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Abstract: A linear parameter varying (LPV) flight dynamics model (FDM) is proposed to cater for atmospheric

disturbance analysis in special flight conditions. A novel FDM which is capable of addressing the influence of tur-

bulent wind is derived under the wind frame. An affine parameter dependent LPV model with wind effects is built

based on function substitution method. The optimal solution for the decomposing function of the LPV FDM is ob-

tained by genetic algorithm (GA). The analysis of dynamic response indicates that the genetic-optimized LPV

FDM approximates the nonlinear FDM evidently, since it identifies the instantaneous dynamics and flight states va-

rying in a wide range. The simulations of approach and landing against wind shear show that the genetic-optimized

LPV FDM captures the instantaneous dynamic response when {lying through turbulent wind, indicating that the

LPV model can be further applied to turbulent wind special flight analysis and control law design.

Key words: linear parameter varying; function substitution; genetic algorithm; wind shear; atmospheric disturb-
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0 Introduction

Flight dynamics model (FDM) is commonly
controlled by the flight control system (FCS).
The degree of approximation to real aircraft with
its operation environment has a critical influence
on FCS design. Besides, a proper FDM is also an
important foundation for investigations conducted
on atmospheric disturbance, aircraft’ s control
surface jam, abnormal configuration and other
safety problems in special flights.

Atmospheric disturbance has strong influ-
ence on flight quality and flight safety. To cope
with the flight dynamic problems considering tur-
bulent wind, the small-disturbance model was
firstly adopted for performance analysis'’). How-
ever, A number of studies conducted at NASA
indicate that flight states under turbulent wind
seriously deviate from trim points, and the small-
disturbance model cannot describe the special
[2]

flight states accurately*’. To remedy the model’s
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shortcoming, a varied control gain is calculated
by gain scheduling among several linear models in
commercial aircraft™?,

Frost et al. first proposed the dynamics e-
quation with wind effects, and in his study, the
turbulent wind effects on airspeed and flight path
equation were derived in body coordinate sys-
tem ™. In real-time flight simulations, the model
can be integrated numerically to address wind
effects. However, for the sake of its complexity,
some advanced control algorithms, such as feed-
back linearization and nonlinear dynamic inversion
cannot be adopted.

Visser studied an FDM with wind effects in
the flight path coordinates, and proposed an opti-
mal control strategy to address the recovery from

wind sheart™.

However, the model is based on
constant wind hypothesis and mass-point assump-
tion. Consequently, flight path angle can be de-

scribed by FDM directly, but the angle of attack
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is acquired by geometry relation. This FDM does
not accord with the principle that the turbulent
wind should firstly have effects on aerodynamic
angle.

In recent years, aiming at modern gain
scheduling and feedback linearization, LPV model
has been put forward. LPV model has the similar
characteristics to those of the linear model, but
the coefficient matrix is a set of functions of
scheduling variables. Defined by system states,
the scheduling variables can be updated by sched-
uling algorithm. The LPV FDM, built by the ra-
tional order reduction and specific scheduling var-
iable selection, is capable of capturing the transi-
ent response in special flights, and can be opera-
ted under varying flight conditions within a large
range.

The LPV method has been applied to the dy-
namics modeling of large-scale civil aircraft"®!,
UAVI# | battle aircraft’ ') and near space hy-

[11]

personic vehicle There are three methods for

LPV modeling, which are Jacobian lineariza-

[6.7] [6,9]
b

state transformation and function

[6.,10]

tion
substitution . Jacobian linearization is actually
one-order approximation at FDM’s trim point. In
state transformation method, non-scheduling var-
iables and control inputs are expressed in the
form of continuous differentiable functions, and
can be calculated by its partial derivatives. These
two methods need to build up a trim map with
system states interpolated. Research results indi-
cate that model precision is dependent on the se-
lected trim points. In respect to the above two
methods, the precision is satisfactory only within
a small range around trim points, and the extrap-

1693 Tn function

olation ability is conservative
substitution, the nonlinear characteristics of the
system are described by decomposing function,
and the function can be solved by optimization
procedure. Based on function substitution, LPV
model provides the preferable extrapolation abili-
ty and approximates the nonlinear system dynam-
ics more accurately than the former two meth-

O(isLs.loj.

