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Abstract This paper describes the development and
modeling of a low-cost and reliable small unmanned
aerial vehicle research platform for advanced control
implementation. The platform is mostly constructed
of low-cost commercial-off-the-shelf (COTS) com-
ponents. The only non-COTS components are the
airdata probes, which are manufactured and calibrated
in-house. The airframe used is the commercially avail-
able radio-controlled (R/C) 6-foot Telemaster airplane
from Hobby Express, chosen mainly for its adequately
spacious fuselage and for being reasonably stable and
sufficiently agile. One noteworthy feature of this plat-
form is the use of two separate low-cost onboard com-
puters for handling the data management/hardware
interfacing and control computation. Specifically, the
single board computer, Gumstix Overo Fire, is used
to execute the control algorithms, whereas the open
source autopilot, Ardupilot Mega, is mostly used to
interface the Overo computer with the sensors and
actuators. The platform supports multi-vehicle opera-
tions through the use of a radio modem that enables
multi-point communications. As the goal of this plat-
form is to implement rigorous control algorithms for
real-time trajectory tracking and distributed control, it
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is important to derive an appropriate flight dynamic
model of the platform, based on which the controllers
will be synthesized. For that matter, the paper provides
reasonably accurate models of the vehicle, servomo-
tors, and propulsion system. Namely, the output error
method is used to estimate the longitudinal and lateral-
directional aerodynamic parameters from flight test
data. The moments of inertia of the platform are deter-
mined using the simple pendulum test method, and
the frequency response of each servomotor is also
obtained experimentally. The Javaprop applet is used
to obtain lookup tables relating airspeed to propeller
thrust at constant throttle settings.

Keywords Unmanned aerial vehicle · Small
fixed-wing aircraft · Five-hole probe · Flight dynamic
model · Time-domain system identification

1 Introduction

The many appealing features of unmanned aerial vehi-
cles (UAVs), such as persistence and versatility, have
rendered these systems very useful for a wide range
of military, civilian, and research applications, includ-
ing real-time reconnaissance, surveillance, and target
acquisition, atmospheric sciences, and disaster relief.
The focus of this paper is miniature-sized (less than 2
meter wing span), low-cost, but highly capable fixed-
wing UAVs. Such UAVs can be deployed in groups
to perform complex and intricate tasks, and hence
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can serve as a viable alternative to dispatching larger
expensive high-tech aerial vehicles in certain applica-
tions. The appealing low-cost feature, which makes
these UAVs expendable, is due partly to the use of
relatively cheap sensors, actuators, and processors. In
addition, the convenient small size poses restrictions
on the computational and sensing capabilities. Then,
the strategy for achieving the desired high capability
despite the size, weight, and cost restrictions centers
around the development of new principles and novel
technologies in software and hardware design.

Developing a UAV research platform to validate
these new principles and technologies is of great
importance, and so it is no surprise that many UAV
testbeds have been developed by various academic
groups, e.g., [9, 20, 25, 26, 32, 36, 38, 40, 42]. The
main goal in building our testbed is to develop a low-
cost and reliable fixed-wing UAV platform that can
be used to implement relatively complex control algo-
rithms. Building a low-cost UAV platform is not an
original idea, as other research groups in the control
and robotics community have done so. For instance,
the UAV research group at the University of Min-
nesota have developed a low-cost UAV testbed [11,
38], which is mostly built of commercial-off-the-shelf
(COTS) components and uses the radio-controlled
(R/C) fixed-wing UAV, Ultra Stick 25e, as the main
test aircraft. Another low-cost UAV platform, based
on the R/C Goldberg Decathlon ARF airframe, has
been developed at Georgia Tech [26] for educational
purposes. The UAV research platform [20] uses the
low-cost open source autopilot, Ardupilot Mega, and

the Aero Testbed at the University of Illinois uses
the Paparazzi autopilot, which is also low-cost and
open source. These testbeds and others which are not
mentioned here rely on COTS components as well as
hardware/software developed in-house.

Our testbed also consists mostly of low-cost COTS
components; the only components built in-house are
the airdata probes, which are used to measure the
angle of attack, sideslip, and airspeed of the UAV. The
procedure for building and calibrating these sensors is
based on [6, 10, 35] and discussed in sufficient details
herein. The airframe used is the commercially avail-
able R/C 6-foot Telemaster Electro ARF from Hobby
Express; see Fig. 1 and Table 1 for the major geomet-
ric parameters of this aircraft. This aircraft is selected
primarily for its box-fuselage design, which provides
ample space for onboard electronics. Furthermore, this
R/C airplane is a well-known platform that is rea-
sonably stable, yet still capable of performing certain
aerobatic maneuvers. Minor modifications to the basic
airframe were performed in order to place sensors both
in the fuselage and on the wings. Aside from the use of
standard sensors and actuators, a noteworthy feature
of our platform is that the data management/hardware
interfacing and control computation are performed
by two separate onboard computers. Specifically,
the low-cost single-board computer, Gumstix Overo
Fire, is used to execute the control algorithms and
ultimately compute the control commands, whereas,
the COTS open source autopilot, Ardupilot Mega
[1], is mostly used to interface the Gumstix com-
puter with the sensors and actuators. The use of an

Fig. 1 A 6-foot Telemaster UAV and its onboard instruments
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Table 1 Main geometrical parameters of the Telemaster

Wing area 0.56 m2

Wing span 1.83 m

Wing MAC∗ 0.30 m

Mass 3.24 kg

*MAC: mean aerodynamic chord

XBee 900-Pro radio modem onboard the platform
allows for data transmission among multiple vehi-
cles, and thus the testbed also supports multi-vehicle
operations.

This UAV research platform is to be used to imple-
ment systematic and rigorous approaches, developed
in our research lab, on controlled maneuvers, track-
ing along trajectories, and distributed control, e.g., [4,
12–15], and further validate formal methods for math-
ematically certified control software design. As the
control design methodology pursued is model based,
it is important that we derive reasonably accurate
models that capture the rigid-body dynamics of the
vehicle and any relevant subsystems. For this applica-
tion, the subsystems that directly influence the vehicle
dynamics are the propulsion system and the servos
that actuate the aerodynamic control surfaces. The
thrust produced by the propeller is estimated using
code that employs blade element theory [21]. Vali-
dation of the propulsion model is performed under
static test conditions. The servomotors are modeled
as single-input single-output systems based on fre-
quency response data. The moments of inertia of the
vehicle are determined experimentally by using the
compound pendulum method, as described in [19, 33,
45]. A dynamic model of the aircraft is obtained via
system identification. A series of flight tests are per-
formed, and the aerodynamic parameters of the pos-
tulated model are estimated from the flight test data
using the output error method (OEM), an approach
that has been used widely for aircraft system identi-
fication. This approach is chosen due to its ability to
handle measurement noise while maintaining a rea-
sonable computational complexity, in contrast to the
more sophisticated filter error method [24]. Since the
OEM does not account for process noise, e.g., atmo-
spheric turbulence, it is necessary that all flight tests
be performed at times when minimum disturbance is
observed.

A thorough review of system identification appli-
cations for various types of UAVs is given in [49].

For fixed-wing aircraft, there are several works that
are similar in scope to the approach presented here. A
nonlinear mapping identification algorithm is utilized
in [44] in order to estimate parameters that capture the
attitude dynamics of an aircraft; the parameters cor-
responding to the moments acting on the vehicle are
formulated as a linear model using state and input vari-
ables. In [30], the output error method is utilized to
estimate stability and control derivatives that capture
the roll attitude dynamics from test data. Nonlinear
constrained optimization is used in [26] to estimate
parameters that minimize the difference between mea-
sured and model predicted output data. Both longitudi-
nal and lateral-directional models were obtained using
the linearized dynamics for each mode, respectively.
In this work, the output error method will be applied
in order to estimate the parameters of a model cap-
turing the aerodynamic forces and moments for both
longitudinal and lateral-directional excitations.

