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Abstract

Objectives. This work is aimed at determining the optimum number of turns in each winding and the effect
of winding and power supply parameters on the starting characteristics of an upgraded brushless direct current
motor (BLDC motor).

Methods. A full-scale experiment on a test bench consisting of an upgraded BLDC motor, a power supply source,
and a speed controller was conducted. Methods of mathematical simulation, linear programming, and approximation
were also applied.

Results. During the experiments, the dependencies of inrush current and starting speed on the number of turns
in each winding of the upgraded BLDC motor were obtained. It was experimentally established that the number
of turns in the windings has a limiting value, which is confirmed by either the intersection of the curves of inrush
current and starting speed, or the disappearance of the functional dependence between the inrush current and motor
speed. A mathematical model for the upgraded BLDC motor was developed, which showed good agreement with the
experimental results. Using this mathematical model, the optimum number of turns in each of the motor windings
and the efficiency of a BLDC motor can be determined. A parametric model for determining the motor starting speed
by the values of inrush current and battery voltage at the number of turns in the winding from 8 to 14 was proposed.
The developed models make it possible to determine the motor characteristics at the design stage.

Conclusions. There exists an interval of the number of turns in each of the windings of a BLDC motor, where the
motor demonstrates its optimum efficiency. Inrush current and supply voltage were found to be the parameters that
are easily measurable in practice and sufficient for determining the basic starting characteristics of a BLDC motor.

Keywords: brushless direct current motor, BLDC motor, motor starting characteristics, motor windings, number
of motor winding turns, mathematical simulation
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Pesiome

Llenun. Lenb paboTsl — onpeaeneHne onTumMasnbHOro KOJIM4eCTBa BUTKOB B KaXI0M 13 0OMOTOK U BIUSIHWA napamMe-
TPOB 0OMOTOK 1 UCTOYHMKA NMUTAHMS HA MYCKOBbIE XapakTePUCTUKM MOAEPHU3MPOBAHHOIO OECLLLETOYHOrO ABMraTe-
ng noctosiHHoro Toka (brushless direct current electric motor, BLDC-gsuratens).

MeTopbl. Vicnonb3oBaHbl METOAbI HATYPHOIO 3KCNEPUMEHTA Ha UCMbITAaTENIbHOM CTEeHAE, COCTOSALWEM U3 MOAEpP-
HU3upoBaHHOro BLDC-gsuratensi, UCTO4YHMKA NUTAHUS N PErynsTopa CKOPOCTU. TakXKe MCMNob30Bancb MeTobl
MaTeMaTn4eckKoro MoaenMpoBaHus, pPeLleHns 3a0a4m IMHEeMHOro NPOrpaMMnMPOBaHNS 1 annpPokCUMMaLnm.
Pe3ynbTatbl. B x0Oe 3KCNepMMEHTOB MOJly4eHbl 3aBMCMMOCTW MYCKOBOrO TOKa M yMcna 060pOTOB Ha cTapTe
OT YMCcna BUTKOB B KaXa0W N3 06MOTOK A5 MoaepHn3npoBaHHoro BLDC-aBuratens. 9kcnepumMeHTanbHO yCTaHOB-
JIEHO, YTO KOJIMYECTBO BUTKOB B 0OMOTKaxX MMeeT NpeaefibHOe 3HaYeHne, NpuaHakamMmuy Yero aBnsieTcs nepeceyeHme
KPWBBIX MYCKOBOIo TOKa U CTapPTOBbLIX 000POTOB UM NCHE3HOBEHMNE PYHKLIMOHANBHOW 3aBMCUMOCTU MEXY NMyCKo-
BbIM TOKOM 1 obopoTamu asuratens. PazpaboTtaHa matemaTnyeckas Moaenb MoaepHuanposaHHoro BLDC-aBu-
raTtesns, KoTopas XOpOLUO COrnacyeTcs C aKCnepuMeHTasbHbIMUK pe3dynbTataMmu. Mcnonb3ya mateMmaTnyeckyro Mo-
nenb, MOXHO ONpeaenuTb ONTUManbHOE KOMMYECTBO BUTKOB B KaxaoM M3 0OMOTOK ABuraTenst, a Takke ypoBeHb
koadPpuumeHTa nonesHoro aeictemsa BLDC-aBuratens. MNpeanoxeHa napameTpuyeckas Moaesb, KoTopasi No3BO-
NSEeT ONpeaennTb 3Ha4YeHe CTapTOBbIX 0O0POTOB ABUraTENS MO 3HAYEHWIO MYCKOBOIO TOKa U HaNpsixXeHuto 6baTtapen
ONS AnanasoHa BUTKOB B 00MOTKe oT 8 0o 14. laHHble MOAEesnv NO3BONSAIOT ONPeaensaTh XapakTepUCTUKM ABMUraTens
Ha cTaauu ero NPOeKTUPOBaAHNS.

