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ABSTRACT

This study explores the impact of communica-
tion protocols, specifically PWM and OneShot
125, between flight controllers and electronic
speed controllers (ESCs) on brushless motor
response and drone control. The experimen-
tal setup includes a test bench equipped with
BLHeli-S ESCs and an STM32-based flight con-
troller programmed with proportional control.
Experiments quantified response time and con-
trol precision under different protocols. Data on
bench angle and motor throttle were analysed us-
ing computational tools such as MATLAB. No-
tably, the results reveal no significant advantage
in changing communication protocols. Instead,
effectiveness and responsiveness are determined
much more by the control loop frequency than
by the rate of different protocols.

1 INTRODUCTION

In recent years, unmanned aerial vehicles (UAVs), com-
monly known as drones, have driven research and devel-
opment of new technologies aimed at improving their ef-
ficiency and performance [1]. Among these technologies,
the advancement of communication protocols is significant,
promising to enhance the speed, reliability, and precision in
the transmission of critical data [2].

However, to the best of our knowledge, the communica-
tion between two crucial components for the precise con-
trol of these aerial devices, the electronic speed controller
(ESC) and flight controller, remains an underexplored topic
in academia, often limited to user manuals and hobbyists.
The current literature lacks analyses that evaluate the isolated
impact of different communication protocols on the perfor-
mance of drone control.

This paper aims to address this gap by conducting a com-
parative analysis of the response of an experimental setup
subjected to two communication protocols: Standard PWM
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and OneShot125, while keeping all other parameters con-
stant. To achieve this, a test bench configured to simulate the
angular control of a drone under disturbances was used. This
decision was made due to the fact it can perform tests with
the same set-up for a long period of time, thereby enhancing
the overall protocol effect comparison. Therefore, this study
aims to provide insights of the communication protocol iso-
lated from control loop rate.

The paper has been divided into 5 parts: the first being
this introduction, which provides the context and motivation
for the study. The second one is concerned with the theoreti-
cal background. It will define the basis of our work, where the
fundamental concepts will be introduced. The methodology
used is detailed in the third section, including the experimen-
tal procedures and tools used. The fourth part focuses on the
results and analysis, it will compare the theoretical assess-
ment developed with the results achieved. The last part is the
conclusion, where we will summarize the findings, discuss
their implications, and suggest potential directions for future
research.

2 THEORETICAL BACKGROUND

In this section, we address our problem in two main areas:
an overview of Electronic Speed Controllers (ESCs), their
firmware, and the communication protocols they use to in-
teract with flight controllers, and a mathematical derivation
to support further analysis.

2.1 ESCs and Firmware

Electronic Speed Controllers (ESCs) are essential com-
ponents in the operation of UAVs, particularly in multirotor
configurations such as drones. They are responsible for reg-
ulating the speed and direction of brushless motors, which
they achieve by receiving control signals from the flight con-
troller and modulating the power supplied to the motors [3].
The ESC interprets these signals and adjusts the motor speed
accordingly, ensuring stable flight dynamics and manoeuvra-
bility.

Modern ESCs come with various firmware options,
among which BLHeli-S stands out due to its advanced fea-
tures and ease of customization [4, 5]. This firmware pro-
vides improved throttle response, reduced noise, and en-
hanced compatibility with different communication protocols
[6]. These attributes make BLHeli-S particularly suitable for
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research that requires consistent and reliable motor control,
as in the present study.

2.2 Communication Protocols

The communication between the flight controller and the
ESCs is facilitated by several protocols, each with distinct
characteristics. For this study, we focus on two protocols:
Pulse Width Modulation (PWM) and OneShot125.

These protocols were selected due to their simplicity and
relevance in practical applications, providing a focused and
cautious approach to this relatively uncharted topic.

