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Abstract

Objectives. The high demand for unmanned aircraft and their efficiency makes the production of their components
a matter of relevance. One of these components is the speed controller of the brushless electric motor of the
propeller motor group. At the current time, Russian industry, however, does not mass-produce them. In order to start
production, control methods and algorithms for the hardware and software parts of devices of this type are needed.
Criteria for selecting the main components also need to be formalized. The aim of this work is to develop a method
for the software control of electric motors. This includes block diagrams and invariant algorithms and methods for
the calculated selection of parameters of the main microcontroller of the electronic speed controller.

Methods. Methods of algorithmization, expert assessments, linear computational processes and experimental
studies were used.

Results. The paper presents the theoretical basis for controlling the required motors. It proposes a block diagram
of the implementation of the controller, and a technique for switching windings when controlling with a trapezoidal
signal is proposed. Examples are given in the form of an oscillogram. Based on theoretical research, an invariant
algorithmic apparatus was developed for building software for various types of microcontrollers. Block diagrams of
all the main modules of the software are also presented. The main ones include: the event switching algorithm; and
the main endless loop of the microcontroller. The requirements for microcontrollers to create the various types of
speed controllers are formalized herein and presented in the form of a set of mathematical expressions. They enable
the number of required peripheral devices and microcontroller ports to be calculated according to the requirements
for the microcontroller, as well as the computing power of the core used.

Conclusions. Experimental studies show the reliability of the theoretical research presented herein. The results
obtained can be used to select the optimal element base and develop software for speed controllers of electric
motors of the propellers of unmanned aircraft.

Keywords: electric speed controller, algorithms, brushless direct current motor, unmanned aerial vehicle,
noise-resistant solutions, software control, microcontroller
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HAYYHAA CTATb4A
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Pe3iome

Llenu. Bbicokast BOCTpeb0oBaHHOCTb 1 9DDEKTUBHOCTb BECMMIOTHBIX BO3AYLLUHbIX CY0B AENA0T akTyanbHbIM MPo-
M3BOACTBO X KOMMOHEHTOB, OHMM N3 KOTOPbIX SBASIETCS PErYNSTOP CKOPOCTU BPaLLeHUst OECLLLETOYHOrO 3/1EKT-
poaBuUraTens BAHTOMOTOPHOM rpynmbl. OQHaKo poCCUncKas NPOMbILLIIEHHOCTb B HACTOSILLLEE BPEMS HE NPOU3BOAUT
nx cepuiiHo. [ins 3anycka npovsBoAcTBa HEOOX0AMMO pa3paboTaTb METOAMKM U anropuTMbl yNpaBieHus ans an-
napaTHol 1 NporpamMMHOI YacTen YCTPOMCTB AaHHOr 0 TUMa, a Takke GopmManmsoBaTb KpUTeEPUN Bbibopa OCHOBHbIX
KOMMOHEHTOB. Llenbio paboThbl SBASETCS co34aHne MEeTOAUKN NMPOrpaMMHOro yrnpaBfieHUs 9N1eKTPOABUraTENEM,
BKJIIOYAIOLLLEE CTPYKTYPHbIE CXEMbI, MHBAPUAHTHbLIE aNIFOPUTMbI U METOAMKM PACHETHOrO BbIGOpa napaMeTpoB OC-
HOBHOIO MMKPOKOHTPOEPA perynstopa o60poToB.

MeToabl. Vicnonb3oBaHbl METOAbI ANTOPUTMUNI3ALMMN, BKCNEPTHBLIX OLEHOK, JIMHEMHBIX BbIYUCIUTENbHBIX MPOLLECCOB
1 3KCNEPUMEHTANbHbIX NCCNEN0BAHNIA.