A number of hybrid control systems with perfor-
mance guarantees (in the �2-induced norm sense) have
been implemented on this UAV platform. Figure 2
shows data and snapshots from a flight test in which
a hybrid feedback controller designed for the UAV
executes two tasks consecutively: The first task is per-
forming a Split-S maneuver and the second is tracking
a level-turn trim condition. Due to space considera-
tions, however, we will not be able to include in this
paper a section on control design and implementation.

While the development and modeling in the sequel
are focused on a specific platform, the approaches
utilized are generally applicable to the entire class
of small, low-cost fixed-wing UAVs. As mentioned
before, the small-size and low-cost requirements for
these UAVs render the use of some sophisticated mea-
surement, instrumentation, and flight computer sys-
tems that are typically found onboard full-size aircraft
infeasible, restricting as a result the computational and
sensing capabilities of such UAVs. It is plausible, fur-
thermore, that these restrictions will affect the applica-
bility of some of the widely used system identification
techniques for aircraft, and hence it is important to
investigate and perhaps adjust these techniques so that
they are applicable for modeling of small, low-cost air-
craft. This issue has been addressed recently in [11],
where a modeling method based on system identifica-
tion in the frequency domain is presented. In our work,
we examine a procedure for time-domain aerody-
namic system identification of small, low-cost UAVs
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Fig. 2 The plot on the left shows the UAV executing autonomously a Split-S maneuver followed by tracking a level-turn trim
condition; the pictures on the right are snapshots of the UAV as it performs the Split-S maneuver

based on the output error method, augmented for
completeness with practical and easy-to-implement
methods from the literature for obtaining the moments
of inertia as well as the servomotor and propulsion
system models. This complete modeling approach for
small, low-cost UAVs is implemented on the Telemas-
ter platform and constitutes the main contribution of
this work. We also present a reliable system archi-
tecture, where two separate onboard computers are
used to handle the data management/hardware inter-
facing and control computation, and demonstrate a
cost-effective procedure for manufacturing and cali-
brating reasonably accurate airdata probes for small
UAVs. All in all, the main outcomes of this work are
as follows:

• We have developed a low-cost, small UAV
research platform, which is built mostly of COTS
components with a total price not exceeding
$3000. The only non-COTS components are the
airdata probes, which are manufactured in-house
following a simple process and calibrated using
the procedure from [35]. In fact, one of the
goals of this paper is to show that it is inex-
pensive to manufacture certain types of airdata
probes, which, with the proper calibration, can
be reasonably accurate. Specifically, we can eas-
ily and inexpensively manufacture 5-hole probes
with a conical tip shape from commercially

available materials using conventional machin-
ing techniques, as discussed later in the paper.
In addition, we demonstrate that an open jet
tunnel is sufficient for the calibration of such
probes.

• We have derived reasonably accurate models of
the UAV, servos, and propulsion system. The out-
put error method is used to estimate both the
longitudinal and lateral-directional aerodynamic
parameters from flight test data, which, to the
authors’ best knowledge, is a first for small fixed-
wing UAVs.

The outline of this paper is as follows. In Section 2,
we present the avionics used onboard the platform,
along with the ground control station, and discuss
the development of the airdata probes. In Section 3,
we discuss the simple pendulum test method used to
determine the moments of inertia of the vehicle, and
derive the mathematical models of the UAV, servos,
and propulsion system. A brief summary is provided
in Section 4.

2 UAV Platform Development

This section consists of two subsections. The first
describes all the components of the platform avionics
and the data flow among these components. The sec-
ond subsection presents the development process of
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two airdata probes, which are manufactured and cal-
ibrated in-house; these sensors measure the airflow
around the airplane and are used to determine the
angle of attack, sideslip, and airspeed of the UAV.

2.1 System Description and Architecture

In this subsection, we discuss the electronics used
onboard the platform, which consist of actuators, sen-
sors, communication radios, and computers, as shown
in Fig. 1. The online references for all the COTS
components used can be found in the dissertation [3].

Actuators: The actuators are chosen based on the
manufacturer’s (Hobby Express) recommendations.
Specifically, Futaba S3152 servos are used for aileron,
elevator, and rudder control. A JETI ADVANCE 40
Pro (40 Amps programmable) electronic speed con-
troller (ESC) is used to regulate the rotational speed of
an AXI 2826/12 electric motor, which is attached to a
13x8 APC propeller.

Sensors: The sensors used include a Microstrain
3DM GX3-25 Attitude and Heading Reference Sys-
tem (AHRS) (to measure attitude angles, angu-
lar rates, and linear accelerations), a Ublox LEA-
4T Global Positioning System (GPS) receiver (to
determine position), a VTI Technologies SCP1000
static pressure sensor (to determine altitude), and
two airdata probes built in-house (for airflow mea-
surements), which use two Freescale Semiconduc-
tor MPXV7002DP differential pressure sensor arrays.
Details on the development of these probes are given
in Section 2.2. The following are some useful com-
ments on the use of some of the aforementioned
sensors:

– The accelerometers and rate gyros of the 3DM
GX3-25 AHRS give measurements of linear
accelerations and angular rates about the aircraft’s
body reference frame. An internal Kalman fil-
ter algorithm uses these measurements, along
with those of the AHRS magnetometers, to com-
pute the Euler attitude angles. Adjustment of the
Kalman filter weights may be necessary when
operating in areas with severe magnetic distur-
bances. In such scenarios, it is advisable to place
more confidence in the measurements given by

the accelerometers and rate gyros than those
obtained from the magnetometers.

– The Ublox GPS receiver determines position in
terms of latitude, longitude, and altitude. Ground
speed and course can be computed from this
data, and will be utilized in the airdata probe
calibration process. In general, the precision of
the altitude measurement from this automotive
grade GPS is insufficient for feedback control
action when tracking rapid maneuvers. To cir-
cumvent this issue, a measurement of the altitude
based on pressure is used instead. The pressure
altitude is determined from the static pressure
measurement of the SCP1000 sensor using the
standard atmospheric model [2]. To account for
non-standard day conditions, a bias is introduced
so that the calculated pressure altitude on the
ground matches the corresponding altitude deter-
mined by the GPS.

– Since the avionics bay on the Telemaster has
an opening directly behind the motor and pro-
peller, the pressure in the compartment is directly
affected by the air mass exerted by the propeller.
To alleviate the resulting pressure build-up, sev-
eral holes have been drilled into the fuselage. To
ensure that the SCP1000 sensor and the static
ports of the MPXV7002DP sensor array measure
the static pressure in the fuselage, felt covers have
been installed on the inlet of the sensors.

Communication radios: There are two radios onboard
the platform: a Futaba R617FS eight-channel receiver
used for receiving commands from the R/C transmit-
ter and a 900MHz XBee-Pro used for transmitting data
to the Ground Control Station (GCS). During multi-
vehicle operations, the XBee can also be used to send
and receive data among the vehicles. Specifically, this
modem is capable of transmitting data to multiple
modems within its range (approximately 500 − 600 m
in our setup), provided that the same identification
number is shared by both the sender and the receiver.
Selective sending and receiving to simulate various
communication topologies is achieved through the use
of a specific header for the data being sent. The header
consists of the origin of the information and the target.
The target can be a single vehicle, multiple vehicles, or
all vehicles within communication range. An example
of a communication topology is given in Fig. 3. This
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figure shows 3 UAVs interconnected over a communi-
cation network in a follow-the-leader type experiment,
where the UAV in the red rectangle is the leader and
the other two UAVs are the followers. The leader sends
data to the ground station and to both follower UAVs,
and receives commands from the ground station. The
follower UAVs send data to each other and to the
ground station.

Computers: The platform uses two low-cost, open
source computers: Ardupilot Mega and Gumstix
Overo Fire. Ardupilot is used solely for data man-
agement/hardware interfacing, which boils down to
reading data from sensors, transmitting data to actu-
ators and other instruments, and recording data for
later analysis. This open source autopilot hardware
has full autopilot capabilities. Its accompanying soft-
ware is fully accessible and thus can be significantly
altered, or, if necessary, rewritten. Ardupilot has dif-
ferent types of serial ports (I2C, SPI, and 4 UART)
that can be used to connect to a variety of sensors. It
has 16 analog-to-digital converters to handle sensors
with analog voltage outputs as well as 8 pulse-width
modulation (PWM) input channels and 8 PWM output
channels that can be used to drive servos. These fea-
tures, along with the flexibility of the firmware, render

the board adaptable to a variety of sensor configura-
tions.

