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Abstract
This study presents a methodology to estimate the battery consumption of an electric powerplant, based on brush-
less motors, typically used in light unmanned aerial systems. The methodology models brushless motors through an
equivalent circuit obtained from their dynamic behaviour. Propellers’ data are taken from an experimental database.
Furthermore, a variable speed controller efficiency is considered in the methodology. All the parameters involved
in the model are adjusted by minimising the mean quadratic error of measurements taken in both direct and alter-
nating currents. This model allows designers to predict energy consumption, also if any element of the powerplant
changes, such as battery or propeller. Thus, it is useful for selecting the best powerplant for an actual RPAS opera-
tion. The results obtained to predict the current consumption of several electric powerplants show a coefficient of
determination higher than 0.96. Finally, the methodology is validated by means of a case study of an actual RPAS,
where the best powerplant is selected in terms of endurance.

Nomenclature
CD0 zero-lift-drag coefficient
CDα1 first order derivative of drag coefficient with respect of attack angle
CDα2 second order derivative of drag coefficient with respect of attack angle
CL0 zero angle-of-attack lift coefficient
CLα lift-curve slope
Cp power coefficient
CT thrust coefficient
D propeller diameter
e electromotive force in three-phase three-wire star circuit
E electromotive force in monophase equivalent circuit
EM empty mass
IAC alternating current
IDC direct current
Im line current in Ref. [32]
J advance ratio
KE electromotive force constant
KL inductance constant
KQ torque parameter
Kr torque losses parameter
Kv voltage constant
Kη0 constant parameter in efficiency factor
KηI alternating current parameter in efficiency factor
Kηω angular velocity parameter in efficiency factor
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L inductance
MTOM maximum take-off mass
n angular velocity in RPM
Pe power losses caused by the ESC in Ref. [32]
PinESC ESC input power
PinMot motor input power
PoutESC ESC output power
Pm motor input power in Ref. [32]
Pps power supply
PProp power demanded by propeller
QProp propeller torque
QMot motor torque
Q0 starting torque
R motor resistance
Sw wing area
t time
T thrust
v speed
VDC direct current voltage
VLine line voltage
Vm phase voltage in Ref. [32]
VPhase phase voltage
z factor that adjusts the value of the derivative of inductance
αstall stall angle
ηESC electronic speed controller efficiency
ηP propulsive efficiency
ρ air density
ω angular velocity in rad/s

1.0 Introduction
The remoted piloted aircraft system (RPAS), also called unmanned aerial system (UAS), market is under-
going continuous expansion. In fact, the forecast for 2024 is that the commercial drone market will grow
to around 43 billon USD, with an annual growth rate of over 20% [1, 2]. This expected growth is due
to the companies finding several advantages to incorporate drones in their productive processes, such
as saving costs and time or even increasing the safety. It is true that the COVID19 pandemic has had a
negative short-term impact in the capacity of companies to invest in this novel technology; however, it
is expected that the companies promote the automatisation of their processes, and here, drones could
have a relevant role. From the standpoint of commercial applications carried out by drones, the market
is focused on light platforms, which are equipped with electric propulsion systems [3–9].

This market expansion is conditioned by the regulatory framework. At American level, the com-
mercial applications of light RPAS, under 25kg of MTOM (Maximum Take-Off Mass) are regulated
by FAR Part 107 [10]. This regulation does not allow to overfly people who are not directly involved
in the aircraft operation. More risky operations could need certification or additional approvals. The
expansion of this market at European level is conditioned by the new regulatory framework published
by the European Commission. This regulation supposes that the European Commission is going to take
the control, detrimental to the rules of the National Authorities in force nowadays. This path planning
begins at 1st January 2021 and expects to finish in 2023, with the full control of the drone regulations by
the European Authority [11]. The regulation establishes three categories of operation according to the
risk level: open, specific, and certified. Open category regulates operation of light drones, under 25kg of
MTOM, but it imposes hard constraints to the operation to guarantee a low level of risk. In fact, the RPAS
are not allowed to overfly people’s meetings or carry out autonomous operations. Specific and certified
categories encompass higher risk operations, so the requirements to the operator and the aircraft are
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more demanding. The main conclusion extracted of this regulatory framework is that the most interest-
ing applications for RPAS, which correspond to those with higher associated risk, will probably need a
deeper and more accurate knowledge of the aircraft in order to convince the authority that the operation
is safe enough.

