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Although there exist a number of accurate unmanned aerial vehicle (UAV) thruster models, these models require the precise measure-
ments of several motor and propeller characteristics. This paper presents a simple motor and propeller model that relies solely upon data
provided by manufacturers. The model is validated by comparing theoretical motor and propeller behavior to experimental results
obtained from thrust tests in a wind tunnel. The objective is to provide an accurate yet simple model to facilitate the selection of
appropriate brushless DC motor and propeller combinations for flight applications.
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1. Introduction

Electric motors offer a compact, power dense, and reliable
power plant making them ideal for use in small unmanned
aerial vehicles (UAVs). In particular, induction, brushed DC,
and brushless DC motors are well suited to this application
[1]. Among these, the brushless DC (BLDC) motor stands
out on account of its high power density, efficiency, and
reliability. The availability of small, inexpensive power
electronics has made BLDC motors more cost-competitive
and increasingly popular for UAV applications [1–6].

BLDC motors typically have permanent magnets inte-
grated to the rotor while the stator houses the windings.
They function similarly to synchronous motors, that is, by
sequentially energizing the stator windings causing the
rotor to turn due to alignment torque. The BLDC motor uses
an Electronic Speed Control (ESC) circuit to perform the
commutation. In addition to the stator, rotor, and ESC, BLDC
motors can include position sensors such as optical enco-
ders or Hall effect sensors to monitor the rotor position and

perform the commutation more effectively. These sensors
can significantly impact motor efficiency, reliability,
and performance [7]; and as a result, larger BLDC motors
typically use such sensors.

The family of BLDC motors subdivides into two distinc-
tive categories: axial flux and radial flux motors. Radial flux
motors are more common, being studied and used in a
larger number of applications. However, some research
suggests that the axial flux design may yield a smaller,
lighter, and more efficient motor [8,9]. Although promising,
current research on axial flux motors limits their use in
hand-size UAVs (i.e., in the range of 50W). Furthermore,
axial flux motors of this power range are not readily avail-
able commercially.

Among radial flux motors, there are two subcategories:
inrunner and outrunner motors. The former has the stator
surrounding the rotor while in the latter, the rotor sur-
rounds the stator. The advantage of outrunner BLDC motors
is that they have lower speeds and higher torque making
them useful for direct-drive applications as in [2, 5, 10, 11].
Here, the rotor shaft is directly fixed to a propeller without
any gearing thereby reducing the weight and complexity of the
vehicle, eliminating transmission losses, and reducing costs.

The design of a UAV entails the proper selection of a
motor and propeller combination. In order to perform this
selection, it is important to quantify the speed-voltage and
torque-current characteristics of the motor as well as the
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speed-torque-thrust characteristics of propellers. Since
motors and propellers have narrow bands of high efficiency
operating conditions, a proper selection identifies a propel-
ler which will produce enough thrust to maintain a steady
flying altitude while turning at a speed which is optimal for
the motor-propeller combination's performance.

BLDC motor manufacturers rarely include test data
identifying the motors' operating characteristics. Instead,
general motor characteristics are given such as the speed
constant, the winding resistance, and the current at no-load.
Similarly, propeller manufacturers for use in small air-crafts
provide very little information about the propeller's per-
formance or geometry. The only data consistently provided
are the propeller's diameter and pitch.

Although accurate models are important when devel-
oping UAV control systems, it can be useful to quickly
approximate motor and propeller performance without the
hassle of measuring and testing the products in a laboratory
setting. Therefore, this paper aims to validate simple mod-
els with the purpose of canvassing the market for an ap-
propriate BLDC motor and propeller combination. The
paper expands on the results presented in [12] by providing
theoretical and experimental wind tunnel data on motor
and propeller combinations at typical UAV operating
speeds.

2. Modeling

2.1. Modeling BLDC motors

Permanent magnet motors are characterized by a linear
correlation between the angular speed and the electro-
motive force (EMF), as well as between the torque and the
current [13]. Typical theoretical BLDC motor characteristics
are shown Fig. 1. This plot illustrates that the torque and
the current are proportional, and that both linearly de-
crease with increasing angular speed given a constant
driving voltage. In addition, a lower driving voltage, as de-
fined by the voltage supply percentage �, yields lower
speeds and torques.