All control computations are carried out by the
Gumstix Overo Fire computer, which is a single board
computer powered by a 600MHz OMAP3530 micro-
processor from Texas Instruments. The Overo runs a
Linux Angstrom distribution as its operating system,
and the control algorithms are implemented in the
Python programming language. This computer is pri-
marily selected for its small size. With length, width,
and height dimensions of 58 mm, 17 mm, and 4.2 mm,
respectively, the Overo is advantageous for small UAV
applications where space and mass are major con-
straints. The Overo exchanges data with Ardupilot via
a serial port.

Before concluding this subsection, we will provide
an overview of the data flow among the computers,
sensors, and servos onboard the airplane. Note that
the engine electronic speed controller (ESC) is con-
sidered as a servo in this scheme. A diagram of the
data exchange between these components is given in
Fig. 4. As the diagram shows, Ardupilot receives data
from the sensors and passes this data to the Overo
computer. Overo then determines the necessary con-
trol inputs based on this data and sends the calculated
control commands back to Ardupilot. Based on these

Fig. 3 3 UAVs
interconnected over a
communication network
through the use of the Xbee
radio modems
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Fig. 4 A data flow diagram
of the fully programmable
airborne system

commands, Ardupilot actuates the servos to drive the
control surfaces. Ardupilot also composes a data pack-
age, consisting of all the measurements along with the
control inputs to be sent to the onboard data logger
as well as the ground station through the telemetry
system. On the ground, the R/C transmitter has an
on/off switch, which is used to activate/deactivate the
autopilot mode. Once the autopilot mode is deacti-
vated, i.e., the UAV is operating in manual mode, the
Overo computer becomes passive, while Ardupilot lis-
tens to the manual commands from the R/C transmitter
and passes them through to the servos.

To completely characterize the system, analysis of
the execution time for each routine in the autopilot
code is performed. This is carried out by programming
the autopilot to execute a particular routine for a thou-
sand times and then recording the worst time. Worst
case execution time for each task is used to make sure
that all tasks can be executed within the allocated time
and, further, to determine the time delay in obtain-
ing measurements from the sensors. The worst case
execution time for each task is given in Table 2.

2.2 Airdata Probe

One of the main goals of this work is deriving a
reasonably accurate aerodynamic model of the UAV.
As the aerodynamic forces and moments are highly
dependent on the airflow velocity vector, it is essen-
tial for achieving this goal to be able to measure or,
at least, estimate the angle of attack and sideslip. It
is possible to estimate these angles rather accurately
from the inertial velocity and attitude angles in the

absence of significant winds, as demonstrated in [22]
and [34]. However, the condition of no significant
winds is not easily met when dealing with small UAVs
flying at low speeds. Thus, developing sensors that can
measure the angle of attack and sideslip is instrumen-
tal for obtaining an adequate aerodynamic model of a
small UAV.

2.2.1 Probe Design and Manufacturing

Common methods for measuring the airflow direction
use mechanical vanes, differential pressure tubes, or
null-seeking pressure tubes, as outlined in [18]. Due
to potential design and implementation difficulties,
the use of mechanical vanes and null-seeking pres-
sure tubes is not preferable in the case of small UAVs
where size and weight are major constraints. To the
best of our knowledge, null-seeking pressure tubes
have never been used on small UAVs. Mechanical

Table 2 Worst case execution time

Task Worst Case Execution Time [ms]

Drive servos 0.16

Read static pressure 0.96

Read IMU (AHRS) 1.69

Read airdata 1.77

Ardupilot-Gumstix data 8.4

exchange

Send data to ground 12.55
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vanes, on the other hand, have been used success-
fully on a small UAV in [40] to measure the airflow
direction.

There are various differential probe designs that
can be used to measure the airflow vector. These
designs vary in the shape of the probe tip and/or
the number of pressure holes. A comparison of mea-
surement results using different designs of differential
probes is given in [6]. As stated in [46], the accuracy
of the differential probe measurements is proportional
to the number of pressure holes, and hence comes
at the expense of increased manufacturing complex-
ity. The shape of the tip also affects the accuracy
of the probe measurements. For instance, an airdata
probe with a perfectly spherical tip shape gives accu-
rate measurements without the need for calibration
because there are mathematical formulas available in
the literature that can be used to directly compute the
airspeed, angle of attack, and sideslip from the pres-
sure differences in this case. Manufacturing such a
probe, however, is challenging. In our case, we have
opted to design a five-hole probe with a conical tip
shape for the following reasons: (1) There are many
publications on the calibration and testing of five-
hole probes; and (2) it is possible to manufacture this
probe from commercially available materials using
conventional machining techniques. We have built and
calibrated two probes, each mounted on a wing of
the airplane at a distance of 406.4 mm (16 inches)
from the plane of symmetry with the port holes situ-
ated about 152.4 mm (6 inches) from the wing leading
edge; see Fig. 1. This configuration maintains lateral
balance and ensures that the effects of the propeller
wash and wing interference on the airflow measure-
ments are insignificant. Both probes are comparable
in quality and are used together in our platform for
redundancy. In the following, we will just focus on one
probe.

The CAD model of the five-hole probe that we
have designed is given in Fig. 5, along with the final
product. The figure shows the holes arrangement at
the tip of the probe. The probe consists of five small
aluminum tubes, glued together using JB Weld plas-
tic steel to form the desired plus-sign configuration,
and then encased in a larger aluminum tube. The
tubes used are sold in most hardware stores. The
length of the probe is 203.2 mm, and the tip diam-
eter is 5.56 mm. Each of the five small tubes has
an outer diameter of 1.60 mm and an inner diameter

(hole diameter) of 0.89 mm. Then, the ratio of the hole
diameter to the tip diameter is 0.16. Although this ratio
is relatively small compared to the one in [6], the num-
ber is fairly close to newer designs, such as those in
[39] and [41].

The tip design is conical with 90◦ angle. As
observed in [6, 10], this tip design yields reason-
ably accurate measurements of the angle of attack and
sideslip at low speeds and can be calibrated to mea-
sure these angles within the range ±22.5◦. For such
a tip design, there are no mathematical formulas that
directly relate the pressure differences to the angle
of attack and sideslip, as in the case of the perfectly
spherical tip shape. Hence, the relationship between
the measured pressure at each hole (port) and the air-
flow velocity vector can only be determined by exper-
iment. The experiment, along with the required data
processing and curve fitting, is henceforth referred to
as probe calibration.

2.2.2 Probe Calibration

The calibration of the probe was performed in the
Subsonic Open Jet Wind Tunnel at Virginia Tech fol-
lowing the procedure given in [35]. Figure 6 shows the
experiment setup. In this setup, the probe is placed in
the middle of the test section of the wind tunnel on a
turntable that can be rotated to vary the sideslip angle.
The angle of attack can also be varied by rotating the
rod on which the turntable is mounted. During cali-
bration, the rotational speed of the wind tunnel fan is
increased from 0 to 1180 rpm (maximum achievable

Fig. 5 Five-hole probe and its CAD drawing
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Fig. 6 Five-hole probe calibration process

speed) in increments of 200 rpm. The airflow veloc-
ity (in m/s) is about 0.021 times the fan rotational
speed (in rpm). Hence, at a fan speed of 1180 rpm,
the resultant airflow velocity is about 24.78 m/s. For
each considered rotational speed, the angle of attack
and sideslip are varied from −20◦ to +20◦ in 5◦
increments, with the pressure at all ports of the probe
measured in each configuration. The pressure mea-
surements for various values of the angle of attack and
sideslip at a fan speed of 400 rpm are shown in Fig. 7.