Focusing on the systems of those light drones, the electric propulsion system is usually made up of
LiPo batteries, electronic speed control (ESC) devices, brushless direct current (BLDC) motors, and
fixed-pitch propellers. Research about these elements in an isolated way has been performed in the
state of the art. From the standpoint of lithium-polymer batteries, there are studies that try to improve
the performance of them [12, 13]. Furthermore, some other works propose more efficient strategies to
control or monitor the aircraft optimising the energy consumption [14, 15]. In the field of propellers for
drones, several research studies are centered on modelling and estimating its behaviour at low Reynolds
numbers [16–18]. Moreover, there are studies that analyse the potential benefits of using variable pitch
propellers in small RPAS [19]. From the standpoint of the electronic speed controller, there are some
studies that try to evaluate and also model its efficiency [20, 21]. Finally, BLDC motors, after all, are a
kind of electromechanical system. Thus, several models can be found in the state of the art that describe,
with different levels of complexity and accuracy, the behaviour of these motors [22, 23].

The most common design strategy of the propulsion system of current commercial RPAS is based
on manufacturer experience [24, 25], simple models [26] and/or commercial software [27–29]. These
simple models are utilised to estimate the powerplant behaviour in an early stage of the design process.
Nevertheless, they do not have accuracy enough to undertake a comparative analysis to select the better
combination of the elements that make up the propulsion system, as it has been checked through exper-
imental tests undertaken in this current work. On the other hand, the commercial software available
to estimate the performances of electric propulsion systems for RPAS is also based on simple models,
which do not reproduce the actual behaviour of the motor or the whole system, when comparing with
real tests. For solving this drawback, one possibility is to test the whole system in several conditions
(charge level of the battery, wind speed, etc.) and use this information to adjust a model of that com-
bination of elements [30–32]. This solution is powerful from the point of view of the control of the
aircraft. However, it has the problem that it is necessary to perform a new a set of tests every time that
the designer wants to change one element of the propulsion system. Another possibility to improve the
accuracy of the simplest models is to use a more complex one for which it is necessary to estimate a set
of parameters. The approach to this kind of models is usually theoretical. The parameters are determined
based on specifications given by the manufacturers, such as internal resistance or the voltage constant,
and on some hypothesis that simplifies the problem, like considering that the ESC dissipates a constant
power [33, 34]. The downside of this strategy is that the manufacturers that sell these products, con-
cretely BLDC motors, come from making model aircrafts. Thus, the demanding level required for this
purpose differs from the current use that these toys are taking. Even more, if these products need to be
used for more risky applications, which would require to operate in the specific category, in EU case, or
beyond Part 107, in US, the requirements will be even harder. To sum up, it would not be desirable to
build a model exclusively based on the manufacturer’s data, because the purpose of those data is not to
reproduce the behaviour of the system, it is just to know the performance in a qualitative way. Finally,
another possible strategy to design an electric propulsion system for drones is to base it on statistical
correlations in order to estimate the weight and the set of parameters necessary to build the powerplant
model [35]. This methodology has the disadvantage that the parameters do not correspond with any
real system of the market, so, it could not be possible to perform a comparative study between sev-
eral combinations of the system’s elements, as it happens for the simplest powerplant models exposed
previously.

Therefore, the main objective of this work is to combine the benefits of the two usual strategies
found in the state of the art. The idea is to use a model that is accurate enough to predict the battery
consumption, but, on the other hand, has the flexibility to allow the designer to change elements of the
system, such as the battery or the propeller, without having to recalculate all the parameters involved
in the model. This objective is born because the performance objectives of a RPAS designer can be
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Figure 1. Equivalent dynamic brushless DC motor circuit.

reached through several combinations of electric propulsion systems. Hence, the proposed methodology
could give the possibility to analyse in a simpler way several combinations and try to find the best one
from the standpoint of energy consumption. To reach this goal, a physical-mathematical model of the
BLDC motor has been chosen from the state of the art, with some particular modifications. Because
the objective of this work is focused on finding the best combination of the elements that make up the
propulsion system, and not centred on the control of it, the selected model does not retain non-steady
effects. All the parameters involved in that model have been determined experimentally, without any
manufacturer’s data. For doing that, several combinations of motor and propellers have been performed.
In addition, in order to avoid the discharge effect of the battery, a power supply has been used. A sweep
in several voltage values has been performed for analysing its effect. Finally, the ESC allows the user
to adjust the percentage of power supplied to the motor by the thrust command. Thus, for each supply
voltage, a sweep on thrust command has been carried out. Once all these conditions have been tested, all
data have been compiled and the parameters have reached their corresponding values, the model will be
prepared to predict the behaviour of the powerplant for any other propeller or any other voltage supply.

