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Abstract— This paper presents a method to sense propeller
torque of multirotors without additional torque sensors by
using the measured input voltage, throttle setting and rotational
speed. Torque, rotational speed and current of a brushless direct
current motor with electronic speed controller are measured on
a setup using seven different propeller diameters, seven input
voltages and 20 throttle settings. The resulting rotational speed,
torque and current are measured to create a data set spanning
the feasible operating range of this motor with speed controller.
A model based on only four parameters is proposed and trained
on the data of only one propeller and the data without propeller.
This model results in torque errors less than 0.01 Nm for 90%
of the data set. For the highest accuracy, the whole data set
is re-mapped into a practical 3D lookup table using local fits
and results in torque errors less than 0.005 Nm for 90% of
the data set.

I. INTRODUCTION

Multirotors or ‘drones’ are popular aerial platforms be-
cause of their mechanical simplicity. More and more they
are used for high-demanding missions exploiting their full
potential such as urgent medical deliveries, offshore in-
spections, human transport and even racing. An accurate
model of the multirotor and its sub-systems is required
for simulation, model based controller development, mission
optimization, system monitoring and design or customization
of the system.

Mechanically, a multirotor can be split into a fixed struc-
ture or ‘body’ and the rotating propellers [1]. Ignoring the
aerodynamic effects of the propeller slipstreams, interaction
between body and propellers consists of three forces and
moments and rotational speed of the motor shaft to the
propeller hub as shown in Fig. 1.

system state

Fig. 1. Overview of multirotor consisting of a body, propellers and motors
with ESC connected to the flight controller and battery.
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During hover or low speeds, the main force and moment
acting on the motor shaft are the propeller thrust and torque
which can be measured relatively easy on a static test
bench. The rotational speed is easily monitored through the
commutation of the three phases of the motor. However, the
three forces and moments acting on the motor shaft during
forward flight cannot be measured directly without additional
sensors. These forces and moments were modelled by studies
as [2], [3] and [4] relying on data from wind tunnel data sets
for axial flow only, as from [5], or from sparsely available
data presented in [6], [3] and [7] for other flight phases. Wind
tunnel tests however require specialized infrastructure and
are not completely representative for free flight conditions
of a multirotor because of wall effects and the need for a
physical mount. In order to create an accurate model of the
multirotor propeller, ideally, all forces and moments on the
propeller would be measured in flight. Davis and Pounds
[8] mounted a sensor between each motor and the frame of
a multirotor that allowed them to calculate the vertical and
horizontal component of the thrust.

The principle behind in-flight propeller modelling and
identification was already demonstrated by Sartori [1] who
identified thrust, drag and side force on propellers from
mostly planar indoor flights. Earlier also Gill [9] performed
propeller identification based on a tethered experiment with
a multirotor allowing it to reach higher speeds indoor. Six
[10] identified the propeller coefficients from flight data of a
hovering quadrotor. Steps towards modelling of the complete
multirotor at higher speeds in forward flight were presented
in [11] and [12] while [13] presented the modeling of
propeller interactions. To facilitate the in-flight identification
of a multirotor and its sub-systems, from the three forces and
moments that the propeller produces, the torque produced by
the brushless direct current (BLDC) motor can be calculated
based on available sensor data logged on the flight controller
during flight. In robotics, torque of an electromotor is often
estimated based only on its current [14]. For example [15]
uses a third-order polynomial model to experimentally iden-
tify the relation between torque and current of BLDC motors
of a KUKA KR150.

For multirotor propulsion systems, the BLDC motors are
controlled by an electronic speed controller (ESC), that
modulates the voltage from the battery to the three phases
of the motor and controls speed by decreasing the pulse
widths for varying throttle signals. An identification of
this motor with ESC was done by Gong in [16] and [17],
showing efficiency maps of motor and ESC separately at
different input voltages using a 3-phase power analyser.
They reported a decrease in efficiency for higher currents



and lower throttle settings. With a three-parameter motor
model and a four-parameter ESC model they accurately
model the efficiency of the tested motors and ESCs but
without distinguishing between voltage or current losses
that influence the rotational speed and torque of the motor.
Other BLDC motor models like described in [18] use four
constants to take viscous damping losses and Eddy currents
into account. [19] used a polynomial fit to model the losses
or [17] and [20] used three constants from which the latter
considered these to be a linear function of the input voltage.

Complementary to the aforementioned studies, this paper
presents a model based method to calculate propeller torque
from the logged on-board flight data containing rotation
speeds, battery voltages and throttle settings throughout the
flight. Besides the use for identification of the propeller and
the whole multirotor system, torque estimation can also be
used for torque control, system monitoring and benchmark-
ing. To calculate the torque, two approaches are applied to
a data set obtained as described in section II. Section III
presents a novel model for the ESC in combination with a
DC motor model for the BLDC motor that fits the whole
feasible operating range and requires only a limited amount
of test data. Section IV presents an interpolation approach
resulting in the highest accuracy when a large set of test data
is available.