This paper studies one particular kind of

LPV FDM, in which the wind effects are taken
into account. Firstly, the dynamic equations
which address the influence of wind disturbance
are derived in the wind frame. Next, the LPV
model is formulated using function substitution,
and furthermore, genetic algorithm (GA) is uti-
lized to solve the nonlinear multi-dimensional op-
timal problem for the proposed substitute func-
tion. Numerical results of dynamic response and
simulations of aircraft flying through turbulent

wind are presented to validate the proposed LPV

model in the presence of wind effects.

1  Flight Dynamics Modeling with Wind
Effects

1.1 Nonlinear flight dynamics modeling with

wind effects in wind frame

Aircraft’s aerodynamic forces are calculated
under wind coordinate frame. Turbulent wind
firstly has effects on airspeed V , angle of attack «
and angle of sideslip 8, and then changes aerody-
namic forces. As a result, dynamic equations un-
der wind coordinate can illustrate wind effects di-
rectly. In wind-free situation, force equations un-

der wind coordinate arel™

JmV = Frcos(a+ ar)cosf— D+ mg,
nﬁVz — Frcos(a+ap)sinf— C+ mg, — mVr,
lméchosﬂ: — Frsinla+ar) — L+ mg; +mVqg,
@D)
where F 1 is the engine thrust; « 1 the engines” in-
stallation angle; L, D, C are the lift, the drag
and the side force, respectively. The transition
matrix C® is used to describe the states transition
from ground coordinate system to body frame.,
while C} is used to transit state from body frame
to wind frame. These transition matrices are giv-
en as
€0sfcosg cosfsing — sinf
= singsinfeos¢ — cosgsing  singsinfsing 1 cosgeosg  singeosf

cosgsindcos ¢+ singsing  cosgsinfsing — singcosg  cosgeosd

(2)
cosecosf  sinf  sinacosp
C} = |— cosasinf cosf — sinasing 3)
— sina 0 cosa

The relationship between body frame and
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wind frame for airspeed vector is

v, v
vV, =)o )
V. 0

In addition, angular velocities under body
frame [ p,q.r]" can be transformed to wind frame

[ pwsQuwsrw ] s which is

Dw p
qv | =CV |q (5)
Vw r

It can be found that there is a triangular rela-
tionship among ground speed Vi, airspeed Vy and
wind speed Wy

Ve =Vy +Wg (6)

In wind-free situation, Vy;=Vy. Wind speed

vector W = [W ., W . ,W_]" is given in ground

coordinate and it is abbreviated as

(W, ,.W,,W_.]". In order to add the turbulent
wind into wind coordinate system, the following

transformation is deduced

W W,
W,.|=crce |W, (N
W.. W,

By inserting Eqgs. (5), (7) into Eq. (1), the

force equation with wind effects can be obtained

V:%cos(a +ancosf— 2 — e w, —

m

B = — 7:{}cos(a + ar)sinf— % + mg, +
psina — rcosa — %W -
(C{W/)gzwy - (C{W/)gg (W — o)

a= 7mVIﬁs‘8 + g — (pcosa + rsing) tanf —
%;Sﬂsinm +ar) — (\ZT)SQW —
(Vccro)s}; v, — ifccyo)sg W~

€))

Compared with the force equations described

in body frame''*', Eq. (8) shows the direct influ-
ence of turbulent wind on [V, a,B]". Besides,
wind effects can be directly inserted into naviga-

tion equations

T =V, cosfcosg + V, (— coswsing +
sinwsinfcos¢) + V. (sinwsing +
coswsinfcos¢) + W,

