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Abstract

Developing a nonlinear adaptive control system for a fixed-wing unmanned aerial vehicle (UAV) requires a mathematical
representation of the system dynamics analytically 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 adaptive controller. The model was formed into 10-
DOF differential equations in the form of strict-feedback systems which separates 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 dynamics; strict-feedback systems.

I. INTRODUCTION

A fixed-wing unmanned aerial vehicle (UAV)
has many advantages to fulfill important missions
in a wide range of territory. 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
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flying to the mission destinations reliably and
safely. Afterwards, some modeling studies of
Wulung UAV have been conducted to formulate
the flight control design.

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 grey-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
UAYV 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 1. A prototype of BPPT Wulung UAV
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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 Krstic [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:

x= f(x)+gu 1)

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 aerodynamic 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 airspeed. 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.

1. FIXED-WING UAV MODELING

Figure 3 shows the movement components of
fixed-wing UAV consisting of the attitude
E=[¢p0oy]", velocityv=[uvWw], angular
rateQ = [pqr]", forces F=[XYZ]', and
moments M = [LyMyN,] in the vehicle
coordinate frame (x,,y,,z,). Based on the
Newton's motion equations of the rigid body, the
forces and moments [2][10] are defined as
follows:

F=mV+0QxV 2)
M=]0+0x%x]n €)

where m is 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)

()

The velocity is generally obtained from inertia
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:

N=]1M-0xJ0)

V= "R,V

(6)
where Vs = [Vaore nVeast Vaown 1' 1S Inertia velocity
from GPS/INS and 'R, is direct cosine matrix

(DCM) as defined as follows:

URe — UR([) VRQ URlp (7)
1 0 0

"Ry =10 cos¢ sin ¢] (8)
0 —sing cos¢
[cos6 0 —sinf

Ry=| 0 1 0 ] ©)
lsin@ 0 cos@
[ cosyp  siny O

"Ry = [-siny cosy Ol (10)
L 0 0 1

Beside angular rate of equation (5), the

calculation of the Euler angular rate £ that has a
link with the following angular rate is required:

0 0
0 0

Hence, the Euler angular rate is written as
follows:

E=Ry0 (12)
where,
1 sin¢gptan® cosptand
el ] o

cos 6 cos 6

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

h = Vipun = RpV (14)
where,

R, =[sin® —singcosB® —cos¢cosB] (15)

Therefore, a nonlinear fixed-wing UAV

model is obtained using equations (4), (5), (12),
and (14) as 10-DOF of differential equations.
Thereafter, the forces and the moments due to the
influence of vehicle aerodynamics, propeller
thrust, and gravity must be described as follows:

(16)
(17)

F=F, +F, +F
M =M, + M,

where F, and M,respectively are aerodynamic
forces and moments, £, and M, respectively are
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,,v,,z,),
the stability coordinate frame (x,,vs, z;), and the
wind coordinate frame (x,,,y,,,z,). Aerodynamic
forces and moments, that occurs in fixed-wing
UAYV, generally are caused by three kind of
forces in the wind coordinate frame, i.e. lift force
L, drag force D, and side force S. Then the
aerodynamic forces in vehicle coordinate frame
is written as follows:

Fa = 1L7Rs SRW [_D S _L]T (18)
where,

cosa 0 —sina

"Ry=| 0 1 0 (19)

sina 0 cosa

cosfp  sinf 0

*Ry =|—sinB cosp 0] (20)
0 0 1
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Figure 4. Aerodynamic and thrust forces

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

M, =[Ly, My, Ny,I' (21)

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

= Fa,, + CFa5 [6e b 67"]T (22)
M, = Mav + CM% [6e 8 67"]T (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, = "Rs *Ry[—Dy Sy —Ly]' (24)
—Cp, 0 —Cp,
CFa(S = VRS SRW 0 0 CST (25)
—C, 0 0
M, =[Ly, Mo, Ny,J' (26)
0 CL¢a CL¢r
Cu,, = Cymy, O 0 (27)
0 CNwa CNwr

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

1
L, =5 pViSy (Cuy + Cp, @) (28)

Ty
Ts

1

CL, =3PV S Cuy, (29)
1

Sy =3PV SuCs, B (30)
1

Cs, = 5PV’ Su Cs;, (31)