The relation between torque and speed is explained by a
motor circuit analysis. Consider the simplified motor (M),
source (S), and electronic speed controller (ESC) circuit
shown in Fig. 2. The supply voltage, Vs, the back EMF pro-
duced by rotation, Eb, the line-peak current passing through
the windings, i, and the motor winding resistance, Rm, are
related by Kirchoff's voltage law: Vs ¼ Eb þ iRm. It follows
that for a fixed supply voltage, the back EMF and current are
inversely proportional: Eb / 1

i . Given that the torque is
proportional only to the current, a fixed load will draw
a fixed amount of current and the remaining difference
will be back EMF (Vs � iRm ¼ Eb). As the load increases,

more current is drawn, the remaining Eb is smaller, and the
motor decelerates.

The fact that motor speed is dependent on load makes
the speed difficult to control. Electronic speed controllers
(ESCs) are used to overcome this dependency and allow the
control of speed independently of torque through the use of
pulse width modulation (PWM). PWM is the rapid connec-
tion/disconnection of the power supply to mimic the effect
of a lower supply voltage and shift the speed-torque curve
downwards, or to the left. The effect of the ESC is shown by
the dashed line � ¼ 50% in Fig. 1. In this example, the ESC
is mimicking the effect of a supply voltage 50% smaller than
that actually being used.

The linear relations between the speed and EMF as well
as between the torque and current are provided in Eqs. (1)
and (2). Their proportionality constants are respectively
called the motor's speed constant, Kv (rpm/V), and torque
constant, Kt (N �m/A). The relationships are:

n ¼ KvEb ¼ Kvðv � iRmÞ; ð1Þ
� ¼ Ktði� i0Þ; ð2Þ

Fig. 1. Theoretical speed-torque-current characteristics of a
BLDC motor at a constant driving voltage.

Fig. 2. Simplified circuit diagram of a BLDC motor with electronic
speed control.
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where n is the motor's shaft speed (rpm), � is its output
torque (N �m), Rm is its winding resistance (Ω), i is its line-
peak current (A), and i0 represents the motor's line-peak
current at no-load (A). The current at no-load is subtracted
in Eq. (2) because this minimum amount of current is re-
quired to overcome the motor's intrinsic mechanical
resistance.

The voltage, v, in Eq. (1) would usually be the source
voltage which supplies the motor. However, this would
mean that the motor model only predicts performance
when the ESC is running at a duty cycle of 100% (i.e., when
there is effectively no PWM). Instead, it is more valuable to
define v as the apparent voltage seen by the motor as a
result of the ESC's PWM. This way, the apparent voltage can
be varied so the motor model can cover the full spectrum of
possible speed-torque outputs. In order to define v, the
ESC's effects need to be modeled as well. Let

v ¼ f ðVs; �Þ; ð3Þ
where f is a function of the source voltage, Vs, and the ESC's
signal, �, in �s. The function f must be defined such that the
motor's output speed is equal if the motor is run with (a) a
source Vs and an arbitrary ESC signal of � or (b) a source of
v < Vs and an ESC signal of � ¼ 2000�s (the ESC signal for
100% duty cycle). An experimental method for identifying
f is presented in Sec. 4.

The motor constants Kv and Kt in Eqs. (1) and (2) may
also be related. In the case of an ideal brushed DC motor
(in which saturation and losses are neglected), the motor
speed and torque constants are related through energy
conservation by P ¼ Ebi ¼ �! such that:

Kt ¼
60
2�Kv

: ð4Þ

Hendershot and Miller stress the importance of how
motor constants are defined, particularly Kt as it depends
on the phase wave shape and phase shift, and is tempera-
ture dependent [13]. The relation in Eq. (4) holds true for
ideal brushed DC motor as well as ideal BLDC motors with
squarewave drives in which Eq. (2) relates torque to the
line-peak current. However, the relation must be multiplied
by the factor

ffiffiffiffiffiffiffiffi
3=2

p
if Eq. (2) is based on the RMS current.

