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Abstract

This article presents a detailed analysis of the longitudinal flying qualities of a small fixed-
wing unmanned aerial vehicle (UAV). The UAV model is developed using
MATLAB/Simulink, supported by the Aerospace Blockset for six-degree-of-freedom
dynamic modeling. Aerodynamic coefficients are obtained from Digital DATCOM based
on the UAV’s geometry and operating conditions. A trimmed flight state is determined, and
the nonlinear model is linearized to extract longitudinal dynamics. The short-period and
phugoid modes are analyzed according to MIL-STD-1797A criteria. Results indicate that
the UAV meets Level 1 requirements for both modes, with the short-period damping ratio
near the lower limit and the natural frequency well above the minimum threshold. These
findings clarify the UAV’s inherent dynamic behavior and provide a foundation for future
control system development and flight performance optimization.
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1. Introduction

Unmanned Aerial Vehicles (UAVS), especially small fixed-wing platforms, have
gained increasing importance in a wide range of civilian and military applications due to
their flexibility, low cost, and ease of deployment [1]. Despite advancements in
hardware and control systems, ensuring desirable flying qualities remains a critical
challenge, particularly in the longitudinal axis, which directly affects flight stability,
pilot workload, and autopilot performance.

Flying qualities refer to the aircraft's dynamic response to control inputs and
disturbances, and they are crucial for ensuring controllability, stability, and autopilot
performance. For manned aircraft, standards such as MIL-F-8785C and the more
modern MIL-STD-1797A define these qualities through damping ratios, natural
frequencies, and mode classifications [2]. However, no dedicated flying quality standard
currently exists for UAVs, and current research often relies on manned aircraft
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standards as substitutes, despite inherent differences in size, speed, mass properties, and
the absence of a human pilot for real-time evaluation.

Several studies have explored the applicability of classical criteria to UAVS.
Peters and Andrisani [3] found that lightweight UAVs required significantly faster
short-period dynamics compared to full-scale aircraft to maintain acceptable flying
qualities. Meanwhile, Lesiario and Hagstrom [4] conducted parametric studies to link
design variables with flying quality metrics and highlighted the lack of generalizable
standards for UAVs, despite the utility of classical models. Li et al. [5] also highlighted
the role of stability modes in the context of autopilot design for small aerial vehicles.

Although many studies have applied manned-aircraft flying quality criteria to
UAVs, there is still a lack of dedicated standards that account for the unique
aerodynamic and dynamic features of small fixed-wing platforms. The integration of
high-fidelity aerodynamic coefficient estimation with dynamic simulation and
standardized flying quality evaluation remains limited in UAV research. This study
develops a comprehensive analysis framework that combines aerodynamic modeling
using Digital DATCOM, six-degree-of-freedom dynamic  simulation in
MATLAB/Simulink, and linear stability assessment against MIL-STD-1797A criteria.
After identifying a trimmed flight condition, the longitudinal dynamics are isolated and
linearized to analyze the short-period and phugoid modes. These modes are then
evaluated against MIL-STD-1797A criteria to determine the UAV’s flying quality level
and stability characteristics.

2. Methodology
2.1. UAV model

In this study, the UAV model is developed based on the general configuration and
performance characteristics of the Russian Orlan-10 UAV. This UAV represents a
conventional fixed-wing reconnaissance platform with a standard aerodynamic layout.
The three-dimensional representation of the UAV model is shown in Fig. 1.

Fig. 1. 3D model of the UAV.
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The primary geometric and performance specifications of the UAV are
summarized in Tab. 1.

Tab. 1. Key characteristics of the UAV model

No. Parameter Unit Value

1 Wingspan m 31
2 | Fuselage length | m 1.8
3 | Takeoff weight | kg 18.6
4 Range km 600

5 Speed range | km/h | 70-150

6 | Altitude range m | 300-5000

2.2. Calculation of aerodynamic coefficients

The aerodynamic coefficients of the UAV were computed using the open-source
software Digital DATCOM. Digital DATCOM [6] is a tool developed by the United
States Air Force for estimating the aerodynamic and stability derivatives of flight
vehicles with conventional configurations. The software is written in the FORTRAN
programming language. DATCOM utilizes a semi-empirical methodology, combining
analytical equations with empirical correction factors obtained from wind tunnel
experiments and flight test data. This approach allows for reasonably accurate
estimation of aerodynamic properties while maintaining computational efficiency.

