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Multiple partitioning of flight data for manoeuvrable aircraft
aerodynamic modeling and parameter estimation

HU Shuang, ZHU Ji-hong†
(Department of Computer Science and Technology, Tsinghua University, Beijing 100084, China)

Abstract: Under the quasi-steady assumption, aerodynamic characteristics show marked nonlinearity in high angle of

attack or large amplitude maneuvers of manoeuvrable aircraft. A linear aerodynamic model generally identified from small

amplitude maneuvers about trim conditions is no longer suitable for this case. In order to solve this problem, a method

of multiple partitioning of flight data is proposed, which can characterize aerodynamic global nonlinearity by partitioned

linearity. In each partitioned subset, a general aerodynamic model is formed by the Taylor’s series expansion of static terms,

dynamic stability derivatives and control derivatives of aerodynamic force and moment coefficients. The parameters in this

aerodynamic model are estimated by using the class of least squares methods. According to the simulation flight test data

of a modern fighter aircraft, the aerodynamic parameters are estimated which fit well with the true values. The test results

verify the proposed multiple partitioning of flight data and the general aerodynamic model.
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2 (Multiple partitioning of

flight data)
2.1 (Multiple partitioning procedure)
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Fig. 1 Flight data partitioning by angle of attack
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Fig. 2 Subset 3 partitioning by sideslip angle
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Fig. 3 Flight data multiple partitioning

2.2 (Multiple partitioning principle)
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30◦ ∼ 40◦ ,
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4 Cnr

Fig. 4 Damping-in-yaw derivate Cnr wind-tunnel

measurement

3 (Aerodynamic model-

ing and parameter estimation)
3.1 (Aerodynamic modeling)

,

3 CX, CY, CZ 3

Cl, Cm, Cn. ,

, .

,

Ca = Ca(α, β, V, q, δlon), a = X,Z,m, (1)

Ca = Ca(α, β, V, p, r, δlat), a = Y, l, n, (2)

: α , β , V , p, q r

, δlon
( ) , δlat

( )

.

,

3

, :

Ca = Ca0(α, β)+Caq(α, β)
qc̄

2V
+

Caδlon(α, β)δlon, a = X,Z,m, (3)

Ca = Ca0(α, β)+Cap(α, β)
pb

2V
+Car(α, β)

rb

2V
+

Caδlat(α, β)δlat, a = Y, l, n, (4)

: c̄ , b , Ca0

, Cap, Caq Car

, Caδlon Caδlat .

(3)–(4) ,

.

,

. ,

, ᾱ

β̄ , ,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Ca0(α, β) =

Ca0(ᾱ, β̄) + Caα(ᾱ, β̄)Δα+ Caβ(ᾱ, β̄)Δβ,

Caq(α, β) =

Caq(ᾱ, β̄) + Caqα(ᾱ, β̄)Δα+ Caqβ(ᾱ, β̄)Δβ,

Caδlon(α, β) =

Caδlon(ᾱ, β̄) + Caδlonα(ᾱ, β̄)Δα+

Caδlonβ(ᾱ, β̄)Δβ, a = X,Z,m,

(5)
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Ca0(α, β) =

Ca0(ᾱ, β̄) + Caα(ᾱ, β̄)Δα+ Caβ(ᾱ, β̄)Δβ,

Cap(α, β) =

Cap(ᾱ, β̄) + Capα(ᾱ, β̄)Δα+ Capβ(ᾱ, β̄)Δβ,

Car(α, β) =

Car(ᾱ, β̄) + Carα(ᾱ, β̄)Δα+ Carβ(ᾱ, β̄)Δβ,

Caδlat(α, β) =

Caδlat(ᾱ, β̄) + Caδlatα(ᾱ, β̄)Δα+

Caδlatβ(ᾱ, β̄)Δβ, a = Y, l, n,

(6)

: Δα = α− ᾱ, Δβ = β − β̄. (5)–(6)

