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Abstract

Developing a nonlhinear adaptive control system for a fixed-wing unmanned aenal vehicle (UAV) requires a malhemn!
representation of the system dynamics analvtically as a set of differential equations in the form of a strict-feedback systems. This
paper presents a method for modeling a nonlinear flight dynamics of the fixed-wing UAV of BPPT Wulung in any conditions of
the flight altitude and airspeed for the first step into designing a nonlinear mivc controller. The medel was formed mto 10-

DOF differential equations in the form of strict-feedback systems which s

tes the terms of elevator, aileron, rudder, and

throttle from the model. The model simulation results show the behavior of the flight dynamics of the Wulung UAV and also

prove the compliance with the actual flight test results,

Keywords: fixed-wing UAV, nonlinear flight dynamues: stnet-feedback systems.

L. E(INTRODUCTION

A fixed-wing unmanned aerial vehicle (UAV)
has many advantages to fulfill 1 rtant missions
in a wide range of temritory. Agency for the
Assessment and Application of Technology
(BPPT) developed a fixed-wing UAV called
Wulung as shown in Figure 1. to provide a
solution of the country problem for keeping
critical assets in a wide territory such as ocean
and forest from disaster, illegal fishing, and
illegal logging. This UAV has the proficiency to
carry a 20 kg payload and the flight range of 200
km from the home base for various missions such
as surveillance, aerial photography, search and
rescue, and weather modification. However, to
meet the needs of concerned missions, an
adaptive flight control is needed to drive this
fixed-wing UAV to the mission locations
autonomously. Hence, a nonlinear dynamic
model of Wulung UAV is also needed as part of
the flight control design to manage the UAV

* Corresponding Author: Tel: 462-8158(MHI730
E-mail: fadjar rahino@bppt go.id

flying to the mission destinations reliably and
safely. Afterwards, some modeling studies of
Wulung UAV have been conducted to formuylate
the flight control design. ﬁ
Formerly, the flight dynamics modeling of a
fixed-wing UAV in the case of BPPT Wulung
UAV [1] have been conducted using the linear
systems approach [2] in which the analytical
model aerodynamic coefficients are calculated
using DATCOM software [3]. Flight test data of
Wulung UAV has also been obtained to identify
a linear model using greyv-box method [4] that
involves the analytical linear model. However,
the flight dynamics model in the form of linear
state-space cannot handle the changes in altitude
and airspeed because the differential equations of
flight dynamics use DATCOM aerodynamic
coefficients which only can be applied for a
specific altitude and airspeed. These studies led
to a conclusion to develop a nonlinear Wulung
UAV model in any condition of the flight altitude
and airspeed for the first step into designing a
nonlinear adaptive controller. Consequently, a
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Figure 2. Strict-feedback systems model

practical nonlinear flight dynamic model is
required for a chosen adaptive control systems.

Subsequently, an adaptive control systems of
an integrator back stepping. that have the
advantage to handle the nonlinear model well,
have been described by Kistic [5]. Nevertheless,
a complicated analytical model derivation must
be solved in designing this control systems.
Successively, command filtered back stepping
(CFBS) has been proposed by Farrell [6][7] that
eliminated the requirement of analytical model
derivation and simplified its control design.
However, introducing the Wulung UAV model to
this controller needs a nonlinear model in the
form of strict-feedback systems [8][9] that
separates the terms of the fixed-wing UAV
control variables as shown in Figure 2 and
expressed as the following model:

= f(x) + g(x)u ()

where x and uare vectors of state and control
variables respectively.