Similar conversions are provided in [13] for motors with
sinewave drives drives.

Equations (1)–(4) fully define the motor's operating
condition (� and n) as a function of the ESC's signal and the
drawn current using only motor data provided by the
manufacturer (Kv , i0, Rm, and Vs). These equations can also
be used to identify the driving currents for two operating
conditions of particular interest: the points of maximum
efficiency and of maximum power. The efficiency can be
expressed as the ratio of useful mechanical power output to
the electrical power input. Substituting � and n by the

expressions in Eqs. (1) and (2), the efficiency is given by

� ¼ PM
PE

¼ �ð2�n60 Þ
vi

¼ ðv � iRmÞði� i0Þ
vi

: ð5Þ

Then, taking the derivative of Eq. (5) with respect to
current yields:

d�
di

¼ i0v � i2Rm

i2v
ð6Þ

and setting Eq. (6) to zero yields ie, the driving current at
maximum efficiency:

ie ¼
ffiffiffiffiffiffiffi
vi0
Rm

s
: ð7Þ

A similar expression can be found for the driving current
at peak power by starting with the equation for mechanical
power and taking the derivative with respect to driving
current.

PM ¼ �
2�n
60

� �
¼ ðv � iRmÞði� i0Þ; ð8Þ

dPM
di

¼ v � 2iRm þ i0Rm: ð9Þ

Setting the result to zero then yields ip, the driving
current at peak power:

ip ¼
v þ Rmi0
2Rm

: ð10Þ

The points of maximum efficiency and peak power are
functions of the motor's characteristics. They may be drawn
on the speed-torque plot to identify optimal operating
conditions as shown by the dotted lines in Fig. 1. This
information alone would be useful if the propeller torque
and speed were known and the objective was to source an
appropriate BLDC motor. However, manufacturers currently
do not provide this data.

2.2. Modeling propellers

An accurate propeller model should account for the geo-
metric properties such as the blade diameter, blade angle
(i.e., pitch), chord length, shape of the airfoil, as well as the
way in which each of those parameters varies with respect
to radial distance. In addition to the geometric properties,
one has to account for the airflow into the propeller, how
the flow is modified as it exits the propeller, and how these
flows may change as the aircraft travels in any direction.

Since a comprehensive model is complex, it is common
to characterize a propeller's performance by non-dimen-
sional coefficients for the thrust, torque, power, efficiency,
etc. These coefficients are determined experimentally
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through either static bench tests or dynamic tests in a
wind tunnel.

In this paper, only one nondimensional coefficient is
presented: the thrust coefficient. As shown in [14], that non-
dimensional coefficient can be used to obtain values for T,
the dynamic thrust (N), in the following way

T ¼ CT��d
4!2; ð11Þ

where CT is the nondimensional thrust coefficient, � is the
density of the fluid (kg/m3), d is the blade diameter (m),
and ! is the propeller's angular velocity (rad/s).

Some researchers have attempted to determine CT ana-
lytically but this requires detailed knowledge of the pro-
pellers geometry. Instead, an alternative model for the
dynamic thrust of propellers is introduced. The relation,
proposed by Staples [15], was developed from simple mo-
mentum theory and then fit to experimental data. It is of
the form:

T ¼ ��
ð0:0254 � dÞ2

4
n
60

� 0:0254 � p
� �

� n
60

� 0:0254 � p
� �

� V0

� � d
K1 � p

� �K2

; ð12Þ

where p is the propeller's pitch (in), n is its speed (rpm),
and V0 is the wind speed (m/s). The constants K1 ¼
3:29546 and K2 ¼ 1:5 were empirically determined to fit
the model with experimental data. Rearranging Eq. (12) to
resemble Eq. (11), a generalized, empirically correlated,
thrust coefficient can be obtained as a function of propeller
diameter and pitch.

