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Electric machines built according to the modular principle — with several three-phase windings on a stator — are a new
direction of modern electromechanics, because they have a number of advantages compared to traditional single-
winding machines. Among these benefits, the most important are increased efficiency and fault tolerance, which is
especially important for self-powered electric vehicles. However, the presence of a mutual magnetic coupling between
the modules, as well as their unequal electrical load, amplify the electromagnetic torque ripple inherent in one or
another electric drive system. In this work, the electromagnetic torque ripples in a dual three-phase (DTP) brushless
DC motor (BLDCM) under different loads of its modules were investigated for the cases of absence and presence of
mutual magnetic coupling between armature winding sets and in the cases of the drive operation in open and closed
control systems. The research was carried out by means of simulation in the Matlab/Simulink environment on a circular
model of real mock-up sample of DTP permanent magnet machine developed based on the results of its magnetic field
simulation using the finite element method. Adequacy of simulation results is confirmed by experimental investigation.
The results of the DTP BLDCM simulation studies showed an increase in the relative electromagnetic torque ripples of
individual modules due to both the presence of magnetic coupling between winding sets and the deviation from their
equal loading. However, at the level of the whole DTP BLDCM, a significant mutual compensation the electromagnetic
torque ripples of the modules is shown, especially if they are magnetically coupled. The presence of closed-loop control
systems of individual modules significantly reduces the electromagnetic torque ripples caused by different loading of
the modules, especially in the case of magnetically uncoupled modules. References 26, figures 7, tables 3.

Keywords: brushless DC motor (BLDCM), dual three-phase BLDCM, magnetic coupling, electromagnetic torque
ripple, imbalanced modular loading, control system.

Introduction. The growing interest in development of electric drive and power supply systems by
the modular principle has become a recent trend [1-3]. This interest is due to many advantages of modular
approach that are particularly important for autonomous vehicles for land, air, and water applications, where
increased reliability due to fault tolerance, redundancy, and safety is a priority [4-7]. In addition, the
modular implementation of powertrain systems has many technical and economic advantages over their
traditional configuration: reduced power of one phase of the electric machine, reduced supply voltage,
increased energy efficiency, the possibility of multilevel and multifunctional control, lower interference,
improved maintainability, and cheaper production [8, 9].

One of the first options for implementing a modular approach is multiphase electric machines,
including multiple three-phase machines [10, 11]. Among them, dual three-phase (DTP) machines are the
most common due to their simplicity and ability to apply all advantages of three-phase machines [7, 12],
[13]. According to this configuration, first, only powerful asynchronous drives were implemented, then
synchronous machines with permanent magnets (PM), and recently also brushless DC motors (BLDCM)
[14-16]. Using a modular electric drive based on a DTP PM machine is associated with specific hardware
and software complications of the entire system. However, this is less true for a DTP BLDCM due to the
known advantages of this drive: a more straightforward design of an electric machine with PMs placed on
the rotor surface, cheap point sensors of the rotor angular position, discrete low-frequency switching of
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armature windings, and simple control system [17]. Therefore, due to the advantages of the DTP concept,
DTP BLDCMs are becoming promising for simple and cheap vehicles of lower power.

In DTP electric machines, especially with asymmetric configuration (with the optimal angular shift
between the modules of the stator winding), due to the existing of magnetic coupling between these modules,
additional current pulsations are generated, which leads to corresponding ripples of the electromagnetic
torque [9—11, 18]. Such pulsations increase even more in the case of an unequal electrical load of two
modules, which necessitates the use of special additional systems for equalizing their currents or
electromagnetic torques [19, 20]. In the DTP BLDCM, the traditional pulsations of currents associated with
the low-frequency position switching of armature winding sets are also added to these ripples. Reduction of
BLDCM torque ripple caused by pulsations of armature currents due to their commutation devoted many
works [21, 22]. In the same time, the task of investigation of magnetically interconnected processes of time-
spaced positional switching of the DTP BLDCM armature winding modules under different electromagnetic
loads of these modules, as far as the authors know, has not yet been solved.