CASEID ORLANLO

SFLTCON WT=150.0,NMACH=1.0,RNNUB (1)=7.5784, LOOP=2.0
MACH (1)=0.09,NALT=1.0,ALT (1)=1500.0, NALPHA=15.0,
ALSCHD(1)=-7.0,-5.0,-3.0,-1.0,0.0,3.0,5.0,6.0,7.0,
8.0,9.0,10.0,11.0,12.0,13.0%

SOPTINS SREF=1.23,CBARR=0.33,BLREF=3.1,ROUGFC=0.25E-3,5
$SYNTHS XCG=0.56,2CG=0,

XW=0.43,2W=0.036,ALTW=2.0,

¥H=1.75,2ZH=-0.019,ALIH=-7.0,

Xv=1.41,2V=0.026,%

$BODY NX=7.0,BNOSE=1.0,BLN=0.145,BTAIL=1.0,BLA=0.022,
%¥(1)=0.0,0.041,0.098,0.145,1.016,1.978,2.0,
R(1)=0.04,0.08,0.11,0.121,0.105,0.04,0.0,
ZU(1)=0.036,0.036,0.036,0.036,0.036,0.026,0.026,
ZL(1)=-0.062,-0.152,-0.195,-0.208,-0.208,-0.05,-0.034,5
NACA-W-4-2412

$WGPLNF CHRDR=0.51,CHRDTP=0.29, SSPN=1.55, DHDADI=4.0,
TYPE=1.0, SSPNE=1.43, SAVSI=8.0, CHSTAT=0.0, TWISTA=0.0, $
NACA-H-4-2412

$HTPLNF CHRDR=0.25,CHRDTP=0.18, SSPN=0.41, SSPNE=0.385, SAVSI=7.0,
CHSTAT=0.0, TWISTA=0.0, DHDADI=4.0, TYPE=1.0, $
NACA-V-4-2412

$VTPLNF CHRDR=0.59,CHRDTP=0.22, SSPN=0.39, SSPNE=0. 38,
SAVSI=45.0, CHSTAT=0.0, TWISTA=0.0, DEHDADI=0.0, TYPE=1.0, 5

Fig. 2. Input configuration for the UAV in Digital DATCOM.
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Input data for DATCOM is provided in the form of structured text files composed
of namelist and control card sections, which define the aircraft geometry, flight
conditions, and reference parameters. The input configuration used for the UAV model
Is shown in Fig. 2.

2.3. Dynamic model of the UAV
2.3.1. Equations of motion

The motion of the UAV is governed by a set of six coupled nonlinear differential
equations, consisting of three translational force equations and three rotational moment
equations, expressed in the body-fixed reference frame [7]:

U =RV -WQ-gsin 9+%(—D+T cosa)
V =-UR+WP + gsin¢cos€+i(Y +T cosasin )
m

W:UQ—VP+gcos¢cos¢9+%(—L—Tsina) (1)

P=(cR+c,P)Q+c,L, +C,N,
Q=C,PR+¢,(P*—R*)+c,M,
R=(c,P—c,R)Q+c,L,+CN,

In these equations, U, V, and W represent the components of the translational
velocity in the body-axis system, while P, Q, and R denote the angular velocity
components about the roll, pitch, and yaw axes, respectively. The terms D, Y, and L
correspond to the drag, lateral force, and lift. The aerodynamic moments in roll, pitch,
and yaw are represented by La, Ma, and Na, respectively. T denotes the thrust. The
angles a, B, ¢, and 0 refer to the angle of attack, sideslip angle, roll angle, and pitch

angle. The coefficients cj are functions of the UAV’s principal moments of inertia and
can be computed as outlined in [8].

The aerodynamic forces and moments are computed from aerodynamic
coefficients using the following relationships [7]:

D =@SC,,Y =8SC,,L =§5C, ,

2
LA = qSC|ba MA = qSCmC, NA = qSCnb’ ( )

where =% pV? is the dynamic pressure, S is the reference wing area, ¢ is the mean

aerodynamic chord, and b is the wingspan.
The aerodynamic force and moment coefficients are expressed as linearized

60



Tap chi Khoa hoc va Ky thudt - ISSN 1859-0209

functions of state variables and control inputs, based on the small disturbance theory [7]:

C . C
CD :CDo +CDaa+CDqQ2_Ul+CDda2_U1+CD§eé‘e

b b
C,=C,,f+C,P—-+C,Ro5-+C, 6,+C, 4,

1 1

+C R +C, 6,+C, 6,
r 2U1 Sa S

C . C
CL =(:L0 +C|—aa+C|—qQE+CL&aE+CLﬁe§

b
C/=C,B+C,Pos

1

C.=C, +C a+C, Q—+C, d—+C, &
o Tm T ey, T S g, T

C. —C. p+C. P iC R 1C 6.+C, &
B P 2U r 2 Oa or

1 1
In these equations, de, da, or are the deflections of the elevator, aileron, and rudder,
respectively; U, is the steady-state flight speed used for linearization; the coefficients
Cxirepresent the partial derivatives of the aerodynamic forces and moments with respect
to the state or control variables. All aerodynamic coefficients used in this model were
calculated using Digital DATCOM based on the UAV’s geometry and flight condition
inputs. These coefficients are listed in the Tab. 2.

Tab. 2. Aerodynamic coefficients and derivatives

Coefficient Value Coefficient Value Coefficient Value
Co, 0.028 Co, 0.0 D, -0.008
Co, 0.2521 Co, 0.0 Ly 0.212
C, 0.228 C, 8.288 Co, -0.5272
C. 4.971 C, 1539 C,, 0.0
Ch, 0.0133 Co, -1.883 C,, 0.2076
C, -2.197 o -4.882 C. 0.3145
C,, -0.293 C, -0.09 C, -0.038
C, -0.081 C, 0.0 Co, -0.0102
G, 0.052 G, -0.019 C,, -0.05
C., -0.049 C, -0.437 C, 0.078
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2.3.2. Simulation model

The dynamic simulation model of the UAV was implemented in
MATLAB/Simulink, utilizing components primarily from the Aerospace Blockset. This
specialized toolbox provides a comprehensive suite of blocks and tools for modeling,
simulating, and analyzing aerospace systems. It enables the integration of flight
environment models, aerodynamic force computation, coordinate transformations, and
numerical solutions of motion equations.

As shown in Fig. 3, the UAV dynamic model comprises several core subsystems.
The central block, "UAV Airframe”, is responsible for calculating the external forces
acting on the UAYV, including aerodynamic forces, engine thrust, and gravity. These
forces are then used to solve the six-degree-of-freedom (6-DOF) equations of motion to
determine the UAV's attitude and position over time (Fig. 4).

L Visualization
ACBus EnvBus D
g I
Environment <p_qr>
Control Input AC Bus | J<phi_theta_psi> % [:]_
D athi,theta,psi
elevator
<X h> _
- )
aileron ;
Control _th
&
y
throttle UAV Airframe

Fig. 3. Schematic of the UAV dynamic model in Simulink.

The "Control Input” block provides control surface deflections and propulsion
inputs, such as elevator, aileron, and rudder angles, as well as engine thrust. The
"Environment” block computes atmospheric parameters, including air density, wind
speed, and gravitational acceleration, based on the UAV’s altitude, position, attitude,
and velocity. Finally, the "Visualization™ subsystem generates graphical outputs of key
flight parameters, including attitude, position, and angular velocity, allowing for post-
simulation analysis of UAV behavior under various flight conditions.
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Fig. 4. Subsystem for computing and integrating the equations of motion.

3. Flight quality analysis
3.1. Linearization of the longitudinal model

Accurately analyzing the stability of a nonlinear flight dynamic system can be
challenging and time-consuming due to the complexity of its behavior. However, since
fixed-wing UAVs typically operate within relatively small deviations from a trimmed
flight condition, their behavior can be well-approximated using linearization techniques.
According to the small disturbance theory [9], linearizing the nonlinear equations of
motion around a steady-level flight trim point provides a reasonable and efficient
method for analyzing flight dynamics.

In this study, the trimmed flight condition is computed using the ‘“findop”
function from the Simulink Control Design toolbox. The operating point corresponds to
a steady, level flight at an airspeed of 30 m/s and an altitude of 1500 m. The computed
trim solution (Fig. 5) yields an elevator deflection angle of —0.0318 radians
(approximately —1.8 degrees).

Once the trim condition is obtained, the nonlinear Simulink model is
linearized around this point using the linearizeAirframe function. Since the focus
of this analysis is on longitudinal flying qualities, only the longitudinal motion is
extracted from the full 6-DOF system for simplicity. A perturbation input is
applied to the elevator command input port ¢,, and the outputs are taken as the

pitch angle (#) and pitch rate (q).