PesynbTatbl. [peacraBneHbl TEOPETUHECKME OCHOBBI YPABIIEHUS 3NEKTPOABUIaTENSIMN BUHTOMOTOPHOM rpyn-
nbl. NMpeanoXxeHbl CTPYKTYpHasi CXxeMa peannu3auunm perynsTopa, MeToanku KOMMyTaumm o6MOTOK Npy ynpasneHnn
C TpaneuenaanbHbIM CUrHanoM, NpeacTasBieHbl OCLMIOrpaMMbl cUrHanoB. Ha 6a3e TeEOpeTUYECKNX U3bICKaHWIA
pa3paboTaH MHBaPUAHTHbI anroOpUTMUYECKNIA annapaT NOCTPOEHUS NPOrpPaMMHOro obecnevyeHns ons pasnnyHbixX
TUMNOB MUKPOKOHTPONEPOB. MNpeactaBneHbl 6,10K-CXeMbl OCHOBHbIX MOZYJE NPOrPaMMHOro CPeacTea: anropuT-
MOB COObITWUIAHOM KOMMYTaLUN 1 OCHOBHOI0 6ECKOHEYHOr 0 Lukia MUKPOKOHTposepa. dopmanniosBaHbl TpeboBa-
HUS K MMKPOKOHTPOJISIEpaM AJ1s1 CO34aHUS PasfinyHbIX TUMOB PErynsTopoB 060pOTOB, NPEeACTaB/IEHHbIE B BUIE HA-
60pa MaTeMaTUYECKIMX BblpaXeHNin. OHM NO3BONAIOT BbINOSHUTL PACHET KOIMYECTBA HEOOXOANMBIX NEPUDEPUNHBIX
YCTPOICTB 1 MOPTOB MUKPOKOHTPOJISIEPA COrNacHO TPEBOBAHUSIM K PEFYNATOPY, @ TAKXKe BbIYUCIUTENIbHON MOLLLHO-
CTV MCNONIb3YEMOro 94pa.

BbiBOAbI. DKCNEeprMeHTaNbHbIE NCCNENOBAHNS NOKa3ann JOCTOBEPHOCTb NPEACTABIEHHbLIX TEOPETUYECKNX U3bI-
ckaHuii. MNMony4veHHble pedynbTaTbl MOTyT OblTh MCMOJSIL30BaHbI AJ15 Noadopa oNTUMasibHOW 91EMEHTHON 6a3bl 1 pas-
paboTKM NporpamMMHOro obecnevyeHns ofis perynsaTopoB CKOPOCTU BPALLEHNS SNEKTPOABUraTeneli BUHTOMOTOPHOW
rpynnbl 6GECNNNOTHBIX BO3AYLLHbIX CY/0B.

KnioueBble crnoBa: perynsaTop CKOPOCTU BpalleHUs 9/1eKTPoABUraTensi, anroputmbl, 6ECLLETOYHbIN 31eKTPOOBU-

ratefib, 6ecnuNoTHOE BO3OYLIHOE CYAHO, MOMEXOYCTOMYMBLIE PELLEHUs, NPOrPaMMHOE YrpasieHne, MUKPOKOHTPOJ-
nep
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Mpo3payHocTb GPUHAHCOBOW AEeATENIbHOCTU: ABTOPbI HE UMEIOT GUHAHCOBOM 3aUHTEPECOBAHHOCTU B MPEeACTaBMEH-

HbIX MaTepunanax nin Mmetogax.

ABTOPbI 3a5BNSIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

INTRODUCTION

At the present time, most light unmanned
aerial vehicles (UAVs) use electric propeller group
motors (EPGs) [1, 2]. The current trend is to switch to
electric propulsion for larger aircraft (ACs).

Electric UAVs use brushless three-phase electric
motors [3]. Their rotation speed is controlled by
switching phases and changing the currents flowing in
the windings. In order to synchronize the commutation
process with the rotation of the rotor, the position of
permanent magnets relative to the windings must be
determined. This can be achieved by sensors built
into the electric motor [4]. This approach gives good
results, but it is complicated and expensive. Therefore,
the most widely used approach is to use back
electromotive force (EMF) measured on the currently
unconnected phase, in order to establish commutation
torque [5, 6].