This paper presents the development of a
nonlinear flight dynamics model in any
conditions of the flight altitude and airspeed by
calculating acrodynamic coefficients as functions
of altitude and airspeed. The program source of
DATCOM software [3] are used as the basis to
build analytical equations for aerodynamic
coefficients using basic aerodynamics of lifting
surfaces [10]. The advantage of this proposed
nonlinear model is to eliminate the use of third-
party software to obtain the aerodynamic

coefficients, thus the geometry characteristic of
the fixed-wing UAV such as wing span and wing
chord can be directly applied. Later, we
constructed 10 degrees of freedom (DOF) of
differential equations in the form of strict-
feedback systems to represent a non-linear
dynamic model [2][10][11] using the model of
the proposed forces and moments that have input
parameters of state variables including the
altitude and the amspeed. Simulations of BPPT
Wulung UAV in longitudinal and lateral dynamic
have been conducted using this model, then their
results have been matched with the actual flight
test data to prove the compliance of this
nonlinear model.

II. FIXED-WING UAV MODELING

Figure 3 shows the ‘ement components of
fixed-wing UAV cot:ﬁing of the attitude
s=[doy]", velocityV = [UVW], angular
rate @ = [pqr]., forces F=[xYZ], and
moments M = [L,M,N,]' in the vehicle
coordinate frame (x,,¥,,2z,). Based on the
Newton's motion equations of the rigid body, the
forces and moments [2][10] are defined as
follows:

F=mV+0xV (2)
M=]0+0x]0 (3)

where m 1s the mass and | is the moment of
inertia,
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Figure 3. Vehicle coordinate frame components

Hence, the model of fixed-wing UAV is then
written in the following equation:

. F
V=——0xV (4)

(3)

The veloeity 1s generally obtained from nertia
sensors such as GPS/INS that provides calculated
velocity in an inertia coordinate frame. So these
components can be converted into a vehicle
coordinate frame as follows:

fD=1"YM=0xJ0

V= "ReWps

(6)

where Vo = [Viore n Veast Vitown |1 18 inertia velocity
from GPS/INS and "R, 1s direct cosine matrix

(DCM) as defined as follows:

"R, = 'Ry "Ry (7)
0 0
"Ry =|0 cos¢ siﬂqbl (8)
0 —sing cosg
cos@ 0 —sinf
"Re=| B @ 0 I (9)
sing 0 cosd
cosip  siny 0
"Ry = |—sinp cosyp 0 (10
a 0 1

Beside angular rate of equation (5). the
calculation of the Euler angular rate Z that has a
link with the following angular rate is required:

0 0
2=|p|+ "Ry ||+ "Ry "Ry q] (11)
0 0

Hence, the Euler angular rate is written as
follows:

E‘ = Ruﬂ [] 2)
where,
1 singtan® cosgtand
R, =10 cos —sing (13)
2 i Cos g ’
cos § cos

In addition, the alutude rate can be written as
follows:

h=~Vium = RyV (14)
wl 12
R, =[sinf —singcosd —cosgeosf] (15)

Therefore, a nonlinear fixed-wing UAV
model is obtained using equations (4), (3), (12),
and (14) as 10-DOF of differential equations.
Thereafter, the forces and the moments due to the
influence of wehicle aerodynamics, propeller
thrust, and gravity must be described as follows:

F=F+F+F (16)

(17)

where F, and M respectively are acrodynamic
forces and moments, F, and M, respectively are

M=M,+M,

propeller thrust forces and moments. and F, is
gravity forces.

A. Aerodynamic Forces and Moments

Figure 4 shows three frames of coordinate,
namely the vehicle coordinate frame (x,,¥,,2,),
the stability coordinate frame (x,,v,,z.). and the
wind coordinate frame (x,,, ), 2, ). Aerodynamic
forces and moments, that occurs in fixed-wing
UAV, generally are caused by threeﬁ&d of
forces in the wind coordinate frame, i.e. lift force
L. drag force D, and side force §. Then the
aerodynamic forces in vehicle coordinate frame
1s written as follows:

F="R.R-D 5§ -LT (18)
where,

C 0 =sina

R, = [ 0 1 0 (19)
sineg 0 cosa
cosff  sinf 0

= [—sinﬁ cos DI (20)
0 0 1
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Figure 4. Aerodynamic and thrust forces

Whereas the acrodynamic moments in vehicle
coordinate frame is also written as follows:

Mﬂ = [L¢'ﬂ MU{: qu -IT [21 ]

In order to form strict-feedback system, the
forces and moments must be separated into two
kind of forces and moments, 1.¢. affected by the
control surfaces (elevator §.. aileron &,, and
rudder 8,) or not affected. Then equations (18)
and (21) are rewritten as follows:

Fo = Fo, + Cp, 18 8q 5,7 (22)
My = My, + Cy, [0 Gq &1 (23)

Hence, the lift, drag. and side forces in wind
coordinate frame must also be separated as it is
done to aerodynamic forces in vehicle coordinate
frame, then equations (22) and (23) are broken
down into the following equation:

F, = "R; ‘Ry[-Dy S, —L,] (24)
—Cp, 0 =Cp,
Cr,, = "R "Ry| 0 0 G (25)
—C;_e 0 0
My, =Ly, Mo, Ny [T (26)
L Clga Clg,
C"fu = CMUE 0 0 (27)
0 Chy, Cny,

Afterwards, the lift, drag, and side forces are
calculated as follows:

1 -
Ly = 5PVl S (Cry + €1 ) (28)

& 1 20

C, = ;.-’ﬂ{azﬁwﬂ;.ﬁl_ (29)

% 1 20 . "

S, = 5pVe?5,Cs, B (30)
1 4

Cs, = 5PV 5w Cs;, (31)

1
D, = ;plgzsw (cnn +Cp a + Cnﬁﬁ) (32)
Cp, =5PVSuCo,, 33)

i | -
Cu,- = ;[JD‘:‘!:.SWCDJF (34}

In addition, the rolling, pitching, and yawing
moments are calculated as follows:

1

Ly, =3PV SubuCry B (35)
1 -

Cry, =5V SwbuCry (36)
1 .

Cry, = 3PVa SwbuCry 37

1 -
Mg, = 50Vi'Swby (CMM + CM,,.,HQ) (38)

Cuy, = %pKESW B Cuty, (39)
Ny, = 5PV SubuCr, B 40)
Cn,, = %pl{FwawCN%d @1)
Cry, = 5PVES by C - (42)

where p is the air density at altitude h, ¥, is the
true airspeed, S, is the main wing surface area,
and by, is the main wingspan.
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In linear system approach, all of those coeffi-
cients €, in equations (28) until (42) are assumed
as constants. However, those coefficients are also
depend on the true airspeed ¥, and the altitude h.
Hence, all of the coefficients are calculated into
functions of €,(V¥,,h). Note that * denotes any
character.  Subsequently, the aerodynamics
coefficients are written as follows:

5
C —C:w [nw aw‘;}"'clhaq s._h
:
(= (@, — )~ + 1) @)
— qn Sh de
R EE[l -2 e
5
Ciy, = Cuyp,, 22 (45)
Co, =€ Inle 46
5 = G5,y o (46)
)
Cs,;,_ = C‘;vdr ::T‘:E (47)

qn Sh C qn Sy

»qu “v»qws

) [C;,wu{nw - awu)}z

C'UU - CDW]’! + CDFI

wi, e,
2
+ [C!'ha (ah (G) = aho)} dp S.'!
( HAheh :] Qoo Sw
2y, ap(0)—ap, A Sn
nmApep Goo Sy nh [4SJ
C _ 2"7!...,-“2(“1'7?\»-_'114'”)
Bg — Ty e
2
2C;,, (ap(a) - ahg] qn Sp
mApen oo Sw
[1 . E} 49)
da (
2Lﬁuﬂ {.3 ﬁuu) @Jl q
nﬁ = mAp ey Yoo -5w L)
c - 2€;y,, (e (@) —an,) qn Sn 51)
Pa. mAR e, Lh"‘c oo Sw
2Csy (ﬁ_ﬁrll) 5
Cps, = —0Cs, 22 (52)
r TALy VS Gen S
qn Sk bn
¢, = i Bl
Léﬁ ,@wﬁ + L"ﬁﬁﬁ e Sy by,
Sy by
+C, e_w 53
L"""’,ﬂ Goo Sw By S
Erg, Shngp (54)
dp S
C =0 Z = 55
Lps, Sus, EMACy o 5 (55)