Standard PWM is one of the most traditional methods for
communicating between a flight controller and an ESC [7].
It operates by sending a series of pulse signals at 20 ms rate,
where the width of each pulse corresponds to a specific throt-
tle position or motor speed. Typically, standard PWM signals
range from 1 ms (minimum throttle) to 2 ms (maximum throt-
tle) [8]. The main advantage of PWM is its simplicity, mak-
ing it compatible with almost all ESCs and flight controllers
[4]. However, the relatively slow update rate can introduce
latency, which might affect the responsiveness of the drone’s
control system [8, 4, 9].

OneShot125 is a more recent protocol than PWM, de-
signed to overcome some of its limitations. It reduces the
pulse width to a range of 125 ps to 250 ps, significantly in-
creasing the signal update rate [9]. OneShot125 also reduces
the latency introduced by the control loop, theoretically en-
hancing the overall performance of the drone. However, the
increased complexity and the need for compatible hardware
can be considered as potential drawbacks.

By analysing these two protocols, this study aims to em-
pirically evaluate these theoretical advantages and limita-
tions.

2.3  Mathematical derivation

Given the aforementioned problem, we now derive a
mathematical model to aid our analysis. This model will be
derived using concentrated parameters, as a way to encapsu-
late dominant effects. It is focused on a test bench (Figure
1) previously constructed and validated in a prior academic
work [10].

First, some hypotheses must be drawn:

1. The dominant poles of a brushless DC motor can be
modelled as a simple brushed DC motor [11].

2. A bearing damping is significant and must be included
in the analysis of the motor equation.

3. The damping term in the bench equation consoli-
dates all velocity-related losses, including both bearing
losses and aerodynamic drag on the rod.

4. Changes in thrust due to propeller movement are not
considered significant. This is because their effects can
be approximated by the damping term mentioned in hy-
pothesis (3), thus not requiring separate consideration.
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5. The thrust constant and torque/power constant of the
propeller are assumed constant and independent of the
Reynolds number. Although it appears that it may not
hold, experimental tests on some propellers, in special
the ones used (GWS 5”x3”), show that a constant term
can be used [12].

6. For the tests in consideration, the air density is con-
stant.

7. By using disturbance analysis, the term Aw? may be
neglected. This assumption is based on the premise
that the variations in angular velocity squared are mi-
nor and do not significantly impact the overall system
dynamics.

8. The angular sensor has an antialiasing first-order low-
pass filter with bandwidth at 13 Hz.

From these hypotheses, it can be derived that:

. lf‘r'idc 2
— T “dc ) — — . 1
w R T w w” (1)

Im

(K- Ky | B d
R-Jn | Jn

In which w is the rotor angular acceleration, w is the rotor
speed, K, and K, are the torque and speed constants of a
dc motor, V. is the nominal supply voltage, u is the control
action, in the [0, 1] domain, .J,;, is the rotor plus propeller in-
ertia, R is the dc motor resistance, B,, is the bearing damping
and d is the consolidation of % p-Co-A- Rf,, which is the
aerodynamic drag generated by the propeller.

It is worth mentioning that p is the air density, A is the
propeller disk area, Cg is the torque constant and R,, is the
propeller radius.

By applying disturbance analysis on equation 1, we
achieve:
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where Aw is the disturbed speed, Au, disturbed control
action, u g the control action to achieve hover condition and
wp the rotor speed in hover condition.

Equation 2 is easily solved and has the form presented in
equation 3.

_KT~VdC'AU

Aw = 1—e P 3
u R : Jrn P ( ¢ ) ( )
with p = (5pfe 4 Ba g 2020 ) However, this as-

sumes an instantaneous response given a change in control
action, so we can extend equation 3 by including a time delay
due to the communication protocol:

7KT~VdC~A’U,

- _ e~ P(t—a)
Aw R T, 1 (1—e ) )
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in which a represents the included delay.

We may also look on how the current should behave, by
applying the result from equation 4 to the dc motor model,
we achieve:

K'(1—¢;-e P9 Au = Ai (5)

in which K’ and ¢; will be constants derived from equa-
tion 4. As one may observe, the current behaviour follows a
typical first-order system.

