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The classical aerodynamic derivative model is widely used in flight dynamics, but its application is extremely limited in cases with
complicated nonlinear flows, especially at high angles of attack. A modified nonlinear aerodynamic derivative model for
predicting unsteady aerodynamic forces and moments at a high angle of attack is developed in this study. We first extend the
higher-order terms to describe the nonlinear characteristics and then introduce three more influence parameters, the initial
angle of attack, the reduced frequency, and the oscillation amplitude, to correct the constant aerodynamic derivative terms that
have higher-order polynomials for these values. The improved nonlinear aerodynamic derivative model was validated by using
the NACA 0015 airfoil and the F-18 model. The results show that the improved model has a higher prediction ability at high
angles of attack and has the ability to predict the aerodynamic characteristics of other unknown states based on known
unsteady aerodynamic data, such as the initial angle of attack, reduced frequency, and oscillation amplitude.

1. Introduction

The unsteady aerodynamic characteristic requirements at
high angles of attack for the next generation aircraft are
increasing quickly, and the complicated unsteady aerody-
namics caused by dynamic motion at high angles of attack
has become one of the current research hotspots [1, 2]. At
this time, the unsteady aerodynamic force is highly nonlin-
ear, and the whole dynamic flow field is accompanied by
complex vortex motion, evolution, and mutual interference,
thus forming a complex nonlinear system [3, 4]. To obtain
the detailed changes in the aerodynamic forces within this
dynamic process, large-scale CFD simulations and wind
tunnel tests should be utilized [5, 6]. However, the large
costs of both CFD and experiments seriously restrict the
process of modern aircraft design. Therefore, more attention
has been given on how to obtain acceptable aerodynamic
data through limited calculations or tests and establish a
relatively accurate mathematical model to predict the aero-
dynamic characteristics of the dynamic motion at high
angles of attack, that is, unsteady aerodynamic modeling
[7, 8]. The commonly used unsteady aerodynamic modeling

methods can be divided into two categories. One is the tradi-
tional method based on the characteristics of the flow field,
such as aerodynamic derivative models [9, 10], state space
models [1, 11], differential equation models [12, 13], and
integrated models [14–17]. These models are developed
based on the physical mechanisms of the flow field around
the aircraft, and different models have different characteriza-
tion abilities. The integrated model is built by dividing the
dynamic motion into infinite step motions, and it is a math-
ematically complete model. However, this model is difficult
to identify. The other models can be considered special
forms of the integrated model and show strong prediction
and modeling ability in aerodynamic performance evalua-
tion. The other method is based on modern models that
use intelligent algorithms for prediction, such as fuzzy logic
models [18–21]. The traditional method is simple and can
characterize the flow field characteristics more or less, but
parameter identification is difficult and the universality is
poor. Intelligent algorithms ignore the specific relationship
between the input and output, and they use AI algorithms
to build implicit relations. It seems that AI models are of lit-
tle help in understanding flow field characteristics. However,
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they are still a focus due to their good applicability to both 2-D
and 3-D configurations and subsonic and supersonic cases.
Currently, both conventional and modern intelligent methods
are undergoing constant development and improvement.

Among the conventional methods, the most widely
used is the aerodynamic derivative model. As early as
1911, this model emerged alongside the advent of aviation
technology. In this model, it is assumed that the aerody-
namic forces can be expressed as a function of a series of
variables of the aircraft. Thus, by using a Taylor series
expansion, an aerodynamic derivative model is built and
developed. As the cross terms among the longitudinal and
lateral forces and moments in the model are ignored, the
flight dynamics can be decoupled and simplified. Moreover,
the static and dynamic stability criteria in classical flight
dynamics are directly determined by the various aerody-
namic derivatives [9]. It can be considered that the aerody-
namic derivative model determines the basis of traditional
flight mechanics research.

The aerodynamic derivative model is based on a linear
system, so the aerodynamic expression of unsteady dynamic
motion at low angles of attack is more accurate, and it is
not suitable for nonlinear situations with high angles of
attack [10]. However, this model is still worth attention
because of its simple form and easy coupling with flight
quality analysis.

This paper studies the traditional aerodynamic deriva-
tive model, deeply analyzes the shortcomings of the original
model in the prediction of dynamic aerodynamic character-
istics at high angles of attack, improves its expression ability
at high angles of attack, and expands its angles of attack
application range. Finally, the improved model is verified
and analyzed by using the dynamic motion of the NACA
0015 airfoil in different cases.