The vast majority of lightweight brushless UAVs
currently in use do not have built-in sensors. They
are controlled by electric speed controllers (ESC).
The generally accepted architecture of lightweight
UAV [7] assumes typical interfaces for connection of
standardized components. In particular, the main and
obligatory components of ESC consist of a connection
interface for the electric motor windings (3 phase lines),
and a control interface (digital or using pulse width
modulation (PWM)). The electronic controller usually
has one or more telemetry signal outputs.

At the current time, the Russian market offers a wide
range of ESCs, covering practically all existing needs.
However, all the solutions known to the authors are
foreign. Their software and technical documentation
are not publicly available. Thus, due to the dependence
on foreign supplies, the production of new devices with
extended functionality is problematic. This contradicts
the policy of technological sovereignty.

TASK ASSIGNMENT

In order to resolve this problem, a methodology
needs to be designed which will ensure the development
and manufacture of rotation speed controllers for EPG
electric motors for light UAVs. This consists of two
elements: hardware development methodology (circuit

solution); and program control methodology. This article
focuses on the second of these.

Development of the program control methodology
requires the principles of the controller construction to be
selected, and the basic principles and algorithms of future
software to be developed. An additional task is to develop
a methodology for selecting microcontroller parameters
according to the given characteristics of the controller.

The main elements which affect the noise resistance
of the device are as follows: control interface cabling;
telemetry; data transmission protocols; choice of
component base; and the printed circuit board design.
Of these, only the digital interface protocols are relevant
to this paper. Their selection significantly affects the
noise immunity of the system [8]. However, when
developing the ESC controller, we are limited to the
typical list of protocols supported by classical flight
controllers. The development of additional control and
telemetry protocols is possible only in conjunction with
a specialized flight controller.

The program control methodology for lightweight
UAV rotational speed controllers can developed in
two ways: full software implementation of control
algorithms; and control using specialized controllers
with a high degree of integration. The first option
includes a hardware solution in which a microcontroller
or programmable logic integrated circuit [9] directly
controls the driver of phase switching field-effect
transistors. The second option uses a bundle of a general-
purpose microcontroller and a specialized controller for
brushless motor control.!?

The use of specialized brushless motor controllers
allows software development for the controller to be
significantly simplified. This is because all algorithms
are implemented in this product. The circuit design is
also simplified. However, the disadvantages of this
approach include: increased cost; increased size of the
controller; and a lack of the necessary controllers for
brushless motors produced in Russia.

' A4960: Sensorless BLDC Motor Driver. https://www.al-
legromicro.com/en/products/motor-drivers/bldc-drivers/a4960.
Accessed October 27, 2023.

2 MOTIX™ BLDC Motor Control Ics. https://www.infine-
on.com/cms/en/product/power/motor-control-ics/bldc-motor-
control-ics/. Accessed October 27, 2023.
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Based on the results of the analysis, the following
list of requirements to be met by the control system was
compiled:

e sensorless control of three-phase brushless
motors (based on the back EMF measurement);

o full software control mode without the use of
specialized intermediate controllers;

e the need to maintain a PWM control signal;

e the need to maintain digital control protocols:

Dshot?, Proshot*, Multishot?;

e the need to maintain digital telemetry protocols:

KISS®, Dshot;

e the need to maintain analog output for the total
current indication;

o the possibility for implementation based on Russian
elements;

o the possibility for implementation of control devices
for one or four electric motors.

THEORETICAL BASES FOR PROGRAM CONTROL
OF UAV BRUSHLESS ELECTRIC MOTOR
CONTROLLERS

The solution consists of three stages: development of
algorithms and methods for controlling motor rotation;
development of algorithms and methods for processing
control commands; and development of algorithms and
methods for forming the telemetry data. The second and
third items are variable. Their implementation depends
on specific protocols, the description of which is in the
public domain.” Therefore, most of the attention will be
paid to the first stage.