‘ j}E =V cosOsing + V, (coswcos¢ + )
sinwsingsing) + V_(— sinwcos¢y +

coswsinfsing) + W,

hy = —V,sind + V sinwcosf +

V .coswcosd — W,

1.2 Analysis of the modeling object

The B747-100 aircraft with open source aero-
dynamic data is selected as the research objective
in this paper. Taking the lift coefficient as an ex-
there are 14 deriva-

ample, aerodynamic

[5:147 - and the complete expression can be

tives
used for hi-fidelity flight simulation. For dynamic
analysis and control law design, it is common to
simplify the aerodynamic model by selecting the
dominant aerodynamic derivatives. The dominant
lift aerodynamic derivatives of B747-100 applied in
this article are

dCL dCL
" 3. 5. (10)

Normally, these aerodynamic derivatives

K, =, +K

have a direct relation with V,a,f,hg, and they are
obtained via interpolation based on the aerody-
namic data. Different types of wind disturbance
are represented by various wind speed vectors,
which could change corresponding to the space
and time distinctively. They can be described as
atmospheric turbulence model, microburst wind

[12]

shear model, etc Taking microburst winds-

hear as example, there are harmonic Soesman

021 and some other

model™®, vortex ring model
engineering models., In this paper, the vortex
ring model is adopted, and furthermore, similar
to aerodynamic derivatives query, real-time tur-
bulent wind vector can be obtained according to

the flight path parameters.

2  GA-LPV Modeling

2.1 LPV modeling by function substitution

In order to adopt the function substitution

method, the nonlinear system is described as
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2] [An(® ALz (B, 0 By Cy ] Dy
L'J_ [AZI (z) Azz(z)} {w}+ 0 0 By C, Dy,
{BI(Z)}qu[kl(z)} an 0 0 0 ie i 0 o]+ 0
B, (z) k,(z) B, B, By 0 ' Dy,
where z(¢) € R is the scheduling state; w(¢) & 0 0 0 0 0
R" the non-scheduling state; and u(z) € R* the | 0 0 0 | | 0 | 10 |
control input. Using trim value and deviator, (15)

Eq. (11) is further written as
N7 TAL e + 0 A G 007 [
L]j B I:Az] Zim +192) Ay (2 + n:)} Llj -
[Bl (Ziim T nz)} —
B, (ziim + 1)

(12
where F is the decomposing function for (.,
Zyim s Woim » Wi ) » and the complete form is

~ [An M. +zoim) A + 24 | [ Zuim
N {Azl . +zem)  Asn(qg. + zmm)} [w'mj +

{Bl (1]: +zmm)j| {kl (11: szmm)}
U tim + A
Bg (11; + zlrim) kZ <1': + zlrim ) o

[flm}
™

The key point of function substitution LPV

(13)

modeling is to rebuild Eq. (13) as a function of
scheduling variables. Substituting Eq. (13) into
Eq. (12) yields

1. (AL ) A ) A (e zin)
,‘,j - {Azmnﬁzmmw Foe+ 20) A (e +2000)

{n} [Bl (n. + zmm)}
+ .
e B, (9. + zuin)

2.2 LPV modeling with wind effects

QEY)

Taking the longitudinal LPV modeling for
example, [V, ashp |7 are selected as scheduling
variables which mainly have effects on the aerody-
namic derivatives. Some non-scheduling varia-
bles, such as pitch angle @, are expressed using
first-order approximation. As a result, the longi-
tudinal state space model is described by an affine

parameter dependent form with a residual element

& 0 0 0 A, A; 0] [a]
%4 0 0 0 A, A, 0|V
he 0 Ay, 0 0  As; 0f |he
q 0 0 0 A, 0 0] ]g +
Af 0 0 0 1 0 0| |Ag
lx] 0 Ay, 0 0 Ay 0] Lo

)