Thus, the paper is organised so that first the chosen mathematical model is presented. After that, there
is a section dedicated to the methodology, where it is going to be explained how the parameters involved
in the model have been determined. Then, the results section exposes the accuracy of the presented
methodology. And, finally, a case study has been performed in order to select a propulsion system that
reduces the energy consumption of an aircraft.

2.0 Mathematical Model for BLDC Motor
The mathematical model selected for performing this study is based on the dynamic model of a brushless
DC motor, shown in Fig. 1. The schematic includes all the elements that form the powerplant: direct
current battery, electronic speed controller, which converts direct current to alternating current, and
three-phase motor. The motor is made up of a resistance, R (�), an inductance, L(H), and an electro-
motive force, e (V) [22]. It is important to highlight that this model is going to be used in steady state,
because the work is not focused on the dynamic behaviour nor the control of the electric propulsion
system.

Following classical guidelines for electromechanical systems, it is possible to establish an equivalent
electric circuit where the variables of the electric circuit behave exactly as the analogous variables of the
electromechanical system. In the case of BLDC motor, the equivalent circuit is represented in Fig. 2 [34].

This analog corresponds to an equivalent circuit of a three-phase three-wire star configuration. Thus,
the real component of the impedance is the resistance R and the induced part is the inductance L. The
alternating current that flows by this analog coincides with the line current of the original schematic
and, because the load is balanced, it is equal to phase current IAC . On the other hand, the voltage applied
to this analog corresponds to phase voltage, VPhase, which is VLine/

√
3.
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Figure 2. Monophase equivalent circuit of a BLDC motor. R is the motor resistance; L is the inductance
and E is the electromotive force and VPhase is phase voltage.

From this analog, it is possible to establish Equation (1), that models the motor’s behaviour.

VPhase = IACR + E + L
dIAC

dt
(1)

The electromotive force (emf ), E, can be modelled as is indicated in Equation (2), where KE is the
emf constant and ω is the angular velocity of the motor measured in rad/s.

E = KEω (2)

The last term included in Equation (1) can be approximated as it is indicated in Equation (3), where
KL is the inductance constant and z is a factor that adjusts the value of the derivative.

L
dIAC

dt
∼= KLωIz

AC (3)

Substituting Equations (2) and (3) in Equation (1), it is possible to reach the expression represented
in Equation (4).

VPhase = IACR + KEω + KLωIz
AC (4)

Analysing the magnitude order of the terms that appears in Equation (4) for typical values of the
constants, it is possible to conclude that left-hand side term is of unity order, resistance term is 0.1
order, emf term is unity order and inductance term has order of 0.001. Therefore, it is justified to neglect
the last term, resulting in the final expression for estimating phase voltage included in Equation (5). To
sum up, it is necessary to obtain the values of two constants, R and KE , to model the behaviour of phase
voltage.

VPhase = IACR + KEω (5)

From that equation it is possible to obtain input power to BLDC motor in Equation (6), which will
coincide with the output power of the ESC. It is supposed that there are no losses between ESC and
motor.

PinMot = PoutESC = 3VphaseIAC = 3(IACR + KEω)IAC (6)

ESC efficiency factor is defined as the quotient between input power to BLDC motor and direct
current power provided by power supplier, as Equation (7) describes.

ηESC = PinMot

Pps

= 3VPhaseIAC

VDCIDC

(7)

This efficiency factor can be modelled through different strategies that can be found in the literature
[21–33]. The studies show that the efficiency factor can be modelled as constant or as depending on
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current and voltage, which is analogous to current and angular speed. So, to simplify these dependencies,
in this work it has been decided to model this factor as it is indicated in Equation (8).

ηESC = IAC

KηI

+ ω

Kηω

+ Kη0 (8)

Thus, these new three constants, KηI , Kηω, and Kη0, must be determined and added to the correspond-
ing motor ones. Through Equations (7) and (8) it is possible to obtain the power provided by power
supplier and, consequently, an estimation of the direct current consumed by it, just dividing power by
supplied voltage, VDC .