BbiBOAbI. BbiiBNEHO, YTO CYLLECTBYET UHTEPBa AJ18 KONMYEeCcTBa BUTKOB B Kaxaon 13 oomotok BLDC-agBuratens,
B KOTOPOM OyneT HabnaaTbCs ONTUMYM KO3pdULUMEHTa NONE3HOro AeNCTBUA ABuraTtens. Takxke BbIIBJIEHO, YTO
ans onpeneneHns 6a3oBbiX MYCKOBLIX xapakTepuctuk BLDC-aBuratens AoctatoyHo ABYX NMapamMeTpoB, KOTOpble
JIErKO N3MEPUTb Ha NPaKTUKe: NYCKOBOW TOK 1N YPOBEHb HANPSIXXEHUA UCTOYHUKA NUTAHUS.

Knioueeble cnoea: BLDC-gBuratenb, nyckoBble XapakTepuCTUKu ABUraTensi, 0OMOTKA ABUraTens, KOJnM4ecTBo

BUTKOB B 0OMOTKaX apurartend, MmatemMmatmndeckaa Moaesib
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INTRODUCTION

Brushless direct current (BLDC) motors find
application in various industries and domains [1, 2].
At present, this type of motor can achieve efficiencies
around 94%, provided that losses in the speed
controller are minimized [3, 4] and battery operation is
optimized [5]. The minimum set of equipment required
to operate a BLDC motor involves an electronic speed
controller (ESC) and a power battery to supply the speed
controller, the converted voltage from which is fed to
each of the three phases of the motor.

Structurally, a BLDC motor consists of a stator with
windings and permanent magnets, and a rotor that rotates
within the stator. 12N14P is one of the most common
BLDC motor designs with 12 stator windings and
14 rotor magnetic poles. However, this is a three-phase
motor comprising in reality only three, rather than 12,
windings. One wire is wound around four magnets.
Three-phase speed controllers are used to control such
a motor. These devices are sensitive to voltage ripple,
which in turn leads to sudden changes in torque and
reduces efficiency [6].

The torque fluctuations can be reduced by
improving the control of each individual winding [7],
which enhances the stability of the system and reduces
the power consumption. In this connection, one path
for upgrading BLDC motors consists in increasing the
number of individual windings. Thus, the researchers
in [8] increased the number of windings in a five-
phase motor. Such a change in the number of phases
resulted in an increased stability and reliability of the
motor.

Similar examples [9] demonstrate the feasibility of
upgrading BLDC motor by both introducing a modified
speed controller and improving the entire motor design.
Instead of the conventional scheme based on three
windings, 12 separate windings can be used. This allows
the current in each winding to be controlled individually,
providing for a more precise control of the magnetic
field and torque. Such an upgrading approach improves
the dynamic characteristics of the motor, reduces
pulsation, ensures a more flexible adaptation to different
operating modes, and increases reliability [10, 11]. This

is particularly important when the motor is operated
under severe conditions.

The first stage of the above work consists in
upgrading a conventional BLDC motor. This requires
modification of all motor windings and creating of
separate leads for each of them. Consequently, the effect
of the number of windings on the operating parameters
of the BLDC motor, particularly on its starting
characteristics, should be assessed.

The optimum number of turns in a winding is
conventionally determined based on the following
parameters [12]: required torque, operating frequency,
resistance, and winding inductance. When shifting
to 12 separate windings, it is important to consider the
increase in resistance due to the increase in the number
of turns, as well as the effect of their mutual inductance.

In this work, we aim to determine the optimum
number of turns in each winding and the effect of
winding parameters and power supply on the starting
characteristics of a modernized BLDC motor.

MATERIALS AND METHODS

The BrotherHobby Avenger 2806.5 1300kV motor
(BrotherHobby, China) was selected as the research
object due to its similarity with the conventional
12N14P BLDC configuration. In this motor, N52H arc
magnets are mounted on the rotor, the stator is made of
Kawasaki 0.2 mm silicon steel, the housing material is
Al 7075 aluminum alloy, and the shaft is hollow and
made of titanium alloy. The motor uses a 0.75 mm
copper winding.