In this article, the entries of the matrix in
Eq. (15) can be built up according to the B747-

100 aerodynamic datat**-**

. Restricted by space,
only the matrix element related to turbulent wind
is shown as follows

qSc

A, =1—
" Zm(V—Ff(xJLE)‘WJ)Z
(1.45 —1.8x,) + dC,
dg
~q aC
A21 = _§ % trim f(1'7h]-?) ‘ W
_ K.gS dC, , dC,
B = m(V + f(x,hg) ‘W‘x ) (dé‘cy + dé‘co )
— 1 . 1 .
B, = (Vo) ) (sing +0. 043 6 « cosa)
_ 1 G end
C, = Vr [ Ceohn) ‘W‘) )(smasmﬁmm +
c0saCOSHyim )
gSC1,  (asM) +mf (x.he) |w.
Dy =— - -

m(V+ f(x,hg) ‘W‘. )
D, =—93C,, Cargun - Meh) = f oo |,

where f(x,h) is the wind field. Wind field is re-
lated to flight path and altitude, which can be cal-
culated by a turbulent wind model.

According to function substitution method,
the residual element in Eq. (15) should be de-
scribed by scheduling variables. Furthermore, an
optimization objective function should be found to
minimize the error between LPV system and non-
linear systems. Rewrite C and D matrixes defined
in Eq. (15) into the function substitution format,

the complete form is shown as follows

F, M o0 o0
F, 0O 0 0
alrll)\
F, 0 Ay O
= Viim |
F, 0O 0 0
hlrlm
F, 0O 0 0
7F67 LO Asz 0
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Bii 0 By | (&t Dy |
O O BZ3 ClZ DIZ
00 0 e‘“‘“+o s |
O'trim g é
BrllB'IZB'll’; O DH
Tlrim
0 0 0 0 0
10 0 0 | 0| 0 |
7F1a FIV F1/17
FZu FZV FZ/x
Aa
F3a FSV FS/(
. . . AV (16)
P'lu P 4V P,l/,
Ahg
Fﬁa FSV FS/(
_FGa Fov Fe/,_

The main objective of function substitution is
to approximate Eq. (16) by reconstructing a new

equation which is shown at the end of Eq. (16).
2.3 Heuristic optimization by genetic algorithm

There are various realizations of the coeffi-
cient matrix in Eq. (16). It is necessary to select
a group of optimal coefficients to push the LPV
model approaching the nonlinear system as much
as possible. Taking the solution of F| in Eq. (16)
as an example, scheduling states [V,a,hi |7 can
be divided by a grid as ¢ X j X k. According to
Refs. [6,15], it is feasible to solve F,,,Fy, Fi,
by linear programming with absolute value con-
straints. However, with the increasement of
scheduling variables and grids refinement, partic-
ularly when the system shows strong nonlineari-
ty, it is difficult to obtain the optimal solution
only by linear programming. In this paper, ge-
netic algorithm (GA) is adopted to solve the opti-
mization problem, and it follows that

min e

F, (e ’V, shy) = (a; — alrim)Flaijk +
V; — me)Flvqk + Chye — hlrim)Flhvk °

2 ‘Fl(az9V/ 9hk) 7 (ai 7alr|m)Fln —
ivjsk
(V‘, Vi) Frv — (hy — b)) « Fuy [<<e (17D

In the process of applying the GA optimiza-
tion, it is essential to determine the number of in-
itial population, which is the matrix coefficient in
Eq. (17). Encoding and random initialization will

be done to the population. Next, the fitness func-

tion is treated as the optimization objective of
Eq. (17) and furthermore, fitness calculation is
imposed on the initial population. During the iter-
ating process, the optimal solution can be ob-
tained if the value of fitness function is lower than
the initial threshold value.

The nonlinear FDM selected in the paper is
complicated, and the computation and time cost
of GA will increase as the grid points increases.
However, Eq. (17) can be solved off-line. Once
the LPV model was built up, the optimization

process is no longer needed.

