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ABSTRACT
Tight budgets often limit the scope of test campaigns within the development programmes
of small Uncrewed Air Vehicles (UAVs). This paper explores a range of combinations of
instrumentation suites and protocols for both wind tunnel and flight evaluation, focusing on
the key aspect of drawing up the drag curve of the airframe. Through extensive testing of
a 5 kg maximum take-off mass, fixed wing, twin motor, richly instrumented test platform,
we show that automated glides over a range of airspeeds and the slow down manoeuvre are
effective ways of determining power-off drag, while estimating thrust from propeller speed,
and voltage and current sensing based methods work well for the power-on case. We also seek
the most time-efficient and robust mix of the above manoeuvres to yield a given drag curve
accuracy level and we find wind condition impacts the manoeuvre makeup of the optimal
strategy.
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NOMENCLATURE

a m/s2 acceleration
A - aspect ratio
b m wing span
c m mean aerodynamic chord
CD - drag coefficient
CD0 - zero lift drag coefficient
CL - lift coefficient
CL0 - zero angle of attack lift coefficient
CL� 1/deg lift curve slope
C Ah capacity
D N drag
e - Oswald span efficiency
E s endurance
h m height
I A current
K - lift induced drag constant
L N lift
m kg mass
n - Peukert coefficient
P W power
Q C charge
Rt - battery hour rating
S m2 wing area
SOC - state of charge
t s time
T N thrust
U V voltage
Uave V average voltage
VD - dive airspeed
VIA m/s indicated airspeed
VNE m/s never exceed airspeed
VS m/s stall airspeed
VTA m/s true airspeed
w1, w2 - objective function weights
W N weight

Greek Symbols
� deg angle of attack

 deg climb angle
�col - Coulombic efficiency
�tot - total efficiency
� deg pitch
�̂e - normalised mean error
� kg/m3 density
� - standard deviation
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�̂ - normalised standard deviation
Ω rad/s rotation speed

Subscripts
i index
MAX maximum
x, y, z axis system

1.0 INTRODUCTION
Fitting Uncrewed Aerial Vehicles (UAVs) with on-board sensors and performing flight tests
is a convenient way to collect extensive performance data about the platform. In this paper
we focus on the lift and drag curves at low mach numbers, as they are the starting point of
most performance calculations, operational simulations, and contingency analyses. There is a
rich literature around the estimation of drag curves on small, uncrewed, fixed wing platforms,
ranging from methods based on battery energy depletion (1), to thrust estimation (2,3,4,5,6) and to
methods involving unpowered manoeuvres (7,8,9,10,11). We are, however, not aware of any sys-
tematic comparisons of these methods, in terms of their accuracy and ease of implementation,
and filling this gap is the goal of this paper. The best choice of method depends on several
factors, including the desired accuracy, required equipment cost and mass, and any platform-
specific limitations (for example whether the propulsion system can be safely stopped and
restarted at will). In this paper, we compare several different methods on a medium size low
cost off-the-shelf UAV. We discuss the use of additional sensors to aid in determining the
coefficients of lift and drag, and the advantages and disadvantages of various methods. We
reference the numerical results against full scale wind tunnel data (in fact, our choice of test
platform size was driven by the desire to be able to conduct wind tunnel tests without signifi-
cant blockage effects). Finally, we explore a manoeuvre strategy optimisation for determining
the most accurate combination of two such manoeuvres given a flight test time limit.

Before we delve into the details of experimental lift and drag estimation for small UAVs, let
us consider the circumstances in which the effort invested in doing this is warranted, or even
unavoidable. An electric consumer drone designed for a very simple mission, with a fixed
and constant payload, can probably be brought to market without a profound understanding
of its lift and drag curves; after all, its range and endurance could be established simply by
flying the vehicle to battery exhaustion in a range of conditions, which would place a pair
of practically sufficiently accurate bounds on those numbers. However, complex and flexible
missions, variable (potentially externally slung) payloads, and/or a requirement for optimal
mission planning, can bring the need for an intimate understanding of the drag curves in
sharp relief.

Consider the example of the drone pictured in Fig. 1 (the SPOTTER long endurance envi-
ronmental monitoring platform). Powered by a ‘mild hybrid’ propulsion system, it can carry
(and, if needed, release) a 5 kg payload of arbitrary shape and size (limited, of course, by
the size of the aircraft itself). In the mission illustrated in Fig. 1 this payload is a minia-
ture, robotic submarine, which SPOTTER delivers to its target, then, following the release
and splashdown of the underwater vehicle, it loiters in the area to serve as a communications
relay, before returning to base with a target contingency fuel reserve in its tank on arrival.