As aforementioned, during calibration, the pres-
sures at all ports of the probe, i.e., p1, p2, . . . , p5,
are measured for each configuration, where pi is the
pressure at port i and the port numbering is shown in
Fig. 5. As given in [35], it is possible to approximately
compute the angle of attack, α, and sideslip, β, from
the pressures p1, . . . , p5 as follows:

α = a0+a1Cpα +a2Cpβ
+a3C

2
pβ

+a4C
3
pβ

1+a5Cpα +a6Cpβ
+a7C

2
pβ

+a8C
3
pβ

, (1)

β = b0+b1Cpα +b2Cpβ
+b3C

2
pα

+b4C
2
pβ

+b5Cpα Cpβ

1+b6Cpα +b7Cpβ
+b8C

2
pα

+b9C
2
pβ

+b10Cpα Cpβ

, (2)

where pav = 0.25(p1 + p2 + p3 + p4), Cpα =
p3−p1
p5−pav

, and Cpβ = p4−p2
p5−pav

. Given the data
collected in the calibration process, the coefficients
a0, a1, . . . , a8 and b0, b1, . . . , b10 in equations (1–2)
are obtained by solving a least-squares problem by lin-
ear regression. The fitting surface and goodness of fit
for the angle of attack and sideslip are shown in Fig. 8.
The coefficient of determination, or R2, value for the
angle of attack data fitting is 0.9949 and that for the
sideslip data fitting is 0.9972.

The airspeed Va can be computed from the static
pressure ps and total pressure pt , namely,

Va =
√

2(pt − ps)

ρ
,

Fig. 7 Pressure distribution at various values of the angle of attack (α) and sideslip (β) for all ports of the probe
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where ρ denotes the air density. While it is possi-
ble to measure ps and pt during calibration by using
a pitot-static tube aligned with the direction of the
airflow, it is impractical to replicate this setup on
the actual UAV. Alternatively, as suggested in [35],
we can approximately obtain the values of the static
and total pressures, and hence the airspeed, from the
angle of attack and sideslip, along with the pressures
p1, . . . , p5, as follows:

ps = Cp5pav − Cpavp5

Cp5 − Cpav

and pt = ps + p5 − ps

Cp5

,

where

Cp5 = c0 + c1β + c2β
2 + c3β

3 + c4α + c5α
2

1 + c6β + c7α + c8α2 + c9α3
(3)

and

Cpav = d0 + d1β + d2α + d3β
2 + d4α

2 + d5αβ

+d6β
3 + d7α

3 + d8βα2 + d9β
2α. (4)

The coefficients c0, c1, . . . , c9 and d0, d1, . . . , d9

in equations (3–4) are also obtained by solving a least-
squares problem by linear regression. As shown in
Fig. 9, the R2 value for the Cp5 data fitting is 0.9788
and that for the Cpav data fitting is 0.9676. Our cal-
ibration results, and specifically the R2 values, are
comparable to those obtained in [35]. This observa-
tion is noteworthy considering that the authors in [35]
utilize a more sophisticated manufacturing process in
building their probe, in addition to a closed-circuit
wind tunnel for calibration, which generally generates
less turbulent airflow compared to an open-jet tunnel.

2.2.3 Validation and Analysis

The calibration results are validated by wind-tunnel
testing as well as flight testing. In the wind-tunnel
tests, the probe is evaluated at a low airflow speed
of about 12 m/s and a high airflow speed of about
20 m/s; these speeds correspond to the lower and
upper limits of typical operation of the UAV platform,
respectively. For each speed, the angle of attack is
varied from −10◦ to 10◦ in 5◦ increments at 0◦
sideslip, and similarly, the sideslip is varied from
−10◦ to 10◦ in 5◦ increments at 0◦ angle of attack.
The pressure sensors and analog-to-digital converter
used in these tests are the same as those used
onboard the UAV, as opposed to the high-precision
pressure scanner in the wind-tunnel facility, which
is used in the calibration process. In addition, a
first-order low-pass filter with a cutoff frequency
of 1 Hz is applied to the output of each of the
pressure sensors. We choose these specific wind-
tunnel validation tests as they are comparable to the
flight tests carried out for aerodynamic modeling
purposes.

Figure 10 shows the validation results for the con-
sidered values of the angle of attack with 0◦ sideslip
at 12 m/s and 20 m/s airflow speeds. Specifically,
at each speed and for each value of the angle of
attack, the test is run for 30 seconds, and samples
are collected at 20 Hz, i.e., we end up with 600 sam-
ples in total for each test. Thus, the total number
of samples for all the angle of attack tests at each
speed is 3000. The measurement error is defined as
the difference between the measured value and true
value of the angle of attack. We then have 3000

Fig. 8 Angle of attack and sideslip surface fitting
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Fig. 9 Cp5 and Cpav surface fitting

samples of the measurement error at 12 m/s air-
flow speed (low speed) and another 3000 samples
at 20 m/s (high speed). Note that the measurement
discrepancies are due to calibration errors as well
as instrumentation errors (because of the use of the
actual, less accurate sensors). The following analy-
sis of the aforementioned two sets of data is based
on [50]. Given these data, we find that the angle of
attack can be measured with an accuracy of 0.67◦ at
low speed and 0.46◦ at high speed, where the accu-
racy is given in terms of the root-mean-square (RMS)
of the measurement error. The RMS is defined as

RMS =
√

1
N

∑N
i=1 e2

i , where N is the number of
samples, which is 3000 for each speed, and ei is
the ith sample of the measurement error. The RMS

measure is used because the mean of the error is
not zero; specifically, there is a measurement bias
of 0.27 ◦ at low speed and −0.06 ◦ at high speed.
Assuming the error is normally distributed about the
nonzero mean value, then, for each speed, the num-
ber of samples that lie within the range ±RMS is

equal to 1
2

(
ERF

(
RMS−μ

σ
√

2

)
+ ERF

(
RMS+μ

σ
√

2

))
, where

σ is the standard deviation of the error, μ is the
mean value, and ERF(η) is the error function defined
as ERF(η) = 1√

2

∫ η

−η
e−ξ2

dξ . Hence, 80.6% of the
measurement error samples lie within ±0.67◦ at low
speed and 83.9% lie in the range ±0.46◦ at high
speed. Additionally, 95% of the error samples lie in
the range ±0.99◦ at low speed and ±0.64◦ at high
speed.

Fig. 10 Angle of attack validation at 12m/s airflow speed (left) and 20m/s speed (right)
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Fig. 11 Angle of sideslip validation at 12m/s airflow speed (left) and 20 m/s speed (right)

Figure 11 shows the validation results for the
considered values of the sideslip with 0◦ angle of
attack at 12 m/s and 20 m/s speeds. The samples
of the measurement error are collected in the same
way as in the angle of attack case. The measurement
error in this case also tends to decrease as the air-
flow speed increases. The RMS is 0.92◦ at low speed
and 0.54◦ at high speed. 67.9% of the samples lie
within ±0.92◦ at low speed and 81.9% lie within
±0.54◦ at high speed. The 95% confidence intervals
are [−1.37◦, 1.37◦] at low speed and [−0.79◦, 0.79◦]
at high speed.

The probe is next tested in flight. The test entails
maintaining the airplane in straight (and preferably
level) flight, as sensor measurements, including those
from the probe, are recorded. In this scenario, as
long as the wind disturbances are relatively insignif-
icant, the angle of attack should be approximately
equal to the pitch angle minus the flight path angle.
In our tests, we managed to maintain the airplane in
almost level flight (i.e., at a roughly zero flight path
angle). Figure 12 shows that the measured values of
the angle of attack obtained from the probe corre-
late well with the measurements of the pitch angle
from the AHRS sensor. Note that the 4◦ bias between
the measurements from the probe and those from the
AHRS is due to the fact that the probe is installed
on the wing, which has an angle of incidence of
approximately 4◦. This type of test is not suitable for
the validation of sideslip measurements due to the dif-
ficulties in flying an R/C airplane at a constant angle
of sideslip.

