characterized by dynamic stability derivatives. These derivatives are the derivatives of
unsteady aerodynamic relative motion parameters (q, p, r
_
_ and β),
, α,
which are of great signiﬁcance for the control
system design and quality analysis of aircrafts. In addition,
these dynamic derivatives can now be identiﬁed by the
CFD method.
In this paper, an aerodynamic optimization method considering dynamic stability is proposed and studied. The concept of a dynamic stability derivative is introduced into the
optimization design process. Based on the CFD calculation
method, the dynamic derivative is identiﬁed in real time by
using the small-amplitude forced vibration process, and
combined with the particle swarm optimization (PSO) algorithm, the new optimization method considering both static
and dynamic aerodynamic characteristics can be much more
practical during the aerodynamic design of the advanced
aircraft.
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2. Aerodynamic Optimization Methods
2.1. Regular Optimization Methods. The conventional aerodynamic optimization design is based on the feed-in optimization algorithm. The basic idea is to combine the ﬂow ﬁeld
analysis with the optimization algorithm, take the aerodynamic characteristics as the objective function, such as the
drag or lift-drag ratio, and apply aerodynamic constraints
or geometric constraints to optimize the objective function
directly. The commonly used optimization algorithms
include genetic algorithms, particle swarm optimization,
and neural network algorithms. The example used to illustrate the conventional optimization method in this paper is
the aerodynamic optimization design of the particle swarm
algorithm.
The particle swarm optimization (PSO) algorithm [25]
completes the whole search process by iteration. In each iteration step, the velocity and position update formula of the ith
particle in the population of N in the n-dimensional search
space is as follows:
The particle swarm optimization algorithm simulates
the ﬂight foraging behavior of a bird swarm. The design
variables in the solution space are regarded as a group of
birds without volume and mass (also known as particles),
and the optimal solution of the problem is regarded as the
food sought by the bird swarm. All particles continuously
change their ﬂight direction and distance and guide themselves to adjust the ﬂight state by pbest and gbest , and their
speed and position are updated to tend to the optimal
solution of the problem.




t
t
t
t
t
vt+1
ij = wv ij + c1 r 1 pbest ij − x ij + c2 r 2 gbest ij − xij ,
t
t+1
xt+1
ij = xij + v ij ,

ð1Þ

where x represents the current position of the particle and
v represents the velocity of the particles. w represents the
inertia weight factor, which is one of the important
parameters aﬀecting the performance of the algorithm.
Its size determines how much the particle inherits from
the current velocity. The value range is usually deﬁned
between [0.4, 0.9], and the linear decreasing strategy is
adopted in the evolution process. In addition, learning factors c1 and c2 are used to adjust the step length of particles ﬂying to pbest and gbest , r 1 and r 2 are random
numbers generated between (0, 1), subscripts i and j represent i particles and j dimensions, and superscript t is
an evolutionary generation.




vij ðt + 1Þ = wvij ðt Þ + c1 r1 pij ðt Þ‐xij ðt Þ + c2 r 2 pgj ðt Þ‐xij ðt Þ ,
xij ðt + 1Þ = xij ðt Þ + vij ðt + 1Þ,
ð2Þ
where i = 1, 2, ⋯, N, j = 1, 2, ⋯, n, w represents inertia
weight, c1 and c2 represent cognitive parameters and social
parameters, and r 1 and r 2 represent two completely independent random parameters in (0, 1). The best position
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Figure 1: Traditional pneumatic optimization design process.

update formula for each particle can be expressed as equation (3) as follows:
p i ðt + 1 Þ = x i ðt + 1 Þ,

if f ðxi Þ < f ðpi Þ:

ð3Þ

Therefore, the aerodynamic optimization process based
on the particle swarm optimization algorithm can be
described in Figure 1.
2.2. New Aerodynamic Optimization Method considering
Dynamic Stability. Dynamic stability plays an important role
in the evaluation of aircraft handling and stability characteristics and the design of ﬂight control laws. In the design of
aircrafts, the dynamic stability derivative (dynamic derivative) is usually used to characterize the dynamic stability.
Therefore, the design value of the dynamic derivative should
be reasonable. An increase in the absolute value of the
dynamic derivative leads to an increase in dynamic damping,
which limits the performance of ﬁghters with high maneuverability. However, for conﬁgurations with small dynamic
damping in the longitudinal and lateral-directional directions, such as ﬂying wing vehicles, it is necessary to increase
the absolute value of the dynamic derivative to reduce the
cost of the control system design.
In aerodynamic optimization design, the inﬂuence of
aerodynamic shape change on subsequent handling and stability characteristics and ﬂight control systems is usually not
considered, which will not only result in poor practicability
of optimization results but also does not conform to the current rapid development of aircraft design ideas and concepts.
Thus, we comprehensively consider the static and dynamic
aerodynamic characteristics and establish a more practical
integrated optimization design method.