Cuy, = Cmy,, + CM-::M
+C"'w,,, (nw - awo)

""'w]" —Xep
+Cr.w“ (ﬂw awo)
Feg "Facy qn Sn
=, TR Ak N
Lh« (S Hea 5“-
dr
E(“w — ) — @, (56)
N Xac wf =Xecg
CM'PH - C;‘Waf ¢ P
¥eg ~Xucy qu Sk
sy B TR HE SN
Lh’-"’ < Gon S
‘1.
[1 - —*] (57)
da
. Yeg TXacy Gn Sh
CMBJ Cj‘h""e < Qoo S (8
8 —Xacy S
¢ ==L Feg TFacy b Sy 50
Nwﬂ 5”;; £ oo Sw 59
CN':I"SQ - CN'-“'W‘.;“ i)
Xog =X qr Sy
C =, £ __xuvfh’v 61
Ny, Svs, € Qoo Sw h

where n,, and 1, respectively are wing and hori-
zontal tail plane (HTP) ngging angles, A,,, 4. A,
respectively are wing, HTP, and vertical tail
plane (VTP) aspect matios, a,,. a,. PB,
respectively are wing, HTP, and VTP angles of

attack at zero-lift, :—" is HTP dynamic pressure

ratio, :—' is downwash gradient, e,, e,, e,
respectively are wing, HTP, and VTP Oswald
coefficient, 5, and S, respectively are HTP and
VTP surface area, b, and b, respectively are HTP
and VTP span. a, («) is HTP angle of attack due
to the vehicle angle of attack that is formulated as
follows:

ap (@) = @+, — Ny — a0 — ay,} 62)

cis wing mean aerodynamic chord (MAC) length,
Xgy is center position of gravity, X, . ¥uc,. Xu,
respectively are wing-fuselage, HTP, and VTP
acrodynamic center (a.c.) positions, and zy,c, 18
VTP MAC normal position. anr,- C”";-‘ C”*‘;-

respectively are wing, HTP, and VTP parasite
drag. €y, ~ and Cig, respectively are wing and
Wag 1]

fuselage rolling moment coefficient at a = 0.
Cny is wing yawing moment coefficient due to
ws, 3

aileron.

Furthermore, the wing, HTP, and VTP lift
coefficients respectively are defined as follows
[10]:
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2nA
Ci,, = ow 63)

el (=)

W =L
(z;n) { 1-(52)
Err.‘iﬁ. (64
L, )
2
-4“[1—[:%“-) tdl‘l .-‘1%
. 3
“lh __a
(:ni’“) "
Csyy = —(65)
-t (w-)
24 o " v 3 +4
« ..
)

where a is the speed of sound at altitude h, ¢/, .
EL

Gineg® s, respectively are wing, HTP, and VTP

airfoil lift coefficients, A: , A1 , A1 respectively
w z,., v

are wing, HTP, and VTP half sweep angles,

In addition, the elevator, aileron, and rudder
coefficients respectively are defined as follows
[10]:

E.'“Iﬁ
Ly, = - (66)
a
(.j'&h
&
Cry, =T— (67)
WE i
&
Cfvdi
F il
= —_— 68
Svs, () (68)
a

where ¢ 5 G C respectively  are
thoe,” lbng t vy, p 4

elevator, aileron, and rudder airfoil lift
coefficients which are not affected by altitude
and airspeed.

The wing, HTP. and VTP rolling moment are
defined as follows [10]:

Cf.%.ﬁ ==ty (mw = “w)%
sin24y,, - Gy, “5 (©9)

Cf,,‘.,ﬁﬁ = —Cy,,_ (M — “hu)m
$in24y,, — Gy, = ”;‘: £ (70)

C;.% = L5 ?”% (7))

where yyuc,, and yysc, respectively are wing and
HTP MAC side positions, [}, and [}, respectively
are wing and HTP dihedral angles. A, . and A; .
respectively are wing and HTP leading-edge
sweep angles.