3 UAV Platform Modeling

In order to design dynamically feasible trajecto-
ries offline and develop high-performance feedback
controllers, a reasonably accurate model of the air-
craft dynamics is required. A combination of semi-
empirical, frequency domain, and time-domain identi-
fication techniques is utilized to obtain a mathematical
representation of each major component of the sys-
tem. This section is divided into five subsections: The
first gives the equations of motion of the UAV; the
second presents the test method used to determine
the moments of inertia; the third describes the exper-
iment conducted to obtain the frequency response
of each actuator; the fourth focuses on the propeller
thrust modeling; and the last subsection presents the
parameter estimation process used for deriving the
aerodynamic model of the UAV.

Fig. 12 In flight measurement of the angle of attack
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3.1 Aircraft Equations of Motion

The dynamics of the UAV are described by standard
rigid-body six-degree-of-freedom equations of motion
in the aircraft body reference frame. Before giving
these equations, we define the following reference
frames:

{I } := inertial reference frame with X-axis point-
ing North, Y-axis pointing East, and Z-axis
pointing down (NED)

{B} := body reference frame, fixed to the center of
gravity of the UAV, with X-axis pointing to
nose, Y-axis pointing to starboard wing, and
Z-axis pointing down

The following notations are introduced to concisely
present the equations of motion, as suggested by [7, 8,
27]:

P = position of the center of gravity in {I } =
[N, E, − H ]T

V = linear velocity of the center of gravity relative
to {I }, expressed in {B} = [u, v, w]T

Vw = linear velocity of the wind relative to
{I }, expressed in {B} = [uw, vw, ww]T

V̄ = linear velocity of the center of gravity relative
to the wind, expressed in {B} = V − Vw =
[u − uw, v − vw, w − ww]T

Va = airspeed of the unmanned aerial vehicle =√
(u − uw)2 + (v − vw)2 + (w − ww)2

	 = angular velocity of {B} relative to
{I }, expressed in {B} = [p, q, r]T


 = vector of Euler angles with respect to {I } =
[φ, θ, ψ]T , where φ denotes the bank (roll)
angle, θ the elevation (pitch) angle, and ψ the
heading (yaw) angle

B
I R = rotation matrix from {B} to {I } in SO(3),

given in terms of 


G = gravitational acceleration vector expressed in
{B} = g[− sin θ, cos θ sin φ, cos θ cos φ]T ,
where g is the standard acceleration due to
gravity

We assume the earth is flat and the gravity
field is constant (g = 9.80665 m/s2). Let δ =
[δe, δa, δr , δt ]T , where δe, δa , and δr denote the ele-
vator, aileron, and rudder deflections, respectively, and
δt designates the throttle input. Note that these are
the actual deflections, that is, the outputs of the ser-
vomotors used to deflect the control surfaces on the
UAV. The commanded control surface deflections and
throttle input, which are the inputs to the servomo-
tors, are denoted by δc = [δc

e , δc
a, δc

r , δc
t ]T . The three

servomotors used onboard the UAV are identical and
each is modeled as a second-order system obtained
by measuring the frequency response, as discussed
in Section 3.3. We can then express the equations of
motion as follows:

V̇ = m−1F(V̄, 	, δ) + G − 	 × V

	̇ = J−1M(V̄, 	, δ) − J−1 (	 × J	) (5)

Ṗ = B
I R(
)V


̇ = E(φ, θ)	

where m = 3.24 kg is the mass of the UAV, J is the
moment of inertia tensor, F(V̄, 	, δ) denotes the aero-
dynamic and propulsion forces, M(V̄, 	, δ) denotes
the aerodynamic and propulsion moments, and

E(φ, θ) =
⎡
⎣ 1 sin φ tan θ cos φ tan θ

0 cos φ − sin φ

0 sin φ/ cos θ cos φ/ cos θ

⎤
⎦ ,

B
I R(
) =

⎡
⎣ cos θ cos ψ sin φ sin θ cos ψ − cos φ sin ψ cos φ sin θ cos ψ + sin φ sin ψ

cos θ sin ψ sin φ sin θ sin ψ + cos φ cos ψ cos φ sin θ sin ψ − sin φ cos ψ

− sin θ sin φ cos θ cos φ cos θ

⎤
⎦ .

Note that, for some advanced control implementa-
tions, the use of quaternions instead of Euler angles
would be more appropriate, especially when the

maneuvers to be tracked stay in the gimbal lock
region for a relatively long period of time (sev-
eral time steps). However, as far as modeling is
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concerned, the obtained aerodynamic model can still
be used with equations of motion that include quater-
nion kinematics, and so, in this paper we will use
the preceding equations of motion without loss of
generality.

The ground testing procedures used to obtain the
moments of inertia of the UAV, and hence the iner-
tia tensor J, are described in Section 3.2. Sections 3.4
and 3.5 give the propulsion and aerodynamic mod-
els. Note that we assume the propeller does not
significantly affect the airflow over the UAV. Conse-
quently, we approach the aerodynamic and propulsion
modeling separately. We can then write F and M
as

F(V̄, 	, δ) = FA(V̄, 	, δe, δa, δr ) + FP(V̄, δt ),

M(V̄, 	, δ) = MA(V̄, 	, δe, δa, δr ) + MP(V̄, δt ),

(6)

where (·)A and (·)P denote the aerodynamic and
propulsion components, respectively.

3.2 Moments of Inertia

The moments of inertia of a full-scale aircraft about
the roll and pitch axes are typically determined
using the compound pendulum method, whereas the
moment of inertia about the yaw axis is obtained
using the bifilar pendulum approach, as described in
[19, 33, 45]. In the case of a small UAV, the vehi-
cle can be easily tilted sideways, and so the moment
of inertia about the yaw axis can also be determined
using the compound pendulum method. That way, the
same setup can be used to perform all the exper-
iments. The bifilar pendulum method can also be
used to determine all the moments of inertia of a
small UAV, as shown, for example, in [23], provided
that the testing setup is appropriately configured to
avoid the inadvertent excitation of the swaying mode,
which could otherwise result in significant measure-
ment errors as discussed in [28]. Thus, either of the
aforementioned test methods can be used to compute
the moments of inertia of a small UAV. In our case, we
have used the compound pendulum method simply for
convenience.

The moments of inertia about the roll, pitch, and
yaw axes are determined in three separate experi-
ments. In each experiment, the UAV is positioned
appropriately on a wire suspended cradle, as shown in
Fig. 13, in order to obtain the moment of inertia about

the desired axis. The experiment entails finding the
oscillation period of the pendulum and then comput-
ing from this period the moment of inertia by applying
a simple mathematical formula. It is indicated in [33]
and observed in our preliminary tests that the com-
pound pendulum method is sensitive to the length of
the suspending wires. Specifically, the accuracy of the
measurements obtained using this method degrades as
the distance from the pivot axis of the pendulum to the
center of gravity of the UAV, denoted by L, increases.
This finding can also be verified by examining the
mathematical formula used to compute the moment of
inertia and doing some sensitivity analysis. The for-
mula for computing the moment of inertia, I, is based
on the linearized equation of motion of the compound

pendulum and is given by I = mgLT 2

4π2
− mL2,

where T is the oscillation period of the pendulum, g

is the acceleration due to gravity, and L is as defined
before. As the major source of error in computing
the moment of inertia is the inaccuracy in the mea-
surement of the oscillation period, it is important to
examine the local sensitivity of I with respect to T .
Suppose that the true value of the moment of iner-
tia is In, and the corresponding oscillation period is
Tn. Then, the local sensitivity of I with respect to

T is
∂I
∂T

= 1

π

√
mgL

(
In + mL2

)
. It is clear from

the preceding equation that, as L increases, any small
discrepancy in the period measurement would yield
a more significant error in the computation of the
moment of inertia.