1
D, =3 pVZS, (Cog + Co,a+ Cp,B) @2)

1

Cp, =5PVdSwCo,, (33)
1
Cp, = 5PV SwCo,, (34)

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

1

Ly, = EPVaZSWbWCLd,Bﬁ (35)
Cr,. = %pVaZSWbWCL%a (36)
Cr, =5PVSubyCy . @37)
Mg, = pVZS, by, (Cuy, + Cuy, @) (39
Cutg, = 3PV SubuCuy, @)
Ny, = 3PVSubuC,,, B (40)
Cry, = 3PVSubuCny, @
Cry, = 3PV SwbiCuy, @)

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

coefficients are written as follows:

qn S
Cuy = Cy, (v = @we} + Cuy o5

(e (o =) =y + 10} @)

S d
CL(Z = CLWa + CLhaq—h—h{l - s} (44)

oo Sw E
_ qn Sh
CL(Se —_ CLhﬁe q:g (45)
CS = CS q—hs_v (46)
B Y8 qoo Sw
G =C; v 47
S5, = CSuvg. qu 5 (47)
qn Sk qn Sv
Cpy =Cp. +Cp, —2n LRt
Do Dw, Dp,, Qoo S,y Dy, Goo Sy
2
{CLwa (nW - aWo)}
+
A, e,
2
{CLha(ah(O) - aho)} qn Sh
+ LS
nAheh (01 Sw
ZCLhaz(ah(O)_aho) qhn Sh
— —_— (48)
h€h G SW
C . ZCLwaZ(OH'”W_aWo)
Da — TAy ey
2
20y, (an () — aho)q_hS_h
TApep Qoo Sw
de
f1-24 (49)
2Cs. 2(B—B,
Dﬁ TAye, qoo Sw
_ ZCLha(ah(a)—aho) qn S
CDé‘e - n'Aheh Lhﬁe q:g (51)
2C -8,
Cop =) s (52)
DST wAyey Svﬁr Goo Sw
_ 4n Sn bn
CL¢~,; - CL¢wﬁ + CL¢hﬁ Qoo Sw by
qn Sy by
+ CL(Pvﬁ 4o Su Dy (53)
CLd,(S = CL¢W6 (54)
qn Sy
CL¢6r Csvﬁ MACy qTOSwa %)

Cuyy = Cuy,,. T Cmy,
+CLW0, (T]W - aWO)

Xac wf —Xcg

+CLwa (UW - aWo) ;

Xcg ~Xacp qp Sp
_CLha - -

4 qoo Sw
de
{E (aWO - 7,]W) - aho} (56)
Xac,,r ~Xcg
a
i, R s
Lha c doo Sw
de
-2
= Xeg™Xacy dn Sh
CM@:SE =y, T 7 g, (58)
— (. YeeTYacy dn Sv
CNV’B CS”B ¢ qoo Sw (9)
CNwaa - CNwW5a (60)
Xcg —Xacy, qn Sy
= — —_— 1
CNlp(?-,- CSU(Y;« c g SW (6 )

where n,, and 7, respectively are wing and hori-
zontal tail plane (HTP) rigging angles, A,,, 4;, 4,
respectively are wing, HTP, and vertical tail
plane (VTP) aspect ratios, a,,, an, By,
respectively are wing, HTP, and VTP angles of
attack at zero-lift, :T’: is HTP dynamic pressure

ratio, % is downwash gradient, e,, e, e,

respectively are wing, HTP, and VTP Oswald
coefficient, S, and S, respectively are HTP and
VTP surface area, b, and b, respectively are HTP
and VTP span. a,(a) is HTP angle of attack due
to the vehicle angle of attack that is formulated as
follows:

d
ap(@) = a+n, —n, —i{a— awo} (62)

c¢is wing mean aerodynamic chord (MAC) length,
xcg IS center position of gravity, Xac, Xacy Xac,
respectively are wing-fuselage, HTP, and VTP
aerodynamic center (a.c.) positions, and zysc, is
VTP MAC normal position. CDW,,' Cth, CDU,,

respectively are wing, HTP, and VTP parasite
drag. Cy 0 and Cy o respectively are wing and
Wac 0

fuselage rolling moment coefficient at « = 0.