B. Propeller Thrust Forces and Moments

The relation between the engine power and
the thrust genmerally use the power and thrust
coefficients [12][11] that are defined respectively
as follows:

G, () = (72)

P"'pmp me'p

CG()=——F (73)
tU) Pjrop Dpwp
where P is engme power, Dy, is propeller
diameter, ny,, is propeller rotation per second,
and J is rate of advance that is also defined as
follows [12][11]:

Vﬂ
S M— 74
/ M prap Dprop )
Figure 5a and Figure 5b show the power and
thrust coefficient for Wulung UAV model that
can be represented as polynomial equations as
follow:

G = ac},lf3 + “cpz.-"z + dg,,

-HICN (75)
C(J)= ae:[,fg + ac[.zfz +ag,J
+ag,, (76)

Then. the relation between the throttle and
engine power 18 proposed as follows:

P(é}) = ﬂpl 6&3 + apzé.t? + aps 6: + ap4(??)

Figure 5¢ shows the relation of equation (77)
for Wulung UAV. Therefore, a solution for the

following equation must be performed to obtain
propeller rotation n.

— 3 2
P(6;) = a,,n” + a,,n° + a,,n+ a,,(78)
where a}21 = arp PDop . @, = ﬁf,, PT-'Z.Dﬁmp-
. pl-" Dypop . and @, =

chce th: propeller thrust can be calculated
as follows:

T= cz(

Next, the thrust as shown m Figure 5d is
linearized as follows:

= To + CT“: 5: (SU)

3 - pl.«’

Va
) Doy (19)

Rprop Dprop
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Similar to aerodynamic coefficients

calculation, T, and CTH‘ are depend on the true

airspeed V, and the altitude h. Hence, the forees
and moments caused by the thrust in wvehicle
coordinate frame is written as follows:

E,=F, + CF“& (813
M, =M, + CMH@: (82)
Similar to aerodynamic forces and moment,

the equations (81) and (82) is then broken down
as follows:

E, =[Tocost 0 —Tysint] (83)

0.04
0.03;
©*0.02;

0.01]

Power (kW)
- - (%]
- =

[54]

(=]
i

0 0.2 0.4 0.6 0.8 1

i
“t

(c)

Cr,, = [Crs, cosT O —Cp, sin 1:]I (84)
Mp, = Ep, X Byrop (85)
C.M;,,‘,s = CF,,H X Ppmp (86)

where B,,, =[*prop 0 Zpop]' is the position
of the propeller in vehicle coordinate frame and 1
18 propeller ngging angle.

C. Gravitational Forces

Figure 6b shows the forces of gravitation in
inertia coordinate frame, while Figure 6a shows
the foreces m vehicle coordinate frame. Thus, we
write the gravitational forces in wvehicle
coordinate frame as follows:

0.05;
0.04
_0.03]
8]
0.02}

0.01

0 \
0 0.2 0.4 0.6 0.8

J
(b)

150

—

100 |

Thrust (N

S0}

0 02 04 06 08 1
a
t

(d)

Figure 5. Wulung propeller model. (a) Power coefficient; (b) Thrust coefficient, (¢) Power vs throttle; (d) Thrust vs throttle

mg V¥ Z,

(a)

Ue

mg

(&)

Figure 6, Gravitational forces: (a) Vehicle frame: (b) Inertia frame
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E = "RE[BU mg]'

[-sinf cos@sing cosé cos ] (87)

where m is mass of the fixed-wing UAV and g is
gravitational constant.