The purpose of this work is to estimate the electromagnetic torque ripples in the DTP BLDCM at
different imbalanced loads of the armature winding modules. The study was conducted by computer
simulation in Matlab/Simulink. To do this, a computer model of the DTP PM machine was used, which was
created based on a circular mathematical model of this machine developed by modeling the magnetic field of
an actual sample of the machine by finite element method (FEM) [18, 23]. Some of the results were
confirmed by experimental studies on a DTP BLDCM mock-up sample.

1. Configuration of DTP BLDCM drive and design of PM DTP machine. The asymmetric DTP

PM machine M (Fig. 1) has two modules of the

VDCZ{_’ Each DTP armature winding set of the PM

machine is switched according to the traditional

for a BLDCM 120-degree principle of switch

conductivity [17]. The commutation algorithm

hachs of the invertors VSI1 and VSI2 switches

Fig. 1 depending on the rotor position angle 0 in el.

degree for the DTP PM machine of

asymmetrical configuration with the displacement of the armature winding sets by 30° el. is presented in

Table 1 [18]. Voltage inverters are powered by their DC sources such as batteries B1 and B2 with voltages
Vber and Vpe, respectively.

The implementation of the DTP PM machine armature can be magnetically insulated for each
module or common to both modules of the machine. Since in the latter case much higher specific values of
torque and power are achieved, it is most often used. Concentrated windings with non-intersecting frontal
parts are also used, and the reduction of mutual inductive coupling between the armature winding sets and
the reduction of electromagnetic torque ripples are provided by using fractional-slot concentrated windings
[24]. These windings have the advantages over traditional distributed windings as high winding ratio and
short front parts of the winding. That provides better use of copper and reduces energy loss, reduced
probability of interphase short circuit, and low toothed torque [25]. However, windings with fractional slots
generate a large number of spatial harmonics of the stator magnetomotive force.

CEl hi-h armature winding sets 1-2-3 and 4-5-6 spatially
Vsl — shifted by y = 30° el. with isolated neutral
;ﬁsﬁlim”s:;m?s:sﬁﬁji 3 points that eliminates the pulsating of the sixth

3 J’g;’} Jﬂ Jﬁ‘}i ‘ 3 harmonic in the electromagnetic torque [9].
VDC]}__ B } ' 5 | In the DTP BLDCM, voltage source
i i — . inverters VSI1 and VSI2 provide the switching
‘ Sjﬁ\} Sjj i‘,_—ﬂ - Ml uchs us; | of each three-phase armature-winding set of the
1 alﬁ e - DTP PM machine M. This switching is
T ‘ 3 synchronized with the current position of the
. L0 rotor by the signals g;-gs and g7-g1, received,
T grgn . L RE H i respectively, from their sets of discrete Hall
SJ%} sj%s 1}‘}3 m ahe . ‘ sensors HS1 and HS2 with output signals /;-/;
B ] ﬂ i 3 and h4-he of the rotor angular position (Fig. 1).
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Table 1

Switching states
0(°el) VSI1 VSI2 0(°el)
S1 S2  S3 S4 S5 S6 |[S7 S8 SS9 S10 S11  SI2
0-30 1 1 0 0 0 0 1 1 0 0 0 0 0-30
30- 60 30-60
1 0 0 1 0 0

60 - 90 | 0 0 | 0 0 60 - 90
90 - 120 0 0 | | 0 0 90 - 120
120 - 150 0 0 | | 0 0 120 - 150
150 - 180 0 0 | 0 0 | 150 - 180
180 - 210 0 0 | 0 0 1 180 - 210
210 - 240 0 0 0 0 | | 210 - 240
240 - 270 0 0 0 0 1 1 240 - 270
270 - 300 0 1 0 0 | 0 270 - 300
300 - 330 0 | 0 0 | 0 300 - 330
330 - 360 1 1 0 0 0 0 330 - 360

