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ROTOR CONFIGURATION FOR IMPROVED WORKING CHARACTERISTICS
OF LSPMSM IN MINING APPLICATIONS

Purpose. Analysis of the rotor configuration of line start permanent magnet synchronous motor (LSPMSM) when using 3-bar
magnet structure with two cases: one with a separating magnetic steel bridge and one without it. Research results allow selecting
the appropriate rotor configuration to obtain the best starting characteristics, current, torque, and performance. Thereby, it is pos-
sible to replace high efficiency LSPMSM with low efficiency induction motors used in ventilation and water pumping loads to
improve the efficiency of electricity use in mining.

Methodology. The article uses analytical methods and simulation methods on Ansys/Maxwell software and conducts a labora-
tory test evaluation to determine the effect of rotor configuration on the starting characteristics, working current, torque ripple, and
working efficiency of an LSPMSM for mining applications.

Findings. An LSPMSM model was built based on a 15 kW—3,000 rpm induction motor with two rotor configurations: one with
a separating magnetic steel bridge and one without it. The results of the study show that when a rotor configuration has no separat-
ing magnetic steel bridge, the LSPMSM reaches its maximum speed in 0.45 seconds, a synchronous speed of 3,000 rpm in around
0.75 seconds, a torque ripple of 23.1 %, a current total harmonic distortion of 14.3 %, and a performance of 93.3 %. In contrast,
when a rotor structure has a separating magnetic steel bridge, starting the motor is more difficult, taking 1.14 seconds to reach
synchronous speed and having a lower starting torque, a current total harmonic distortion of 16.1 %, and a performance of 92.5 %.

Originality. Research rotor configurations of LSPMSM based on the 15 kW—3,000 rpm induction motor with and without a
separating magnetic steel bridge. The research results allow choosing the appropriate rotor configuration to obtain the best starting
characteristics, current, operating torque and performance efficiency.

Practical value. The research results are important scientific guidance in the design and manufacture of LSPMSM for applica-

tion in underground mining to improve the efficiency of electricity use in mining.
Keywords: finite element analysis, asynchronous motor, line start, permanent magnet, rotor configuration

Introduction. Electricity used in underground mining is
mainly used in the technology stages of ventilation, water pump-
ing, transportation, and exploitation, in which the ventilation
and water pumping stages account for the largest proportion. 25
to 40 % of a mine’s overall energy expenses and 40 to 50 % of its
energy usage may be attributed to ventilation systems [1]. Saving
energy for mine ventilation fans and water pumps is a necessary
issue to reduce the cost of electricity in mining [2—4]. The issue
of low-cost energy production is the prospect of sustainable de-
velopment of the coal mining industry in the world [5].

In Vietnam, ventilation fans and water pumps in under-
ground mining mainly use induction motors (IMs), but IMs
often have low efficiency and are difficult to improve the effi-
ciency of the motor [6]. The production of extremely energy-
efficient motors has been aided by the fast advancement of rare
earth permanent magnet technology with high magnetic field
density and the large energy product [7]. Among them, the
line-start permanent magnet synchronous motor (LSPMSM)
has emerged as an alternative to IM in mine ventilation fans
and water pumps [8, 9].
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The usage of LSPMSM in industrial constant speed ap-
plications is still in its early stages. It is regarded as one of the
most promising motor types due to its high efficiency (low CO,
emissions), high operating power factor, power density, opera-
tional torque, low operating temperature, and self-starting ca-
pabilities [10]. As a result, LSPMSM is an effective energy-
saving solution.

Through the installation of permanent magnets in the
IM’s rotor, the LSPMSM creates a hybrid between an IM
and a synchronous motor. As a result, the LSPMSM can start
itself directly and has a high power factor. However,
LSPMSM has the disadvantage of having a small starting
torque, so it is suitable for blower loads (water pumps) in un-
derground mining [11].