As mentioned before, the test setup for determining
the moments of inertia is shown in Fig. 13. The cradle
that holds the vehicle is connected to the pivot points
on the ceiling by four braided steel wires. The cradle
consists of a wooden frame, along with four eyescrews
to attach the frame to the steel wires. The cradle is
located at 1.18 m from the pivot axis and has a mass
of 1.27 kg. When placing the vehicle on the cradle,
it is important to make sure that the center of grav-
ity of the vehicle is as close as possible to the center
of the cradle. The test setup does not require any spe-
cific mounting apparatus, and therefore can be used
for multiple airplane models of similar size. Prior to
the testing of the UAV, a calibration test is performed
to determine the moment of inertia of the cradle, fol-
lowing the standard compound pendulum procedure.
The moment of inertia of the cradle about the pivot
axis is found to be 1.96 kg m2. Three experiments are
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Fig. 13 Moments of inertia
testing setup: wire
suspended cradle (left);
setup to determine the
moment of inertia about the
pitch axis (top middle), the
roll axis (bottom middle),
and the yaw axis (right)

then performed to determine the moments of inertia
of the UAV about the roll, pitch, and yaw axes (X, Y,
and Z axes in the body reference frame), which are
denoted by Ixx , Iyy , and Izz, respectively. The loca-
tion of the center of gravity of the UAV in each of
these experiments slightly changes based on the orien-
tation of the airplane with respect to the cradle. These
locations, measured from the pivot axis of the pendu-
lum, are 1.22, 1.35, and 1.21 m corresponding to the
configurations used to determine Ixx , Iyy , and Izz,
respectively. The mass of the UAV is 3.24 kg and is
slightly increased to 3.31 kg when determining Ixx

due to the addition of a wooden bar to hold the airplane
in place during this test.

To determine the moment of inertia about a spe-
cific axis of the UAV, the compound pendulum test
is repeated 3 times. In each of these tests, the time
required to complete 50 oscillations is recorded. Then,
the average of the three recorded values, denoted by
T50, is used to compute the moment of inertia by
applying the following equation:

I2 = g(m1L1 + m2L2)

ω2
n

− I1 − m2 L2
2,

where ωn = 100π/T50 is the frequency of oscillation,
m1 is the mass of the cradle, m2 is the mass of the
UAV, L1 is the location of the center of gravity of the
cradle, L2 is the location of the center of gravity of the
UAV (both locations measured from the pivot axis), I1

is the moment of inertia of the cradle about the pivot
axis, and I2 is the moment of inertia of the UAV about
its body axis. Table 3 gives the calculated values of
the moments of the inertia of the UAV. Concerning the
computation of the inertia tensor J, it is reasonable to
assume in our case that the “cross-product-of-inertia”

terms, Ixy , Ixz, and Iyz, are all zeros, and hence, we
have

J =
⎡
⎣ Ixx −Ixy −Ixz

−Ixy Iyy −Iyz

−Ixz −Iyz Izz

⎤
⎦ =

⎡
⎣ 0.21 0 0

0 0.31 0
0 0 0.48

⎤
⎦ .

3.3 Servo Model

Three servomotors are used to deflect the control sur-
faces on the UAV. These servos are identical and their
dynamics are described by the same second-order
system model. For instance, the system equations of
the servo used to deflect the elevator are:

(7)

where x1s and x2s are the internal states of the servo,
δc
e is the commanded elevator deflection, δe is the

actual deflection, ωns is the natural frequency of the
servo mechanism, and ζs is the damping ratio.

This model, and specifically the natural frequency
and damping ratio of the servo, are obtained exper-
imentally by measuring the frequency response. The

Table 3 Moments of inertia of the Telemaster UAV

Ixx Iyy Izz

T50 114.89 118.25 115.36 s

ωn 2.73 2.66 2.72 rad/s

I 0.21 0.31 0.48 kgm2
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frequency response test is performed by sending con-
tinuous sinusoidal command inputs at different fre-
quencies to the servo, one at a time, and, in each
case, recording the commanded signal and the cor-
responding response simultaneously. The frequencies
are chosen to cover a wide range about the cutoff
frequency of the servo. The test setup is given in
Fig. 14.

To measure the servo response, a potentiometer
is mounted such that the shaft of the potentiometer
is aligned with that of the servo. This potentiometer
is supplied with 5 V voltage by an Ardupilot board
and produces 0 − 5 V output based on the angular
position of its shaft. The Ardupilot is also used to
generate the reference command and send it to the
servo, as well as record the output from the poten-
tiometer. The potentiometer readings for a number
of commanded servo positions are recorded prior to
the frequency response test in order to determine
the calibration curve for this sensor. At each test
frequency, the magnitude and phase shift of the fre-
quency response are determined by comparing the
commanded input sinusoid and the measured steady-
state output signal; the values obtained are given in
Table 4.

Frequency domain fitting is applied to the test data,
with the natural frequency and damping ratio used
as the fitting parameters. Since the system is fairly
simple, the natural frequency and damping ratio are
adjusted manually to obtain a satisfactory fit. A nat-
ural frequency of ωns = 13.7 rad/s and a damping
ratio of ζs = 0.67 are obtained for the Futaba S3152

Fig. 14 Test setup for the frequency domain identification of
the Futaba S3152 servo model

Table 4 Futaba S3152 frequency response

Frequency Magnitude Phase

Hz - rad

0.01 1.00 0.00

0.10 1.00 -0.04

1.00 0.96 -0.57

2.00 0.81 -1.51

4.00 0.31 -3.02

5.00 0.19 -3.14

servo used in this work. The test data in Table 4 and
the second-order system fit are shown in Fig. 15.

3.4 Propulsion Model

The propulsion system of the Telemaster UAV consists
of a 760 RPM/Volt electric motor and a 13 × 8 inch
propeller. The engine is powered by a 3S LiPo battery
and controlled by a 40 Amps speed controller. We now
derive a propulsion model of our system. We assume
the propeller axis to be perfectly aligned with the body
X-axis. As a result, the propeller thrust will be applied
along the body X-axis only, that is, FP(V̄, δt ) =
[FPX(Va, δt ), 0, 0]T , and further, the thrust will not
generate any moments, namely MP(V̄, δt ) = 0. The
propulsion system model maps the throttle command
δt , which is a PWM (pulse-width modulation) signal,
to the generated propeller thrust FPX(Va, δt ), given
a certain airspeed. We assume that the dynamics of
the propulsion system are fast enough that we may
ignore the transient behavior. We also assume that,
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Fig. 15 Curve fitting of the servo test data
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Fig. 16 Relationship
between the throttle
command δt , which is a
PWM signal, and the engine
RPM

even under nonzero airspeed conditions, the electronic
speed controller (ESC) is able to ensure that, for a con-
stant throttle command, the engine runs at a constant
RPM.

We have obtained experimentally a look-up table,
represented graphically in Fig. 16, that can be used
to map a throttle command into the corresponding
engine RPM through interpolation. Then, given the
engine RPM and the current airspeed, we can compute
the generated propeller thrust using look-up tables
obtained from the propeller analysis applet, Javaprop

[21]. This applet uses blade element theory to return
a thrust profile based on the propeller geometry. The
complete thrust model, which relates the engine RPM
and airspeed to propeller thrust, is given in Fig. 17.
Notice that, for a propeller rotating at a constant RPM,
increasing the airspeed decreases the effective angle of
attack of the propeller blade and, as a result, decreases
the propeller thrust. Increasing the airspeed beyond a
certain value will reverse the effective angle of attack,
and hence cause the propeller to generate drag instead
of thrust. From this figure, we also observe that the

Fig. 17 Thrust prediction
as a function of airspeed
and engine RPM (Javaprop)
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maximum thrust-to-weight ratio of the Telemaster is
about 0.41, which is a typical value for a trainer class
R/C airplane.

The thrust predictions generated by Javaprop at
zero airspeed (static data) are verified through ground
testing. The test setup is given in Fig. 18, which shows
the engine mounted on an apparatus that is attached
to a weight scale, with the propulsion system set up
in a pusher configuration, that is, the generated thrust
pushes the whole test apparatus downward. We use
the weight scale and a tachometer to obtain the values
of the propeller thrust and engine RPM, respectively,
for each considered throttle setting. The static thrust
data returned by Javaprop and those obtained from two
ground tests, performed using two different batteries,
are given in Fig. 19. The figure clearly shows that
the Javaprop predictions closely match the static test
data.