2. Circular mathematical model of the DTP PM machine. In further investigation, based on
previous studies [26], we used a circular mathematical model of an asymmetric DTP RM machine developed
in [18]. The parameters of this machine of the fractional slot structure Z/2p / i = 24/20/3 are given in Table 2.
They correspond to the real mock-up sample of this machine and are determined either experimentally or by

the results of FEM modeling the magnetic field of

Table 2 this machine [23]. In order to simplify the circular
Parameters Value . ; . .
mathematical model, several assumptions given in
Rated power P, (W) 300 e .
[18] are accepted; in particular, the dependences of
Supply DC voltage Vpc (V) 48 he self and lind h L
Rated angular velocity, o, (") 20 the self and mutua 11} uctances on the rptor position
Rated torque 7, (Nm) 15 angle and the saturation of the magnetic field were
Number pair of poles p 10 neglected.
Moment of inertia J (kg-m®) 0.1 Under made assumptions, the voltage
Per module: equilibrium in all phase circuits of the DTP armature
Winding resistance R (£2) 0.25 winding is described by the following vector-matrix
W%nd@ng self indgctance L (mH) 5.39 equation [18]:
Winding mutual inductance, M (mH) 1.59 ~ d -
Flux linkage by PM v, (Wb) 0.112 \7=Ri+Ld—i+é, (1)
t

where V, i, @ are the vectors-columns of the phase
voltages, currents and EMFs, respectively, consisting of six elements; R is the diagonal matrix of identical
resistances R of the phase winding; L is the matrix of static inductances.

The matrix L can be represented as the sum of two matrices: L,, which reflects the operation of each
of the winding set connected in a star taking into account its own interphase mutual inductance, but without
taking into account the mutual inductive connections between the phases of the two winding sets, and M,
which describes exactly the mutual inductances between the winding sets [23]:

—Ccosy

0 0 0 cosy 0
0 0 0 —COSY COSYy 0
0 0 0 0 -
L=L, +M=diag[L, |+ M COSY oSy 2)
¢ cosy —cosy 0 0 0 0
0 cosy —cosy 0 0 0
| —cosy 0 cosy 0 0 0 |
where L and M are the self and mutual inductances of one set of armature winding, respectively; L, =L — M.
The electromagnetic torque of the DTP PM machine can be presented as
T=(ei)e’. 3)
where (é-;) is the dot product of the vectors of EMF and armature current and ® is the motor angular
velocity.
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The equation of motion of a drive for the single-mass mechanical system with the related to the

motor shaft moment of inertia Js has the form:
do
Jo—=T -T, -bow , 4
z dt e L ( )
where T} is the load torque of the drive; b is the coefficient of viscous friction.

The position angle of the machine rotor is determined by equation:
0=wdr. )

The parameters of the voltage vector applied to the armature windings in (1) depend on the method
of DTP PM machine control. Due to the complexity of the mathematical description of the switching
processes of each winding set of the DTP PM machine, mathematical modeling of the modular BLDC drive
operation should be performed by computer simulation in the Matlab/Simulink software using virtual models
of VSIs and six-step switching algorithms, which is presented in Table 1.

3. MATLAB/Simulink model of the DTP BLDCM drive. The developed in Matlab/Simulink
model of the DTP BLDCM drive shown in Fig. 2 is similar to the one created in [18]. It consists of two
similar parts, in which the subsystems and main blocks are marked by indices 1 and 2. In each part, the
electromagnetic part of the PM machine module is represented by the PM Machine Module Subsystem,
which is switched by its six-switch VSI powered by its Battery Subsystem according to Figure 1. The PWM
Subsystem generates the control signals for the VSI switches according to Table 1 based on "pulses" signals
produced by the Hall Subsystem. Because of asymmetrical configuration of two armature-winding modules,
the switching of the VSI2 is shifted by an angle of @/6 relative to the VSI1. The PWM Subsystem adjusts the
output VSI voltage in proportion to the input reference signal by PWM of three lower switches of the
inverter. The DTP BLDCM drive operates in a closed two-loop control system with an outer loop of the
angular velocity control by proportional speed regulator SR (kp = 20) and inner two loops of the current
control for each machine module by PI current regulators CR (kp = 10, k& = 500). For making the current
feedbacks, in each part, the estimated equivalent DC current value of winding set was obtained by the
Current Estimator based on the phase currents of winding set and the signals from the rotor position sensors
g1-g3 or gu-gs (see Fig. 1) [3]. Finally, the electromagnetic torques generated by two machine modules are
added. Obtained total electromagnetic torque goes to the common mechanical part of the drive, which is
implemented in accordance with (4) and (5). The models of all subsystems of the developed model of the
DTP BLDCM drive are the same as in [18].