II. EXPERIMENT

This section describes how the data set spanning the
feasible operating range for a motor with ESC was created
and presents the test results that will be used later for
identification.

A. System overview and test setup

Fig. 2 and table I present the overview of the test setup. A
power supply provides a stable constant voltage to the sensor
setup [21] which measures the voltage Uy, and current Iy,
at the battery side of the ESC. A pair of load cells allows
to measure the torque produced by seven different propellers
Q10aq that can be mounted on the shaft. Flexible motor wires
are guided along the extension of the motor shaft to minimise
any possible torque transfer. Although thrust of the propeller
is also measured with a load cell, it is not used or required
for this paper. The control board executes a test sequence that
applies the desired throttle settings to the ESC. An optical
sensor measures the rotational speed w of the motor with a
piece of reflective tape.

:optical rpm sensor

Fig. 2.

Overview of the test setup.

TABLE I
OVERVIEW OF COMPONENTS USED

Delta Elektronika SM52-AR-60
Turnigy Multistar opto S1A 32bit
T-motor LT2216-11 KV900 V2.0

RC-Benchmark 1580 with rigid
hinges and RC control board [21]

GWS 5x3
GWS ‘bullnose’ 5x4.5
custom cut 6 inch propeller
Graupner e-prop 8x5
Graupner e-prop 9x5
Graupner e-prop 10x5
Graupner e-prop 11x5

power supply
ESC
motor
sensor setup

propellers

B. Test procedure and data processing

To practically apply a torque to the motor, seven consec-
utive sizes of propellers are mounted after starting without a
propeller. After mounting the propeller, an input voltage is
gradually set from 12 V to 24 V in steps of 2 V. Finally,
throttle is set in 20 steps from zero to full throttle and back
with the average of 20 samples recorded after 2 seconds
of settling time for each throttle step. A measurement at
zero rotational speed right before and after each throttle
cycle is used to mitigate any offset or possible sensor
drift during each test cycle while taking the average from
the measurements with the same throttle setting eliminates
possible hysteresis.

To get an idea of the accuracy of the torque measurement
and the repeatability, Fig. 3 shows the measured torque as
a function of the measured rotational speed w for three
identical propellers in different test cycles. A quadratic fit
on the top graph allows to visualise the relative variation of
the measured data to this averaged fit on the bottom graph.
Next to some hysteresis, offsets between the experiments of
up to 5% are observed for torque as well as current.

C. Test results

Fig. 4 shows all the points of the data set with torque and
current presented as a function of the throttle setting, voltage
and rotational speed. On these graphs, each combination of
voltage and throttle setting has eight decreasing rotational
speeds resulting from the increasing loads except for the two
largest propellers for which the maximum applied throttle
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Fig. 3. Measured torque as a function of w for three identical propellers

shows relative variations between experiments up to 5%.

setting was limited to 80% to prevent overheating of the
motor.
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Fig. 4. The whole data set presented with torque and current in function
of the battery voltage, throttle setting and rotational speed.

The decreasing rotational speeds for higher loads at con-
stant voltage and throttle setting are presented in more detail
by Fig. 5. This graph shows that this ESC, like most others
used for multirotors [22], does not control the rotational
speed in a closed loop but reduces the average voltage to

the motor U,,,; by rapidly switching on and off the battery
voltage. The proportion of “on” time per switching cycle is
referred to as “duty cycle” D resulting in:

Umot =D Ubat [V] (1)
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Fig. 5. Decreasing w for higher loads shows that ESC does not control w
in a closed loop.

The relation between the duty cycle and the value of the
throttle setting ¢ depends on the used control scheme in the
firmware of the ESC. For this ESC a perfectly linear relation
between rotational speed and throttle setting is observed
for the no-load data, therefore the following model linear
relationship is used:

t— tmin

D= : [—] 2
= bmin

with ¢,,;, = 40 and t,,,, = 2047. It must be noted
that many ESCs are controlled using a 50 Hz pulse width
modulated signal with throttle signals typically ranging from
1000 s to 2000 ws. This particular ESC is controlled with
a “DShot150” communication protocol because this allows
to directly communicate the rotation speed back to the flight
controller.