The general principles and models of program
control of UAV electric motors based on electronic
speed controllers are well known [10]. However, the
focus here is narrower and more specific. In order to
resolve it, it is necessary to consider the principles of
controlling the used electric motors.

Brushless motors with concentrated windings and
permanent magnet rotors are most common in light and
medium-sized UAVs with EPG. They exceed 90% of the
number of AC in the range up to 5 kg due to their weight,

3 DSHOT—the missing Handbook. https://brushlesswhoop.
com/dshot-and-bidirectional-dshot/. Accessed October 27, 2023.

4 Proshot—A new ESC protocol. https://oscarliang.com/
proshot-esc-protocol/. Accessed October 27, 2023.

5 What is Oneshot and Multishot in ESC. https://robu.
in/what-is-oneshot-and-multishot-in-esc-difference-between-
oneshot-and-multishot-esc-esc-calibration-protocol/.  Accessed
October 27, 2023.

6 KISS ESC 32-bit series onewire telemetry protocol.
https://www.rcgroups.com/forums/showatt.php?attachmen-
t1d=8524039&d=1450424877. Accessed October 27, 2023.

7" Abdelrahman H. Software Integration of Electronic Speed
Controller (ESC) for an Unmanned Aerial Robot: Bachelor
Thesis. University of Twente. 2021. 23 p. https://essay.utwente.
nl/87630/. Accessed October 27, 2023.

low cost and ease of use. These motors in Russian-
language sources are often referred to as thyratron
motors. In English-language literature the term brushless
direct current (BLDC) motor is usually used [11].

UAV BLDC motors are usually supplied with
trapezoidal voltage. This leads to certain disadvantages:
torque ripple; generation of impulse noise; increased
noise; and a slight reduction of the efficiency coefficient.
These can be partially eliminated by using other control
methods (e.g., using sinusoidal voltage). However, this
approach is not justified due to the significant increase
in UAV complexity and cost. Torque ripple and a certain
reduction in efficiency are not critical for the EPG of
lightweight UAVs. Propeller noise significantly exceeds
electric motor noise. Impulse noise is suppressed by
hardware filtering and specialized software methods.

The structural diagram of the hardware-software
control system of UAV BLDC electric motor taking into
account the data under consideration is shown in Fig. 1.

The microcontroller unit (MCU) generates a control
signal to the drivers (DRV) of the field-effect transistors
of the motor winding commutation. Control signals
are generated through flight controller commands and
feedback data. The feedback consists of a low-pass filter
and a comparator. The low-pass filter filters out impulse
noise during switching of motor steps and elimination
of the PWM signal component. The comparator is used
to determine the threshold level of the feedback EMF
at which the subroutine of transition to the next step is
started.

DRV _@
N

=

MCU

< ||
r«@: ;8
<%

Fig. 1. Structural diagram of the hardware and software
control system of the controller

Figure 2 shows a simplified view of the signals on
the motor phases when the selected control methodology
is used. The figure relates to a BLDC motor with one
pair of poles, and shows one revolution. The solid line
shows the ideal voltage change on each phase during
one revolution. For example, phase A is energized with
a positive polarity voltage for angle values up to 120°.
Between 120° and 180°, phase A is disabled; while
between 180° to 300°, the supplied power voltage has
negative polarity.

The dashed line shows the back EMF, the shape of
which is close to a trapezoid. When the supply voltage is
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applied to the winding, the value of the back EMF is equal.
When the winding is disconnected, it is formed as a result
of generation. The design features of the motor require that
the transition to the next step be performed at the moment
when the back EMF crosses the zero mark [12].

| S pep—— i H
P/
Phase A ! \_\ ! o0
AN /
? Q, ______ ’ l;'
Phase B | ;—_%__\ |
ase é /, E \\
4 N
/ N\
! === ==
Phase C \\ i /
1 L
< i 7 '
\ | / i Current ———
o Back EMF — ——
0 60 120 180 240 300 360

Rotor rotation angle, °

Fig. 2. Simplified view of signals on motor phases
when using the selected control methodology

Thus, control based on back EMF allows for
synchronous operation of the machine, while not
determining rotation speed. The number of motor
revolutions per minute is determined by the applied
voltage and is calculated by the formula:

N = UKk, €8

where U is the voltage on the windings, V; Kj; is the
speed factor, V™! (shows the speed at which the motor
will generate the back EMF of 1V); k_ is the factor
taking into account the peculiarities of the real electric
machine (rm—real machine).