C’st is wing yawing moment coefficient due to

aileron.

Furthermore, the wing, HTP, and VTP lift
coefficients respectively are defined as follows
[10]:
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C, = 2y (63)

C et ]
| (&) [ -(59)

C., = 2 (64)

NN
| () [ -(32)

2mA,
Csvﬁ = - (65)

. Av{:l—(%“f} [ ) ,(mn ?2 4
| () [

where a is the speed of sound at altitude h, ¢, ,
hay? Clvg respectively are wing, HTP, and VTP
airfoil lift coefficients, A1 , A1, A1 respectively

2w 2h 2y
are wing, HTP, and VTP half sweep angles.

In addition, the elevator, aileron, and rudder
coefficients respectively are defined as follows

[10]:

G

c
_ lhBeO (66)
the 1_(V_a)
a
Cl
C, =
Le,. = 2 (67)
)
a
ZUBT
— 0
Svs, — T 2 (68)
r —(Va
1-(%)
where Clh&o’ Clgy, Cl”@o respectively are
e ag T
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]:

YMAC
_ “wO)T

Cl¢wﬁ - _Ciwa(nw

. YMAC
sin24,, . — FWCLWO, TW (69)
_ YMAC h
CL¢,hﬁ = —Cpp, (mn — an,) ™
. YMAC
sin 24p,, — IiCyy, » Lo (70)
ZMAC 4 (71)

C =
L(»bvﬁ Svﬁ bv

where yyac,, and ywac, respectively are wing and
HTP MAC side positions, I, and I;, respectively
are wing and HTP dihedral angles, 4,, . and 4, ,
respectively are wing and HTP leading-edge
sweep angles.

B. Propeller Thrust Forces and Moments

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

Cp (]) - PngropPDgrop (72)
Ce() = —— (73)

PTrop Dirop
where P is engine power, D,., is propeller
diameter, n,,, is propeller rotation per second,
and J is rate of advance that is also defined as
follows [12][11]:

Va
= — 74
J Nprop Dprop (74)
Figure 5a and Figure 5b show the power and
thrust coefficient for Wulung UAV model that
can be represented as polynomial equations as
follow:

_ 3 2
¢, () =ac, J° +ac, ] +ac,

+an4 (75)
C:(J) = act1]3 + actzfz + act3]
+aCt4 (76)

Then, the relation between the throttle and
engine power is proposed as follows:

P(6,) = ap, 67 + ap,67 + ap,6; + ap, (77)

Figure 5c shows the relation of equation (77)
for Wulung UAV. Therefore, a solution for the
following equation must be performed to obtain
propeller rotation n.

P(6,) = a,,n® + a,,n* + a,,n + a,, (78)

2

- 3
where a,, = —ac, PDprop . Gn, Srop »

= _anszaZDprop , and An, = _anlpVag'
Hence, the propeller thrust can be calculated
as follows:

P

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

T = TO + CT(St(St (80)

= _acmPVaD

(¢

S/ T— ) pn?D;} (79)

T0
Nprop Dprop prop
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Similar  to  aerodynamic  coefficients
calculation, T, and Crs, are depend on the true

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

Fp = va + CFp56t (81)
M, = My, + Cy, & (82)

Similar to aerodynamic forces and moment,
the equations (81) and (82) is then broken down
as follows:

E

o, = [Tocost 0 —Tysint]' (83)

0.04
0.03
O0.02

0.01}

@

0 02 04 06 08 1

&
t

(©

CFpa = [CTat cost O _CTst sin T]T (84)
My, =B, X Byrop (85)
CMP5 = CFP§ X PpT‘Op (86)

where P, = [Xprop 0 Zprop]" is the position
of the propeller in vehicle coordinate frame and ¢
is propeller rigging angle.