An ideal ESC realises this decrease in voltage from battery
to motor without any energy losses. Hence the current
through the motor [,,,; would increase accordingly:

tmaac

I
Lot = % [A4] 3)

However, from the data set we observe that losses occur
due to the ESC regulating U,,,; with more losses for lower
duty cycles required at higher input voltages Uy, presented
by Fig. 6. The efficiency of the motor with ESC 7,0¢+tesc
calculated as

Qload w
mot+esc — 77 1 |7 D (4)
ot Ubat [bat [ }

is plotted as a function of the propeller speed w for a range of
different input voltages. Fig. 6 shows a decrease in efficiency
when a higher input voltage is applied for the same desired w
of the propeller, hence same mechanical power. For example,
driving the propeller at 800 rad/s, the efficiency drops from
82% to 76% when doubling the voltage from 12 V to 24 V.
Therefore, losses due to the ESC limiting the power cannot
be ignored.
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Fig. 6. Decreased efficiency when using a higher input voltage to drive a
Graupner 9x5e propeller.

ITII. GLOBAL IDENTIFICATION

This section describes a model for a BLDC motor with
ESC which is used to fit the whole range of the data set.
From this model, torque and current are calculated based
on the input voltage, throttle signal and rotational velocity.
A minimal set of parameters is identified and the model is
validated on its accuracy in predicting torque and current
without sensors.

A. Model

As presented in the introduction, many models for DC
motors and BLDC motors with ESC were proposed in
literature. The motor is most commonly modelled using a
three-parameter DC electric motor model [24] described by
following equations:

Qmot = Qload + Qf =K Inot [Nm] (5)
e=Kw [V] (6)
Umot =e+ Imot R [V] (7)

with Q0+ the torque produced by the motor and e the back-
EMF of the coils. In this model, the motor constant is related
to the more commonly used “K'V” as specified by the motor
manufacturer:

30

R [Q)] represents the internal resistance of the motor wind-
ings. Any remaining losses such as friction are captured by
Q. These remaining losses are also often represented by a
no-load current [17]:

_ 9
K

This DC motor model in combination with equations (1-3)
is not able to capture the losses due to the ESC controlling
the motor voltage as was shown in Fig. 6. Additional losses
can occur such as losses in the electronics due to the constant
switching of the transistors [20], the modulated voltage to
the motor causing the motor to run with lower efficiency
than when it is fed with a smooth continuous voltage [20],
magnetic hysteresis [18] and power required by the ESC
control circuitry. After comparing the possible nature of the
current and voltage losses to the trends in this visualised
data, two additional constants are defined. The parameter

Iy [A] )

representing the internal resistance R in (7) is modelled as
linearly increasing with the input voltage by a factor a.

R=Ro+a Uy [ (10)

Additionally current losses that linearly increase with the
input voltage by a factor b are introduced, replacing (3):

1
Imot = B (Ibat —b Ubat) [A] (11)

This linear increase of the internal resistance of the motor
model and an ESC current loss linear with the input voltage
succeeded in capturing all losses, without distinguishing
between the precise origin of these losses.

B. Validation

The model of the ESC with motor contains four parameters
K, Rgy, a and b to be identified such that the model fits the
data as close as possible. In this paper, the objective function
is chosen

o T =152 Qi — Q)
obj Z T + Q7m
with subscript m for the measured data points and f for the
fitted points.

First the four parameters of the model are identified using
all data except for the Graupner e 9x5 propeller. Fig. 7 shows
the distribution of the absolute model error on current and
torque for the whole data set. The identified parameters are
KV = 840.5 rpm/V, Ry = 0.1484 Q, a = 0.0056 Q/V
and b= 0.0134 A/V.

(12)
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Fig. 7. Absolute current and torque error of the four-parameter model
trained and validated on the whole data set.

The model fits well to the whole data set. Fig. 8 shows
the errors of this model for the Graupner e 9x5 propeller
only, that was not used for the identification. The errors are
smaller than for the whole data set which can be explained
by the fact that the largest absolute errors occur at the highest
loads from the largest tested Graupner 11x5 propeller.
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Fig. 8. Absolute current and torque error of the four-parameter model with
only the Graupner e 9x5 propeller data as validation.

The purpose of the general model is to simulate the motor
with ESC for its whole operating range without testing this
whole range on a test bench. Therefore, the data from only
one propeller and the no-load case are used to determine the
model parameters: KV = 840.5 rpm/V, Ry = 0.1565 Q,
a = 0.0054 Q/V and b = 0.0187 A/V. These parameters
closely match the previous set. Fig. 9 shows the absolute
current and torque error from this model fit on the whole data
set. For 90% of the data set, the absolute error on estimated
current is less than 0.5 A and torque less than 0.0106 Nm
which is only slightly larger compared to a fit on the whole
data set as was shown in Fig. 7
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Fig. 9. Absolute current and torque error on the whole data set using the

four-parameter model trained on only no-load data and the Graupner e 9x5
propeller.

