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ABSTRACT Modern technologies in the field of electrical engineering and automation require constant improvement and
development. One of the key aspects of this development is the use of brushless permanent magnet (BLDC) motors. BLDC motor
control methods play a key role in ensuring the efficiency and reliability of their operation. Until recently, simulation of these motors
was a complex task, requiring excessive costs for computation resources, equipment and software. An important task in the
development of motor control systems is the development and use of motor models. In modern motor control systems, modeling is
used not only in the devel opment process - the motor model can be an integral part of the control system, according to which control
signals are calculated in real time. Processes in motors are described by systems of differential equations, and there are many
methods for numerically solving these systems. The vast majority of these systems are built into relatively complex automatic design
systems, and modeling control systems requires a significant amount of computing resources and studying the specifics of these
systems. The search for an effective tool for modeling the motor and the control system should also take into account its availability
for the scientific community and developers from the point of view of software ownership.The article presents the simulation model of
a BLDC motor with simplified DC and full 3-phase electrical parts. The presented model describes the motor directly in the
differential equations and allows you to quickly simulate processes in the motor and their changes under the influence of external
variable parameters. The described model was created using programming language Julia perfected for mathematical calculations.
Model allows to simulate motor operation under Variable voltage and load. The part of the model that generates external
disturbances and control signals allows to simulate various forms of 3-phase voltage without complicating with external components
or generators. The article presents the motor control results from 3-phase voltage and an autonomous voltage inverter.
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MOJIEJIOBAHHSA BLDC MOTOPY 13 3AJJABAHHSM 3BOPOTHBOI EPC I
BUKOPUCTAHHSAM JULIA

I1. B. TPO®IMOBY | €. I. COKOJI?
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IIpomucnoea i 6iomeouuna enexmponixa, Hayionanenuti Texniunuii Ynisepcumem «Xapriecoxuti Ilonimexuiunui Incmumympy,
Xapxie, YKPAIHA
2 . . . . . . . . . . . -
Hayionanvnuii Texniunuu Ynieepcumem «Xapriscokuti Ilonimexuiynuii Incmumympy, Xapxie, YKPAIHA

AHOTALIA Cyuacni mexnonocii 6 cqepi enekmpomexHiku ma asmomamu3ayii eumazaromes NOCMIUH020 600CKOHANEHH Mmda
pozeumky. OOHUM I3 KIIOUOBUX ACHEKMIE Yb0O20 PO3GUMKY € SUKOPUCMAHHA 0e3KOoAeKmopHux nocmiunux maevimuux (BLDC)
momopig. Lli momopu 3natiuiu wupoxe 3acmocy8antsi y pisHuxX 2ayssix, GKI0OUAIOYYU AGMOMODIIbHY NPOMUCIOBICTb, NPOMUCLOBY
aemomamuzayito, meouuni npucmpoi ma 6acamo inwux. Memoou xepysannsi BLDC momopamu egidieparome Kuio4ogy poiv y
3abe3neyenti epekmusHocmi ma HaoditiHocmi ix pobomu. /Jo HeOa8Hb020 4ACy KOHMPOb YUX MOMOPIE 6Y6 CKAAOHUM 3A80AHHAM, WO
sUMAzA€e BEIUKUX GUMPAM HA Cheyianizoéane obiaonanHs ma npozpamue 3abesnevents. OOHAK, 3a605KU NOCMIUHOMY DO3GUMK)
MEeXHON02IH, CbO2OOHIWHI MemOOU Kepy8aHHs cmanu OLtbul OOCMynHuUMu ma egexmusHumu. Baoicausorw 3adauero npu po3pobyi
cucmem KepyeawHs MOMOPAMU € po3poOKa U GUKOPUCMAHHS Mooeleli Momopy. B cyuacnux cucmemax KepyeamHsi MOMOPAMU
MOOeNIOBANH S BUKOPUCIOBYEMbCSL He uuie Y Npoyeci po3pooKu - MoOeib MOMOpY Modice Oymu CKiad080i0 YACMUHOIO CUCMEeMU
KepyB8amHs 3a SIKOI0 00UUICIOIOMbCS CUSHANU KEPYBAHHA Y PedcuMi peanbHozo yacy. I[Ipoyecu y momopax onucyiomocs cucmemamu
oughepeHyitinux piHsHb Ul IHCHYE Oa2amo Memoois YUCeIbHO20 sUPIUenHs Oanux pisHsHb. Tlepesadcha Oinbuicms Oanux cucmem
60y006aHa y GIOHOCHO CKIAOHI CUCMEMU A8MOMAMUYHO20 NPOEKMYBAHHs a4 MOOETIO8AHHS CUCMEM Kepy8anHs nompedye cymmegoi
KiIbKOCMI  00YUCTIOBANbHUX pecypcieé U eusyenHs cneyugixu Oanux cucmem. Ilowyx epexmuenozo incmpymenma Ons
MOO€NIOBANHHSL MOMOPY U CUCMEMU KepPY8AHHS. MAE 6PAX08Y8AmMU MAKOJC 1020 OOCMYRHICMb OISl HAYKOGOI CHilbHOMU U
PO3DOOHUKIE € MOYKU 30pYy NPORPUEMAPHOCMI NPOSPAMHO20 3abecneyents.y cmammi npedcmasieno imimayitiny mooensb
enekmpoosueyna BLDC 3i cnpowenum nocmitinum cmpymom i nosuorw 3-gpasmnoio erekmpuunoio yacmunoio. Hasedena moodens
CMeopena 3 GUKOPUCMAHHAM MOosU npozpamyeanns Julia, 8dockonanenoi Onsi mamemamuynux pospaxyukie. Haeedena moodenw
onucye momop 6e3nocepeoHbo Ha MOGi OupepeHYIliHUX Pi6HsHb 1 003605€ WEUOKO MOOEN8AmU npoyecu y Momopi ma ix 3miHu
nio0 6NAUGOM 308HIWHIX 3MIHHUX napamempis. Moodenb 0036015€ Modenosamu pobomy 08ucyHa ni0 3MIHHOW HAnpyeorw ma
HABAHMAICEHHSIM, A MAKOJIC Peani308aHo KepysanHs 6io 3-gpaznoeo ineepmopa.