(3)–(4)

Ca =

Ca0(ᾱ, β̄) + Caα(ᾱ, β̄)Δα+

Caβ(ᾱ, β̄)Δβ + [Caq(ᾱ, β̄) +

Caqα(ᾱ, β̄)Δα+ Caqβ(ᾱ, β̄)Δβ]
qc̄

2V
+

[Caδlon(ᾱ, β̄) + Caδlonα(ᾱ, β̄)Δα+

Caδlonβ(ᾱ, β̄)Δβ]δlon, a = X,Z,m, (7)

Ca =
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Ca0(ᾱ, β̄) + Caα(ᾱ, β̄)Δα+ Caβ(ᾱ, β̄)Δβ +

[Cap(ᾱ, β̄) + Capα(ᾱ, β̄)Δα+

Capβ(ᾱ, β̄)Δβ]
pb

2V
+ [Car(ᾱ, β̄) +

Carα(ᾱ, β̄)Δα+ Carβ(ᾱ, β̄)Δβ]
rb

2V
+

[Caδlat(ᾱ, β̄) + Caδlatα(ᾱ, β̄)Δα+

Caδlatβ(ᾱ, β̄)Δβ]δlat, a = Y, l, n. (8)

(7)–(8)

.

3.2 (Parameter estimation)
, 3 CX, CY, CZ 3

Cl, Cm, Cn. ,

,

:
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

q̄SCX +XT = mgnx,

q̄SCY + YT = mgny,

q̄SCZ + ZT = mgnz,

q̄SbCl + LT = Ixṗ−Ixz (pq+ṙ)+(Iz−Iy) qr,

q̄Sc̄Cm +MT = Iyq̇+Ixz (p
2−r2)+(Ix−Iz) pr,

q̄SbCn +NT = Izṙ−Ixz (ṗ−qr)+(Iy−Ix) pq,

(9)

: q̄ , S , m , g

, Ix, Iy, Iz, Ixz , nx, ny, nz

3 , XT, YT, ZT, LT,MT, NT

3

.

, ,

. ,

,

. , (9)

.

(7)–(8) ,

ᾱ β̄

, .

N ,

(7)–(8) N ,
[11], .

,

: 1) ,

,

. 2) ,

. [12] 30,

. ,

,

.

4 (Simulation flight test)
,

[13]. ,

, [14] 16%
[15] .

,

. ,

.

( 0.6)

, . ,

,

, . ,

(7)–(8) :

Ca =

Ca0(ᾱ, β̄) + Caα(ᾱ, β̄)Δα+

Caβ(ᾱ, β̄)Δβ + [Caq(ᾱ, β̄) +

Caqα(ᾱ, β̄)Δα+ Caqβ(ᾱ, β̄)Δβ]
qc̄

2V
+

[Caδe(ᾱ, β̄) + Caδeα(ᾱ, β̄)Δα+

Caδeβ(ᾱ, β̄)Δβ]δe, a = X,Z,m, (10)

Ca =

Ca0(ᾱ, β̄) + Caα(ᾱ, β̄)Δα+

Caβ(ᾱ, β̄)Δβ + [Cap(ᾱ, β̄) +

Capα(ᾱ, β̄)Δα+ Capβ(ᾱ, β̄)Δβ]
pb

2V
+

[Car(ᾱ, β̄) + Carα(ᾱ, β̄)Δα+

Carβ(ᾱ, β̄)Δβ]
rb

2V
+ [Caδa(ᾱ, β̄) +

Caδaα(ᾱ, β̄)Δα+ Caδaβ(ᾱ, β̄)Δβ]δa +

[Caδr(ᾱ, β̄) + Caδrα(ᾱ, β̄)Δα+

Caδrβ(ᾱ, β̄)Δβ]δr, a = Y, l, n, (11)

: δe , δa , δr
.

, ,

,

,

.

5–7 .

,

.