If we extend our analysis to the whole bench, as described
in equations 6 and 7 we are left with:

T=c-p-Cr-A-R-u* (6)

|~

(- (Tf —T,)—B-6
J

Equation 6 relates the angular velocity of the propellers
to the thrust force 7" they generate, where Cr is the thrust
coefficient.

As for equation 7, it describes the angular acceleration
of the rod, influenced by the difference in thrust between the
front and rear propellers, where ¢ is the distance from the
centre of the motor, B is the overall drag, J is the overall
inertia and 6 is the angle position of the rod in the test bench.

With a little bit of effort on algebra arrangement, com-
bining the equations 2, 6 and 7, adding the sensor effect on
the plant, and doing the z-transform, one may see the overall
plant discretized as described by equation 8.

é:

(M

Aw . A1Z4 + A2Z3 + A322 + Ayz + As

=) =
A T Y Y
®)
Where T is the sampling time given by the control loop
rate and 1/7 is the sensor bandwidth. By renaming the poles,
for simplicity’s sake, we now may add the delay effect, that
follows equation 9:

ﬂ(z) (At + Ag2® 4 Ag2® + Ayz + As) (2 — 2d)
AU 22(z = 1)(z = p1)(z — p2)(z — p3)

It can be seen that the delay factor changes the plant order
and adds a zero, given that the delay is bigger than one con-
trol loop. Also, it is possible to see that a comparison with
the same control loop rate is paramount given that the sam-
pling time changes the poles values, and thus, changes the
behaviour of the bench.

3 METHODOLOGY

3.1 Experimental Setup

For the experiments, a proprietary test bench (Figure 1)
was used.
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Figure 1: Test bench schematic [10]

The test bench includes a rigid aluminium rod balanced
at its centre and connected to the device via a freely rotating
axis supported by two bearings fixed to the base. At each
end of the rod, brushless motors with attached propellers are
mounted, and two BLHeli-S 30 A ESCs are fixed along the
rod to control the motors.

At the centre of the structure is the power distribution sys-
tem and a flight controller, based on the STM32F401 micro-
controller. The STM connects via serial connection with a
computer, to storage the data read.

A potentiometer serves as the primary sensor for angle
measurement. The potentiometer is calibrated to provide a
direct reading of the angular displacement, with the reference
angle set at 0 degrees, which corresponds to the equilibrium
position where the rod is parallel to the horizontal plane. Ad-
ditionally, it has a low pass filter aimed at reducing noise from
the power supply. This setup allows for precise assessment of
the system’s dynamic behaviour.

Lastly, the power supply is provided by a switched-mode
power supply that provides continuous current to all compo-
nents.

3.2  Motor current measurement

To attest any delay between the change in control action
and the change in motor speed, it was initially inserted a 0.66
€) - 50 W resistor in series with one of the motors. As a result,
it was possible to measure the current flow on the motor.

As described by equation 5, a step disturbance on the con-
troller is expected to result in the disturbed current following
a first-order step response curve. Therefore, the proposed ex-
periment involved activating both motors at the same speed
(using 40% control action). After 6 seconds, to ensure steady-
state conditions were achieved, the controller loop is initiated,
using 50% control action as the hover condition.

When the loop starts, at the beginning of the control sig-
nal, a LED is toggled on each control step. This enables the
measurement of the delay between the change in control ac-
tion until the current first-order curve starts, marking when
the motor received the command.

3.3 Controller Configuration

The controller used in this study employs a simple pro-
portional control mechanism to maintain the desired angular
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position of the test bench. It is effective enough for simple
systems like this, eventually reaching a steady state without
errors. A non PID approach was chosen to try highlighting
the differences in control action under the different protocols,
rather than using a more robust and generally faster PID con-
troller. It is also worth mentioning that the same control rate
(100 Hz) was chosen in all experiments.