In order to close the model, the output motor power needs to be determined. First, torque generated
by BLDC motor depends on the current through Equation (9), which is based on equation that describes
the steady behaviour of the motor but including the dependency of angular speed [34]. In that equation,
KQ is called torque parameter, Kr represents torque losses and Q0 refers to starting torque. Once motor
torque is determined, just multiplying it by angular velocity, output motor power is obtained.

QMot = KQIAC + Krω − Q0 (9)

To sum up, to model the behaviour of the electric propulsion system used to have light RPAS, it is
necessary to estimate the following eight parameters: R, KE , KηI, Kηω, Kη0, KQ, Kr , and Q0.

3.0 Methodology
The objective is to estimate the constants needed to build the BLDC motor model. Analysing the equa-
tions presented in previous section, there are some independent variables that should be measured in
order to determine the eight parameters on which the model depends. These magnitudes can be arranged
in electric, dynamic, and cinematic variables. Among the electric magnitudes there are voltage supply,
direct current supply, line voltage, and line current. The dynamic variables include torque and thrust.
Finally, it is necessary to measure the angular velocity of the motor.

All these magnitudes, except for torque, are going to be measured by means of a test bench. To
estimate torque, some tests’ results have been taken from Illinois’ database [17]. The tests must be
performed in the same conditions as those in which tests were performed in Illinois’ database to be
possible to take torque’s results as if they have been measured with the test bench developed in this
work.

Once all these magnitudes are measured, or estimated, in several conditions, the goal is to infer the
eight parameters by an optimisation process. The idea is to minimise the mean squared error associated
to those equations in which these eight parameters are involved, when comparing the results obtained
through the mathematical model presented former and the measurements taken with the test bench.
Following sections describe the test bench, how torque is obtained from Illinois’ database and which
technique has been used to minimise the mean squared error. Finally, once the parameters have been
determined, an explanation of how this model can be used to estimate the battery consumption of an
electric RPAS is undertaken.

3.1 Test bench
To perform the measurements, a test bench has been built following the schematic presented in Fig. 3.
The power supplier directly gives the voltage supply. The power supplier is the model RM-LPS130S,
which allows to give voltage from 0 to 15V with a ripple of 5mV. Between the power supplier and
the ESC, the direct current is measured by means of a wattmeter. Its resolution is ±0.01A and can
measure until 100A. After the current passes through the ESC, it is converted to alternating current and
with the use of a clamp meter and a voltmeter, the line current and the phase voltage can be measured,
respectively. The clamp meter has an accuracy of ±2% of reading to 5 decimal places, and the voltmeter
of ±1% of reading to 3 decimal places. The ESC is controlled by means of a control station via the
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Figure 3. Test bench schematic.

throttle stick, that adjusts the energy from the power supplier and, consequently, the angular velocity
of the motor. This angular velocity is measured through an element called Jetibox, which monitors the
PWM’s (Pulse Width Modulation) frequency. Propeller’s rotation generates thrust, which is measured
by dynamometer with an accuracy of ±125g.

The test bench presents a drawback, due to the fact the motor torque can’t be measured. Hence, the
torque constants seen in the previous Equation (9) cannot be determined. Therefore, it is decided to look
for another method in which to calculate the torque and determine the constants. The process developed
is discussed in the next section.

3.2 Propeller’s performance
The goal is to estimate the torque demanded by the propellers depending on the angular velocity.
Assuming that the torque given by the motor is the same as that demanded by the propeller, it is possible
to solve the inconvenience of not measuring the torque in the test bench. Therefore, some experimental
tests are going to be considered. These tests were developed in the Illinois University for small propellers
usually installed in light RPAS [17]. This study encompasses results for 79 propellers of several man-
ufacturers, diameters, and pitches, such as thrust and power coefficients, for a set of angular velocities
and advance ratio, J. Using the nomenclature exposed in former sections, the expressions needed for
building the BLDC model are Equations (10), (11), (12) and (13), where PProp is the power demanded
by the propeller, D is its diameter, T is the thrust generated and n is the angular velocity expressed in
revolutions per second.

cP = PProp

ρn3D5
(10)

QMot = cpn3D5

ω
(11)

J = V

nD
(12)

cT = T

ρn2D4
(13)
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Figure 4. Second order polynomial approximation of Illinois’ results for APC 8x6E and APC 11x55
propellers (left) and comparison between the approximation and the results measured in the test bench
(right).

