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The extension of flight envelope to high angles
of attack has been a key requirement for mod-
ern aircrafts. Advanced combat aircrafts should
be provided with super maneuver performance to
improve operational effectiveness. In this case,
the incidence of aircraft could be very large, even
reaching post stall angles. The aerodynamics show
strong nonlinear and unsteady characteristics in
the flight of high incidence, which are caused by
complex flow structures such as attached flow sep-
aration and vortex burst [1]. The unsteady aero-
dynamic modeling at high incidences is helpful to
control law design and flight simulation which has
great practical significance. With its progress over
two decades, unsteady aerodynamic models can
mainly sum up as four types which are indicial
response, state-space, differential equation and ar-
tificial intelligence model. In [2], an exponential
function was utlized to simplify the indicial re-
sponse model to identify unsteady aerodynamics of
the F-16XL aircraft. In [3], the state-space model
was improved and applied to characterizing un-
steady aerodynamics of a generic jet transport at
high incidences. In [4], a first order differential
equation was proposed to portray the separated
flow dynamics directly in stead of internal state
variables which are difficult to identify. Artificial
intelligence technologies have received great atten-

tions in recent years. Neural network [5] and sup-
port vector machine [6] have been applied to the
unsteady aerodynamic modeling successfully.

This article focuses on the mathematical mod-
eling of longitudinal unsteady aerodynamics at a
wide range of high incidences, taking into consid-
eration an advanced combat aircraft configuration
with two lifting surfaces of wing and horizontal
tail. Two first order linear differential equations
are applied to describe the unsteady effects on the
wing, and the dynamic process of downwash an-
gles induced by the wing which has influences on
the aerodynamic response of horizontal tail, re-
spectively. Model parameters are estimated from
the aerodynamic data of static and large amplitude
pitching forced oscillation tests conducted in a low
speed wind tunnel, using the maximum likelihood
method. The results demonstrate the validity of
the proposed model.

Longitudinal aerodynamic modeling. In this ar-
ticle, the aerodynamic response is divided into a
steady term with attached flow contribution, a
quasi-steady term with pure rotation and inci-
dence acceleration contribution, and an unsteady
term with dynamic flow contribution. Thus, the
longitudinal aerodynamic model can be described
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as follows:

Ci=Ciatt(∞, α)+Ciq(∞, α)
c̄α̇

2V
+Cidyn(t, α) , (1)

where i = N,m for which N represents the nor-
mal force and m stands for the pitching moment.
c̄ is the mean aerodynamic chord and V is the
wind speed. The symbol ∞ indicates the steady
state. Thus, the steady term Ciatt (∞, α) and
quasi-steady term Ciq (∞, α) are only dependent
on angles of attack. They can be modeled in the
form of high order polynomials about incidences
and fourth order is applicable in practice. How-
ever, the unsteady term Cidyn (t, α) is related to
the motion time histories t and it is crucial for
the longitudinal unsteady aerodynamic modeling.
Considering the wing and horizontal tail combina-
tion of the specific combat aircraft configuration,
the unsteady term consists of the wing and hori-
zontal tail contributions along with their interac-
tions. In this article, the effective angle of attack
for the horizontal tail, which is dependent on the
downwash angle and horizontal tail arm, is intro-
duced to describe the wing effects on horizontal
tail. Besides, it is assumed that the horizontal
tail dose not affect the aerodynamic response of
the wing. So the unsteady term can be divided
into two parts, the wing contribution and the hor-
izontal tail contribution which is dependent on the
effective angle. It has the form as follows:

Cidyn (t, α) = CW
idyn (t, α) + CT

idyn (t, αt) , (2)

where CW
idyn (t, α) represents the wing contribution

to unsteady aerodynamics and CT
idyn (t, αt) stands

for the horizontal tail contribution. αt means the
effective angle of attack for the horizontal tail and
it can be expressed as follows:

αt = α− αd − ε (t, α) , (3)

where αd = lt

V
α̇ is the dynamic angle of attack

associated with the horizontal tail arm lt. ε (t, α)
represents the downwash angle at time t and its
dynamic process can be described by a first order
differential equation as follows:

τε (α) ε̇ (t, α) + ε (t, α) = ε (∞, α) , (4)

where τε (α) is the characteristic time and ε (∞, α)
stands for the downwash angle in the steady state.

The wing contribution CW
idyn (t, α) in (2) is re-

lated to time histories and its dynamic process can
also be characterized by a first order differential
equation as follows:

τW(α) ĊW
idyn(t, α)+CW

idyn(t, α)=CW
idyn(∞, α) , (5)

where τW (α) is the characteristic time and
CW

idyn (∞, α) means the steady state of the wing

contribution. The tail contribution CT
idyn (t, αt) in

(2) is also related to time histories and dependent
on the effective angle of attack αt. Known from
(3) and (4), αt already contains a dynamic pro-
cess. Thus, CT

idyn (t, αt) can be simply modeled in
the form of fourth order polynomials about αt.