The mission planning, in this case, is a complex, constrained optimisation problem, the ob-
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Figure 1: SPOTTER environmental monitoring drone releasing its payload.

jective function computation for which needs to account for the drag of the platform with and
without the submarine attached, with and without flaps deployed, and at a range of speeds and
weights. The search needs to visit a large number of different mission scenarios with different
times spent in the various configurations, at different speeds and at an ever-changing weight.
The pressing need for exact lift and drag curves evident in this case does not end here either
– in case of contingencies (for example, if the wind changes partway through the mission, the
payload fails to release, the flaps fail to retract/deploy, etc.) the on-board intelligence of the
autopilot must be able to re-plan its tasking accordingly (ideally with error margins attached,
obtained, for example, through an ensemble of Monte Carlo runs of the performance model).
Once again, attempting to do this with with rudimentary baseline performance guesses car-
ries vast penalties in terms of unnecessarily conservative fuel reserves (such as McCrink and
Gregory (7) who took off with �190% more fuel than the mass calculated to complete the
mission), unnecessarily aborted missions, or, worse, accidents caused by fuel starvation.

In the case of more sophisticated platforms, flight management systems capable of working
towards a specified cost index (the ratio of time related cost of aircraft operation to fuel cost),
also need a reliable set of aerodynamic coefficient values.

Finally, a caveat. Some of the techniques described in this paper assume that the propulsion
system of the aircraft can be fully shut down and restarted at will, safely, and multiple times.
Caution is advised with wet fuel based systems that have a specific re-light envelope (in terms
of speed, temperature, and density altitude) – taking such limitations into account is beyond
the scope of this work.

2.0 ‘FliTePlat’
‘FliTePlat’ (Flight Test Platform - Fig. 2, [flıteplæt]), the aircraft we built to perform the test
campaign reported in this paper, is based on a low cost, off-the-shelf airframe *. This is of a
foam construction with composite spars; see Table 1 for its key parameters. Its simple and
rugged flight control layout consists of a pair of ailerons and a pair of ruddervators mounted

* Manufactured by MakeFlyEasy (12)
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on a V-tail. In the spirit of simplicity and cost minimisation it does not have a conventional
undercarriage; instead it is hand-launched or deployed via a take-off trolley (Fig. 3) and re-
covered through belly-landing. Its flight envelope is limited at minimum and maximum load
factors of around 0.2 to 3.8 for respectively, the latter mostly due to wing deformation caus-
ing loss of lift. This design philosophy is yet another attractive feature from an aerodynamic
flight testing point of view, as exceeding the limits of the flight envelope is unlikely to cause
structural failure and thus loss of relatively expensive (by small drone standards!) test in-
strumentation (except, potentially, when exceeding VNE, which is set by flutter constraints, to
around 37 m/s for FliTePlat).

Figure 2: FliTePlat - Flight Test Platform - during a low pass.

(a) (b)

Figure 3: Two launch methods for FliTePlat: (a) hand launching, (b) trolley launching.

The system identification task at the core of this paper requires a diverse instrumentation



6 TheAeronautical Journal

and control suite, which we implemented on board FliTePlat around the following key com-
ponents (see Fig. 4 for a visual representation):

ˆ two separate air data systems (a conventional Pitot-static tube and a Kiel tube and static
bomb set up),

ˆ two PixHawk 2.1 Cube Blackautopilot systems (a primary �ight computer and data
recorder and an independent secondary data recorder for the second air data system),

ˆ aHere 2Global Navigation Satellite System (GNSS),

ˆ two telemetry modules (one for the primary and secondary �ight computers respectively),

ˆ voltage and current sensors (power sensor 1 and 2 in Fig. 4) on the power circuits of each
motor,

ˆ an infrared motor RPM sensing and logging system,

ˆ a stereo audio logging capable of record high quality audio data (the audio serves as an ad-
ditional dimension to the recorded data, for example as an additional means of validating
the timestamps of key audible events),

ˆ outside air temperature and nacelle temperature logging.

There is no dedicated angle of attack sensor on board, a synthetic angle of attack is com-
puted as the di� erence between the pitch and the climb angle. The latter is calculated from the
rate of change of the GNSS altitude and the true airspeed. The accuracy of the synthetic angle
of attack (with respect to the true angle of attack) depends on the exact error margins of the
GNSS altitude, as well as the di� erential pressure sensor used to obtain the indicated airspeed
employed on the aircraft (as well as the barometric pressure and outside air temperature sen-
sors). Our comparisons with wind tunnel observations indicate good agreement, though the
exact margins of the particular sensor suite selected are expected to have a minimal impact
on the main goal of the work reported here, which is to compare various methods that use
identical sensors.

FliTePlat serves as a test platform for several other experiments, data for which can often be
recorded on the �ights performed for this paper. This includes the secondary air data system
(Kiel tube and static bomb) as well as the secondaryPixHawk 2.1 Cube Blackand telemetry
module. This system serves to compare the air data quality between the conventional Pitot-
static tube and the angle of attack insensitive Kiel tube and static bomb system. There are
two mounting positions for the Kiel tube as the e� ect of these were compared in wind tunnel
tests. As these components were present for several of the �ights, they have been kept on
FliTePlat for a consistent drag with the Kiel tube in the forwards location for all tests. A
conventional Pitot-static tube has been chosen over a high �delity air data boom due to the
increased availability and reduced costs involved.