IV. LOCAL IDENTIFICATION

This section describes an approach that uses the whole data
set to accurately predict torque and current of the propulsion
system over its whole operating range for a given input
voltage, rotational speed and throttle setting using a 3D
lookup table.

A. Procedure

Directly interpolating between the measured points as
presented in Fig. 4 would suffer from outliers or badly
distributed data points. Therefore, the DC motor model
described by (5-7) is used to locally identify motor constant,
internal resistance and friction on a 3D grid. Locally identi-
fying these three parameters was done by [20], but only as a
function of the input voltage. To better populate a 3D grid,
the data set is first remapped into a space that decouples
the input variables of a multirotor propulsion system. The
input voltage ranges from a fully charged battery voltage
under light load to the almost depleted battery under high
loads. The throttle setting can vary anywhere from zero to
full throttle but the rotational speed is directly related to
the former two. Without torque, the rotational speed linearly
increases with voltage and the throttle setting, of which the
latter was shown to linearly control the duty cycle. Therefore,
mapping the data points with the rotational speed divided
by the throttle setting and input voltage results in a better
distribution as presented in Fig. 10.
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Fig. 10. Remapped input variables of the data set better populate the 3D
lookup table.

Next a 3D lookup grid of query points is created and K,
R and @y are fitted through the nearest neighbouring data
points. For each of the query points, the distance between
this query point and its neighboring data points is calculated.
This is done defining a non-dimensional space around the
query point by dividing the input voltage of the surrounding
data points by the input voltage for this query point and
dividing the rotational speed of the surrounding data points
by the rotational speed of this query point. To demonstrate
the validity of this method over the whole operating range of
the propulsion system, 20% of the data points are randomly
removed from the set used for fitting. During the fitting,
less weight was given according to the distance. Fig. 11
presents the resulting locally identified parameters for each
query point in the lookup grid. The manufacturer specified a
motor constant of 900 KV but in practice this parameter can
vary considerably from this value [14]. The estimated motor
constant shows only little variation which is in agreement



with [17]. With values between 800 and 850 KV, this is
consistently lower than the manufacturer’s specification. This
is in agreement with [23] where this difference is explained
by losses compared to the theoretical motor design.

The estimated interal resistance varies between roughly
0.22 © to 0.36 2 and the estimated constant friction torque
between 0 Nm and 0.01 Nm. Notice that the identified
internal resistance increases with the input voltage which
agrees with (10) from the proposed model.
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Fig. 11. Locally identified parameters for each point in the 3D grid.

B. Validation

Using the three lookup tables from Fig. 11, trilinear
interpolation results in the three DC motor model parameters
from which current and torque is calculated for each of the
withheld validation point from the data set. Fig. 12 presents
the distribution of the absolute error on both estimated
current and torque for these validation points. For 90% of the
validation points, the error on the current is less than 0.15 A
and on the torque less than 0.005 Nm which is very small
compared to the variations we can expect between different
experiments as was shown in Fig. 3.
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Fig. 12.  Absolute current and torque error of the locally fitted three-

parameter DC motor model for 20% validation points randomly distributed
over the whole data set.

V. CONCLUSIONS & FUTURE WORK

This paper presented two methods for calculating torque
and current of a multirotor motor with ESC using the input
voltage, rotational speed and throttle signal. To this end, a
high-resolution data set was created spanning the feasible op-
erating range of a motor with ESC combination. A proposed
four-parameter model that was identified based on data of
only one propeller and data without propeller succeeded in
accurately calculating both torque and current for the whole
operating range. The local identification approach based on
three parameters results in a 3D lookup table suited for a
highly accurate and fast prediction of current and torque.
Table II summarizes the achieved accuracies of the two
methods

TABLE II
OVERVIEW ACHIEVED ACCURACIES

local fit with
7 propellers
<0.14 A
< 0.0051 Nm

general fit with
1 propeller
<05 A
< 0.0106 Nm

general fit with
6 propellers
<044 A
< 0.0095 Nm

90% AI
90% AQ

In future work, several other motor and ESC combinations
will be tested. The data can be used to further validate or
improve the proposed four-parameter model for a general
fit. A three-phase power analyser can be used to measure
current and voltage at motor terminals to improve the models.
Temperature effects could be included to make the model
suited for different environmental and cooling conditions.
The high-resolution data set will be further used to create
highly accurate lookup tables for torque prediction of the
motor and ESC combinations used in experiments designed
for aerodynamic identification of multirotor rotors and body.
The accurate virtual torque sensing will facilitate the identi-
fication of propellers in oblique flow during flight and allow
better state estimation during flight.
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