Battery
Subsystem1

PM Machine Module
Lo Subsystem 2
Tt
pulses in
P
3 Subsystem 2
P
<}
nm
.
Fig. 2
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The developed computer model DTP BLDCM drive allows electromagnetic loading of two PM
machine modules in different ratios. It is chosen that the second machine module always have a less load, i.e.
it will create less electromagnetic torque than the first module.

For research of the DTP BLDCM drive operation in the open system, after fast acceleration of the
motor to the reference angular velocity in the closed-loop system, the Close-Open block provides the
following switching in the system. The inputs of the two PWM Subsystems are switched over the maximum
PWM value of 10, at which the speed and current feedbacks stop operation. In addition, based on the signal
from the same block Close-Open, the corresponding switches in both Battery Subsystems switch the batteries
voltages from the nominal value Vg, = Vg, = 48 V to new values that correspond to the specified set ratio
Ky = Vg, / Vg. In this case, the absolute values of voltages Vs, and V5, are pre-selected on the model to
ensure the same value of the specified angular velocity of the motor as in the closed system.

For investigation of the DTP BLDCM drive operation with various loadings of modules in the
closed-loop control system, it is enough to set the necessary ratio of currents in two winding sets K; = 1, / [
in the KI block, which connects the output of the speed regulator with the reference current (electromagnetic
torque) of the second module.

4. Simulation results and discussion. In the simulation process, the influence of different
electromagnetic loads of the machine modules on the electromagnetic torque ripples generated by them, as
well as the on the total electromagnetic torque of the DTP BLDCM during the drive operation in open and
closed-loop control systems was evaluated. The studies were performed at a constant average value of the
motor angular velocity of 10 rad/s. To compare the level of the electromagnetic torque ripple, the absolute
torque ripple AT, and its relation to the average torque value 7, . in the steady-state operation of the drive
were estimated:

AT, T -T, .
6]’;:T e _ _emax emin (6)

Fig. 3 shows one of the results of the study,
7, Nm in particular, the dependences of the minimum,
average, and maximum values of electromagnetic

20

18 Ts o torques of the first 7; and second 7, modules, as

1 Tem well as the total electromagnetic torque 7y of the
| — — DTP BLDCM on the ratio of DC supply voltages of

14

b __——_—____T e e module inverters Ky in the open system for the case
Timax "~ -=mTT ) of magnetically insulated winding sets. As can be

10 L—;' - : T T T seen from the obtained dependences, already at a
f ez i”‘:i ——eT omin value of approximately Ky = 0.75, the
6 $= '__'t f —-— E:“_‘" T max electromagnetic torque generated by the second
4 Domin 222007~ T-<IT~o module is reduced to zero, and the entire
2 T IT=T electromagnetic torque of the drive is formed by the
0 1 first module only. This is because the phase voltages
1 0.9 0.8 of the second armature winding become less than
_K"’ the phase EMFs of rotation of this winding. As the

Fig. 3 Ky increases, the electromagnetic torque ripples of

the first module and the whole drive also increase.
Because of this, further estimation of electromagnetic torque ripples was performed for a value of Ky = 0.8 in
the open system and K; = 0.8 in the closed-loop control system. The research results are summarized in Table
3, where in the numerator of each cell is the result for the open system, and in the denominator of each cell is
the result for the closed-loop system.

Analysis of the simulation results shows the following.