, (9)

3 CX, CY, CZ 3

Cl, Cm, Cn . ,

.

,
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[11].

, ,

, .

5

Fig. 5 Angle of attack and sideslip angle variation

6

Fig. 6 Elevator, aileron and rudder variation

7

Fig. 7 Roll, pitch and yaw angular velocity variation

5 (Result analysis)
5–7

.

( 15) ( 30)

. (10)–(11)

, .

, .

5◦, 2◦

, Cl Cl0

Clp Clr Clδa Clδr 8–

12 , .

(MSE) ,

MSE =
1

N

N∑
i=1

(Cli − Ĉli)
2
, (12)

: N , Cli

, Ĉli

. 1 ,

. , Clp

Clr , .

.

8 Cl0

Fig. 8 Comparison of estimated results and true values of Cl0

9 Clp

Fig. 9 Comparison of estimated results and

true values of Clp

10 Clr

Fig. 10 Comparison of estimated results and

true values of Clr
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11 Clδa

Fig. 11 Comparison of estimated results and

true values of Clδa

12 Clδr

Fig. 12 Comparison of estimated results and

true values of Clδr

1

Table 1 Comparison of estimated results and true values of roll moments parameters

ᾱ/(◦) β̄/(◦) MSE
Cl0 Clp Clr Clδa Clδr

11.85
0.40 2.69× 10−6 −0.0014 −0.0014 −0.3867 −0.3905 0.1924 0.1996 −0.1347 −0.1363 0.0212 0.0218

2.40 5.01× 10−6 −0.0082 −0.0082 −0.3945 −0.3905 0.1891 0.1996 −0.1350 −0.1336 0.0220 0.0218

16.86

−5.56 4.79× 10−6 0.0213 0.0214 −0.3556 −0.3585 0.2808 0.2881 −0.1327 −0.1330 0.0190 0.0192

−3.56 5.80× 10−6 0.0134 0.0135 −0.3560 −0.3585 0.2865 0.2881 −0.1296 −0.1299 0.0199 0.0195

−1.54 6.79× 10−6 0.0057 0.0057 −0.3571 −0.3585 0.2858 0.2881 −0.1266 −0.1268 0.0198 0.0197

0.47 4.64× 10−6 −0.0017 −0.0017 −0.3573 −0.3585 0.2866 0.2881 −0.1234 −0.1238 0.0198 0.0200

2.48 7.72× 10−6 −0.0090 −0.0089 −0.3600 −0.3585 0.2875 0.2881 −0.1209 −0.1207 0.0200 0.0202

21.86

−6.06 4.36× 10−6 0.0213 0.0214 −0.3336 −0.3175 0.3997 0.3864 −0.1188 −0.1188 0.0163 0.0164

−4.04 2.82× 10−6 0.0140 0.0141 −0.3172 −0.3175 0.3800 0.3864 −0.1156 −0.1155 0.0171 0.0170

−2.02 4.66× 10−6 0.0070 0.0070 −0.3172 −0.3175 0.3821 0.3864 −0.1119 −0.1123 0.0173 0.0175

−0.01 2.60× 10−6 0.0000 0.0000 −0.3178 −0.3175 0.3878 0.3864 −0.1088 −0.1091 0.0179 0.0180

1.97 5.54× 10−6 −0.0067 −0.0067 −0.3231 −0.3175 0.3873 0.3864 −0.1065 −0.1059 0.0183 0.0184

3.97 3.31× 10−6 −0.0133 −0.0133 −0.3217 −0.3175 0.3849 0.3864 −0.1029 −0.1027 0.0184 0.0188

26.87
−1.68 1.91× 10−6 0.0047 0.0047 −0.2720 −0.2703 0.4808 0.4664 −0.0918 −0.0945 0.0142 0.0155

0.32 2.25× 10−6 −0.0009 −0.0009 −0.2669 −0.2703 0.4844 0.4664 −0.0901 −0.0914 0.0160 0.0162

2◦,

2◦ , Clδa 13

. , ,

.