Kniouosi cnosa: BLDC Osucyn; moodens, moodemosanns; ougpepenyianvui pisnusnns, 3eopomua EPC; 3-¢pasna nanpyea; Mosa
npoepamysanns Julia

Introduction mechanical power density and a wide speed range.
Brushless direct current (BLDC) motor is a synchronous

The use of BLDC motors offers many advantages  AC motor with permanent magnets on the rotor (moving
[1], the main ones of which are high constant torque, high
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part) and windings on the stator (stationary part) [2].
Permanent magnets create the rotor flux, and the
energized stator windings create the poles of the
electromagnet. The rotor magnets are attracted by the
stator electromagnetic field, which is created by the
sequence of currents in the stator windings. This
sequence, given by the voltage on the windings, creates
and maintains a rotating electromagnetic field. In BLDC
motors, the mechanical switching used in brushed DC
motors is replaced by an electronic switch controlled by
an electronic system. This feature alows to increase
reliability, significantly increase the service life, and
reduce maintenance costs (due to the absence of
brush erosion and the need to replace them). Fig. 1
shows a simplified cross-section of a three-phase BLDC
motor [2].

Fig. 1 - Smplified design of a BLDC motor

The rotor has permanent magnets that form 2 pairs
of magnetic poles and surround the stator, which has three
windings.

An important feature and characteristic of BLDC
[3] is the trapezoidal shape of the back EMF, which is
created by a certain way of connecting the stator
coils. BEMF voltage depends on rotor angle as shown on
Fig. 2.

Fig. 2 - Back EMF shape of a BLDC motor

A BLDC motor with permanent magnets and
trapezoidal back EMF consumes rectangular stator
currents. In the classic motor design, the trapezoidal
shape of the BEMF is determined by different coil
connections and air gap distances. This winding
configuration requires fewer windings compared to
synchronous motors with a sinusoidal BEMF shape
(PMSM motors) and, accordingly, BLDCs have a lower
cost.

The chosen classical model of BLDC motor
consists of 2 parts: electrical and mechanica models.
The electrical model reflects the conversion of the
voltage on the motor into current and torque of the
motor. Mechanical model simulates motor rotational
mass and motor torque conversion to the rotation
motion.