CT ¼ 60
2�

� �2 0:02544

4 � 602

� 1� V0 � 60
n � 0:0254 � p

� �
K �K2
1

d
p

� �K2�2

: ð13Þ

In Eqs. (12) and (13), setting the wind speed to zero
yields equations for the static thrust and static thrust
coefficient as presented in [12]. These equations are re-
spectively:

T ¼ ��
ð0:0254 � dÞ2

4
n
60

� 0:0254 � p
� �2 d

K1 � p
� �K2

; ð14Þ

CT ¼ 60
2�

� �2 0:02544

4 � 602
K �K2
1

d
p

� �K2�2

: ð15Þ

3. Methodology

The models are validated by comparing theoretical predic-
tions to experimental tests conducted on different motor
and propeller combinations. In this paper, three of the 16

statically tested propellers in [12] are tested dynamically in
a wind tunnel. The tests were conducted using the E-Flite
Park480 motor with three APC propellers 9 inches in
diameter with pitches of each 3.8, 6, and 7.5 inches.

3.1. Theoretical predictions

Theoretical motor predictions were made with the char-
acteristics published by the manufacturer. This was based
on the findings from [12] which showed that the published
values for Rm agreed very well with experimentally gath-
ered data while the values for i0 have little impact on the
model. The results from [12] showed a disagreement of
over 15% in regards to Kv but it is suspected that the
methods used to estimate Kv in that instance may not have
been accurate.

The propeller's theoretical behaviors were also modeled
using only the propeller's diameter and pitch as provided
by the manufacturer.

3.2. Experimental tests

Experimental data were gathered using the RC Benchmark
motor test stand used for the static and wind tunnel testing
of motor-propeller combinations. The wind tunnel test
setup is shown in Fig. 3. A 3D printed standoff (in blue) and
counter weight (in red) were added to the test stand to
operate the motor in the forward direction, opposite to the
manufacturer's recommendations. This modification was
made to fix the test stand downwind from the propeller. The
power source voltage and current, motor mechanical speed
(via the measurement of motor electrical speed), motor-
propeller thrust, and torque were then measured at four
different wind speeds.

Fig. 3. Testing of motor-propeller in a wind tunnel.
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4. Results

4.1. Motor model & experimental results

Figure 4 traces the theoretical BLDC model over the ex-
perimental results (shown in grey). The downward slopes
represent the BLDC's theoretical speed-torque relationship
at the apparent voltage levels of v ¼ 0:75Vs and
v ¼ 1:00Vs. These results are very similar to results gath-
ered in [12].

In order to compare these predictions to the test data,
the ESC transform f ðVs; �Þ must be defined. The following
test method was implemented to determine f : the motor is
run statically outside the wind tunnel without a propeller.
The use of a propeller would skew the results since the
motor's speed would be dependent on the propeller's tor-
que (which is in turn proportional to motor speed) in ad-
dition to the voltage and ESC signal. The test's objective is
to find the driving voltage v ¼ vx which, if run with
� ¼ 2000�s, will yield the same output speed as the motor
running with v ¼ Vs and � ¼ �x . Take, for example,
� ¼ 1500�s. First, the motor is run with v ¼ Vs and
� ¼ 1500�s and the output speed is noted. Next, the motor
is run with v ¼ Vs and � ¼ 2000�s and the voltage is
gradually reduced until at v ¼ 0:95Vs the same output
speed is achieved.

The results are shown in Table 1. Unfortunately, minimal
useful data could be obtained since the motor was unable to
run steadily at low values of � and saturated at high values
of �. As a result, the range for which n is linearly propor-
tional to � is limited. Another issue was that the motor was
unable to run if the source voltage is lower than roughly
10 V. This further complicated the identification of f since
there were very few points where a driving voltage vx was
found such that the motor speed when running with vx and
� ¼ 2000�s was the same as when running with Vs and �x .
Nevertheless, those few points were plotted with � the in-
dependent variable and v the dependent to determine the

first-order best fit line given by

v ¼ 0:00348�þ 5:64: ð16Þ

Using this equation, an ESC signal of � ¼ 1410�s yields
an apparent voltage of 95%. Figure 4 shows the test data
points, where � ¼ 1450�s. These points are far below the
theoretical predictions for an apparent driving voltage of
v ¼ 0:95Vs; in fact, they lie closer to the theoretical pre-
dictions for v ¼ 0:75Vs. A closer look at Fig. 4 further dis-
credits this definition of f since the trend line that would
connect all the points would have a slope drastically shal-
lower than that of the theoretical models.