C. Gravitational Forces

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

0.05¢
0.04
_0.03]

o
0.02

0.01

0 .
0 0.2 0.4 0.6 0.8

J
(b)

150

Z 100

Thrust (

50

0 02 04 06 08 1
)
t

(d)

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

mg ¥

@)

O¢
I —
l/ Te

'\fm}g

(b)

Figure 6. Gravitational forces: (a) Vehicle frame; (b) Inertia frame
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Fy = 'R0 0 mg]

=mg[—sin® cosOsing cosb cosP]'(87)

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

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

u=[8 8, & &I (88)
x=[yT o' =7 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:

FaptFp,+Fg axV
Flx) = J M, + M, —0x]0} (90)
R0
R,V
[ s s ]
m m
x) =1[y7-1 -1 91
gx) =1y Cu,y T Ci, (
o 04><3 04><1

I11.FLIGHT DYNAMICS RESPONSES

Wulung UAYV 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, 6, =67%, and 6§, =
—3.3deg, the steady state condition of Wulung
UAV model will be occurred at pitching angle
6 = 1.87 deg, axial velocity U = 58.75 knots, and
normal velocity W = 1.21 knots. Wulung UAV
model is then simulated using 10-DOF
differential equation (90) and (91). After the
calculation, the velocity, angular rate, attitude,
and altitude of Wulung UAV are obtained for
each simulation scenario.

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

Table 1.

Wulung UAV profiles

Parameter Unit

Mass, m 120 (kg)
Wing area, S,, 3.9718 (m?)
Wingspan, b,, 6.355 (m)
HTP area, S, 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, n, -3°

Wing dihedral, T;, 3°

€.g. position, x.g -1.576 (m)
Wing-fuselage a.c. position, x,c,,. -1.497 (m)
HTP a.c. position, x,, -4.136 (m)
VTP a.c. position, x,, -3.97 (m)
Wing MAC side position, ymac,, 1.589 (m)
HTP MAC side position, yuac, 0.488 (m)
VTP MAC normal position, zyac, 0.294 (m)

- 79.045 (kgm?)
oy 103.473 (kgm?)
J2z 159.541 (kgm?)
Jrz 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, =
6.7 deg at time ¢t = 10 sec, §, = —13.3 deg at time
t =10.5sec, and 6, = —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 elevator trailing
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
characteristic of Wulung UAV s 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

Angle (deg)

0 5 10 15 20 25 30

Time (sec)
(@)
65 T T 3050
Axial velocity
= = = Altitude

63 13030
:Ez 61 - 43010 E
> - e - - . e e e T e = = = 3
.g .l “~ ? N ar TN ~ - E
> 59 —}\/\/\/\/\NN———-— 2090 <

57 2970

55 . - L L - 2950

20 40 60 80 100 120
Time (sec)

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

state condition. Therefore, the aileron angle is set
to 6, =5 deg at time ¢t = 10 sec, §, = —5deg at
time ¢ = 10.5 sec, and aileron angle back to zero
again at time t = 11 sec as shown in Figure 8a.
Figure 8a also shows the responses of the roll,
pitch, and sideslip angles. Once left aileron
trailing edge down (positive), increasing bank
angle (roll to right) at high roll rate but
decreasing the sideslip angle slightly, and after
aileron trailing edge up (negative), still increasing
the bank angle at weakened roll rate and also
increasing the sideslip angle. Thereafter, 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 is
also reacting on the pitching angle that oscillates
for about 3 minutes 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 in a long
time after aileron doublet disturbance, thus
causing the vehicle has a tendency to turn. This

30

Angle (deg)

L ! . 1 L
0 5 10 15 20 25 30
Time (sec)

(@)

0 T T T T T T 3050

Heading
30 - = = Alitude ||

Heading (degree)

Altitude (feet)

2950

. | | | L |
0 50 100 150 200 250 300 350
Time (sec)

(b)

Figure 8. 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 UAYV is stable
but still need a lateral control to restore the bank
angle to the steady state immediately. Wulung
UAYV 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 is 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

30

so the steady state is same and compared as
shown in Figure 9c and Figure 9d.

Figure 9c 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 using grey-box [1] because it is
compliance with any conditions of altitude and
airspeed. Figure 10 shows the response of
normalized altitude and velocity so the initial
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; (b) Flight test
results; (c) Pitching and attack angles responses; (d) Pitch rate responses
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Figure 10. Altitude and velocity responses

V. CONCLUSION

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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