Theaim of thearticle

The am of the article is to present the
development of a motor model with the ability to change
the shape of the EMF, motor parameters and external
voltage and load torque change laws. Further the model
will be used to design a predictive control system for
BLDC motors.

Themain part
1. Simple electrical motor model

To control the voltage and current in the windings
of brushless DC motors, switching semiconductor 3-
phase converters are used that controls the voltage and
current, and thus ensure the rotation of the motor.

The equivalent circuit for the motor average
current [4] and for steady state operation [5] can be
represented as shown in Fig. 3.

L R

u )

<
-

Fig. 3 - Electrical circuit diagram of a BLDC motor at a
constant frequency

The motor current (1) for a trapezoidal voltage can
be reduced to a constant current like a DC motor. The
motor current is directly proportional to the motor torque
and its definition alows us to move on to the mechanical
part of the motor model. The equation for the motor
current can be derived by composing the voltage and back
EMF source equations for the circuit shown in Fig. 3
using Kirchhoff's 2nd law:
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LE+RI=U— - Cy, 1)

where | — motor current, t — time, which is the
argument of the system, L — motor winding inductance,
R- motor winding electrical resistance, C,, — motor speed
constant, U — voltage applied to the motor. It is used to
change the motors’ speed.

In this model the back EMF is simply
represented as linear function of the motor speed
and acts as DC motor BEMF. This model is simplified
DC motor model. BLDC motors are close to DC motors
except for commutation with power converter and this
allows to simulate motor operation using one voltage
parameter.

Solving the differential equation (1) with the fixed
motor parameters gives an increasing current shape
that, after changing, is limited by the motor resistance
and the difference between the voltage source and the
back EMF.

I, A

Fig. 4— Motor current at constant voltage and motor
Speed

The dependence of the torque Tm(t) on the motor
current 1(t) in timeis given by the equation:

Mm(®) = Cm I(0), )

where Cm - is the motor torque constant.

The electric motor torque (Me) for a trapezoidal
motor voltage is directly proportional to the motor
current.

2. Motor mechanical model

A model of the mechanical part of the motor,
represented by a rotating mass model. This model is
described by Newton's 2nd law. For rotational motion, the
rotor position is found by the differential equation:

262
dt?

JEZ 3';_“; = Mm(t) — Me(t), €)

where ¢ — motor rotation angle, t — time, which is
the argument of the system, § — coefficient of viscous

friction and is a constant value, Me(t) — external load
torque, Mm(t) — motor torque that affects the rotation
speed. It has a directly proportional dependence on the
motor current |.

Considering that the target function for
regulation is the angular velocity w=d6/dt and if the
load torque, we can compose a system of equations on the
motor speed:

2L =0

dt 4
]‘Z—‘f:: Mm(t) — Me(t) — fw @

With a constant external load and small values of
the viscous friction coefficient B (which occurs in
practice), the solution of the equation gives a linear
change in the motor speed depending on the torque
value:

Fig. 5- Mechanical part of the motor model at constant
motor torque and load without the influence of the
motor's EMF

To complete the motor model, it is necessary to:

— substitute the motor torque calculated from the
electrical model and equation (2)

— subgtitute the motor speed value calculated
from the mechanical model into the electrical
model

Thus, we obtain a complete motor model described

by a system of differential equations:

( LS+RI=U- Gyo(t)
J 52 = Mm(t) — Me(t) — Boo(t) 5
ae
i w(t)
The solution of the system of equations gives the
transient process of the motor speed depending on the
voltage supply over time and the constant load.

To control a BLDC motor, a 3-phase bridge power
converter is needed to convert the DC voltage (Ud) from
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a battery or a rectifier with a storage capacitor into a
three-phase AC voltage with a sinusoidal or rectangular
or other frequency-variable shape.

Fig. 6 — Motor acceleration and load calculated using a
system of equations (4)

Fig. 7 - diagram of a converter for controlling a BLDC
motor

For example, when power converter forms
phases commutation automatically depends on the
rotor angle, then speed will depend on the voltage
level. In basic 2-phase injection mode (also known
as 6-step commutation) motor control agorithm the
motor voltage creates using PWM like shown in
Fig. 8.
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Fig. 8 - Voltage diagrams at the output of the 3-phase power converter with 6-step commutation

Also, it is possible to use DC-DC converter at the
input of the three-phase inverter. The model uses this
approach at the first development stage.