. , 11 , 13

11 1 . , ,

,

.

13 2◦ Clδa

Fig. 13 Comparison of estimated results and true values of

Clδa when 2◦ angle of attack variation in subsets

10◦,

2◦ , Clδa 14

. , ,

.

,

, ,

.

14 10◦ Clδa

Fig. 14 Comparison of estimated results and true values of

Clδa when 10◦ angle of attack variation in subsets
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6 (Conclusions)

,

,

,

, ,

:

1) ,

.

2)

, .

,

, .

3) ,

. ,

. ,

, . ,

,

,

.

, ,

. ,

, ,

, ,

.

(References):(References):

[1] KLEIN V, MORELLI E. Aircraft System Identification: Theory and
Practice [M]. Reston, VA, USA: American Institute of Aeronautics

and Astronautics, 2006.

[2] CAI Jinshi. Aircraft System Identification [M]. Beijing: National De-

fend Industry Press, 2003.

( . [M]. : , 2003.)

[3] CHOWDHARY G, JATEGAONKAR R. Aerodynamic parameter es-

timation from flight data applying extended and unscented Kalman

filter [J]. Aerospace Science and Technology, 2010, 14(2): 106-117.

[4] KLEIN V, MURPHY P. Aerodynamic parameters of high perfor-
mance aircraft estimated from wind tunnel and flight test data [R].

Hampton, VA, USA: NASA, 1998.

[5] BATTERSON J G. Estimation of airplane stability and control
derivatives from large-amplitude longitudinal maneuvers [R]. Hamp-

ton, VA, USA: NASA, 1981.

[6] BESGAS Γ C. Aerodynamics and Flight Dynamics for Supersonic
Aircraft [M]. Shanghai: Shanghai Jiao Tong University Press, 2009.

( Γ C. [M]. :

, 2009.)

[7] KLEIN V, NODERER K D. Modeling of aircraft unsteady aerody-
namic characteristics, part 3: parameters estimated from flight da-
ta [R]. Hampton, VA, USA: NASA, 1996.

[8] BATTERSON J G, KLEIN V. Partitioning of flight data for aerody-

namic modeling of aircraft at high angles of attack [J]. Journal of
Aircraft, 1989, 26(4): 334 – 339.

[9] PARAMESWARAN V, GIRIJA G, RAOL J R. Estimation of param-

eters from large amplitude maneuvers with partitioned data for air-

craft [C] //AIAA Atomospheric Flight Mechanics Conference and Ex-
hibit. Austin, Texas, USA: AIAA, 2003: 5703.

[10] KLEIN V, BATTERSON J G, MURPHY P C. Determination of air-
plane model structure from flight data by using modified stepwise re-
gression [R]. Hampton, VA, USA: NASA, 1981.

[11] XIAO Deyun. Theory of System Identification with Applications [M].

Beijing: Tsinghua University Press, 2014.

( . [M]. : , 2014.)

[12] BELSLEY D A, KUH E, WELSCH R E. Regression Diagnostics:
Identifying Influential Data and Sources of Collinearity [M]. New Y-

ork, USA: John Wiley & Sons, Inc, 2005.

[13] SONNEVELDT L. Nonlinear F–16 model description [R]. Nether-

lands: Delft University of Technology, 2006.

[14] MORELLI E. Global nonlinear parametric modelling with applica-

tion to F–16 aerodynamics [C] //American Control Conference. New

York, USA: IEEE, 1998: 997 – 1001.

[15] STEVENS B L, LEWIS F L. Aircraft Control and Simulation [M].

2nd Edition. New Jersey, USA: John Wiley & Sons, Inc, 2003.

:

(1990– ), , ,

, E-mail: hus13@mails.tsinghua.edu.cn;

(1968– ), , , ,

, E-mail: jhzhu@tsinghua.edu.cn.