63



Journal of Science and Technique - Vol. 21, No. 1 (Jan. 2026)

Operating point search report for the Model uav_sim.

(Time-Varying Components Evaluated at time t=0) Inputs:
Operating point specifications were successfully met. Min u Max
States:
Min X Max dxMin dx dxMax (1.) uav sim/elevator
-Inf -0.031875 Inf
(18.) O (2.) vav_sim/aileron
30.1 30.1 30.1 0 8.3716ee-08 0 -Inf -3.2456e-10 Inf
(19.) ¥ (3.) uav sim/ der
-Inf -2.612%e-08 Inf 0 5.8609e-15 0 -Inf .3597e-10 Inf
(20.) w (4.) uav_sim/throttle
-Inf 0.41247 Inf 0 -1.1873e-08 0 _Inf 19.3079 Inf
(21.) Xe
-Inf -1.1852e-15 Inf -Inf 30.1028 Inf
(22.) Ye
-Inf -2.0884e-13 Inf 0 -1.2745e-14 0
(23.) Ze
-1500 -1500 -1500 0 -2.6263e-10 0

Fig. 5. Trimmed operating point of the UAV.

The linearization process in MATLAB directly returns the state-space representation
of the longitudinal dynamics, in which the system matrices A and B are computed
numerically from the trimmed operating point. The resulting model has the form:

X =Ax+B6,, 4)

where the state vector is x = [U W, Q, G]T , and the matrices A and B are given as:

-0.064 0.118 0.3602 -9.801 0.369
_|-0574 5628 2628 -0.134 B —7.166 5)
0.071 -5.168 -1.816 0.0 -37.33
0.0 0.0 1.0 0.0 0.0
The roots of the system matrix A are:
A, =-3.724+11.49i, 4, , =-0.03+0.47i (6)

As shown in Fig. 6, all poles of the system lie in the left half of the complex plane,
meaning all real parts are negative. This confirms that the UAV exhibits longitudinal
static stability at the trimmed flight condition.

The system exhibits two pairs of complex conjugate poles. The pair with
higher frequency Ai. corresponds to the short-period mode, which primarily
governs the UAV's pitch attitude and angular rate. The pair with lower frequency
J3.4 represents the long-period or phugoid mode, which characterizes the coupled
variation of pitch attitude, airspeed, and altitude. This mode involves alternating
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exchanges between kinetic and potential energy around a steady flight level,
typically with negligible change in angle of attack.
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Fig. 6. Pole-zero map of the longitudinal state-space model.
3.2. Flying quality analysis

In this section, the longitudinal flying qualities of the UAV are evaluated based on
the MIL-STD-1797A standard [10]. Although no specific flying quality standard
currently exists exclusively for UAVs, MIL-STD-1797A offers a comprehensive
framework that extends and modernizes the criteria from earlier standards (such as MIL-
F-8785C), including considerations for digital flight control systems and a wider range of
aircraft configurations. Therefore, it is commonly adopted in research and design
evaluations for small UAVs in the absence of a dedicated UAV-specific standard.

To evaluate the longitudinal flying qualities of the UAV, the stability
characteristics of short-period and phugoid modes must be determined. The roots of a
second-order dynamic mode are given by [9]:

A=Cw, riw J1-¢?, (7
where {is the damping ratio and wn is the undamped natural frequency.
From this, we extract:
1 Re(4
(= = ®)
1+ m(4)
Re(4)
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The calculated stability characteristics of short-period and phugoid modes are
shown in Tab. 3.

Tab. 3. Longitudinal stability characteristics

Short-period Phugoid
Eigenvalues A, =-3.724+11.49i A4 =—0.03£0.47i
Damping ratio {sp = 0.308 Con = 0.063
Und?ggi‘:nng,tural ansp = 12.08 rad/s wnpn = 0.475 rad/s
R,ve.?f_'g?rrgeﬂ%gir {p> 0.3 and wnsp > 1.0 rad/s {on > 0.04

For the short-period mode (4, =—3.724+11.49i), the calculated damping ratio

is {sp = 0.308, and the undamped natural frequency is wnsp = 12.08 rad/s. According to
MIL-STD-1797A, for Level 1 flying qualities in Phase B (typical of cruise, climb,
descent, and loiter), the short-period mode must have a damping ratio of at least 0.3
and an undamped natural frequency of no less than 1.0 rad/s. The UAV meets these
criteria: the damping ratio is marginally above the minimum threshold, while the
natural frequency significantly exceeds the lower limit, indicating a highly responsive
short-period dynamic.