The process consists of taking the data from Illinois’ tests as they were taken in the test bench built
in this study. In order to allow this equivalence, it is necessary to prove that the results in terms of thrust
are similar to those obtained in Illinois’ test. It has been decided to do this checking with the following
propellers: APC 8x6E and APC 11x5.5E. The drawback is that the tests driven in Illinois’ study were
focused on lower angular velocities. Thus, it has been decided to extrapolate the results through a second
order polynomial, represented in Fig. 4. These curves have been obtained by means of Equation (13),
using air density of the lab where the tests have been performed. As the graph shows, the approximation
is quite accurate, with a coefficient of determination, R2, higher than 0.99 in both cases. Therefore,
once the polynomial approximation is considered as valid, it is possible to compare the results of thrust
measured in the test bench with the results of thrust extrapolated from Illinois’ data. Again, Fig. 4 shows
the correlation coefficient obtained when comparing the measured points with the approximated curve.
In this case, the values are higher than 0.90 for both propellers. Thus, as a first approximation, it is
possible to consider the conditions in which the tests have been performed as equivalent to those in
which the Illinois’ database were built. Consequently, torque data included in Illinois’ database can be
taken in order to estimate the parameters of the BLDC model.

3.3 Estimation of model’s parameters
The built model in this study depends on eight parameters, as was concluded formerly. The way to esti-
mate the values for these parameters is by means of a multivariate optimisation. The idea is to use the
data measured, or taken from Illinois’ database, as an input of the model and try to obtain the combi-
nation of all these parameters that better adjust to the experimental information. The algorithm chosen
for this task is called Levenberg-Marquardt [36, 37]. This algorithm behaves like a steepest descent
approach when the iteration point is far from the minimum and like a Gauss-Newton method when it is
close to the minimum. Thus, this technique trades off the best characteristics of those two algorithms to
solve a wider range of problems [38].

3.4. Energy consumption estimation for RPAS’ performance
As explained in the Introduction, the objective of this study is to estimate the current consumption of the
powerplant in a steady condition. In order to reach this objective, first of all it is necessary to know the
aerodynamic and weight characteristics of the RPAS. By means of choosing the steady manoeuver to
be analysed, the thrust of the powerplant and the speed are fixed. Thus, the powerplant must develop the
fixed thrust at the selected aircraft speed. These two constraints are input data to the propeller. For each
propeller model, there is one combination of angular velocity, propulsive efficiency (ηP) and torque that
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Table 1. Parameters for three BLDC motors

Parameter Units AXI 2820/12 AXI 2826/12 AXI 4120/14
KE mV·s/rad 4.21 5.4 6.6
R m� 23.7 25.9 17.4
KηI A 351.2 721.4 398.7
Kηω rad/s 4,327 3,447 4,420
Kη0 – 0.6787 0.7577 0.7068
KQ N·m/A 0.0102 0.0119 0.0097
Kr mN·m·s/rad −0.00132 0.029 0.155
Q0 N·m −0.0103 0.0149 0.0557

corresponds to the operation point, which develop that thrust at that aircraft speed. It is supposed that
between propeller and motor there are no losses, because the powerplant is direct drive.

Once torque and angular velocity are known, it is possible to determine the line current through
Equation (9). After that, Equation (5) gives an estimation of the phase voltage in those conditions. As
ESC efficiency factor is a function of line current and angular velocity, Equation (8), it is possible
to estimate its value. Attending to Equation (7), if the voltage provided by the battery, or the power
supplier, is known, direct current necessary to operate in that point can be determined. Finally, the
energy consumed by the battery if it remains performing the manoeuver for t seconds, can be estimated
by multiplying direct current by the time. This described procedure is represented in Fig. 5.

4.0. Model Validation
4.1 Comparison with test bench measurements
The methodology presented in this work has been applied to three BLDC motors, which are AXI
2820/12, AXI 2826/12 and AXI 4120/14. The results for the eight parameters after the optimisation
process are included in Table 1.

To analyse the accuracy of the methodology, a comparative study between the variables measured
with the test bench and the same variables estimated through the model is going to be performed. The
motor AXI 2826/12 is going to be the reference case. This motor has been tested with four APC pro-
pellers: 8x6E, 11x5.5E, 12x6E and 14x7E. In addition, for each propeller, the following four supply
voltages have been measured: 11V, 12V, 13V and 14V. For each voltage, a sweep has been performed
in terms on thrust stick, from 0% to 100%.