One possibility, alluded to in [12], is that modeling the
ESC is made difficult by the fact that the load is proportional
the speed (as the propeller turns faster, it creates more
thrust and more torque). As a result, an ESC transform
identified with the proposed test method will accurately
estimate the apparent voltage for use in Eq. (1) for only the
scenario tested. In other words, to estimate the speed of a
motor run with a 9� 6 propeller, the ESC transform will
need to be developed by performing the tests with
that same 9� 6 propeller. This is not an acceptable solution
given that the objective is to quickly and simply estimate
motor and propeller performance without the need for
laboratory testing.

4.2. Propeller model and experimental results

The experimental results for three propellers are shown in
Figs. 5–7 alongside the theoretical models for wind speeds
from 0m/s to 11m/s. From these results, it is apparent
that:

. At higher pitches, wind speed has less of an effect (the
data is grouped closer together).

. At higher motor speeds, wind speed has less of an effect
(the data converges as n increases).

Fig. 4. Theoretical and experimental E-flite Park 480 motor
performance.

Table 1. Experimentally determining the ESC's transform.

Step 1 Step 2

v (%Vs) � (�s) n (rpm) v (%Vs) � (�s) n (rpm)

100 2000 11 750 100 2000 11 750
100 1800 11 750 100 2000 11 750
100 1600 11 740 100 2000 11 740
100 1500 11 450 97.5 2000 11 450
100 1400 11 280 96 2000 11 280
100 1300 10 980 93.5 2000 10 980
100 1200 10 140 86.5 2000 10 140
100 1100 7 720 83 2000 9 200

Dynamic Characterization of Brushless DC Motors and Propellers for Flight Applications 163

U
n.

 S
ys

. 2
01

7.
05

:1
59

-1
67

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 N
A

T
IO

N
A

L
 U

N
IV

E
R

SI
T

Y
 O

F 
SI

N
G

A
PO

R
E

 o
n 

01
/1

5/
18

. F
or

 p
er

so
na

l u
se

 o
nl

y.



. For the 9� 3:8 propeller, theoretical and experimental
data agree very well at a wind speed of about 5.4m/s.
The model overestimates thrust for lower wind speeds
and underestimates thrust for higher wind speeds.

. For the 9� 6 propeller, theoretical and experi-
mental data agree very well at a wind speeds higher than
8m/s. The model overestimates thrust for lower wind
speeds.

Fig. 7. Theoretical (dashed) and experimental (solid) 9� 7:5
propeller performance at various wind speeds.

Fig. 8. Modified theoretical (dashed) and experimental (solid) 5 00

and 6 00 static propeller performance.
Fig. 6. Theoretical (dashed) and experimental (solid) 9� 6 pro-
peller performance at various wind speeds.

Fig. 5. Theoretical (dashed) and experimental (solid) 9� 3:8
propeller performance at various wind speeds.
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The model's constants K1 and K2 can be altered to yield
more accurate results. For example, in Fig. 8, the constants
K1 ¼ 1:7 and K2 ¼ 3:8 were determined by trial and error
to show how K1 and K2 can affect the model. A more rig-
orous approach would be to write a program which would
iteratively try different values and calculate the average
error on all propellers in order to select the constants which
minimize the error.

It is easy to adjust CT 's sensitivity to different variables
(e.g., V0, n, p, etc.) by modifying the constants K1 and K2 or
by introducing new constants. However, it is quintessential
to keep sample size in mind. As in [12], the modified con-
stants may be better suited to this particular set of data
while Staples' coefficients may be more generalized.
A broader study could integrate data gathered and pub-
lished by other sources, such as [16], to identify generalized
constants for use in Eq. (13), or specialized constants tai-
lored to a specific range of diameters or pitches.

4.3. Efficiency mapping

Having measured the thrust, torque, speed, voltage, and
current in various tests, it is possible to calculate the effi-
ciency of the hardware. In particular, it is possible to cal-
culate the efficiency of the motor independently of the
efficiency of the propellers as well as calculate the efficiency
of the motor and propeller combination.