With the same load of two modules in the case of an open system drive, the relative electromagnetic
torque ripples generated by each module are almost as twice large in the case of magnetically coupled
winding sets as in the absence of magnetic coupling between the modules. However, the total
electromagnetic torque ripples in both cases remain almost equal. A similar pattern is also observed in the
case when the electromagnetic load of the two modules differs by 20%. However, in this case, the total
electromagnetic torque ripples for magnetically coupled winding sets are significantly reduced (from 35.3 to
25.3%) compared to the lack of mutual inductance between the modules.
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Table 3

Presence of Load of Module 1 Module 2 DTP BLDCM
magnetic the
coupling armature
Toay ST, T av o7, o7,
between indi eave ATg (Nm) . e eave ATE (Nm) . e ATg (Nm) . e
modules rwng:iulﬂi (N-m) (%) (N'm) (%) (%)
Equal load 75 31 413 75 31 413 20 13.3
4 of modules 75 25 33.3 75 25 33.3 32 21.3
Magnetically
uncoupled Different 13.0 49 37.7 2.0 14 70.0 53 35.3
load of 83 25 30.1 6.7 2.0 29.9 22 14.7
modules
Equal load E & 74_7 E & 74_7 2 ﬁ
. of modules 75 2.5 33.3 75 2.5 33.3 3.0 20.0
Magnetically
coupled Different 13.0 6.0 46.1 2.0 3.0 150 38 25.3
load of 8.4 28 333 6.6 24 36.4 3.0 20.0
modules

In the case of the DTP BLDCM operation in the closed-loop control system, with the same load of
the modules, the electromagnetic torque ripples do not depend on the presence or absence of magnetic
interconnection between the modules. When the electromagnetic load of the two modules differs by 20%, the
relative ripples of the electromagnetic torque increase (from 14.7% to 20.0%) in the case of magnetically
coupled winding sets compared to the lack of mutual inductance between the modules.

Fig. 4 shows the time diagrams of the main variables of the DTP BLDCM drive, obtained in
simulation for the cases of without (left) and with (right) presence of magnetic interconnection between the
armature winding sets. In both cases, the drive worked on the same program. Initially, the DTP BLDCM
worked in the closed-loop control system, but with a different electromagnetic load of the modules, which
was provided by a value of K; = 0.8. Approximately, up to 0.04 s, the motor accelerated with a static torque
load equal to 1/3 of the rated value, and at a time of 0.07 s additionally applied the static torque load to the
rated value. In 0.12 s, the electric drive system opened, and then the DTP BLDCM worked at the previous
speed, but with a different load, which was provided by the value of Ky = 0.8 (Fig. 4, a).

The time diagrams obtained show that the simulated difference in electromagnetic load of two
modules of the DTP BLDCM, which was estimated at K; = 0.8 in the closed system and Ky = 0.8 in the open
system, is very different — in the second case, this difference is much larger. Comparison of the same time
diagrams for cases with and without mutual induction between the winding sets makes it possible to follow
all indicators of the electromagnetic torque ripples, which are given in Table 3. In particular, from Fig. 4, b,
it would be seen that the total electromagnetic torque has smaller ripples at the absence of mutual induction
between winding sets in the closed-loop system and at the presence of mutual induction in the open system,
although the electromagnetic torque ripples of modules in the latter case are larger (Fig. 4, ¢). This
dependence can be seen from the time diagrams of the currents in the close phases of both winding sets, 1 —
more loaded and 4 — less loaded, together with their phase EMFs for both studied cases, which are shown in
Figs. 4, d and 4, e, respectively. They also show that the switching of the two winding sets is clearly based
on the principle of 120-degree of conductivity of the inverter switches and in accordance with the phase
EMFs. The EMFs have a shape, which is slightly different from the sinusoidal one, with the presence of the
third harmonic at a level of 9.3% from the first harmonic, which corresponds to the real EMF form of the
investigated sample of DTP PM machine.

Time diagrams of currents in in Fig. 4, d and 4, e, respectively.

5. Experimental investigation of the DTP BLDCM drive operation. For the experimental study,
the developed mock-up sample of DTP BLDCM drive with the DTP PM machine / of asymmetric module
configuration and external rotor was used (Fig. 5). Parameters of this DTP BLDCM drive are shown in Table
2. A brush DC motor 2 created the static torque load on a shaft of the investigated machine.
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As a rotor position sensor, a miniature
absolute magnetic semiconductor encoder
AS5045 with a 12-bit code is used (7 in Fig. 5,
¢), from which the discrete signals
synchronized with the EMFs of two armature
winding sets with the displacement by 30° el.
were obtained. Two VSIs 3 and 4 are built on
MOSFET [IRF3205 with IR2104 drivers.
Switching of each of the armature winding
modules was carried out using its
microcontroller Arduino PRO mini Atmegal68
5 and 6 based on the signals of the angular
position of the rotor. Separate power supplies
(not shown in Fig. 5) provided DC supply
voltage of the DTP BLDCM modules.