The two motors were disassembled and rewound with
copper wire of the same cross section to create 12 separate
windings, each with its own separate lead. Each of the
12 windings was placed into a separate slot according
to the stator layout. The original BLDC motor (left) and
the upgraded motor (right) are shown in Fig. 1, where
three wires coming from the original motor and 12 wires
coming from the modernized motor can be seen.

In order to ensure the reproducibility of the values
obtained, measurements were carried out for two
engines. No differences in the performance of the first
and second upgraded engines were noted.
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Fig. 1. BLDC motor 2806 + 1350kV before
rewinding (left) and after rewinding with the rotor
removed (right)

The GW INSTEK GPD-73303S constant current
source (GOOD WILL INSTRUMENT, China with
a voltage error of +(0.03% + 10 LSD) and a current
error of +£(0.3% + 10 LSD)) was used as a battery power
source to control the applied voltage level and to limit
the maximum current at the ESC controller. A standard
three-phase ESC controller was also used. The speed
controller was connected to the upgraded motor by
applying voltage to each of the windings, with each
phase of the ESC controller applying voltage to four
motor windings.

The ESC controller was characterized by an input
voltage of DC 5-36 V (specific voltage equal to the
nominal motor voltage), an output current of within
15 A, and a protection current of 15 A.

Measurements were conducted under different
numbers of turns (from 8 to 16) in each of the motor
windings with a step of 1 turn. The supply voltage was
varied in the range of 5-7 V with a step of 1 V. The
current limit of the power supply was set to 1 A. The
selected relatively narrow voltage range is explained by
the possibility of large overvoltages during the startup
process and the random character of the measured inrush
current values at supply voltages higher than 7 V.

The current from the source was supplied to the
ESC controller, which supplies the BLDC motor via
a special decoupler. The inrush current was measured
at the motor input using a Tektronix DMM4020 digital
universal meter (Tektronix Corporation, China) with the
instrumental error of 0.015%.

A screw with a reflective strip attached to the
motor shaft was used to measure the rotational speed.
A DT2234A laser type digital tachometer (Shenzhen
Sanpo Instrument, China) with a resolution of
1 revolution per minute (rpm) over the entire measuring
range and an accuracy of £0.05% was used.

EXPERIMENTAL RESULTS

In order to determine the optimum number of turns,
the relationships between the number of turns in each of
the 12 motor windings, the inrush current, and the initial
rotational speed at a fixed battery voltage supplied to the
motor via the speed controller were obtained (Figs. 2—4).

The inrush current is the minimum value of the
current on each phase of the motor (as well as at the
ESC controller output) at which the motor starts. The
motor starting speed is the number of motor revolutions
per minute at a current equal to the inrush value.
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Fig. 2. Inrush current and starting speed
as a function of the number of turns in each winding
at 5V battery voltage

3500
3000
2500
2000
1500
c —Current= = Revolutions 1000
0.05 500
0 0

8 9 10 11 12 18 14 15 16
Number of turns in the winding, pcs.

Starting speed, rpm

Fig. 3. Inrush current and starting speed
as a function of the number of turns in each winding
at 6 V battery voltage
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Fig. 4. Inrush current and starting speed
as a function of the number of turns in each winding
at 7 V battery voltage

It can be seen from Figs. 2—4 that, following 14 turns,
the inrush current stabilizes and the speed decreases.
This number of revolutions is the maximum permissible
value. At this value, the functional dependence between
inrush current and motor speed disappears. The
characteristic relationship between these values is shown
in Fig. 5. Under an increase in the number of turns, the
inrush current ceases to change and the starting speed
continues to decrease.
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Figure 5 shows the presence of three points with
the same value of inrush current under a decrease in the
motor speed. Similar dependencies were obtained at other
levels of the battery voltage studied. This fact indicates
that the number of turns in each of the windings, whose
number exceeds 14, is inappropriate as only increasing
the losses and not improving the speed characteristics of
the motor (its starting speed in particular).

Thus, it was experimentally established that the
number of turns in the windings has a limiting value,
the sign of which is the disappearance of a functional
dependence between inrush current and motor
speed (see Fig. 5). Exceeding a certain limit number of
turns in each winding (14 turns in the case studied) leads
to a deterioration in the performance of the BLDC motor.

SIMULATION AND DISCUSSION

In order to elucidate the dependencies obtained
in the previous section, a BLDC motor model was
built in the MATLAB' environment with respect to the
deviations introduced by the motor elements and the
ESC controller [13, 14].

In order to describe the relationships between inrush
current, motor starting speed, and the number of turns,
taking into account the deviations introduced by the
motor elements and the ESC controller, a mathematical
model that takes into account the characteristics of
the system elements and the interrelationship of these
parameters was developed. The model is based on
the characteristics of the BLDC motor, taking the
parameters of electromagnetic resistance and inductance
into account.