Thus, motor speed can be expressed through the
switching frequency and the parameters of the electric
machine:

N=Tz, @)

6np
where n,_ is the number of zero crossings of the back
EMF; n, is the number of pole pairs of the electric motor.

However, transition to the next step is determined
by back EMF. The number of revolutions is primarily
dependent on voltage and motor design. Accordingly,
the design determines the speed factor K,

The value of the resulting voltage on the windings is
usually changed by means of PWM control. The design,
which is currently under development, provides for
a similar method of controlling rotation speed.

Figure 3 shows the oscillogram of the UAV BLDC
motor during the operation. The signals in phases are
close to the theoretical data as shown in Fig. 2. At the

moment of active phase state, the PWM signal can be
observed in the following figure.

V‘“N‘r “”ﬂWw LRl
D M/UM Ll

Ny

—
M 1N
N

(PH_B]

PH_C

VGND

Fig. 3. Oscillograms of the AUV EPG operating
BLDC motor. VGND is Virtual Ground

CONTROL SYSTEM ALGORITHMIZATION

Using theoretical research as a basis, we will
formulate the methodology and control algorithms.
A microcontroller was selected as a means of program
control. Modern microcontrollers of sufficient power
usually use architecture with hardware-level software
abstraction [13, 14].

This approach provides a software tool structure
which separates microcontroller hardware support from
the core code that defines functionality.

Figure 4 shows the algorithm of the starting module
of the control system proposed herein. After starting
the program, device driver initialization functions
are performed: I/O ports, timers, analog-to-digital
converters (ADC), and others. Then the main block starts.
This consists of an infinite loop of the microcontroller. In
normal mode it is impossible to exit this block. Therefore,
the error handler at the end of the block diagram can be
executed only upon main block emergency termination. The
driver initialization functions and the main block also have
built-in error handlers. Their functionality is determined by
the type of error and the place of its occurrence.

| Start |

v

Initialization
of device drivers

v

| | Main unit | |

v

| | Error handler | |

Fig. 4. Start module algorithm

Figure 5 shows the block diagram of the algorithm
of the main module. It will be implemented as a separate
file. The chosen architecture enhances security and
emphasizes the abstraction of hardware from software
implementation.
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Initialization and
calibration
of the devices

v

Sound and light
indication

m
A>®<A
\ \

PWM initialization dShot initialization MultiShot initialization ProShot initialization
and setting and setting and setting and setting

| |
Y

Settings reading
from the memory

v

Main cycle

v

Main cycle
body

Y

\ Main cycle /

Fig. 5. Main module algorithm

Main module operation starts with device
initialization and calibration. Here the ADC can be :
calibrated with subsequent start, start timers and direct Current rotation

. . speed calculation
memory access (DMA) controllers) in the specified v
mode. It configures the general-purpose ports and
interrupts, as well as setting up and starting other
devices. The sound and light signaling unit notifies the

Reverse Yes

command

user of the successful start of the device operation. Next, Y

the control protocol detection algorithm is started. The Reverse indication

standards which are supported are set out in the Task v

Assignment section. Writing the reverse
Before main cycle start, the settings are read out. into the+memory

The priority control protocol and rotation direction, v | Motor stop

as well as the normalization parameters of the control | Reverse cancel | v

commands (if necessary) are stored in the flash memory. | Reverse installation
The main cycle is an infinite microcontroller |

cycle. It executes the program code shown in Fig. 6. v

However, this functionality does not apply to the main Obtaining the set

motor control tasks. The main motor control tasks are rotational speed
not periodically time initiated, but related to hardware
interrupts of the device.