Figs. 6 and 7 show the experimentally

Fig. 5 obtained waveforms of the voltage and current

in the phases of the same name (/ and 4 in Fig.

1) of the studied DTP BLDCM, which operated in the open system at the equal (Fig. 6, a) and different (Fig.
7) loads of two machine modules. For comparison, Fig. 6, b shows similar time diagrams of the voltage and
current in phase 1 obtained in simulation. The same trends of changes and forms of phase voltages and
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currents in the experimental and model results shown in Fig. 6, and the difference between them up to 15%
confirm the adequacy of the developed computer model of the studied DTP BLDCM with inductive coupling
between two armature winding sets.
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Conclusions.

Modular electric machines, in particular, those consisting of separate three-phase winding sets,
attract the interest of researchers due to the improvement of the efficiency of modular electric drives and
ensuring their fault tolerance. In BLDCMs, the asymmetrical modular configuration of the armature winding
also ensures the reduction of switching ripples of the total electromagnetic torque if the three-phase modules
are optimally spaced. On the other hand, as is known, the uneven electromagnetic loading of the modules
leads to an increase of the machine's electromagnetic torque ripples. In this work, the effect of uneven
loading of the DTP BLDCM modules with different magnetic coupling on the pulsations of electromagnetic
torques created both by individual machine modules and the total of the entire machine is studied in detail.

Both investigated factors — the presence of mutual inductance between the armature windings of two
machine modules and difference in the electromagnetic loading of these modules — lead to an increase in the
pulsations of the electromagnetic torques of individual machine modules. However, at the level of the total
electromagnetic torque of the entire DTP BLDCM, the result changes. For the same load of the machine
modules, regardless of the increase in the pulsations of the electromagnetic torques of individual modules,
the relative total electromagnetic torque ripple of the machine remain the same and equal to 13.3% for the
cases of magnetically isolated and magnetically coupled machine modules. With the different load of the
modules (20% difference), the total electromagnetic torque ripple is reduced by 28.3% for the case of
magnetically coupled modules in comparison with magnetically isolated machine modules. This indicates
that the mutual inductive coupling between the armature winding sets in DTP BLDCM causes such
additional pulsations of the electromagnetic torques of the modules, which are characterized by good mutual
compensation, which is a valid conclusion from the conducted research.

In the case of the DTP BLDCM operation in the closed control system, the electromagnetic torque
ripples both in individual modules and in the whole drive practically do not depend on the degree of
deviation from the equality of machine modules loading and remain relatively low due to the current control
systems in the armature winding sets.

The results of experimental studies conducted on the created DTP BLDCM mock-up sample showed
their good agreement with those obtained during the computer simulation with a maximum difference of up
to 15%. This confirms the adequacy of the developed mathematical models of the DTP BLDCM of
asymmetric configuration with magnetic coupling between armature winding sets.

Pobomy euxonano 3a xowmu 6100xcemuoi npoepamu "Po3eumox mMoO0ynvHO20 iHMe2pos8ano2o nioxody 00