Acoording to (4) and (5), the characteristic
times τW (α), τε (α) and the downwash angle in
steady state ε (∞, α) are all dependent on angles
of attack. They can be represented by the 4th or-
der polynomials about angles of attack. Although,
the steady state CW

idyn (∞, α) in the right side of
(5) can also apply a high order polynomial to de-
scribe its dependency of incidences. For the pur-
pose of reducing unknown parameters to improve
estimation accuracy, it can be solved by the static
aerodynamic model as follows:

Cist=Ciatt(∞,α)+CW
idyn(∞,α)+CT

idyn(∞,αt∞) , (6)

where Cist is the static aerodynamics which can
be directly obtained from wind tunnel static tests.
CT

idyn (∞, αt∞) is the steady state of the horizon-
tal tail dynamic process, which has the same model
with CT

idyn (t, αt) but replacing the effective angle
of attack αt with its steady state αt∞ which can
be formulated as follows

αt∞ = α− αd − ε (∞, α) . (7)

Summing up (1) to (7), the longitudinal unsteady
aerodynamic model for an advanced combat air-
craft is proposed. The complete equations of the
model can be found in Appendix A.

Model parameters estimation. The unknown pa-
rameters in the proposed model can be estimated
by applying the maximum likelihood method [7]
to the measured aerodynamic data of wind tunnel
static and pitching forced oscillation tests. It is
an iterative process to obtain the optimal estima-
tion of unknown parameters and the multiple cor-
relation coefficient R2 [8] is chosen as a stopping
criterion. Its metric value varies between 0 and
1, and it is an indicator of model accuracy. The
model outputs fit better with true values when the
metric value is closer to 1.

It is worth noticing that the initial values of un-
known parameters for iterative optimization can
largely affect modeling results. Inappropriate ini-
tial values are likely to get the iteration process
trapped into a local optimization and even di-
verged. In order to get appropriate initial val-
ues, we apply the least squares method to deal
with wind tunnel data in advance. Another notice
is that the characteristic time τW (α) and τε (α)
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should be kept greater than zero during the pa-
rameters estimation process.

Wind tunnel tests. The static tests and large
amplitude pitching forced oscillation tests for the
advanced combat aircraft model were conducted
in a 3.5-by-2.5 meter low speed wind tunnel called
FL-8 at AVIC Aerodynamics Research Institute.
The aircraft model was mounted at the hydraulic
dynamic test rig for two degrees of freedom large
amplitude oscillations which is showed in Figure 1.
All tests were performed in the conditions that the
sideslip angle β = 0◦, the wind speed V = 30
m/s, the leading edge flap deflection δlef = 30◦

and other control surface deflections set at 0◦. Ap-
pendix B presents detailed test conditions and re-
sults.

Figure 1 (Color online) Pitching forced oscillation tests
in wind tunnel.

Modeling results and analysis. The static test
data are extended through linear interpolation to
a wide range of incidences. The dynamic test data
are divided into two groups. One is for the es-
timation of model parameters and the other is
for the verification of model validity. The results
show that the model outputs for the normal force
and pitching moment coefficients are in consider-
able accordance with not only the test data cho-
sen for model identification, but also other data
which are not utilized before. Besides, the mul-
tiple correction coefficients R2 are calculated and
most of them are greater than 0.99 which indicates
a satisfying modeling result with a good capacity
of model fitting and predicting. All the modeling
results are recorded in Appendix B.

The model outputs for the pitching moment co-
efficient are slightly worse by contrast with the
normal force coefficient. Especially in the range
of incidences between 30◦ and 50◦, the model out-
put curves show obvious depression and difference
from wind tunnel test curves. Note that this char-
acteristic coincides with the static test curve in the
same range of incidences.

By contrast, the conventional aerodynamic
model without considering unsteady effects which
is known as the quasi-steady model can be
formulated just subtracting the unsteady term

Cidyn (t, α) in (1). Its modeling results show that
there are notable deviations between the quasi-
steady model outputs and test data, especially in
large angles of attack that are greater than 40◦. It
implies that the unsteady aerodynamics are con-
siderable in high incidences and should be specifi-
cally considered for aerodynamic modeling.

Conclusion. In this article, the longitudinal un-
steady aerodynamic model for an advanced com-
bat aircraft is proposed and identified from wind
tunnel test data. The results demonstrate the va-
lidity of the proposed model. The model outputs
for the pitching moment coefficient in the range
of incidences between 30◦ and 50◦ are slightly dif-
ferent from wind tunnel test data which requires
further investigation.
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