The electrical parameters are as follows:

1. The winding resistance per phase Rphase and its
inductance L which depend on the number of
turns N.

2. The internal resistance Rpq and inductance Lyq of
the controller.

phase?

1 https://www.mathworks.com/products/matlab.html. Accessed
May 19, 2025.

3. Battery parameters: voltage V,, and internal
resistance Ry,
The starting parameters are as follows:
1. Inrush current 7, .
2. Starting angular velocity o, ..
The dependence of the following parameters on the
number of turns was plotted:

1. Winding inductance:
Lphase(N) = kLNz’ (1)

where &, is the inductance coefficient per turn, depending
on the material and geometry of the winding.
2. Winding resistance:

Rphase(N) = kRN ’ (2)

where kj is the resistance coefficient per turn.
3. T.otal. resistance R, and inductance L, of the
circuit:

R * Rpge T Ry 3)

total Rphase

Ltotal = phase + LESC' (4)

When the motor starts, the inrush current is

determined by the total resistance and inductance, as

well as the battery voltage. At the moment of starting, no

counter electromotive force (EMF) due to zero angular
velocity is observed:

V,
Ty =221 (5)

start —
Rtotal

Modeling the inrush current as a function of the
number of turns.
Since R

of turns N, I, .

wotat @nd L., depend on the number
can be expressed as follows:

L (V) = Vo - (6)
kpN + Rpge + Ry

Modeling the starting angular velocity as a function
of inrush current.

The starting angular velocity o, depends on the
starting torque T, , generated by the inrush current. In
this case, the torque is defined as follows:

T, start - KtI start” (7)

where K, is the motor torque constant.

' Accor.dlngly, the startln.g angular .VGIOCIty Ogpart
is determined by the equation of motion, where the
resisting forces at the starting moment do not affect its
value:

K.

t”start
0 =—— 8
start J ( )
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An increase in inertia J leads to a decrease in the
starting angular velocity o, ; therefore, the motor
requires more time to accelerate to the initial revolutions.

It is now possible to express the dependence of /

and o_, . by the number of turns:

tart
start

Tgiart (N) = Vot . )
kpN + Rpge + Ry

N) = KtVbat
Ogart (N) = .
J(kgN + Rpge + Ryy0)

(10)

To account for variations in the system, random
disturbances may be added to the resistance and
inductance values:

e winding resistance R hase = (1 +0,)k,N, where 3, is
the random variation of the winding resistance;

o winding inductance L, = (1 + 8, )k, N?, where §,
is the random variation of the winding inductance.
Subsequently, taking possible variations into

account:

e inrush current

L (N) = et SNV
st (1+82)kpN + Rpg + Ry,

e starting angular velocity

KtVbat
Ogiar (V) = :
J((A+3p)kpN + Rpge + Ryy)

(12)

Angular velocity is converted to revolutions per
minute (rpm) as follows:

60

RPM =W, —-
start start o

(13)

The starting speed, taking variations into account,
has the following form:

60
RPMstart(N) = Costart(N)z =
KV, 60 (14)

2mJ((1+8)kgN + Rpge + Ryy)|

This model expresses the dependence of the motor
starting speed RPM, . on various factors such as
number of turns N, supply voltage V},,, resistance R,
winding inductance, and moments of inertia of the
system. The motor torque 7' is proportional to the current
flowing through the windings, taking into account the
coefficient K, which reflects the design of the motor.
On starting, the motor encounters a resistive torque
that is determined by the resistance of the windings and
external circuits (controller Rpq~ and battery R, ), as
well as by the internal friction.

The equation takes into account variations in
winding resistance d, that may occur due to heating or
other external factors. The resistance of the entire system
is expressed as the sum of (1 +8)kpN + Rpg + Ry ..

Winding inductance affects the response time of
the motor; however, the presented model takes the
inductance into account indirectly by changing the
electrical parameters (resistance and voltage drop). An
increase in the number of turns N results in a decrease
in the starting speed due to an increase in the total
resistance of the system. An increase in the supply
voltage V, ,, increases the starting speed. Variations in
the winding resistance 6, and other system elements
can significantly reduce the starting efficiency of the
motor.

Therefore, the presented model shows the
dependence of the starting speed on the electrical and
mechanical parameters of the system. It takes the actual
state of the components into account, thereby allowing
the motor design to be optimized and the desired
performance to be achieved.