The solution of the system of equations (4) is
sufficient for motor simulation since the control system
independently provides motor commutation and only the
voltage value needs to be generated.

Motor voltage U in this case can pe caculated
according to classic equation:

U=D-Ud, (6)

3. Three-phase motor electrical model with
BEMF shape simulation

3.1 Configurable Back EMF model

Most BLDC motors have 3-phase windings
connection. A simple equivalent electrica circuit is
showninFig. 9.

The electrical equation for each phase voltage can
be composed like the equation (1):

Ug = L5 +RI+ E, ©)
where D — PWM duty cycle, Ud — Voltage in
power converter input DC-link.
This value can be used as input voltage value for
the system of equations (5).
BICHUK HTY "XIII" Ne 1 (23) 65
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Fig. 9— Electric equivalent circuit of a 3-phase BLDC
motor

Back EMF voltages (Ea, Eb, Ec) in each phase
depend not only on motor speed but also from the rotor
electrical angle[6]:

E, = w(t): Cy - F(O). (8)

Back EMF in motor phases is shifted to 120
electrical degrees between each other.

E, = w(t) Cy - F(O —2?"). 9)

Ec = w(t) - Gy F(0 — ). (10)

The function F(0) can specify a different shape of
the BEMF according to the motor configuration. As
mentioned - an important feature and characteristic of
BLDC is the trapezoidal shape of the back EMF. Such
shape can be specified as proposed in [7] using a
trapezoid with unit amplitude shown a Fig. 10.
Trapezoidal F(8) can be simulated using piecewise
functions.

10 p
0s b BEMF A
0.0 |
05|
10 &k & 1 1 1
-1.0 -0.5 0.0 0.5 1.0
Rotar angle, n
10
05+
0.0
—05r BEMF B
~1.0 b2 L L I L
-1.0 -0.5 0.0 0.5 1.0
Rotor angle, it
10
0s |
0.0
-0.5 F
-1.0 b

-10 -0.5 0.0 0.5 1.0
Rotor angle, n

Fig. 10— Trapezoidal BEMF shape

Also using F(0), any BEMF shape can be
implemented.

There are different representations of the supply
voltages for 3-phase motors. While the 3-phase system

the sum of phase and line voltages equals zero - the
common practice is to reduce the number of voltage
values from 3 to 2. There are 2 main approaches to do
this. First of them is to use DQ-representation [8].
Second is the use only two line voltages [9] and this
method was chosen while model will be used to work
with inverter model and it is output line-to line voltages
to the motor.

Also, while most BLDC motors don’t have neutral
points, physically only line voltage can be applied to the
motor. To find the motor currents and further the motor
torques it is necessary to compose the equation of the
motor currents depending on the line voltages on the
motor [10]. Since in a symmetrical 3-phase system the
sum of the line voltages is zero, it is sufficient to use the
values of the two line voltages (Uab Ubc). Using equation
(6-9) it is possible to derive the differential equation for
the currents depending on the two line voltages as given
in[9], asfollows:

dig

L—2

2 = = (2Wap + Uy — 3Riq + 2 w(~2Fa + Fb + Fc),(11)

diy _

"L = = (~Uap + Uy — 3Ri, + 2 w(Fa — 2Fb + Fc), (12)

dig _  dip dic 13
dt dt dt '’ (13)

where Fa Fb Fc — functions that specifies shape of
the BEMF depends on rotor angle 6:

Fa= F(8); Fb= F(6-2); Fc= F(8 - ). (19)

Input functions for equations (9) are line voltages
(Uab Ubc) which allows to calculate motor currents and
then motor torque can be calculated to be used as input in
the mechanical model.

3.2 Motor torque calculations

Total motor torque consists of torque output of
each phase. Phase torque depends on current and
connected to BEMF shape [6,9] and can be calculated
using same trapezoidal dependency F(6).