The proportional controller operates with a gain value of
K, = 60, applied to the angular error measured in radians.
Following that, the overall control action is divided in half.
For the right motor, a hover value is added, and for the left,
the hover value is subtracted from the split control action,
thus, creating a correctional torque on the bench. The hover
value used was 50% of the control action. This approach en-
sures that the control actions are symmetric and achieves the
stability of the test bench.

Expressed in PWM units, the control signals have a res-
olution of 500 steps. This high resolution allows for fine ad-
justments to the motor speeds, with each step corresponding
to a 0.2% change in the PWM signal. This resolution enables
a precise control for maintaining the desired angular position
and minimizing late oscillations.

3.4 Experimental Procedures

All experiments are conducted using a computer con-
nected to the flight controller via a USB cable. A serial con-
sole application, such as PuTTY, is employed to communi-
cate with the flight controller and to initiate one of the four
pre-programmed! routines: two for calibrating the communi-
cation protocols and two for starting the stabilization proce-
dure, which includes the proportional controller described in
the section 3.3.

An experimental run begins with the initialization of the
test bench, ensuring that all components are securely mounted
and properly connected. Then, the rod is tilted to its maxi-
mum permissible angle (approximately 50 degrees from ref-
erence) to ensure the same starting point for all trials, given it
has a physical barrier. Using the serial commands, we either
choose calibration of PWM or OneShot when the change in
protocol is needed, or simply run PWM or OneShot, depend-
ing on the run number.

The successful identification of the protocol by the ESC
is confirmed through auditory signals (beeps) [6].

To ensure a smooth transition between initialization and
the controller phase, an intermediate step is needed. Before
the controller is activated, both motors are set to run at 40%
power for 6 seconds to stabilize the rotor speed. Following
this, a control stage consisting of 400 points is executed over
4 seconds at a frequency of 100 Hz.

To ensure data reliability and validity, 28 repetitions were
done for each protocol, totalizing 56 runs. The order of exper-
iments with the protocols were randomized. This was chosen
because repetition reduces outlier impact and, by randomiz-

I'The program code can be found in Appendix A:
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ing the protocols, it prevents drift to affecting one protocol or
another [13].

4 RESULTS AND DISCUSSION
4.1 Delay and Current Analysis

After completing the experiments described earlier, the
results underscore one difference between the protocols. Fig-
ure 2a illustrates the variation in current as a function of the
control loop for the tests under the PWM protocol. For a more
granular analysis, particularly to determine the response de-
lay time, Figure 2b provides a detailed view. The same ap-
plies for the OneShot125 protocol, as depicted in Figure 3.

In these graphs, it is possible to roughly identify the first-
order behaviour assumed previously.
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Figure 2: PWM detected delay

Through careful examination, the delay in the PWM sig-
nal was approximately identified as being about 11.5 mil-
liseconds after the first control loop, while for OneShot125,
the delay is 10.25 milliseconds. Therefore, our experiments
shown that different protocols have different delay responses.
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Figure 3: OneShot125 detected delay

Moreover, the delays perceived can be divided in two
parts, one equal to the control loop rate, given that our sig-
nal implementation only updated the duty cycle on the next
loop, and the other part, dependent on the protocol used. The
delay phenomenon was modelled at equation 9.

4.2 Comparative Analysis of Protocols

In this section, we present the findings from the experi-
ments conducted using the test bench setup. Figure 4 shows
the consolidation of all 56 runs performed with both proto-
cols. It starts the moment the controller is activated. The
solid lines demonstrate the calculated mean of experiments,
and the coloured region the standard deviation range.

From a preliminary analysis of the data, several observa-
tions can be made. First, there are about 400 milliseconds
before the motors can outrun the counter torque and start tilt-
ing the rod - the primary hypothesis is a mass unbalance be-
tween both arms in the rod. Subsequently, the rod achieves
a dynamic behaviour typical of a second-order underdamped
system, stabilizing after a few seconds (not contained in this
graph). This can be easily traced given a pole at the integrator
position and the mechanical pole given by e~ BmT/Jm

It also appears that there is a small difference between
both protocols, however because of the variability between
trials, a statistical analysis is required to state it or not.