Figure 6 shows a comparison between experimental measures, denominated as Exp. in the legend, and
estimated results, called as Approx. in the legend, for Equation (5). The legend includes the coefficient
of determination for all the estimated results, when compared with the measured ones [39]. It is possible
to see that all of them are above 0.97, which supposes a very good approximation.

The next equation to be checked is Equation (8), to validate if the hypothesis of considering the ESC
efficiency factor dependent on angular velocity and line current improves the classical hypothesis of
considering it as a constant value. Figure 7 represents values obtained for this factor from the measures
taken in the test bench, just in case that the line current is equal to 5A, to make the figure clearer. There,
it is possible to see that coefficient of determination is considerably slower when the efficiency factor is
considered as constant than dependent on angular velocity. This behaviour is repeated for all values of
line current. Thus, despite coefficient of determination being lower for the approximation presented in
this work, it is much better than considering it as a constant value.

Following the checking process, Fig. 8 depicts the accuracy of the power given by the power supplier
as a function of the angular velocity. As before, the points represent the measured variables and the
curves the estimations driven by the methodology presented in this study. The coefficients of determi-
nation obtained for the four propellers included in the figure are clearly higher than 0.97. The next and
last step is to check direct current. Figure 9 represents the measures taken for the four propellers and a
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Figure 5. Schematic of procedure to estimate energy consumption of electric light RPAS.

supplied voltage of 13V. Once again, experimental points are called Exp. in the legend, and estimated
curves are Approx. Analysing the obtained coefficients of correlation, all of them are above 0.96. Thus,
it is possible to conclude that the methodology presented in this work can fit the energy consumption of
an electric powerplant for light aircraft with high accuracy.
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Figure 6. Phase voltage versus alternating line current for AXI 2826/12 motor with four different
propellers, comparing experimental and estimated results.

Figure 7. ESC efficiency factor versus angular velocity with a line current equal to 5A for AXI 2826/12.
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Figure 8. Input power to ESC versus angular velocity for AXI 2826/12.

Figure 9. Direct current versus angular velocity at 13V of supplied voltage for AXI 2826/12.
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Table 2. Accuracy comparison between reference methodology and the developed model

AXI 2820/12 AXI 2826/12 AXI 4120/14

Reference Model Reference Model Reference Model
Average IAC error [%] 17.04 3.78 18.04 3.83 33.16 3.58
Average VPhase error [%] 22.23 2.42 21.34 2.63 28.94 1.28

4.2 Comparison with other methodologies
This section tries to compare the accuracy of the methodology proposed in this study with one of the
most similar methods found in the state of the art [33]. The idea is to analyse which model fits better
to the experimental results measured by means of the test bench. This checking process starts from the
measured values of direct current and supplied voltage for each angular velocity. From this data, both
models are going to be driven to estimate line current and phase voltage. First of all, Equation (14) is the
expression to estimate line current, called Im, in Ref. [33], where Pe represents the power losses caused
by the ESC as a 15% of the supplied power, Kv and R are taken from the manufacturer’s datasheet, as
the reference indicates.

Im =
− n

Kv
+

√[
n

Kv

]2 − 4R [Pe − VDC · IDC]

6R
(14)

The input motor power, Pm, is represented in Equation (15) and the phase voltage, Vm, in
Equation (16).

Pm = VDCIDC − Pe (15)

Vm = Pm

3Im

(16)

On the other hand, instead of taking the parameters from the manufacturer’s datasheet, making use
of the equations presented in this study, the corresponding line current equation is Equation (17), and,
after that, phase voltage can be estimated through Equation (5).

IAC =
−

[
3KEω − VDC · IDC

KηI

]
+

√[
3KEω − VDC · IDC

KηI

]2 + 12R · VDC · IDC

[
ω

Kηω
+ Kη0

]

6R
(17)

Now, it is possible to estimate line current obtained through the two methods proposed and compare
them with the measures performed in the test bench. Analogously, it is possible to drive a comparison for
phase voltage. Table 2 shows the average error obtained when comparing estimated magnitudes with the
measured ones. Columns denominated Reference correspond to the state-of-the-art’s methodology. On
the other hand, columns called Model correspond to the results obtained making use of the methodology
presented in this paper. It is possible to see that the new methodology improves accuracy with respect
to the one of the reference model.