2.2.1. Numerical Calculation Method of Dynamic Derivative.
Firstly, we take the longitudinal direction as an example to
introduce the method of CFD identiﬁcation of dynamic
derivatives [26, 27]. When the aircraft is forced to make a
small amplitude of harmonic vibration around its center of
gravity, the unsteady aerodynamic forces can be expressed
with the Taylor expansion method. Taking the pitching
moment coeﬃcient as an example, its expansion form can
be expressed as equation (4) as follows:
b ðΔα, ωz Þ,
M z = M z0 + M αz Δα + M αz_ Δα_ + M ωz ωz + M zω_ z ω_ + Δ
ð4Þ
where M αz represents the static derivative of aerodynamic torque, M αz_ represents the ﬁrst-order dynamic derivative of
aerodynamic torque to the angle of attack, M ωz represents
the zero-order dynamic derivative of aerodynamic torque to
the pitching angular velocity, M ωz_ represents the ﬁrst-order
dynamic derivative of aerodynamic torque to the pitching
b represents higher-order derivative
angular velocity, and Δ
terms.
When the rigid vehicle oscillates at a small amplitude
with low frequency ω, its model motion equation can be simpliﬁed as equation (5) as follows:
θ = θ0 sin ðωt Þ,
θ_ = ωθ0 cos ðωt Þ = ωz ,
€θ = −ω2 θ sin ðωt Þ = ω_ ,
0
z
Δα = θ = θ0 sin ðωt Þ,
Δα_ = θ_ = ωθ0 cos ðωt Þ,

ð5Þ
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Figure 2: A new aerodynamic optimization design method considering the inﬂuence of dynamic derivative.

where θ represents an instantaneous elevation angle, θ0 represents the amplitude of the pitch angle variation, and ωz represents the pitching angular velocity.
We expand equation (4), omit the higher harmonic components, substitute into equation (5), and omit the highb Then, equation (6) can be used to
order component Δ.
obtain the same kind of items.




M z = M z0 + M αz − ω2 M ωz_ θ0 sin ωt + M αz_ + M ωz z ωθ0 cos ωt:

ð6Þ
When the unsteady problem is calculated long enough
and you let ωt = 2nπ, the eﬀect of the initial eﬀect will be
erased and the aerodynamic moment reaches a periodic
steady-state value, where equation (6) can be written as equation (7) as follows:
M αz_ + M ωz z =

M ωt=2nπ − M z0
:
ωθ0

ð7Þ

The reduced frequency pair k = ωl/2V ∗ is introduced as a
dimensionless size, where l is the reference length and V ∗ is
the free-ﬂow velocity in the far ﬁeld. Finally, the formula
for calculating the dynamic derivative is equation (8) as follows:
C mα_ + C mq =

CMzωt=2nπ − C Mz0
:
kθ0

ð8Þ

The velocity of the pitching angle q and the change rate of
the angle of attack α_ have the same expression when the free
ﬂow is constant, so the dynamic derivative calculated here is a
combination form. We need more precise calculation
methods if the two are to be calculated separately. In general,

the combined dynamic derivatives can basically meet the
requirements of subsequent ﬂight quality analysis [15].
2.2.2. A New Aerodynamic Optimization Design Method
considering the Inﬂuence of the Dynamic Derivative. Diﬀerent
from the traditional optimization method, when considering
the inﬂuence of the dynamic derivative, each optimization
cycle not only needs to calculate the lift and drag of the static
condition but also needs to further evaluate the dynamic
derivative characteristics of the optimization scheme. Then,
dynamic and static results are combined to determine
whether the best solution is available. Its optimization process is shown in Figure 2.
Similar to the traditional method, the new aerodynamic
optimization method is still set as a single objective, which
takes the dynamic derivative eﬀect as a constraint to join
the optimization model. In the design of the aircraft, the
dynamic derivative is diﬀerent from the resistance characteristics and its value has no obvious limit range. The dynamic
derivative balances the dynamic maneuverability and stability, so the ideal constraint condition is that the dynamic
derivative characteristics of the optimized conﬁguration are
basically consistent with the original conﬁguration. For this
reason, when the dynamic derivative is added to the constraint in this paper, it is expressed as the absolute value that
does not decrease.