The main cycle calculates the current speed and
monitors the reverse command on a continuous basis.
When a reverse command is received, it is displayed,

Setpoint speed =
current speed

and then memorized. The motor is stopped and the || PWM setting ||
reverse flag for the switching function is set.
Also in the main cycle, the target speed is read Fig. 6. Algorithm of the program main cycle

by processing data from one of the control protocols
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selected. If there is a difference between the current
speed and the set speed, the phase voltage PWM control
is set, in order to correct the speed.

The current speed is determined by measuring the
frequency of interrupts. This corresponds to the zero
crossing of the back EMF. The interrupt data processing
functions initiate the winding switching program block.

Switching is performed according to the sequence
shown in the table. The sequence of processes is shown
in Fig. 2.

Table. Switching order of phases A, B, C

Step number 0 1 2 3 4 5
High level A B B C C A
Phase off B A C B A C
Low level C C A A B B

Block diagram of the switching algorithm is shown
in Fig. 7. The phase for which one or another operation
presented in the algorithm is performed differs at each
switching step. The order of phase alternation is shown
in the table and in Fig. 2.

| Move to the next step |

v

| Step normalization |

No /R\ Yes

everse?

Y
Direct switching

Y
Reverse switching

order order
No R|s|ng Yes
edge
Y Y
Enable falling Enable rising
edge interrupt edge interrupt
resolution resolution

Switching on the upper Switching on the lower
arm of the half bridge arm of the half bridge

v v

Phase cutoff | | Phase cutoff |

v v

PWM PWM signal
signal cutoff switching on

| |
v

| Clearing the interrupt flags |

v

| Restarting the timer |

Fig. 7. Motor windings (phases) switching algorithm

The switching process is cyclic. It starts with
switching to the next step. Step normalization is then
performed (the step number is set to a value between
0 and 5). Switching is performed in forward or reverse
sequence, depending on the state of the reverse flag.

The switching control function contains two
branches which correspond to leading edge and trailing
edge interrupts. When a rising edge interrupt is triggered,
the corresponding interrupt is enabled. Then the lower
key of the phase control half-bridge is turned on, the
corresponding phase is switched off, and the DMA
controller is turned on. This generates a PWM signal to
control the motor phase voltage. In the event of a trailing
edge interrupt, the sequence of operations is reversed.

When any of the branches of the branching operator
are completed, the interrupt flags are cleared. Then the
timer responsible for starting the motor is restarted.

The actual development has a significant number
of additional program blocks, e.g., telemetry handling,
error handling, and others. However, the scope of the
current work does not allow them to be presented herein.

FORMALIZATION OF REQUIREMENTS
TO THE APPLIED MICROCONTROLLERS

A microcontroller must be selected, in order to
create the proposed control system. The development is
invariant and therefore requires general criteria for the
element base to be selected.

The microcontroller must have the required number
of devices and ports, as well as to meet the performance
requirements. Next, let us present a set of expressions
describing the requirements for ports and devices.

The number of timer channels n,, is determined by

Eq. (3):

Mieh = 4'nmot’ &)
where n_ . is the number of motors controlled by the
controller.

Each motor needs to have 3 PWM signal outputs, in
order to control the voltage on the winding. In modern
microcontrollers, this functionality is allocated to
timers. An additional timer channel is used to interpret
the control protocols.

The number of general-purpose ports M Gpio is defined

by Eq. (4):
nGpio =2+ 3nmot + nrestio’ (4)

where MyesGpio is the number of redundant general
purpose ports, index Gpio stands for General purpose
input output.

Two general purpose ports are used to control the
indicator and to set reverse. For each motor, 3 general
purpose phase disconnect ports are required: one for
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each phase. A further intention is to allocate a number
of ports for potential expansion of the functionality of
the unit.