3.5 Aerodynamic Model

The goal of aerodynamic modeling is to obtain a
reasonably accurate mapping from the airplane state
and control variables to the aerodynamic forces and
moments in the operating envelope (which is gener-
ally defined using altitude and airspeed limits). Thus,
we need to find formulas for FA(V̄, 	, δe, δa, δr ) =
[FX, FY , FZ]T and MA(V̄, 	, δe, δa, δr ) =
[MX, MY , MZ]T , as defined in Eq. 6, where Fi is
the component of the aerodynamic force in the body
i-axis and Mi is the aerodynamic moment about the
body i-axis. Specifically, we aim to determine the

Fig. 18 Test setup for measuring propeller thrust at zero
airspeed

force coefficients Ci = Fi/(Q S), for i = X, Y,Z,
and the moment coefficients Cl = MX/(Q S b),
Cm = MY /(Q S c̄), and Cn = MZ/(Q S b), where
Q = 0.5 ρ V 2

a is the dynamic pressure, with ρ being
the air density, S is the wing area, b is the wing span,
and c̄ is the mean aerodynamic chord. The values
of the aforementioned geometrical parameters can be
found in Table 1.

The aerodynamic model can be obtained using
several methods, including those based on semi-
empirical techniques, computational fluid dynamics
(CFD), wind tunnel testing, and flight testing. A semi-
empirical method typically uses basic aerodynamic
theories, along with some experimental data, to gen-
erate an aerodynamic model based on some geomet-
rical parameters of the airplane. There are available
software, such as digital DATCOM [51], which use
semi-empirical methods to predict the aerodynamic
characteristics of an airplane. DATCOM, in particu-
lar, takes some geometrical parameters as inputs and
outputs aerodynamic coefficients and stability deriva-
tives. Applying such methods to find aerodynamic
models for small UAVs may be unfavorable in gen-
eral because most of the experimental data used by
these methods are obtained for full-scale aircraft.
There are several, freely available, linear CFD codes
based on vortex lattice analysis, such as Athena Vor-
tex Lattice [31] and Tornado [48], that can be used
to develop aerodynamic models for small UAVs. The
CFD approach generally gives a satisfactory aerody-
namic model in the linear region of the aerodynamic
force and moment curves. However, this approach
does not take into account the effects of gaps between
the control surfaces and the wings or tails in com-
puting the forces and moments generated by the con-
trol surface deflections. The drag prediction is also
optimistic in this case, that is, the resulting model
underestimates the value of drag; the reason is the
CFD method only considers the drag generated by
the pressure distribution around the wings and fuse-
lage and neglects the drag due to skin friction and
appendices such as the landing gear. Wind tunnel test-
ing offers accurate and comprehensive aerodynamic
data to develop a high-fidelity model, but this comes
at the expense of high cost and relatively long model
development time [5]. In the case of small, low-cost
UAVs, the cost and time to perform the necessary
wind tunnel tests can be prohibitive. System identi-
fication and/or parameter estimation techniques can
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Fig. 19 Static thrust data
along with Javaprop
predictions

be used to develop aerodynamic models from flight
test data [24, 29, 47]. The structure of the aerody-
namic model may be determined based on the test
data by using, for instance, a stepwise regression
method (system identification), or it can be simply
postulated. Parameter estimation techniques can then
be used to estimate the values of the aerodynamic
coefficients.

In this paper, the aerodynamic model is obtained
from flight test data using the output error method
for parameter estimation in the time domain. The out-
put error method is a maximum likelihood estimator
for data with measurement noise [16]. This method
is asymptotically unbiased and consistent, that is, the
estimated parameters will approach their true values
as the number of measurements increases [29]. It is
computationally manageable, especially when com-
pared to the more sophisticated filter error method
[24]. But, unlike the filter error method, the output
error approach is not well-suited to handling process
noise, and so it is important to carry out the flight
tests in the absence of significant atmospheric distur-
bances. Details on the use of the output error method
for aerodynamic parameter estimation can be found
in [24, 29]. The structure of the aerodynamic model
used is given in Eq. 8, as suggested in [43]. This struc-
ture is chosen so that a single model can be used
to capture the UAV dynamics in the entire operating
envelope of interest.

CX = CX0 + CXαα + CX
α2 α

2

CY = CY0 + CYβ
β + CYp

p b

2Va

+ CYr

r b

2Va

+CYδa
δa + CYδr

δr

CZ = CZ0 + CZαα + CZδe
δe + CZ

α2 α
2

Cl = Cl0 + Clβ
β + Clp

p b

2Va

+ Clr

r b

2Va

+Clδa
δa + Clδr

δr

Cm = Cm0 + Cmαα + Cmq

q c̄

2Va

+ Cmδe
δe

+Cm
α2 α

2

Cn = Cn0 + Cnβ
β + Cnp

p b

2Va

+ Cnr

r b

2Va

+Cnδa
δa + Cnδr

δr (8)

The flight tests for parameter estimation in our case
are performed by a pilot on the ground controlling the
airplane remotely. Hence, only a few standard maneu-
vers for parameter estimation can be successfully
performed. These maneuvers capture the dutch-roll,
bank-to-bank, and short period motions of the aircraft.
Specifically, we employ standard control input pat-
terns for time-domain parameter estimation [24] to

Fig. 20 Control input shapes for parameter estimation
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Fig. 21 Data compatibility check using EKF prior to parameter estimation

excite the vehicle. The input patterns used are differ-
ent for each control actuator: doublet inputs are used
for the rudder to capture the dutch-roll mode, 1-2-1
for the aileron to capture the bank-to-bank motion,
and 3-2-1-1 for the elevator to capture the short period
mode. These integers indicate the number of time
steps to hold a control actuator at a specified posi-
tion before moving it to the same position in the
opposite direction. Figure 20 illustrates the shape of
each control surface input to be executed during the
flight tests. In this figure, the time step �t and the
magnitude of the deflection are chosen such that the
control input sufficiently excites the airplane (namely,
generate 0.4 − 0.5 g acceleration) without causing it
to deviate significantly from the nominal flight con-
dition. The guideline for choosing the best input is
provided by [24], which is based on the frequency of
the aircraft mode of interest. For the aircraft used in
this work, the time step �t is chosen to be equal to

Table 5 Estimated measurement biases and scales

bias value unit scales value

Bax -0.0434 m/s Kax 1.0000

Bay 0.1200 m/s Kay 1.0000

Baz -0.0097 m/s Kaz 1.0000

Bp -0.0011 rad/s Kp 1.0000

Bq -0.0032 rad/s Kq 1.0000

Br -0.0082 rad/s Kr 1.0000

BV a -0.0199 m KV a 1.0000

Bα 0.0587 rad Kα 1.0000

Bβ 0.0118 rad Kβ 1.0000

250 ms, and an appropriate magnitude of the control
surface deflection is determined during the flight tests.
To maintain consistency between tests, the onboard
computer is used to generate the commands for control
surface deflections from the trim condition.