3. Calculation and Validation
3.1. Veriﬁcation of the Dynamic Derivative Calculation
Method. The model used to verify the dynamic derivative calculation method in this paper is the international standard
model basic Finner missile [28], and its basic shape is shown
in Figure 3. The structured grids were generated using the
ANSYS ICEM CFD code. The grid height of the ﬁrst layer
of the boundary layer is approximately y + ≈1:1, and the
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Figure 3: Finner missile conﬁguration.
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growth rate is 1.1. The total grid number is 5 million. Figure 4
shows the simulating mesh of the model.
We calculated the longitudinal combined dynamic derivatives of the model at supersonic speed. The Mach number is
Ma = 1:58, and the model performs unsteady motion around
the center of gravity (Xcg = 5d) during the calculation. The
initial angel of attack is α0 = 0∘ , the vibration law is α = α0
+ αm sin ðωtÞ = 0° + 1° sin ð17tÞ, and the reduction frequency is k = ωd/2V ∗ = 0:0158226, which means the diameter d is the reference length of the missile.
To realize the movement of the object surface, this
paper adopts rigid dynamic grid technology, which makes
the whole grid perform a rigid movement. Compared with
previous mesh deformation and unstructured mesh reconstruction methods, this method is simpler in form and
more practical for single-degree-of-freedom smallamplitude vibration. To accurately capture the dynamic
aerodynamic performance, we use the k − ω SST model
to solve the unsteady RANS equations. This turbulence
model has good adaptability on various static and dynamic
cases of aircraft in small and medium angles of attack.
Further dynamic calculations in this paper also use the
same method.
The hysteresis loop of the unsteady pitching moment
coeﬃcient calculated by the small amplitude forced sinusoidal vibration method in this paper is shown in Figure 5.
According to the calculation method in this paper, the
longitudinal combined dynamic derivatives can be calculated
as shown in Table 1.
The dynamic derivative test results in reference [10] are
−506, and the error is 3.62%. Thus, the calculation method
of the dynamic derivative in this paper is relatively
accurate.

0

–0.5

–1

–0.5

0

0.5

1

𝛼 (°)

Figure 5: Hysteresis loop of pitching moment coeﬃcient.

Table 1: Longitudinal combined dynamic derivative.
Initial angle of attack α0
(degree)
0

C M z0

C M zωt=2nπ

0.004852 −0.136386

C mα_ + C mq
−511.48

3.2. Conventional Airfoil Optimization. The optimization
design model includes three elements: objective function,
constraint conditions, and design variables. For the conventional aerodynamic optimization design of an airfoil, after
the design point is generally determined, the aerodynamic
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Figure 6: Geometric shape after conventional optimization.
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Figure 7: Pressure coeﬃcient distribution of airfoil after
conventional optimization.

coeﬃcient that represents the lift-to-drag is selected as the
objective function, the thickness is taken as constraints, and
the geometric shape of the airfoil is taken as the design
variable.
In this paper, the PSO algorithm is used to optimize the
aerodynamic performance of the NACA0012 airfoil. The
parameterization of the airfoil adopts the CST method [11].
Seven design variables are selected for each upper and lower
wing surface to determine the airfoil.
The Mach number is Ma = 0:6. The Reynolds number
based on the chord length Recref = 4:80 × 106 . The singleobjective optimization design of the airfoil is carried out.
The optimization objective is the lift-to-drag ratio of the airfoil, and the constraint conditions are the maximum thickness of the airfoil (t) and its lift (Cl ) and drag (C d )
coeﬃcients.