The high frequency (12.08 rad/s = 1.92 Hz) suggests a fast pitch attitude response
to control inputs, which is typical of small UAVs with low inertia and relatively high
control authority. However, such a high frequency also implies that the system must be
supported by a sufficiently fast actuator and sensor bandwidth to avoid phase lag or
instability in closed-loop operation. Moreover, the fact that the damping ratio is only
slightly above the Level 1 threshold may pose concerns regarding pilot or autopilot
workload, especially in turbulent or high-speed conditions. A lightly damped response
in the short-period mode can lead to noticeable oscillations and reduced precision in
pitch control unless carefully managed.

In contrast, the phugoid mode shows a much slower oscillation, with eigenvalues at
4,4 =—0.03+£0.47i, corresponding to a damping ratio of {;n = 0.063, and a natural
frequency of wnph = 0.475 rad/s. These values are well within Level 1 requirements

under MIL-STD-1797A, which specify a minimum damping ratio of 0.04 for the
phugoid mode. The UAV, therefore, comfortably satisfies the criteria for this mode.
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4. Conclusion

This study has presented a comprehensive analysis of the longitudinal flying
qualities of a small fixed-wing UAV by integrating aerodynamic modeling, dynamic
simulation, and linear stability evaluation into a unified framework. The authors
computed aerodynamic coefficients using Digital DATCOM and seamlessly
incorporated them into a six-degree-of-freedom UAV model developed in
MATLAB/Simulink with the Aerospace Blockset. This integration allowed an accurate
representation of aerodynamic characteristics in the dynamic simulation environment,
enabling precise analysis of the UAV’s longitudinal modes.

Linearization around a trimmed flight condition enabled the identification of
short-period and phugoid modes, which were assessed against MIL-STD-1797A
criteria. The results confirm that the UAV meets Level 1 flying quality requirements for
both modes. The short-period mode exhibits a damping ratio marginally above the
lower limit and a natural frequency significantly exceeding the minimum, while the
phugoid mode demonstrates stable, slow oscillations.

These findings provide a valuable reference for controller design, system tuning,
and potential aerodynamic refinements to enhance flight stability and performance in
autonomous UAV operations.
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PHAN TIiCH CHAT LUGNG BAY KENH DOC
CHO MO HINH UAV CANH BANG C3 NHO

Lé Vii Pan Thanh?!, Dwong Manh Hung!, Nguyén Thai Duong?
1Khoa Hang khong Vii try, Truong Pai hoc K3 thudt Lé Quy Doén
2Ti rung tam Hop tac quéc 16 Khoa hoc Cong nghé Viét-Nhat, Truong Dai hoc Ky thudt Lé Quy Don

Tém tit: Bai bio phan tich chi tiét vé& chit luong bay kénh doc cia mét md hinh UAV
canh bang ¢& nhé. Mé hinh UAV duoc xay dung trong phin mém MATLAB/Simulink két hop
vdi mo dun Aerospace Blockset dé mé phdéng dong hoc séu béc tu do. Cac hé¢ sb khi dong duoc
tinh toan b'?mg phﬁn mém Digital DATCOM duya trén hinh dang hinh hoc va diéu kién bay dac
trung caa UAV. Sau khi x4c dinh trang thai bay bang, mé hinh phi tuyén duogc tuyén tinh hoa dé
tinh toan cac dic trung dong hoc kénh doc. Cac mode dao dong doc, bao gdbm chu ky ngan va
phugoid, dugc phan tich va danh gi4 theo tiéu chuan MIL-STD-1797A. Két qua cho thiy UAV
dap ung yéu cau murc 1 dbi v6i ca hai mode dao dong doc, trong d6 hé sb tit dan cua chu ky
ngin nam sat can dudi, con tan sb riéng cao hon dang ké so voi murc yéu cau tdi thiéu. Nhitng
két qua nay co thé dung 1am co sé cho cac nghién ctru tiép theo vé thiét ké hé thong didu khién
va ti wu hoa hiéu suét bay.

Tir khoa: Dong liee hoc bay; UAV; chat lwong bay.
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