4.3 Sensitivity analysis
In this section, a sensitivity analysis has been performed to show the robustness of the obtained results.
The idea is to vary the value of each parameter obtained through the optimisation process and to study
the changes in the determination coefficient compared with the experimental results. The most important
magnitude to analyse is the intensity of direct current, represented in Fig. 9, because it will drive battery
consumption. Thus, for each of the eight parameters that make up the model, variations of 10% upward
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Table 3. R2 for estimations of direct current intensity for the 8x6E propeller
through the proposed methodology but varying the optimum parameters in
a 10% upward and 10% downward; the reference determination coefficient
obtained for the optimum values is 0.96297

Parameter Downwards perturbation Upwards perturbation
KE 0.7918 0.9220
R 0.957 0.9614
KηI 0.9362 0.9624
Kηω 0.9587 0.9599
Kη0 0.9358 0.8691
KQ 0.8999 0.7997
Kr 0.9622 0.9370
Q0 0.9502 0.9611

Table 4. Skywalker X8 characteristics

Parameter Units Value
EM [40] kg 2.200
MTOM [40] kg 4.200
CD0 [41] – 0.0197
CDα1 [41] 1/rad 0.0791
CDα2 [41] 1/rad2 1.060
CL0 [41] – 0.0867
CLα [41] 1/rad 4.02
αstall [41] o 17
Sw [41] m2 0.750

and downward are performed. After that, the corresponding determination coefficients for propeller
8x6E, in terms of direct current intensity, are included in Table 3. The results show that most of the
variations keep the determination coefficient at acceptable levels, over 0.90, considering that the starting
correlation coefficient is 0.96297. The variables that are more sensitive to perturbations are KE , Kη0 and
KQ. On the other hand, R and Q0 are the most robust parameters.

5.0 Case Study
This section is designed to show how to perform the selection of an electric powerplant of a commercial
RPAS called Skywalker X8. Table 4 includes all the necessary data to carry on this study [40–42], and
Fig. 10 shows the plan view of the aircraft. The objective is to study several combinations of motors and
propellers that allow the aircraft to fly in cruising conditions at a certain speed. Among them, the one
with highest endurance will be chosen.

The empty mass, EM, includes structure, servos, an AXI2820/12 motor and an APC 12x6E propeller.
Thus, if another powerplant is chosen, it will be necessary to update the empty weight of the RPAS
according to the weight of its elements. In addition, it is going to be assumed that the MTOM of the
aircraft is independent of the powerplant. This hypothesis is based on the launching and recovery system.
The RPAS is launched through the aid of a bungee and it has recovery as a normal fixed wing aircraft.
Therefore, the power capacity of the powerplant just affects the rate of climbing after taking off. Because
of that, as first approximation, it is to be supposed that all the combinations can develop this flight. After
the selection process, this hypothesis will be checked. The battery will supply a reference voltage of
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Figure 10. Plan view and general dimensions of Skywalker X8.

14.8V (4S), it will have a capacity of 10,000mAh with a mass of 842g [43]. Attending to the available
weight until reaching MTOM, two batteries can be installed. So, the final weight will be the addition
of the updated EM plus the batteries’ weight. In order to build the model, it is going to work with a
supplied voltage of 14.2V, to take into account that the voltage comes down while the battery is giving
high current. Furthermore, the capacity of the batteries will be reduced by 10%, to take into account the
power consumption of other onboard equipment. The three motors considered in this study are those
indicated in Table 1. Furthermore, several propellers are selected from Illinois’ database compatible
with those BLDC motors. The goal is to estimate how much time the RPAS can fly in steady cruising
conditions for each combination of motor and propeller. According to the manufacturer, the cruising
speed to perform a typical mission is 65km/h.

The first step in this process is to know if each propeller can develop the necessary thrust to perform
a steady cruising flight at 65km/h for X8 aircraft. Figure 11 depicts the intersection between a surface
defined by the necessary power, which is the product of drag and speed, and a surface defined by the
available power of propeller APC11x8.5E, which is the product of thrust and speed. It is possible to see
that the necessary power to perform this flight does not depend on the angular velocity of the propeller,
obviously. On the other hand, available power depends on angular velocity and aircraft speed. The inter-
section curve represents the points where that propeller can give the necessary power to develop the
flight. Once this set of points has been determined, for each of them torque can be determined. This
magnitude, together with angular velocity, are the input data necessary for the methodology presented
in this paper. Following it for each operation point, it is possible to reach the direct current consumption
of each motor. In case of motor AXI2820/12, Fig. 12 shows these results for several propellers. In this
graph, the propeller with maximum endurance will correspond to the one with minimum current con-
sumption at 65km/h. In this case, the selected propeller would be APC 11x8.5E. Final endurance can
be estimated just dividing battery capacity and the corresponding direct current.