D. Nonlinear Flight Dynamic Model
The control input u and the state variable x are
defined as follows:

u= [ai.. au é‘r 6‘#]‘ (38)
x=[y" o £ al (89)
Hence. from equations (12), (14), (24)-(27),

(83)~(87). the nonlinear functions f(x) and g(x) of
equation (1) can be written as follows:

Fagtbpnthy _ ooy
m
Fe) = [/ {Ma, + My, — 2 x )02} (90)
Ro0
R,V
r Crg, Crp,
m m
9 =1j1ey,  JCu,, ®1
= udx:t udxl

Table 1.
Wulung UAV profiles

II. FLiGHT DYNAMICS RESPONSES

Wulung UAV profiles in Table 1 are used as
model parameters for simulating the responses of
the flight dynamics. Two scenarios of disturbance
are done by providing doublet angles of elevator
and aileron to show the longitudinal and lateral
dynamics responses of Wulung UAV.

Before performing simulation, the steady state
of flight must be found in the condition that the
UAV cruises without changing the altitude by
trimming the elevator and throttle. Therefore, if
the altitude, throttle, and elevator are respectively
set to h=3000 feet, &, =67%, and &, =
—3.3 deg, the steady state condition of Wulung
UAV model will be occurred at pitching angle
@ = 1.87 deg, axial velocity I/ = 58.75 knots, and
normal velocity W = 1.21 knots. Wulung UAV
model 15 then simulated wusing 10-DOF
differential equation (90) and (91). After the
calculation, the welocity, angular rate, attitude,
and altitude of Wulung UAV are obtained for
cach simulation scenario.

A, Longitudinal Dynamics Responses
In this simulation scenario, the UAV moves
westward with the throttle, altitude, veloeity, and

Parameter Unit

Mass, m 120 (kg)

Wing area, S, 3.9718 (m®)
Wingspan, b,, 6,355 (m)
HTP area, Sy 0.819 (m")
HTP span, by 1.95 (m)

VTP area, S, 0.519 (m")
VTP span, b, 0.845 (m)
Wing rigging angle, n,, 6°

HTP rigging angle, fj, -3

Wing dihedral, [}, 3°

¢.g. position, X -1.576 (m)
Wing-fuselage a.c. position, Xy, -1.497 (m)
HTP a.c. position, X,., -4.136 (m)
VTP a.c. position, X, -3.97 (m)
Wing MAC side position, Yyac_ 1.589 (m)
HTP MAC side position, ¥umac, 0.488 (m)
VTP MAC normal position, Zyac, 0.294 (m)

Fise 79.045 (kgm®)
n 103.473 (kgm®)
Jox 159 541 (kgm®)
s 19.131 (kgm®)
Engine max power 20 (HP)
Propeller diameter, Dy, 32 (inch)
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attitude as well as steady state condition.
Therefore, the elevator angle is set to &, =
6.7 deg at ime ¢ = 10 sec, §, = —13.3 deg at time
t =105 sec, and §, = —=3.3 deg at time ¢ = 11 sec
as shown in Figure 7a,

Figure 7a also shows the responses of the
pitch and attack angles. Once e¢levator traling
edge down (positive), decreasing the both angles
of pitch and attack, and after elevator trailing
edge up (negative), increasing the both angles of
pitch and attack. Thereafter, the angle of attack
immediately return to normal angle less than 3
second, but the pitching angle takes time of
damped oscillation to back to steady states. In
addition, Figure 7b shows the responses of the
velocity and altitude. It seems clear that the
Wulung UAV suffered Phugoid motion with 2
minutes of damping. This simulation denotes to a
conclusion that the longitudinal dynamics
charactenistic of Wulung UAV is stable without a
hard control effort that indicated by the
convergence of states.