KOH(icypysanns ma Kepyeanuss OOPpMOSUX cucmem eieKmponpueody ma eieKmpuyHo20 JICUGLEHHS A8MOHOMHUX
mparncnopmuux 3acobis” (EAT3, 0120U102206), KIIKBK 2201040.
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Enexmpuuni mawunu, nobyooeani 3a MOOYIbHUM RPUHYUNOM — 3 KLIbKOMA MPUGasnumu 0OMOmMKAMU Ha CMamopi, €
HOBUM HANPAMKOM CYYACHOI eNeKMpOMeXaHiKu, OCKilbKU MAaromv HU3KY nepeedaz y HOPIGHAHHI 3 MpPAOUYitIHUMU
00HooOMmomKosumu mawunamu. Ceped yux nepesaz HAUBANCIUGIUUMU € NIOBUWEHHS eHep2emUdHOl edhekmuerHocmi ma
cmitikocmi 00 8I0M0O8, WO € 0COOIUBO BANCIUBUM OISl eNEKMPUYHUX MPAHCROPMHUX 3ac00i8 3 A6MOHOMHUM
orcunenHam. Tlpome nassHicmo 63a€MOIHOYKIMUBHO20 36 S3KY MIJNC MOOYISMU, 4 MAKONC IXHE HEOOHAKO8E eNeKmpUyHe
HABAHMAICEHHST NIOCUTIOIOMb  RYIbCayii  eNeKmpOMAZHIMHO20 MOMEHMY, NPUMamManHi mil yu iHwid cucmemi
enekmponpugooda. Y pobomi 00CriodiceHo nynbeayii en1ekmpoMacHimHO20 MOMEHMY 8 080MOOYIbHOMY Oe3uimKo8oMy
oguzyni nocmitinozo cmpymy (BIIC) 3a pisnux naganmasicens 11020 MOOYNIG y 6UNAOKAX 8IOCYMHOCME MA HASLGHOCMI
B3AEMHO20 MACHIMHO20 36 SI3KY MIJIC KOMNJIEKMAaMu OOMOMKU AKOPS, d MAKONC Yy 6UNAOKAX pobomu npugooa y
PDO3IMKHEHIIl Mma 3aMKHeHIll cucmemax Kepy8anHs. JocniOdicenHs NposoOUnu WIIAXOM MOOEN08AHH 6 Cepedosufi
Matlab/Simulink na xonosiit moodeni peanbH020 MAKEMHO20 3PA3KY 080MOOVIbHOL MAWUHY 3 NOCMIIHUMU MASHIMAMU,
PO3POOIEHIll 3a pe3yTbmamamt MOOe08AaH A i MASHIMHO20 NOJiL MemoOOM CKIHUEHHUX elemenmis. Adexkeamuicmo
pe3yabmamis MoOen08aHHA NIOMBEPOHCEHO eKCHePUMEHMATbHUM O00CTiONCeHHAM. Pe3ynomamu 0ocnioxcenb waaxom
MmoOeniosannsa 08omodynvrozo BJIIC noxazanu 30inbuieHHs GIOHOCHUX NYAbCAYill eleKMPOMASHIMHUX MOMeHMIs,
CMBOPIOBAHUX OKPeMUMU MOOYTIAMU AK Yepe3 HAABHICIb MASHIMHO20 38 I3KY MIdHC KOMIIEKMAMU 0OMOMKU AKOPSA, MaK
i uepes GIOXUIEHHS IO PIGHOMIPHO20 HABAHMAadCeHHS MoOYie. OOHAK Ha piHI 6cb020 080M0dyabHo20 BITIC nokazana
3HAYUHA B3AEMHA KOMNEHCAYIsL NYIbCAYil eleKmpOMASHIMHUX MOMEHmie MOOYIi6, 0COOIUBO SKWO GOHU MASHIMHO
36’a3ani. Hassnicme 3aMKHYmMux cucmem KepySaHHs OKPeMUMU MOOVISAMU 3HAYHO 3MEHULYE NYIbCayii CYMApHO20
eeKMPOMACHIMHO20 MOMEHMY, CHPUYUHEHI DI3HUM HABAHMANCEHHAM MOOYIi6, 0COOAUB0 YV GUNAOKY MAZHIMHO
He38 'azanux modynig. bioi. 26, puc. 7, Tadmn. 3.
Kntrouosi cnoea: 6e3mitkoBuit asuryH nocrtiitaoro crpymy (BAIIC), nBomonmymermit Tpudazauit BAIIC, maraiTHM
3B’S130K, MyJIbCallil eMEKTPOMAaTrHITHOTO MOMEHTY, He30aTaHCOBaHE MOY/IbHE HABaHTa)KEHHS, CHCTEMa KEepyBaHHS.
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