Prior to estimating the aerodynamic model param-
eters, a compatibility check is performed on the test
data. The objective of this step is twofold: first,
to ensure that the data satisfies the kinematic rela-
tionships dictated by the equations of motion, and
second, to estimate and remove any bias and scale
factor errors in the measured data. An Extended
Kalman Filter (EKF) is used to obtain an estimate of
the time history of the vector-valued function x =
[u, v, w, φ, θ, ψ]T , as well as determine any sensor

Table 6 Estimated parameters

Parameter Value Parameter Value Parameter Value

CX0 -0.1004 CY0 +0.0446 CZ0 -0.4522

CXα -0.0928 CYβ
-0.5724 CZα -5.3550

CX
α2 +1.7729 CYp +0.1203 CZ

α2 -4.3813

CYr +0.1181 CZδe
+0.7406

CYδa
-0.0276

CYδr
+0.1584

Parameter Value Parameter Value Parameter Value

Cl0 +0.0128 Cm0 -0.0057 Cn0 -0.0068

Clβ
-0.0579 Cmα -0.2402 Cnβ

+0.0538

Clp -0.3590 Cm
α2 -0.0750 Cnp -0.0489

Clr +0.1420 Cmq -10.6607 Cnr -0.0831

Clδa
+0.1519 Cmδe

+0.5737 Cnδa
-0.0139

Clδr
+0.0042 Cnδr

-0.0465
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Fig. 22 Comparison of reconstructed flight test data (through FPR process) and model response: longitudinal parameter estimation
run; the elevator deflection, δe, from the flight test is used to drive the simulation process

bias and scale factor errors. This process, referred to
as flight path reconstruction (FPR) [24, 29, 37], uti-
lizes the first and last equations from Eq. 5 with the
adjusted measurements of the linear accelerations, ax ,
ay , and az, and the angular rates, p, q, and r , as inputs
to the system. The notations ax , ay , and az denote
the linear accelerations at the center of gravity of the
UAV along the body X, Y, and Z axes, respectively.
These accelerations are not measured directly, but can
be obtained from those given by the AHRS as follows:
[ax, ay, az]T = m−1F(V̄, 	, δ) = [âx, ây, âz]T −
	× (	×�P)− 	̇×�P, where �P is the position of
the AHRS (which is located on the body X-axis) rel-
ative to the center of gravity of the UAV, âx , ây , and
âz are measured by the AHRS and denote the linear

accelerations at the location of the AHRS, expressed
in {B}, and the derivative 	̇ is computed in our case
using the central difference method. Aside from the
aforementioned inputs, the EKF uses measurements of
φ, θ , ψ (given by the AHRS) and Va , α, β (given by
the airdata probes) to update the state estimates. Note
that α= tan−1((w−ww)/(u−uw)) and β =sin−1((v−
vw)/Va). As all of the data to be used in the parameter
estimation are obtained from several tests performed
during a single flight, it is sensible to process all the
test data simultaneously in order to obtain a single set
of values for bias and scale factor errors. To process
the data concurrently, the EKF is modified to expand
the number of states and measurements following the
addition of flight test data to the FPR process. That is,
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Fig. 23 Comparison of reconstructed flight test data (through
FPR process) and model response: lateral-directional parame-
ter estimation run; the reconstructed bank angle (φ) data, along

with the aileron (δa) and rudder (δr ) deflections applied in the
flight test, are used to drive the simulation process
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Fig. 24 Comparison of reconstructed flight test data (through FPR process) and model response: longitudinal model validation run

for each flight test i, we add dynamic equations to the
EKF (the first and last equations from Eq. 5), along
with the measurements from this run, to estimate the
time history of the corresponding vector-valued func-
tion x(i). We incorporate sensor bias and scale factor
errors in the measurement equations for âx , ây , âz,
p, q, r , Va , α, and β, which take the form: R =
KR Rm−BR , where R is the adjusted value of the vari-
able being measured, Rm is the measured value given
by the sensor, KR is the scale factor error, and BR is
the measurement bias. We use the procedure outlined
in [17] to design the EKF. The measurement and dis-
crete state noise covariance matrices, as well as the
initial value of the state covariance matrix, are all cho-
sen to be constant and diagonal, with the values of the
diagonal entries selected appropriately based on sev-
eral iterations and some known characteristics such as

the variances of the measurements in the case of the
measurement covariance matrix.

A comparison of the raw and reconstructed data for
an elevator 3-2-1-1 test is given in Fig. 21. For the test
data used to derive the aerodynamic model, the bias
terms and scale factors are not significant, with the
exception of the angle of attack measurement bias, Bα ,
as shown in Table 5. The larger bias in the angle of
attack measurements is a consequence of the airdata
probe being installed parallel to the bottom surface of
the wing, which has a 4◦ incidence angle from the
body X-axis.

It is convenient to decouple the estimation of the
longitudinal and lateral-directional parameters [24].
This decoupling is acceptable under the assumption
that, when the aircraft is in steady symmetric level
flight, a small perturbation in the longitudinal motion
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Fig. 25 Comparison of reconstructed flight test data (through FPR process) and model response: lateral-directional model validation
run
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Fig. 26 Comparison of simulated and measured responses: a gentle left turn maneuver

will not affect the lateral-direction motion and vice
versa. In general, this scenario is difficult to achieve
in the case of a small UAV because of the imperfec-
tions in the aircraft and the difficulty for an on-ground
pilot to ensure a steady symmetric level flight. To cir-
cumvent these issues, multiple tests are performed at
similar flight conditions. These tests are subsequently
analyzed and those which satisfy the steady symmetric
level flight requirement are then used in the parameter
estimation process.

We have used three flight test runs to esti-
mate the longitudinal aerodynamic parameters and
four test runs to estimate the lateral-directional
parameters. The estimated parameters are given in
Table 6. Figures 22 and 23 show that the output of
the estimated model matches well both the longitu-
dinal and lateral-directional test data. Note that, in
all the relevant figures, the elevator, aileron, and rud-
der deflections, which are PWM signals, are given
in terms of the deviations from a reference value

of 1.5 ms, which corresponds to approximately zero
deflection. The estimated aerodynamic parameters are
validated against flight test data that are not included
in the parameter estimation process. Specifically, the
inputs from this data, that is, the control surface
deflections and initial conditions, are used to drive a
simulated model that uses the values of the aerody-
namic coefficients identified in the estimation process.
The simulated response is then compared to the mea-
sured response to see how well the estimated aero-
dynamic model parameters are able to predict the
response of the actual airplane. A comparison of the
predicted and measured responses is given in Figs. 24
and 25 for the longitudinal and lateral-directional
tests, respectively. The response of the simulated sys-
tem is fairly close to the measured response, which
indicates that the obtained model adequately captures
the aircraft dynamics at the test conditions.

In the following, we examine how closely the
derived flight dynamic model describes the behavior
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Fig. 27 Comparison of simulated and measured responses: a Split-S maneuver

of the UAV given certain commanded control inputs.
We first consider recorded flight test data correspond-
ing to a gentle left turn maneuver. As evident from
Fig. 26, the simulated trajectory captures most of the

features of the actual flight trajectory. The same obser-
vation holds for the case where the UAV executes a
Split-S maneuver, as can be ascertained from Fig. 27.
We have also synthesized a linear time-invariant H∞

Fig. 28 Performance of an H∞ controller in tracking a circular trajectory (black arrows indicate the flight direction; blue arrows
indicate the wind direction)
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controller based on the derived model and tested it
on the platform. The performance of the controller
in tracking the reference circular trajectory under two
wind conditions (1.8 m/s and 3 m/s average wind
speed) is demonstrated in Fig. 28. As the ultimate goal
of developing this platform is the implementation of
advanced control algorithms, these preliminary flight
control tests are promising.

In conclusion, the complete flight dynamic model
of the UAV includes the servomotor dynamics, where
each servomotor is modeled as a second-order system
as given in Eq. 7, in addition to the nonlinear equations
of motion given in Eq. 5, with the relationships map-
ping the state and control variables to the aerodynamic
forces and moments provided in Eq. 8 and the look-up
tables mapping the throttle command and airspeed to
the generated propeller thrust represented graphically
in Figs. 16 and 17.

4 Conclusions

In this paper, the complete development process of
a UAV platform for advanced control implementa-
tion is discussed. The airframe of the platform is
obtained from an off-the-shelf R/C model airplane,
the Telemaster, which is modified to incorporate
onboard computers along with several standard and
customized sensors. Two airdata probes are devel-
oped, tested, and calibrated to measure the angle of
attack, sideslip, and airspeed of the UAV. Two com-
puters are installed onboard the airplane with each
assigned specific tasks. The resulting architecture
enables the implementation of a control algorithm
without interference from such basic functions as
sensor data reading, servo actuation, and data commu-
nication.

A mathematical model of the airplane and other
substantial subsystems is obtained using theoret-
ical and empirical tools. Specifically, the output
error method is employed to estimate the longi-
tudinal and lateral-directional aerodynamic param-
eters of a postulated model from flight test
data. A second-order model of the servomotors
is derived from the frequency response. In addition,
a propulsion model is generated using in part the
Javaprop applet.
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