B. Lateral Dynamics Responses

Similar to longitudinal simulation scenario,

the fixed-wing UAV moves westward in steady

20 1

Angle (deg}

_20 T e i - - -
5 10 15 20 25 30
Time {sec)
(a)
85 . . 13050
— Aial volocity
= = = Aliihate
63 13030
5 81 13010 3
& :
§ T R ;5
250 —l\/\/\/\/\,-\-—-——' 2000 &
57 12670
55 42850
o an 4 20 an 100 20
Time {gec)
(b)

Figure 7. Wulung lengitudinal dynamics responses: (a)
Elevator doublet and the responses; (b) The veloeity and
altitude

state condition. Therefore, the aileron angle is set
to &, =5 deg at time t = 10 sec, §, = —5 deg at
time t = 10.5 see, and aileron angle back to zero
again at time t = 11 sec as shown in Figure 8a.
Figure Ba also shows the responses of the roll,
pitch, and sideslip angles. Once left aileron
trailing edge down (positive), mcreasing bank
angle (roll to rnght) at high roll rate but
decreasing the sideslip angle slightly, and after
atleron trailing edge up (negative), still increasimg
the bank angle at weakened roll rate and also
increasing the sideslip angle. Thereafler, the
sideslip angle takes time about 2 minutes of
damped oscillation to back to the steady state. In
contrast, the bank angle decreases to minimum
negative angle (roll to left) about 30 seconds and
then slowly rises gradually towards steady state
in a long time. The aileron doublet disturbance 1s
also reacting on the pitching angle that oscillates
for about 3 mmutes damping. Figure 8b shows
the responses of the heading and altitude. It
seems clear that Wulung UAV bank angle did not
immediately return to the steady state m a long
time after aileron doublet disturbance, thus
causing the vehicle has a tendency to tum. This

Angle (deg)

20 ' L L L
0 ] 10 15 20 25 30
Time (sec)
(a)
- = e

fude (feel]

0 0 W om0 ®e @ M M0 W0
Timae {sec)

(b)

Figure § Wulung lateral dynamics responses: (a) Aileron
doublet and the responses; (b) The heading and altitude
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simulation denotes to a conclusion that the lateral
dynamics characteristic of Wulung UAV is stable
but still need a lateral control to restore the bank
angle to the steady state immediately. Wulung
UAV also suffered phugoid motion for about 2
minutes that is indicated by pitching angle
damped oscillation.

IV. SIMULATION AND FLIGHT TEST

A flight test of Wulung UAV has been
conducted and the results are compared with
model simulation. The elevator doublet of flight
test as shown in Figure 9b 1s mimicked into
model simulation of longitudinal dynamic as
shown in Figure 9a. The difference of physical
angles may be caused by initial steady state and
the windy conditions when the flight test
conducted. Further, both results are normalized
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so the steady state is same and compared as
shown in Figure 9¢ and Figure 9d.

Figure 9¢ shows that both responses of the
pitching angle and the angle of attack between
model simulation and flight test approached
similarity. While Figure 9d shows that pitch rate
responses are nearly similar between model
simulation and the flight test. Hence, these results
demonstrate conformity of model simulation with
the actual flight of longitudinal dynamic. The
model is better than the system identification
method uwsing  grey-box [1] because it s
compliance with any conditions of altitude and
airspeed. Figure 10 shows the response of
normalized altitude and wvelocity so the imitial
steady state is same. The difference between the
simulation and the flight test may be caused by
the windy conditions when the flight test
conducted.
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Figure 9. Model simulation and flight test results of longitudinal dynamics responses; (a) Model simulation results;
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Figure 10. Altitude and velocity responses

V. CoONCLUSION

The longitudinal and lateral dynamics
responses of Wulung UAV are good enough
concerning to the outcome of model simulations
that show the stability of flying without the hard
control effort. Our proposed model is also
compliance with flight test results of Wulung
UAV. Furthermore, our nonlinear model of the
fixed-wing UAV has the advantage to calculate
flight dynamics for all conditions of altitude and
airspeed that is important to build a controller
that adapt to the UAV altitude and airspeed. As
future works, this model will be used for an
adaptive nonlinear controller using command
filtered backstepping method. This model also
will be employed for building the hardware in the
loop simulation (HILS) systems that very useful
for testing the hardware controller module before
being used in the field.
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