2. Classical Aerodynamic Derivative Model

Taking the longitudinal motion as an example, the classical
aerodynamic derivative model [9] can be described by

Cm = Cm0 + Cmα ⋅ Δα + Cm _α ⋅ Δ _α + Cmq ⋅ q + Δ: ð1Þ

The above formula ignores the influence of the rudder
surface and only expands the pitch moment coefficient as a
function of the angle of attack and pitching angular velocity,
where Cma and Cm _a are the static derivative and acceleration
derivative, respectively, and Cmq denotes the damping
derivative.

Equation (1) is usually written in a dimensionless form:

Cm = Cm0 + Cmα ⋅ Δα + Cm _α ⋅
Δ _αc
2V + Cmq ⋅

qc
2V + Δ: ð2Þ

When the velocity of the free stream remains unchanged,
the rate change of the angle of attack is consistent with the
expression of the pitch angular velocity; therefore,

Cm = Cm0 + Cmα ⋅ Δα + Cm _α + Cmq

� �
⋅
qc
2V + Δ: ð3Þ

Omitting the higher-order term, the commonly used
aerodynamic derivative model can be obtained:

Cm = Cm0 + Cmα ⋅ Δα + �Cmq ⋅
qc
2V ,

�Cmq = Cm _α + Cmq:

ð4Þ

The aerodynamic derivative model takes the static and
dynamic derivatives as constant values, so the aerodynamic
force caused by a given motion can be predicted only by
knowing the motion form and the initial aerodynamic force
value. The premise of the model is small disturbances, and
the flow field characteristics are basically linear. If the
maneuvering flight of the aircraft produces some strong
time-dependent flows at high angles of attack, the model is
no longer applicable.

3. Classical Aerodynamic Derivative
Model Validation

3.1. Simulation Model of the NACA 0015 Airfoil. Taking the
two-dimensional NACA 0015 airfoil with medium thickness
as the object, the unsteady pitch oscillation at low and high
angles of attack is numerically simulated to investigate the
aerodynamic prediction ability of the original aerodynamic
derivative model. The overview of the mesh is shown in
Figure 1. The first layer (boundary layer) grid keeps the
parameter y + ≈1:1 to satisfy the requirement of viscous
effect simulation. The Mach number is 0.2 (H = 0). Rigid
dynamic mesh technology is used to describe the unsteady
motion of the airfoil. As all mesh nodes move with the same
form, the mesh will not be deformed, and the computation
can be more accurate and effective. The statically calculated
lift coefficient is shown in Figure 2. When the angle of attack
of the airfoil is approximately 17.5°, the lift coefficient
reaches the maximum. At this time, the corresponding flow
field shows that a small separation zone is generated at the
trailing edge. As the angle of attack increases, the separation
zone expands and moves toward the leading edge of the air-
foil. Then, the airfoil begins to stall. Please note that the
NACA 0015 airfoil is a relatively thick airfoil; therefore,
the stall begins from the trailing edge. For other airfoils,
the flow separation can be different. However, these factors
have no influence on the aerodynamic models.

3.2. Unsteady Aerodynamic Prediction at Small Angles of
Attack. The aerodynamic derivative model is used to predict
the unsteady aerodynamic force at small angles of attack.
First, we need to find each derivative in the model. In this
paper, the derivative model with an initial angle of attack
of 0° is used to predict the aerodynamic force at an initial
angle of attack of 4°. This is done because we determine that
the flow characteristics between the two cases are nearly the
same and the aerodynamic parameters can also be consid-
ered the same with each other, and then the two cases can
be presented with the same aerodynamic derivative model.
The movement mode of forced oscillation is
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α = α0 + Δα = α0 + αm sin ωtð Þ, ð5Þ

where αm is the oscillation amplitude and the reduced fre-
quency of k is defined as ωc/2V . The oscillation amplitude
and frequency values are 1 and 0.08, respectively.