max f =

Cl
,
Cd

g1 ðxÞ = C l ≥ Cl0 ,

ð9Þ

s:t: g2 ðxÞ = t max ≥ t 0 ,
g3 ðxÞ = C d ≤ C d0 :
The results of the optimization design are presented in
Figures 6 and 7 and Table 2.
Table 2 shows that the lift-to-drag ratio of the conventional optimized airfoil is greatly improved compared with
that of the original airfoil, and the lift-to-drag ratio increases
by 54.8%. The dynamic derivative of the original airfoil is
−2.11, indicating that the original airfoil has good dynamic
stability at this design point. However, the dynamic derivative of the airfoil after conventional optimization has been
countersigned, showing dynamic instability. This result is
unfavorable for the optimization of the overall aerodynamic
characteristics of the aircraft. Therefore, it is necessary to further consider the constraint of the dynamic derivative to
improve the optimization.
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Figure 9: Pressure coeﬃcient distribution of airfoil after
conventional optimization.
Table 3: Comparison of optimization results.
Parameter

Original
airfoil

Conventional
optimization

Considering dynamic
derivative optimization

Cl

0.406184

0.6082

0.45586

Cd

0.012404

0.012

0.011

Lift-todrag ratio
C mα_ + C mq

32.74

50.68

41.44

−2.11

16.32

−2.38

t

12%c

12.6%c

14.5%

s:t:

(1) Dynamic stability plays an important role in the
dynamic performance of aircrafts. The calculation
method based on small amplitude forced vibration
in this paper has high accuracy in calculating the longitudinal dynamic stability derivative. In addition,
this method can be extended to the calculation of
the dynamic derivative of the lateral direction
(2) Conventional optimization methods can greatly
improve the lift and drag characteristics of the
NACA0012 airfoil. However, few constraints lead to
dramatic changes in the dynamic characteristics of
optimized airfoils. The dynamic stability is enormously changed at the same time
(3) The optimization design considering the inﬂuence of
dynamic stability fully considers the constraint of the
dynamic derivative, which can improve the lift-drag
performance while maintaining dynamic stability

Cl
,
Cd

g1 ðxÞ = C l ≥ Cl0 ,

 

 mq0 ,
 mq  ≥ C
g2 ðxÞ = C

4. Conclusions
In this study, the PSO algorithm is used for the conventional
optimization of a two-dimensional airfoil and the optimization calculation considering the dynamic stability characteristics. The conclusions are as follows:

3.3. Airfoil Optimization considering the Dynamic Derivative.
Conventional airfoil optimization design does not consider
the dynamic characteristics of airfoils. In this section, the
dynamic derivative of the airfoil in the optimization is calculated in real time using the above dynamic derivative calculation method. The value is introduced into the optimization
design of the airfoil as a constraint, and the absolute value
 mq = Cmα_ + Cmq ) is kept
of the dynamic derivative (C
unchanged, while the other constraints remain unchanged.
The design objectives and constraints are as follows:
max f =

optimization results are shown in Figures 8 and 9. The liftdrag coeﬃcient and dynamic derivative are shown in Table 3.
Table 3 shows the comparison of the optimization results
after considering the dynamic derivative with the original
airfoil and the conventional optimization results. After considering the dynamic stability constraint, the lift-drag ratio
increases by 26.6% compared with the original airfoil, which
is approximately half of the increase eﬀect of the conventional optimization lift-drag ratio. By comparing the results
of the dynamic derivative, it can be seen that the optimization
of the dynamic derivative can better maintain the longitudinal dynamic stability of the airfoil. This method considering
both dynamic stability and lift-drag performance is more
practical for the design of the aerodynamic performance of
the aircraft.
The new optimization method considers both the static
and dynamic aerodynamic performances of the airfoil; thus,
it should calculate the unsteady aerodynamics of the dynamic
motion in every iteration. The time-cost can be much more
higher than the original optimization. In this study, a convergent conventional optimization costs only 10 hours, while the
new optimization using the same algorithm needs more than
80 hours. Therefore, how to reduce the time cost of the
unsteady optimization should be further investigated.

ð10Þ

g3 ðxÞ = t max ≥ t 0 ,
g4 ðxÞ = Cd ≤ C d0 :

The geometric and pressure distributions of the ﬁnal

The new optimization method developed by combining
the dynamic stability analysis process can improve the static
and dynamic performances of an aircraft, which has strong
practicability in advanced aircraft design.

Data Availability
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