The simulation results of the inrush current
corresponding to Figs. 2—4 are shown in Fig. 6. Here,
the experimental and calculated dependence of the
inrush current on the number of turns at 6 V battery
voltage is shown. At other battery voltages, a similar
good agreement of the calculated and experimental
values was observed. Thus, the constructed model is
capable of describing the actual dependencies of the
inrush current.

0.35
0.30 ~

<0.25
5
0.20
3
20.15
2]
=}
£0.10
0.05

0
8 9 10 11 12 13 14 15 16

Number of turns in the winding, pcs.

— Experiment - - Simulation

Fig. 6. Experimental and calculated dependence
of the inrush current of the upgraded motor
on the number of turns in each winding
at 6 V battery voltage

Of particular interest are the results obtained when
simulating the motor efficiency shown in Fig. 7. It can
be seen that, at the number of turns less than 8 and more
than 14, the efficiency values are minimal, particularly
compared to the range of turns from 12 to 14. In other
words, when the number of turns in the winding is low, the
efficiency of the motor is also low due to the insufficient
intensity of the magnetic field. When the number of turns
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exceeds 14, low torque is observed due to high power
losses at the winding resistance.

120
100
> 80
>
2
5 60
©
E 40 -=-5V
—~— 6V
20 -7V
0
6 7 8 9 10 11 12 13 14 15 16

Number of turns, pcs.

Fig. 7. Motor efficiency as a function of the number of
turns in each winding at battery voltages of 5-7 V

The above results allow us to conclude that the values
corresponding to 15 and 16 turns should be removed
from the data series for inrush current and starting speed
of the motor. At the same time, it is also unreasonable to
add the values for 6 and 7 turns, since the corresponding
efficiencies are too low. In this case, the full functional
dependencies between starting speed and inrush current
can be obtained. The dependencies of the number of
turns on the inrush current and their approximations at
three levels of battery voltage are shown in Fig. 8.

3.7
3.6
3.5
3.4
3.3

Ig RPM4i TPM

3.2 "5V
. A BV

3.1 .7V

3.0

0.15 0.20 0.25

Inrush current, A

0.30 0.35

Fig. 8. Number of turns as a function of inrush current at
different battery voltage levels

It can be seen that all three curves can be
approximated by linear relationships [15], with the angle
of inclination of these lines being the same.

In addition to the mathematical model proposed
above, a parametric model allowing sufficiently simple
and fast engineering calculations was developed. This
model predicts the value of the starting speed RPM, ,
from the value of the inrush current /i, . and the battery
voltage V,,, for the range of turns in the winding
from 8 to 14. As a result, the following analytical
relationship was obtained:

lgRPM., . =18171

1
mn+§%m+22

(15)

start

Thus, it becomes possible to calculate the starting
speed from the easily measured characteristics of the
inrush current and battery voltage for different numbers
of turns. This facilitates the process of motor design with
predetermined characteristics.

The table shows the motor revolutions calculated
using formula (15) compared with the values measured
experimentally for a 5 V battery.

The table shows that the relative deviation
between the calculated and experimental values did
not exceed 6%. For other battery voltages, the relative
deviation did not exceed 9%.

Therefore, it can be concluded that the equation
proposed in this work can be used to determine the
motor starting speed at the design stage with sufficient
accuracy for engineering calculations.

CONCLUSIONS

In this work, we propose a mathematical model
for an upgraded BLDC motor, which showed good
agreement with the actual prototype. This model can be
used to determine the optimal number of turns in each
winding by calculating the motor efficiency.

Table. Comparison of the values of the motor starting speed obtained experimentally and based on calculations

according to Eq. (15) at a battery voltage of 5V

Number of tums in each Inrush current, A Motor star‘Fing speed, Motor starting speed, Relative deviation
motor winding, pcs. experiment calculation
8 0.30 2293 2345 2%
9 0.27 2017 2068 3%
10 0.23 1833 1749 5%
11 0.21 1712 1609 6%
12 0.20 1576 1543 2%
13 0.19 1452 1480 2%
14 0.175 1310 1390 6%
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A parametric model to calculate the starting speed of
a BLDC motor based on the values of inrush current and
battery voltage was developed. The relationship between
the starting speed of the upgraded motor and the basic
characteristics of power supply and ESC controller,
which can be easily measured, is presented. The equation
obtained allows engineering calculations to be carried
out at the motor design stage.

In order to obtain similar dependencies for motors of
other configurations, further research and construction
of appropriate mathematical models is required. In
addition, the presence of the constant summand “2.2”
in formula (15) assumes that not all fundamental
dependencies have been discovered and that the engine

revolutions might be determined by three, rather than
two, physical quantities. Further research should verify
this hypothesis.
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