The number of interrupt lines n, , is calculated as
one interrupt for each phase of each motor using Eq. (5):

n..=3n_ . %)

At least two lines need to be considered for
programming the microcontroller, two power supply
lines, analog inputs for measuring battery current and
voltage, and ADC output for analog telemetry output.
Based on this, let us calculate the total number of
microcontroller pins Poin’

npin =9+ Mich + nGpio + Mint + Mies> (6)

where n_ is the number of additional redundant pins of
the microcontroller.

Equation (6) can be represented by the number of
motors:

npin =9+ 1Onmot * MesCom (7)
with the total reserve n .., including the reserve of
general-purpose ports, taken into account as a reserve
summand.

In order to select a satisfactory microcontroller, the
performance parameters of the computational core and
peripheral devices need to be correctly defined.

The minimum PWM frequency requirements for
timers are defined by Eq. (8):

fpwm 3ankpwm, (8)
where k& is the coefficient determining the frequency
parameters of PWM.

The constant factor 3 corresponds to three positive
control pulses per revolution with one permanent
magnet pole pair. k_  determines the number of PWM
pulses per control pulse. The recommended value
of k., = 10.

The value of fpwm can be expressed through the
parameters of the applied AC electric motors:

Sy = 3UK ko 9)

m’ ppwm’
Interrupt lines have requirements for minimum
event response rates:
St = 2Nn,,. (10)
The constant coefficient 2 is explained by two zero

crossings of the back EMF per cycle at one pair of
magnetic poles of the electric motor. Similarly to Eq. (9),

Eq. (10) can be presented through the parameters of
electric motors:

Jine = 2UK K n, (11)
Letus define the requirements for the microcontroller
speed. In order to do this, the computing power required
for individual modules needs to be summarized.
For program code executed in the body of an infinite
loop of a microcontroller, the required computational
performance P __ is defined by Eq. (12):

P n

me  Jmectmelnse

(12)

where f, is the repetition rate of the infinite loop, 7, 1,
is the average number of instructions per loop step.

The main volume of calculations is performed in
interrupt handlers. Equations (13) and (14) allow the
necessary computing power required for them to be
calculated:

P. =6n__.n Nn.

int " mot p

(13)

intInst’

P..=6n nUKkn

int Mot p rm’"intInst’

(14)

where n, .. . is the number of instructions to process the
interrupt body (switch cycle).

The constant factor 6 is due to two interruptions for
each of the three phases in one cycle for a motor with
one pair of poles.

The sum of computing power for the applied
microcontroller Py is defined by Eq. (15):

f mec’melnst + 6nmotnp UK. krmnmtlnst +P add +P res’ (15)

where P, is the computational power of additional
modules, P . is the reserve of computational power.
Computatlonal power reserve should be at least 30%
of the total value. For controllers with a small number of
motors, this value is recommended to be increased.

EXPERIMENTAL STUDIES
AND PRACTICAL RESULTS

Based on the methodology proposed herein,
microcontrollers were selected to build controllers for
one and four electric motors. For the first of them, the
following minimum requirements were established: at
least 22 pins, including 3 PWM lines and 3 interrupt lines.
For the microcontroller of the four-motor controller, the
corresponding parameters were: 55 pins, 12 PWM lines,
and 12 interrupt lines.

The prototype software product developed
pursuant to the algorithms considered herein, requires
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Motor Test Mode Notice:
Moving the sliders will cause the motors to spin up.
in order to prevent injury remove ALL propellers before using this feature.

| understand the risks, propellers are removed. Enable motor control.

Fig. 8. Motor control in BetaFlight

a computational performance of not more than
20 DMIPS? for a single-motor controller and 75 DMIPS
for a four-motor controller. The recommended
microcontrollers need to have a performance rating of at
least 30 and 100 DMIPS, respectively.

Other factors to be considered when selecting
a microcontroller are its availability, as well as the
inherent complexity of conducting development and
electrical parameters. These factors are not considered
in this paper. Given the complex combination of
requirements, the STM32F103C8T6 microcontroller
manufactured by STMicroelectronics, Switzerland,
was used to build the first prototype of a single motor
controller.