The comparisons of the lift and pitch moment coeffi-
cients predicted by the aerodynamic derivative model and
CFD calculation are shown in Figure 3. The comparison
showed that there is good agreement between the predic-
tions and the CFD calculations at low angles of attack, which
indicates that the aerodynamic derivative model can accu-
rately predict the unsteady aerodynamic force of a given
motion at a low angle of attack and small amplitude oscilla-
tion. Note also that the values of the static and dynamic
derivatives at α = 0° can still be used at α = 4°, which further

shows that the aerodynamic derivatives have little change in
the linear range of low angles of attack. This is also an
important reason for the convenient application of the aero-
dynamic derivative model.

3.3. Unsteady Aerodynamic Prediction at High Angles of
Attack. When the initial angle of attack is increased to α =
20°, the airfoil under static conditions has entered the stall
state, and the small amplitude pitching oscillation is still car-
ried out at this angle of attack. The lift and pitch moment
coefficients predicted by using the aerodynamic derivative
model are shown in Figure 4. According to the calculated
values, the hysteresis surrounding the direction changes
from counterclockwise to clockwise, indicating that the flow
field has become divergent. However, the prediction result of
the aerodynamic derivative model is still counterclockwise,
which shows that the model is no longer applicable.

It is concluded that for unsteady motion whose initial
angle of attack is below the medium, the flow field in the
whole process is basically linear or weakly nonlinear, and
the nature of the flow field does not change. Therefore, the
aerodynamic derivative could accurately predict the aerody-
namic changes. However, when the initial angle of attack
increases to the point where the flow field has strong separa-
tion or stall characteristics, the flow field is strongly nonlin-
ear, and the applicability of the aerodynamic derivative
model becomes poor or even cannot be used.

4. Improved Nonlinear Aerodynamic
Derivative Model

4.1. Nonlinear Correction 1: Expanding Higher-Order Terms.
In the original aerodynamic derivative model, the high-order
derivative terms, such as Cm _q, Cm€α, Cm _q,⋯, are ignored.
According to the Taylor expansion principle, the higher
the order of expansion, the closer it can approach the origi-
nal function. Therefore, a new nonlinear model is estab-
lished considering these high-order terms [10]. Since the
incoming flow velocity is constant, there is a relationship
between the pitch angular velocity and the change rate of
the angle of attack:

_α = q,
€α = _q,
  α⃛ = €q,
⋯

ð6Þ

The aerodynamic derivatives Cm0, Cmα, Cm _α,⋯, Cmq,
Cm _q,⋯ in the model are expressed by C1, C2, C3,⋯, so the
original aerodynamic derivative model can be written as

Ci = C1 + C2α + C3 _α + Δ: ð7Þ

The second-, third-, and fourth-order higher-order
terms are considered

Figure 1: The computed mesh.
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Figure 2: The statically calculated lift coefficient.
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Figure 3: Comparison between the calculated value of unsteady oscillation aerodynamic force and the predicted value of the model at the
initial angle of attack of α = 4°.
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Figure 4: Comparison between the calculated value of unsteady oscillation aerodynamic force and the predicted value of the model at the
initial angle of attack of 20°.
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Ci = C0 + C1α + C2α
2 + C3 _α + C4 _αj j + C5α _α + C6α _αj j

+ C7 _αj jα + C8 _α
2,

Ci = C0 + C1α + C2α
2 + C3 _α + C4 _αj j + C5α _α + C6α _αj j

+ C7 _αj j _α + C8 _α
2 + C9α

3 + C10 _αα
2 + C11 _αj jα2

+ C12 _α
2α + C13 _αj j _αα + C14 _αj j _α2 + C15 _α

3,

Ci = C0 + C1α + C2α
2 + C3 _α + C4 _αj j + C5α _α + C6α _αj j

+ C7 _αj j _α + C8 _α
2 + C9α

3 + C10 _αα
2 + C11 _αj jα2

+ C12 _α
2α + C13 _αj j _αα + C14 _αj j _α2 + C15 _α

3 + C16α
4

+ C17 _αα
3 + C18 _αj jα3 + C19 _αj j _αα2 + C20 _α

2α2

+ C21 _α
3α + C22 _αj j3α + C23 _αj j _α3 + C24 _α

4:

ð8Þ

4.2. Nonlinear Correction 2: Nonlinear Correction of
Aerodynamic Derivatives by Adding More Motion
Parameters. According to the forced oscillation wind tunnel
test, the aerodynamic derivative is closely related to the
oscillation frequency, amplitude, and initial angle of attack
at high angles of attack. Figure 5 shows the change in the

longitudinal aerodynamic derivative of a canard layout air-
craft with initial angle of attack, reduced frequency, and
oscillation amplitude [22]. The value of the aerodynamic
derivative is no longer constant in a certain range, with
changes in the reduced frequency, oscillation amplitude,
and initial angle of attack at high angles of attack. This is
essentially different from the traditional aerodynamic deriv-
ative model, which represents the change in damping char-
acteristics caused by the change in flow field properties.