3  GA-LPV FDM Performance Analysis

The direct method to estimate the perform-
ance of LPV FDM is to compare the dynamic re-
sponse of LPV FDM with that of the nonlinear
FDM. In this section, the dynamic response will
be firstly tested. Then, the response of flying
through microburst wind field will be compared
between LPV FDM and nonlinear FDM.

Based on the B747-100 nonlinear FDM, the
aircraft can be trimmed into a stable flight condi-
tion as shown in Table 1.

Table 1 Trim state of B747-100 in level flight

Flight parameter Trim value

Angle of attack o/ () 2.2859
AirspeedV /(m *» s ") 203
Altitude hg/m 7 000
Pitch angle 6/(%) 2.2859
Elevator deflection 8./(°) 0
Deflection of horizontal stabilizer ¢/(°) —0.901 5
Thrust T/N 74 734

The grid is primarily partitioned based on
a€[0,5,10], V € [160,200,240], hg €
[6 500,7 000,7 500], and the LPV FDM can be

obtained according to Section 2.

3.1 Response comparison between GA-LPV FDM

and nonlinear FDM

The elevator is deflected according to Fig. 1.
The dynamic response of GA-LLPV FDM and non-

linear FDM is shown as follows.
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Nonlinear model <
GA-LPV model

200 300 400
t/s

@a

Nonlinear model
—— GA-LPV model

200 300 400
t/s

(d) g
Fig. 1

The simulation results show that GA-LPV
FDM can approach the instantaneous dynamics of
nonlinear FDM. When the angle of attack is high
as shown in Fig. 1(a), the GA-LPV FDM can ap-
proach the dynamic response of nonlinear FDM
accurately only by extrapolation, although it is on
the boundary of aerodynamic envelope. There-
fore, it shows that the GA-LPV FDM has a good
adaptation in a large range. Therefore, it shows
good adaptation in a wide range. Furthermore,
two sets of varying eigenvalues of GA-LPV FDM
system matrices are plotted in Fig. 2.

1.695
1.690

1.685
- £0.0610

1.680
0.060 5

1.675 0.060 0

1.670 0.0
-0.75 -0.70 -0.65 —0.60 -0.55

Re/ 107
(a) Short period

59 5
-4.0-3.5 3.0 2.5 -2
Re/10”
(b) Phugoid

Fig. 2 Eigenvalues variation of GA-LPV FDM

The varying eigenvalues of the GA-LPV
FDM show that the short-period and phugoid
characteristics vary accordingly with the changes
of scheduled variables. This advantage provides
the GA-LPV FDM with better performance than
small-disturbance model.

Apart from the above simulation, this paper
also presents other multiple sets of tests to ana-
lyze the dynamic response. In order to further
quantify the discrepancies between GA-LPV FDM

and the nonlinear model, the following perform-

200 300 400
t/s
b))V

Nonlinear model

Nonlinear 1
AL P et onlinear model

—— GA-LPV model

= 7000
6000
5000

Nonlinear model
—— GA-LPV model

8
200 300 400 0 100 200 300 400
t/s t/s

(e) 9 f)s.

Control response comparison between GA-LPV FDM and nonlinear FDM

ance index is given

J= HEI L/E/ [ (1) 7‘~TI,PV(1') (0]* 18)

= Ly =0 S'

where x,,;, and xpy, are system states with re-
spect to each model, and S; the normalization co-
efficient. Comparison results based on the test
excitations of elevator deflection 8., horizontal
stabilizer deflection ¢ and thrust change T are giv-

en in Table 2.