The error accumulated over time, arising from factors
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ranges

such as control action rounding, angle measurements inac-
curacies, dissipative aerodynamic effects, and other distur-
bances, poses a challenge for the comparative analysis be-
tween the two protocols. This is because a sudden surge
in error at any given moment alters the system’s response,
which in turn affects subsequent readings and further mod-
ifies the control actions and overall system behaviour. This
cumulative nature introduces a growing divergence between
the system’s expected and actual responses, which can mask
the true effects of the communication protocols under study.
As time progresses, these discrepancies become more pro-
nounced, leading to an increase in the standard deviation be-
tween experimental runs, as observed in Figure 5.
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Figure 5: Standard deviation of the experimental data

Consequently, the longer the experiments run, the more
difficult it becomes to attribute differences in system response
solely to the communication protocol rather than to accumu-
lating errors. This phenomenon suggests that the validity of
the experiment, from a statistical perspective, is more reliable
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when focusing on the initial moments, where the accumu-
lated error remains relatively small and controlled. This is
one of the reasons it was decided to sample only 4 seconds of
data. By limiting the analysis to this early phase, the intrinsic
effects of the communication protocols are more accurately
isolated, ensuring a more precise comparison of their perfor-
mance without the confounding influence of escalating errors.

For these reasons, we focus our analysis on the rise time
required to first achieve the horizontal plane and compare the
two means using a Student’s Two-Sample T-Test. This sta-
tistical test, given by equation 10, is particularly useful for
determining whether there is a significant difference between
the means of two independent samples [13, 14].

b= @ (10
/5% . 52
ni No

Where X; and X, are the observed means, S7 and S3
are the variances, and n; and ny are the sample size of each
sample.

From the data acquired, the value of ¢ was calculated as:

. 0.918 — 0.909 ~ 0.6738

0.04842 4 0.05152
28 28

This calculated t-value is far below the critical value for
any reasonable confidence level, indicating that there is in-
sufficient evidence to reject the null hypothesis [14]. In other
words, the experimental results are not statistically significant
to suggest any meaningful difference between the two proto-
cols.

This conclusion holds for all points of analysis. As time
progresses, the standard deviation increases, but the mean
value remains close for both protocols, causing the t-value
to decrease even further.

4.3 Interpretation of Results

The findings from our experiments reveal several key in-
sights into the impact of communication protocols (PWM and
OneShot125) on the system’s response time and stability in
a controlled test environment. Despite the initial hypothesis
that OneShot125, with its faster communication rate, would
result in a noticeably quicker response and more stable con-
trol compared to the standard PWM protocol, the experimen-
tal data do not support a statistically significant difference be-
tween the two, when all the other factors were held constant,
and only the protocol was changed.

The delay measurements for both protocols suggest that
while the OneShot125 protocol does indeed reduce commu-
nication delay (approximately 250 microseconds compared
to 1.5 milliseconds for PWM), this difference does not trans-
late into a significantly different overall system performance
in the control plant developed for the present work.

Overall, as observed by equation 9, the delay part intro-
duced by solely the protocol behaviour, apart from the 10 ms
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given next cycle update (which introduces a pole in zero), cre-
ates a pole in zero and a zero on the left of that pole, which
has quick decay over time. Given that, it can be seen that our
platform presents two dominant poles, one at z = 1, and in-
tegrator, and the other at z = e~ 7=, which represents the
overall mechanical pole from the rod, and, as one may see
by pure inspection, the controlled (damped) frequency has a
value of more or less 0.6 Hz (= 1.5s), and it is way more
dominant than the delay effect.