The maximum performance of this product is
90 DMIPS which exceeds the computing power
requirements by several times. The requirements for
peripherals and their number are similarly covered by the
adopted device. With its low cost and wide availability,
this choice can be considered optimal. However,
STM32F103C8T6 pertains to the list of sanctioned
products from non-friendly countries. Therefore, we
considered alternative solutions.

The Russian  1921BK035°  microcontroller
produced by NIIET!? was selected for the single-engine
controller. The device is implemented on a 32-bit
RISC core (reduced instruction set computer). It offers
a performance rating of up to 100 DMIPS, and has all
the necessary devices with the required parameters.
This microcontroller theoretically allows us to produce
a 2-motor controller.

It is proposed to build the four-motor speed controller
onthe basis ofthe K1921VKO02T microcontroller from the
same manufacturer. The device parameters significantly

8 Dhrystone MIPS—standard for comparing microcontroller
performance.

® 1921BK035: microcontroller with reduced overall
dimensions with functions for electric drive control (in Russ.).
https://niiet.ru/product/1921%D0%B2%D0%BA035.  Accessed
October 27, 2023.

10 https://niiet.ru/ (in Russ.). Accessed October 13, 2023.

exceed those required (more than 200 DMIPS, 144 pins
total).

The  prototype  controller  assembled on
STM32F103C8T6 was subjected to tests. For control
purposes, digital protocols (Proshot, Dshot) and PWM
signal operation were used. Control was performed by
means of a SpeedyBee F4 V3! flight controller with
BetaFlight'? software installed. Rotation speed was
set using the built-in configurator (Fig. 8). The Motors
panel is used to control the rotation of the motors. The
Servos panel is used to control the servos (not used in
this work). The switch containing the information plate
displayed in the lower right part of the figure authorizes
the motors to turn on. The message asks you to confirm
that the propellers have been removed and that you
consent to the risks of enabling the motors.

A series of tests was used to rate the performance of
the ESC controller. T-Motor Velox V2 V2207 1750KV
BLDC motor (Feiying Technology, China) was used for
load purposes. It is 5 inches in diameter and has an installed
4-inch pitch three-blade air propeller (Gemfan, China). It
was powered by a 16.8V 4S battery (HRB, China).

Measurement of rotation speed was performed
using a MEGEON™ 18005 (MEGEON, Russia) laser
tachometer. Comparison of the results measured with
the set values showed a difference of less than 5%.

During motor operation in cycles of 10 min, case
heating did not exceed 70°C. The temperature of
semiconductor components of the ESC controller was
less than 80°C. The test object did not manifest any
uncharacteristic sounds or other phenomena.

The phase signal oscillograms of the prototype
controller are shown in Fig. 9. They indicate correct
operation of the product. Insignificant delays of winding
switching should, however, be noted. These delays will
be eliminated in the future by making changes to the
implementation of the commutation process algorithm.

I SpeedyBee. https://www.speedybee.com/speedybee-
f405-v3-bls-50a-30x30-fc-esc-stack/. Accessed October 13, 2023.

12 Betaflight.  https://www.betaflight.com.  Accessed
October 13, 2023.
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Fig. 9. Oscillograms obtained during the tests

CONCLUSIONS

In the development of in-house software for UAV
BLDC motor controllers, invariant methods and
algorithms are proposed to be used. They are based on
the theoretical foundations of program control of this

The results presented herein were tested. The
methodology and algorithms formed the basis for the
software development for a rotational controller prototype
for a single UAV EPG engine. The test results provided
a positive conclusion about the operability of the solution,
and it was decided to continue its development. The main
focus of further work will be to improve the software
based on the algorithms considered in the article.

The testing process confirmed the suitability of
the microcontroller selection method, according to
the specified characteristics. The characteristics of
peripheral devices fully correspond to operational ones.
The calculated values of computing power differ from
operational values by 10-15% upwards. Based on the
results obtained, a positive conclusion can be made
about the methodology presented in this paper.
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