M, = Cp - 1,(t) - F(6) (15)

My = Con* Ip() - F(8 = 2) (16)

M = Cpy 1(8) " F(8 =) (17)
Total motor torque:

Mm= Ma+ Mp + M. (18)

According to this

My = Cr(le - FO) + 1, - F (0 = Z) + 1. F(0 - ) (19)
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This expression can be used to caculate the
instantaneous value of the motor torque for known values
of the phase current and the actual rotor angle.

3.3 Three-phase BLDC motor model

Full system of equations for BLDC motor model
can be derived from (5) by replacement currents and
torque equations with equations (11-13) and calculating
motor torque (Mm) using expression (19):

do

dac =

dw_M u
]dt_ m e—fw

di, 1 . Cy
L—= ﬁ(ZUab(t) + Up(t) — 3Ri, + 7w(—2Fa

dt
+ Fb + Fc)
di, 1 . Cn
LE = 3—L(—Uab(t) + ch(t) - 3Rlb + Ta)(Fa
— 2Fb + Fc)

di,  di, di

dt ~  dt dt

System of equations can be solved using Julia
programming language [11] and embedded tool for
solving the differential equations -
Differential Equations.j| package [12].

Motor model is simply described in the Julia
function. In Julia, the function is the first-class
citizen and this allows to specify an arbitrary form
of the variable supply voltage depending on the rotor
angle. Since in real motors the supply voltages
generated by the control system often depend on
the rotor angle - they are calculated in the motor
function to have access to the instantaneous rotor angle.
The line-to-line motor voltage functions are used in a
derived system of equations (11-13) and are specified in
the variables.

To solve differential equations numericaly, it is
required to define a problem type by giving it the system
of eguations, the initial condition, and the timespan to
solve over. The external torque (Me) is defined in the
problem as external parameter and can be given as the
constant or function over time.

Solving the ordinary differential equations
problem gives the angle, speed and currents values for
given voltage and external torque expressions.

Discussion

The simulation was done for the different
shapes of the linear voltages on the motor. The
effective value of the voltage on the motor does not
change in time. At the time point 0.05 s, a constant

load (Mext) is applied to the motor (Heaviside step
function).

1. Snusoidal voltage simulation

Three phase sinusoidal voltage applied to the
motor. The phase shift of the voltage coincides with the
phase shift of the back EMF as shown below.

Fig. 10 - sinusoidal voltage vs BEMF

Fig. 11 — Motor acceleration and load calculated
using a system of equations.
(Motor currentsare shown in bottom plot:
blue—la, A, red—1b, A, green—Ic, A)

The graph shows the acceleration of the motor and
the deceleration of the speed when an externa load
moment is applied. Currents are high at the start of the
motor and under applied load.

2. Voltage of a 3-phase autonomous inverter
simulation

Voltage of a 3-phase autonomous inverter. The 3-
phase autonomous voltage inverter with amplitude control
[13] can be used to control the motor. The diagrams of the
linear voltage at the inverter output are shown in the
Fig. 12.
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Fig. 12 — 3-phase autonomous inverter output voltages

Fig. 13 — Motor acceleration and load with control from
autonomous inverter.
(Motor currents are shown in bottom plot:
blue—la, A, red—1b, A, green—Ic, A)

The Fig. 13 shows the presence of speed and
torque ripples with this type of control and lover speed
due to limitations on RM S voltage value.

As were mentioned in section 3 — the 2-phase
injection mode is most simple and common BLDC motor
control technic. This voltage form method was not
simulated in this research. This method has time intervals
with floating state at the output of half-bridges and for
now research is focused on how to simulate this floating
state. Also motor voltage can be simulated using voltage
vectors as described in [14] and this approach also will be
researched to simulate 2-phase injection control mode.

Conclusions

The developed BLDC motor model alows to
simulate motor operation with different shapes of the 3-
phase supply voltages and use free powerful simulation
language Julia. Motor operation under sine and square 3-

phase voltage is simulated. Derived motor angle and
speed functions are close to real motor operation
waveforms with same motor parameters. This model will
be used in the latest research of the BLDC motor
predictive control system and for development of the
inverse model which will alow us to predict motor
voltage by required speed.

Also, the next research lies in the development of
the program model of power converter. An issue for now
is simulation of the floating state at the output of the
inverter.
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