The efficiency maps for the wind tunnel test are shown
in Figs. 9–11. These maps are interesting because they

reflect the data gathered from a larger number of tests. The
efficiency maps are created by fifth-order polynomial in-
terpolation over the data points collected in the motor-
propeller tests. The electric power is calculated as the
product of instantaneous voltage and current while the
mechanical power is the product of instantaneous torque
and angular speed. The motor, propeller, and combined

Fig. 11. E-flite Park 480 motor-propeller efficiency map.Fig. 9. E-flite Park 480 motor efficiency map.

Fig. 10. Propeller efficiency map.
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efficiency maps respectively show interpolated surfaces for
the ratio of mechanical to electrical power (%WM=WE), the
ratio of thrust to mechanical power (gf =WM), and the ratio
of thrust to electrical power (gf =WE). The effects of the
wind speed on the motor-propeller efficiency are shown in
Figs. 12–14. As predicted from Eq. (12), the combined ef-
ficiency decreases with increased with increasing wind
speed. However, it is interesting to note that for that the
magnitude of the trends are not consistent across all pro-
pellers. Although the 9� 6 propeller and motor combina-
tion produced a lower thrust per watt than the two other

propellers, it's efficiency was approximately constant over a
wide range of wind speeds.

5. Discussion

The proposed ESC model was shown to incorrectly repre-
sent its effects on motor performance. The model was de-
fined as a function f ðVs; �Þ which would yield an apparent
driving voltage v for use in the equation n ¼ Kvðv � iRmÞ.
However, this definition is inherently incorrect because the
parameters Vs and � do not fully define the motor's state
nor determine the motor torque. This means that rather
than specifying a point (n, �) on the motor's speed-torque
plot, the parameters Vs and � correspond to a slope parallel
and to the left of the motor's maximum n-� relation. This
same obstacle that was encountered in [12] and is the
reason that the experimental results seemed to indicate that
the motor model was inaccurate.

Second, since the ESC model does not provide a suitable
means of identifying specific operating points (n, �), the
motor model's accuracy is undetermined. However, there is
evidence to suggest that the model has faults. For example,
when the motor and 9� 3:8 propeller are run at full speed,
the experimentally measured operating condition (n, �)
surpasses the model's theoretical limits. Similar results
were found in [12] and the conclusion had been that the
motor data provided by manufacturer (particularly Kv) was
inaccurate. In order to validate the motor model, tests
should be run on a motor with a mechanical brake applying
the external load. This way, all the parameters which de-
termine the motor's operating condition (i.e., i / � , Vs,
and �) can each be independently be varied or held fixed.

Lastly, this paper demonstrated that Staples' relation is
fairly accurate in estimating the thrust for dynamically
tested propellers. The equations constitute an interesting
alternative to conventional propeller thrust estimations
given their simplicity. As mentioned above, it would be in-
teresting to apply these equations to a larger number of
propellers in an effort to determine more generalized con-
stants or constants better suited to niches of propellers
with particular diameters and pitches. Furthermore, it
would be interesting to investigate if a relation could be
developed for the propeller's torque coefficient. If both the

Fig. 14. Experimental E-flite Park 480 motor-propeller efficiency
at � ¼ 1600�s. Fig. 15. Inputs and outputs to the coupled thrust-torque models.

Fig. 12. Experimental E-flite Park 480 motor-propeller efficiency
at � ¼ 1400�s.

Fig. 13. Experimental E-flite Park 480 motor-propeller efficiency
at � ¼ 1500�s.
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thrust and torque could be estimated as a function of speed,
then it would make it possible to couple the theoretical
motor and propeller models by using the propeller model's
outputs as inputs to the motor model as shown in Fig. 15.

6. Conclusion

This paper aimed to validate simple motor and propeller
models with the purpose of selecting an appropriate motor-
propeller combination across a range of wind speeds. It was
possible to independently validate the propeller models by
decoupling them and studying the results separately. These
results could facilitate the selection of hardware if one or
both of the operating conditions are predetermined. Maxi-
mizing efficiency is then a question of choosing a motor
and/or propeller such that the efficiency is maximized for
the operating speed and thrust.
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