Figure 5(a) shows that within a certain angle of attack, the
aerodynamic derivative can be considered a constant value,
but once the angle of attack exceeds the critical range, the
dynamic derivative value clearly fluctuates, which indicates
that the aerodynamic derivative term should be a function
of the initial angle of attack. The reduced frequency repre-
sents the speed of the unsteady motion to some extent
(Figure 5(b)). From the angle of high angles of attack, it also
determines the hysteresis between the change in a vortex sys-
tem structure and unsteady motion. If it is reflected in the
large initial angle of attack, this effect is more clear.
Figure 5(c) shows the influence of the oscillation amplitude
on static and dynamic derivatives. The amplitude determines
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Figure 5: Static and dynamic and derivatives variation with different parameters of the HBS model.
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the range of the maximum and minimum angles of attack of
unsteady motion and determines the flow pattern of the air-
craft in unsteady motion. In the unsteady motion with high
angles of attack and large amplitude, the more flow patterns
that are crossed, the stronger the nonlinear characteristics.

Based on the expansion of the higher-order term in the
previous section, the aerodynamic coefficient of the model
is expressed as a function of the initial angle of attack α0,
the reduced frequency k, and the oscillation amplitude αm.
Using the existing data for analysis, the functional relation-
ship between the angle of attack, reduced frequency, or oscil-
lation amplitude and the static and dynamic derivatives can
be described by cubic polynomials. In addition, some
unsteady motions that are not harmonic vibrations can also
be expressed as the relationship between the equivalent
amplitude, reduced frequency, and aerodynamic derivative.
There are two main reasons for choosing cubic polynomials.
On the one hand, they have good universality; on the other
hand, they are stable and have good fitting accuracy.

Referring to the above analysis, the functional relation-
ship between the aerodynamic derivative terms and the
angle of attack, reduced frequency, and oscillation amplitude
should be written as

Ci = ai0 + ai1k + ai2k
2 + ai3k

3 + bi0 + bi1αm + bi2αm
2

+ bi3αm
3 + ci0 + ci1α + ci2α

2 + ci3c
3:

ð9Þ

Clearly, too many undetermined parameters are intro-
duced, which increases the cost of subsequent modeling
process identification, so it needs to be simplified. Consider-
ing the relationship between reduced frequency, oscillation
amplitude, and angle of attack,

k = ωc
2V ,

_α = αmω cos ωtð Þ,
�_α = αmω cos ωtð Þc

2V = kαm cos ωtð Þ:

ð10Þ

Therefore, the reduced frequency and oscillation ampli-
tude can be combined as one, and the simplified functional
relationship can be written as

Ci α0, k, αmð Þ = ai0 + ai1 kαmð Þ3 + ai2 kαmð Þ2α0 + ai3 kαmð Þα20 + ai4α
3
0:

ð11Þ

Then, the corresponding second-, third-, and fourth-
order models can be improved to

(1) The second-order model:

Ci = C0 + C1 α0, k, αmð Þα + C2 α0, k, αmð Þα2 + C3 α0, k, αmð Þ _α
+ C4 α0, k, αmð Þ _αj j + C5 α0, k, αmð Þα _α + C6 α0, k, αmð Þα _αj j
+ C7 α0, k, αmð Þ _αj jα + C8 α0, k, αmð Þ _α2:

ð12Þ

(2) The third-order model:
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Figure 6: Predictions of the second-order model (k = 0:06).
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Figure 7: Predictions of the third-order model (k = 0:06).
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Ci = C0 + C1 α0, k, αmð Þα + C2 α0, k, αmð Þα2 + C3 α0, k, αmð Þ _α
+ C4 α0, k, αmð Þ _αj j + C5 α0, k, αmð Þα _α
+ C6 α0, k, αmð Þα _αj j + C7 α0, k, αmð Þ _αj j _α
+ C8 α0, k, αmð Þ _α2 + C9 α0, k, αmð Þα3
+ C10 α0, k, αmð Þ _αα2 + C11 α0, k, αmð Þ _αj jα2
+ C12 α0, k, αmð Þ _α2α + C13 α0, k, αmð Þ _αj j _αα
+ C14 α0, k, αmð Þ _αj j _α2 + C15 α0, k, αmð Þ _α3:

ð13Þ

(3) The fourth-order model:

Ci = C0 + C1 α0, k, αmð Þα + C2 α0, k, αmð Þα2 + C3 α0, k, αmð Þ _α
+ C4 α0, k, αmð Þ _αj j + C5 α0, k, αmð Þα _α + C6 α0, k, αmð Þα _αj j
+ C7 α0, k, αmð Þ _αj j _α + C8 α0, k, αmð Þ _α2 + C9 α0, k, αmð Þα3
+ C10 α0, k, αmð Þ _αα2 + C11 α0, k, αmð Þ _αj jα2
+ C12 α0, k, αmð Þ _α2α + C13 α0, k, αmð Þ _αj j _αα
+ C14 α0, k, αmð Þ _αj j _α2 + C15 α0, k, αmð Þ _α3
+ C16 α0, k, αmð Þα4 + C17 α0, k, αmð Þ _αα3
+ C18 α0, k, αmð Þ _αj jα3 + C19 α0, k, αmð Þ _αj j _αα2
+ C20 α0, k, αmð Þ _α2α2 + C21 α0, k, αmð Þ _α3α
+ C22 α0, k, αmð Þ _αj j3α + C23 α0, k, αmð Þ _αj j _α3
+ C24 α0, k, αmð Þ _α4:

ð14Þ

With the introduction of the new functional relation-
ship, the aerodynamic coefficient becomes a function related

to the aerodynamic parameters, which can represent the
possible nonlinear relationship to a certain extent. Because
there are many undetermined parameters, the optimization
algorithm can be used to identify them.

4.3. Parameter Identification. The undetermined parameters
in the model are ai0, ai1, ai2, ai3,⋯ Various optimization
algorithms can be used for parameter identification. This
paper uses the particle swarm optimization (PSO) algorithm
[23] to optimize the cumulative error between the predicted
value and reference value of the target bit model.
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Figure 11: Predictions of the fourth-order model α0 = 12°.
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Note that the time range of unsteady motion is 0 < t < T .
The corresponding instantaneous angle of attack and its rate
of change are αðtÞ, _αðtÞ. CFD calculations are Ĉiðt jÞ ðj = 1,
2,⋯,nÞ. The predicted value of the model is Ciðt jÞ ðj = 1, 2,
⋯,nÞ. Then, the overall prediction error is

ε = 〠
l

j=1
Ci t j
� �

− C∧i t j
� �� �2

: ð15Þ

5. Validation Analysis of Improved Model

5.1. Validation of Models with Different Expansion Orders.
The large amplitude oscillation of the NACA 0015 airfoil is
used to test the prediction ability of the above models. The
calculation conditions are the same as those above. The ini-
tial angle of attack is 9°, and the amplitude is 10°. First, the
modified models with different expansion times are verified.
The reduced frequency is k = 0:06, and the comparison
between the unsteady aerodynamic forces predicted by the
second-, third-, and fourth-order models and the CFD cal-
culations is shown in Figures 6–8. It can be seen that with
the increase of the expansion times, the prediction accuracy
of the improved model also improved, but the cost of
parameter identification is also greater, so the expansion
times should not be too high. According to the results of this
paper, the prediction accuracy of the fourth-order model
basically meets the requirements.

5.2. Aerodynamic Modeling at Different Reduced Frequencies.
The improved model takes into account the influence of the
reduced frequency on the aerodynamic derivative, so the
unsteady aerodynamic forces at other reduced frequencies
can be predicted according to the existing reduced frequency
aerodynamic data. The unsteady aerodynamic force at a

reduced frequency of k = 0:04 is predicted by using the
fourth-order model based on the aerodynamic data of k =
0:02, 0:06, 0:08. The predictions of the lift and pitch moment
coefficients are shown in Figure 9. The results show that the
predicted values are in good agreement with the CFD calcu-
lations, which proves the prediction ability of the new model
for aerodynamic forces at different reduction frequencies.
Because the flow field characteristics of the selected reduced
frequency are similar, it is better to predict the unsteady
aerodynamic force at another reduced frequency through
several reduced frequencies. Note also that the more sample
points sampled, the more accurate the model is, and the
more accurate the prediction of the unsteady aerodynamic
force is.