This process must be followed for the three motors considered in this study. Comparing all the results,
the operation point will be that which lowers current consumption at 65km/h, which is, the highest
endurance. Among the options considered in this case study, the best option corresponds to APC 11x8.5E
propeller and AXI 2820/12 motor, included in Table 4. In addition, the selected powerplant can develop
a climbing flight after taking-off of 5o at 65km/h, which supposes a battery consumption of 2% of the
battery capacity. This has been checked updating the necessary power to the level corresponding to
the one used in performing the climbing flight. After that, the process followed to estimate the energy
consumption in this condition is the same as the one followed for cruising. Analogously, a descent flight
of 5o at 65km/h has been analysed. The results obtained for both climbing and descent are included in
Table 5, and schema of the flight profile is showed in Fig. 13. Considering these two extra consumptions,
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Figure 11. Necessary power, D·V, versus available power, T·V, for steady cruising flight of Skywalker
X8 with a propeller of APC 11x8.5.

Figure 12. Current consumption versus angular velocity for steady cruising flight of Skywalker X8 with
several propellers and motor AXI2820/12.
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Table 5. Results for a flight profile of motor AXI2820/12 and propeller APC11x8.5

Parameter Units Climbing phase Cruising phase Descent phase
n RPM 7,557 6,213 4,159
V km/h 65 65 65
T·V W 120.97 66.87 1.21
Q N·m 0.221 0.138 0.017
IAC A 20.72 12.59 0.764
VPhase V 3.80 3.02 1.84
IDC A 18.09 9.29 0.38

Figure 13. Flight profile of the studied mission for Skywalker X8.

the final endurance is 116min. The manufacturer declares that this aircraft has an endurance of, at least,
180min, but the cruising speed is not revealed. If cruising speed is chosen imposing the condition of
maximum endurance, which corresponds to 39km/h, the level reached with the proposed methodology
grows until it reaches 206min. Thus, these results are fully compatible with the specifications given by
the manufacturer and validate the methodology presented in this work.

This procedure shows how several powerplants can be easily compared in order to select the best
option in terms of endurance for performing cruising flight. Of course, the procedure can analogously
be repeated if the objective function or the mission changes, for example maximising range.

6.0 Conclusions
This paper presents a methodology to estimate the battery consumption of a BLDC electric powerplant,
usually employed in light drones. This methodology tries to solve problems related to the accuracy of
the data provided by manufacturers. Furthermore, the proposed method has the flexibility to predict
the battery consumption if any element of the powerplant changes, for instance, propeller or battery
voltage. The results show that the accuracy in terms of battery consumption is very high. In addition,
the estimation of the internal magnitudes which appear in the model is more accurate than that given by
other models found in the open literature. The strategy followed to reach the values of the parameters
involved in the method has the advantage of absorbing errors associated with measurement taken for the
internal magnitudes. On the other hand, these inaccuracies mean that the values of the parameters could
not be so real. Because of that, it is not possible to compare their values with those reached through
other methods. But, if direct current measuring is accurate enough, the prediction of the model is also
precise.

Once the methodology has been demonstrated to be applicable, it will be necessary to update the test
bench in order to perform the measurements in an automatic way. Furthermore, this updating should
include equipment that allows measurement of the propeller’s torque. Thus, it will not be necessary to
use wind tunnel tests to extrapolate propeller’s torque. Consequently, the set of propellers and motors
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that are suitable to be tested will be wider. This wider study may open another research line that consists
of correlating the results obtained through testing with those reached with models based on manufac-
turer’s data. This comparative study, performed for many motors, could reveal if an accurate estimation
of battery consumption can be reached just by correcting the results given by the model based on man-
ufacturer’s data. Additionally, it would be desirable to analyse if it is possible to reduce the number
of testing points without losing accuracy in the methodology. Finally, it will be desirable to analyse
the effect of temperature on the discharge rate of the battery, in order to reach even a more accurate
methodology.
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