FliTePlat's two wing mounted electric motors drive two-bladed, �xed pitch, tractor pro-
pellers. During unpowered gliding �ight, the propellers are electrically locked in place to
stop any windmilling, however, the orientation that the propellers come to rest in cannot be
chosen. This was preferred over windmilling propellers due to the overall drag reduction,
however, does add an element of noise to the data(13). FliTePlat's electric motors are ideal for
repeated segments of unpowered �ight due to their rapid restart capabilities, which internal
combustion engines of the small UAV scale do not have.

In the next section we discuss in detail the two classes of parameter identi�cation techniques
at the centre of this paper: wind tunnel testing and �ight testing.
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Figure 4: FliTePlat internal component layout.

3.0 METHODOLOGIES

In this paper the wind tunnel data serves as a carefully controlled baseline for the �ight test
data, both in terms of cost and parameter identi�cation. We use it as a �xed comparison to the
other methods due to its higher repeatability and ease of data collection.

Propulsor - airframe interactions, most signi�cantly the interactions between the prop-wash
or the jet wash, and the lifting surfaces of the airframe, have a signi�cant impact on many as-
pects of the handling and the performance of the aeroplane. These include the lift and drag
curves of the airframe, where a number of questions arise, especially pertaining to contingen-
cies. How does the loss of one propulsor (on a twin) a� ect the overall drag, considering that
few UAV props have a feathering capability? Does this vary signi�cantly depending on the
angle at which the prop stops? What is the drag increment associated with a windmilling pro-
peller (or two)? More generally, how does the prop-wash change the lift generating capability
of the wings? Some of these are di� cult questions for �ight test crews of conventional aircraft
to answer accurately (mostly for safety reasons); conversely, with careful autopilot program-
ming and testing, and with an incremental approach, the UAV test engineer has an advantage
here (especially, as hinted already, in the case of aircraft powered by electric motors).

To this end, in this paper we consider both power-on and power-o� test scenarios, the results
of each being important from the point of view of various aspects of the design (e.g. normal
operations, full or partial power loss scenarios).

We investigate the following power-on methods: 1) the basic battery depletion method,
which measures the charge added to the battery during recharging, 2) the improved battery
depletion method, which monitors the voltage and current during the �ight and estimates the
battery State Of Charge (SOC) in the post processing, 3) estimating thrust from voltage, cur-
rent, and propeller performance data, 4) estimating thrust from measured propeller rotational



8 TheAeronautical Journal

Table 1: FliTePlat key parameters.
Variables Values

Geometry
Wing span,b 1.96 m
Reference area,S 0.488 m2

Mean aerodynamic chord,c 0.275 m
Length 1.07 m
Fuselage height 0.18 m
Propeller diameter 304.8 mm (12”)
Propeller pitch 152.4 mm (6”)
Number of blades 2

Performance
Maximum allowable take-o� mass,m 5.5 kg
Manufacturer recommended cruise indicated airspeed 20 m/s
1g stall airspeed 11 m/s
Maximum dive airspeed 37 m/s

speed (RPM), and 5) estimating thrust from audio data.
We consider the following unpowered methods: 1) manual and automated glide slope ma-

noeuvres and 2) the `slow down' method of drag estimation.
Finally, we brie�y discuss other techniques, such as measuring the thrust directly through

a load cell, using 3D motion tracking cameras and computational methods.

3.1 Reference - wind tunnel test

Wind tunnel tests are widely used to obtain approximations of the lift and drag curves. They
are especially attractive when their speed range is close to that of the UAV and their test
section is large enough to �t the UAV without interference. This makes the data collection
process straightforward, and the UAV can be “�own” in a broad range of conditions, including
in parts of the �ight envelope that are not readily accessible or safe in �ight.

We tested FliTePlat in theR.J. Mitchellwind tunnel at theUniversity of Southampton. The
tunnel has a test section 3.5 m wide and 2.4 m high, with a windspeed range of 4.0 to 40.0 m/s
and less than 0.2% turbulence(14). In our experiments, forces and moments were measured
on a six-component overhead balance, with FliTePlat mounted in the centre of the test section
(Fig. 5). The tail support was set up to continuously vary the pitch during wind tunnel
operation, allowing for accurate positioning of FliTePlat.

Data gathered by the wind tunnel's sensors included the three forces (lift, drag and side
force), three moments (pitch, roll and yaw), the yaw and pitch angles, the windspeed and the
ambient temperature and pressure. The wind tunnel's airspeed is calculated from a Pitot-static
system located at the beginning of the test section, approximately 40 cm from the nearest wall,
thus outside of the boundary layer.

As the air�ow in the wind tunnel can be assumed to be horizontal, the angle of attack can
be approximated as the pitch of the UAV. We performed several angle of attack sweeps at 14,
16 and 20 m/s to recreate the lift and drag curves. At 14 m/s, the angle of attack could be
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