Table 2 Response comparison for GA-LPV FDM and
nonlinear FDM
Test Test condition
excitation O o T
Ji () 5.203 2e—3 4.451 7e—2 7.890 6e—3
J. (V) 1.970 le—4 1.057 le—4 7.658 5e—5
Js(h) 1.372 3e—2 1.046 7e—2 3.671 3e—3
Ji (@ 2.063 9e—2 1.050 3e—1 5.285 9e—3
Js(A® 4.136 le—3 1.193 9e—2 1.649 le—3
J 4.389 8e—2 1.720 6e—1 1.857 3e—2

Comparison analysis by several test data
shows that GA-LPV FDM can approach the non-

linear system perfectly.

3.2 Response comparison for flying through tur-

bulent wind

This section will test the dynamic response
of GA-LPV FDM and nonlinear FDM for ap-
proaching and landing in the wind field. A micro-
burst wind field is generated by ring vortex and
Rankine vortex principle according to Ref. [12].
A real-time wind vector is obtained by searching

The
trimmed at gliding constantly from the height

space positions. nonlinear system was

value 1 000 m. Simulation results are shown in

Fig. 3.
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Nonlinear model
—— GA-LPV model

80 100 120

Nonlinear model
—— GA-LPV model

20 40 60 80 100 120

t/s
(d) g

Fig. 3

The nonlinear dynamic system is based on
the dynamic equations derived in Section 2, in
which the dynamic response of an aircraft operat-
ing in wind disturbance is precisely captured.
Fig. 3 illustrates the GA-LPV FDM has the simi-
lar response to those of nonlinear FDM generally,
but it cannot “follow” the instantaneous state
change at local state. Further, the altitude re-
sponse is inconsistent. Within the range of the
nonlinear dynamic response, the grid is reselected

Nonlinear model
GA-LPV model

WO =N WE

0 20 40 60 80
t/s

@) a

1.0

100 120

Nonlinear model

—  GA-LPV
0.5 GA-LPV model

0.0
-0.5
-1.0

0

t/s
(d) g

60 80 100 120

Nonlinear model Nonlinear model
GA-LPV model —— GA-LPV model

80 100 120 2 40 60 80 100 12
t/s
(c)H

Nonlinear model
GA-LPV model

20 40 60 80 100 120

Wind response comparison between GA-LPV FDM and nonlinear FDM

asa € [0,5,10] ,V € [200,240,280] , hp € [0,
500,1 000] , and the updated simulation results
are shown in Fig. 4.

Applying the performance index in Eq. (18),
the discrepancy of the dynamic response of the
two models reduces from 0. 068 621 to 0. 012 139.
The results indicate that the GA-LPV FDM sys-
tem performance would further approximate the
nonlinear dynamic response based on a proper
grid partition of scheduling variables.

Nonlinear model

GALPY model Nonlinear model

—— GA-LPV model

100 120

Nonlinear model
—— GA-LPV model

R
DB WN = O =N

60 80 100 120
t/s
(e) o

Fig.4 Wind response comparison by grid optimization

4 Conclusions

This paper derives an FDM which addresses
the influence of wind disturbance in wind coordi-
nate system. Based on the proposed FDM, a
function substitution LPV FDM is realized, in
which the decomposing function is solved by GA.

The dynamic response analysis shows that the

GA-LPV model approach the nonlinear FDM well
because it can reflect the instantaneous dynamics
and flight states change in a wide range. Accord-
ing to the simulations of flying through wind
field, GA-LPV FDM with wind effects also
shows similar performance to nonlinear FDM.
Based on this research, future works would

include the following aspects:
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(1) The current achievements will be applied
to analyze the safety problems in special flight.
Based on aerodynamic data, the scheduled varia-
bles can be specifically selected to design the LPV
FDM for special flight, and then, the analysis and
simulations can be conducted. To deal with the
strong nonlinearities in the local dynamic system.,
a local LPV FDM can be obtained by refining lo-
cal grid partition.

(2) For robust gain scheduling control de-
sign, the LPV FDM plays an important role to
extend other studies on control algorithms. Be-
sides, the affine parameter dependent LPV FDM
will also reduce the algorithm complexity in de-

signing gain scheduled controllers.
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