Therefore, for slower systems where these dominant
poles are near the integrator pole, the impact of communi-
cation delays is negligible. However, in cases where the
mechanical poles are closer to the O pole, such as in high-
performance applications like racing drones, these delays
could become more consequential. Again, analysing Equa-
tion 9 after discretization, it becomes evident that the sam-
pling period significantly impacts the system by altering all
poles. Consequently, switching to a faster protocol, such as
OneShot125, may be justified, as it allows for a control loop
frequency of up to 1 kHz, compared to PWM, which is lim-
ited to a maximum of 250 Hz.

On a more practical note, the PWM can have a more re-
fined range for the control action vector, since it needs 1 ms
for the whole range, thus, a 0.1 microsecond timer resolu-
tion, will lead to a 0.01% step. On the other hand, to achieve
the same precision with OneShot125, it will be needed a
timer resolution of 12.5 nanoseconds, which corresponds to
80 MHz, thus, a minor change in frequency may induce a
control action error.

4.4 Implications and Future Directions

The overall results suggest that the choice of the commu-
nication protocol should consider two aspects, the first one is
the control loop rate, which should be guided by the dominant
poles of the drone, and the other aspect should be control ac-
tion resolution. Therefore, if the control engineer, given ro-
bustness, parametric variation, noise immunity decides that
the drone may be controlled by a frequency less than 250
Hz (4 ms), the PWM may be chosen, given that the intro-
duced delay does not interact with the dominant poles. This
decision would favour the control resolution and a healthier
hardware communication, and, as showed in our experiments,
there is no difference compared to the OneShot protocol. On
the other hand, if the control engineer decides it needs to be
controlled with higher frequencies, one may decide to use the
OneShot protocol.

Future research should consider extending the analy-
sis to more complex operational conditions, including high-
performance controllers, that are immune to disturbances,
noise and parametric variations. Such controllers may need
to affect higher frequencies and thus, the protocol delays may
be a contributing factor. Additionally, investigating the im-
pact of the communication protocol on other aspects of per-
formance, such as energy efficiency or robustness to noise,
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could provide a more comprehensive understanding of their
role in UAV systems.

Based on the findings of this study, it can be suggested
that the assembly and component selection for an aerial vehi-
cle should not overly prioritize the choice of communication
protocol between ESCs, motors, and flight controllers. Like-
wise, the selection of hardware should not be limited solely to
ensure compatibility with “modern” protocols. Instead, other
factors should also be considered beyond the protocol’s up-
date rate. These include the availability of protocol-specific
technologies that offer distinct advantages — such as teleme-
try feedback, regenerative braking, or active freewheeling,
available in some protocols — as well as the capability (and
necessity) to implement a more frequent control loop. Fur-
thermore, considerations like the cost and efficiency of the
hardware are even crucial and should only be impacted by the
protocol’s update rate if the application demands extremely
response time and the system is very responsive - although it
still needs to be confirmed by future research.

5 CONCLUSION

This study presents a comparative analysis of two com-
munication protocols, PWM and OneShot125, and their im-
pact on brushless motor response and drone control.

Different delays were detected between the protocols,
with OneShot125 showing faster responsiveness. However,
for the specific case of our experimental setup, the small
communication delays have not shown significantly effect
in the overall dynamics. Thus, the small improvements of
OneShot125’s reduced latency do not manifest in a substan-
tial way under these test conditions. While the delays were
detected and measured, their effect on most real-world per-
formance is expected to be minimal. This conclusion is par-
ticularly valid for larger, slower drones, where such delays do
not introduce noticeable differences. However, for smaller,
faster, or more aggressive drones, these delays might have a
more pronounced impact, requiring further exploration.

With the methodology hereby presented, we hope to en-
able future work to be carried out, with a focus on enhancing
our understanding of existing protocols in different applica-
tions. Consequently, it will be possible to guide better deci-
sions regarding practical UAV applications.
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APPENDIX A: RESOURCES

All  relevant codes used in this  project
will be available in a GitHub repository at:
https://github.com/VitorGaRi/BenchTestProtocolsComparison.
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