5.3. Aerodynamic Modeling at Different Amplitudes. The
improved model is used to predict unsteady aerodynamic
forces at different amplitudes. The unsteady aerodynamic
force at an amplitude of αm = 12° is predicted by using the
aerodynamic data of αm = 10°, αm = 14°, and αm = 15°.
Figure 10 shows that the nonlinear characteristics of the
aerodynamic force are more clear when the amplitude is
12°. At this time, the prediction accuracy of the fourth model
is relatively high, but the prediction effect in local areas still
needs to be improved.

5.4. Aerodynamic Modeling at Different Initial Angles of
Attack. The improved model is used to predict the unsteady
aerodynamic forces at different initial angles of attack. The
lift and pitch moment coefficients of the unsteady pitching
vibration at the initial angle of attack of α0 = 12° are pre-
dicted by using the aerodynamic data of α0 = 9°, α0 = 15°,
and α0 = 18°. The results in Figure 11 show that the nonlin-
earity of the unsteady aerodynamic force is significantly
enhanced at an initial angle of attack of α0 = 12°. and the
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Figure 13: Comparison between the predicted results and wind tunnel data.
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prediction accuracy of the quad model is still high. In addi-
tion, the predicted flow field characteristics are within the
range of the modeled sample data, so the improved model
can obtain relatively ideal results. That is, from the perspec-
tive of “interpolation” prediction, the improved model has a
better effect.

Compared with the original model, this model takes into
account more flow field influence parameters. Although the
model is modified in the form of simple harmonic vibration,
the general motion can also be transformed into the equiva-
lent harmonic form. Therefore, the parameters of the
improved nonlinear model are generalized.

5.5. Aerodynamic Modeling Validation of the F-18 Model. To
further validate the new nonlinear aerodynamic model, the
wind tunnel results of the F-18 model (Figure 12) were used
to construct the numerical test. Dynamic data at a high angle
of attack are obtained from the NASA Langley Research
Center [1]. All the experiments are proposed with a flow
speed of V = 72m/s, and the relative Reynolds number is
Re = 0:4 × 106. The dynamic cases of different reduced fre-
quencies (k = 0:0558, k = 0:0782, and k = 0:0116) are used
to identify the nonlinear model and further predict the
unsteady aerodynamic moments in the case of k = 0:0892.
Figure 13 shows that the predicted results are uniform with
the wind tunnel data, which indicates that the new model
is effective and can be applied to various configurations.

6. Conclusions

To improve the nonlinear aerodynamic modeling ability at a
high angle of attack, this study developed an extended non-
linear aerodynamic derivative model by expanding the
higher-order terms and adding three more motion parame-
ters to correct the constant expression of the coefficient
terms in the classical model. Some conclusions can be
drawn:

(1) When the dynamic flow field is linear or weakly non-
linear, the original aerodynamic derivative model
can accurately predict the unsteady aerodynamic
force, and the assumption of a constant aerodynamic
derivative is applicable

(2) When the flow field is highly nonlinear, the simple
original model cannot describe this change, and the
predicted aerodynamic force is completely inconsis-
tent with the reference value

(3) When the higher-order terms are expanded and the
aerodynamic derivative is nonlinearly modified, the
prediction ability of the newly established aerody-
namic derivative model at high angles of attack is
greatly improved. Additionally, the higher the
expansion order is, the more accurate the prediction
of the aerodynamic forces at high angles of attack. At
the same time, the new model can predict the
unsteady aerodynamic forces under other operating
conditions using the existing aerodynamic data of

the initial angle of attack, reduced frequency, or
oscillation amplitude

In conclusion, the aerodynamic derivative model can
still play a role in the analysis of the unsteady dynamic aero-
dynamic characteristics at high angles of attack after modifi-
cation and improvement. Moreover, if more nonlinear
influencing factors of high angles of attack can be extracted
and the aerodynamic derivative model can be improved,
the application scope and prediction ability of the model at
high angles of attack will be further improved. Note that
the model can also be extended to the aerodynamic predic-
tion in the lateral direction.
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