For LSPMSM, although it is confirmed to be a motor with
high efficiency and power factor, the most complicated design
calculation for LSPMSM is the structural design of the rotor.
If the design is not good, the operating parameters may not be
guaranteed and may not even meet the standards of IM [12].
In addition, the characteristic of the mining ventilation fan
and water pumps is usually a high speed of 3,000 rpm,; this is
the speed range that is rarely mentioned by research [2].
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Several studies have shown that the complexity and influ-
ence of the rotor structure in the LSPMSM 3,000 rpm. The
paper [13] analyzes the performance of the 2-pole LSPMSM
with a rotor structure with three magnets, the magnets are
separated by magnetic steel bridges of the rotor. The research
results show that with the proposed magnet structure, the mo-
tor can achieve 1E2 efficiency. In the study [14], the different
structure of the electromagnet is studied in the rotor to the
starting characteristics of the LSPMSM — based on the IM
37 kW-3,000 rpm prototype motor.

The performance characteristics of the LSPMSM with an-
nular permanent-magnet construction compared to multi-rod
rotor structures, all of which are equal to the rotor’s magnetic
steel bridges, have been studied [15—17]. The research results
show that with the annular structure, it will give the best work-
ing characteristics, with the performance up to IE3. However,
this structure will increase the cost of the magnet and make it
difficult to manufacture. In the study [12], the structure of the
rotor was optimized by reducing the size of the rotor slot in
order to reduce the starting current of the LSPMSM. In the
study [18], the author analyzed the working efficiency of
LSPMSM with rotor configurations with impeller type to
choose the appropriate type of structure to use for the water
pump motor.

In the design of the LSPMSM, the starting speed charac-
teristic is often studied first in the operating characteristics, as
it confirms the self-starting ability of the motor. In addition,
the steady-state operating current characteristics should also
be taken into account. Because, for LSPMSM during steady-
state operation, the current waveform is usually not “sine” but
oscillates harmonically with the supply frequency, thus gener-
ating high-order harmonics. This high-order harmonic, if not
well controlled, will cause vibration when working for the mo-
tor itself [19, 20].

Thus, the structure of the rotor greatly affects the charac-
teristics and working efficiency of the LSPMSM. In the study
[21], the LSPMSM rotor with double cage is proposed to im-
prove the synchronization ability of the motor in a wide range
as proven by theory. By saving 10 % of the magnet volume,
experimental research demonstrates that LSPMSM with a ro-
tor structure that uses both radially magnetized arc shape and
circumferentially magnetized spoke shape magnets improves
full-load efficiency by 4 % when compared to the bench-
marked spoke rotor LSPMSM [22].

To improve motor starting and synchronization, the devel-
oped large power LSPMSM includes a hybrid rotor made up
of slotted solid steels and cage bars. A conspicuous rotor pe-
riphery with air-gap length maximizing at the quadrature axis
and minimization at the direct axis is used to lower the har-
monics of air-gap flux density and motor losses [23].

Analytical calculations using Matlab for the comparison
between four different types of rotor structures (Bar, U-, V-
and W-types) of LSPMSM for a constant power speed range
have shown that the magnetization direction of the permanent
magnet affects the flux distribution and thus controls the flux-
weakening behavior, thereby limiting torque and power [24].

For LSPMSMs, the rotor magnetic steel bridges are in-
tended to prevent the path of the magnetic field, which also
greatly affects the working efficiency of the motor [25]. Studies
on 2-pole LSPMSM mainly analyze and compare different
types of magnet structure, while the number of magnetic steel
bridges of the rotor also greatly affects the working point of
LSPMSM and has not been studied or mentioned.

The research content of the article analyzes the working
characteristics of the LSPMSM at 3,000 rpm. In the LSPMSM
design, the tooth, slot, magnetic circuit, winding, stator, and
rotor squirrel cages remain the same as the corresponding IM,
and NdFeB-38 permanent magnets are used. This article will
assess the acquired results and make some recommendations
for motor production. The configurations are simulated
through Ansys/Maxwell software using the finite element

method (FEM). In addition, fabrication and laboratory test
evaluations were conducted to determine the influence of rotor
configuration on the starting characteristics, operating current,
torque ripple, and operating performance of the LSPMSM.

The research results provide important scientific guidance
in the design and manufacture of high-performance LSPMSM
to replace low-performance IMs for important loads such as
ventilation and water pumping, thereby improving the effi-
ciency of electricity use in mining, actively contributing to sus-
tainable development in the mining industry.

Mathematical model of LSPMSM. Mathematical model
of LSPMSM is written in d, q coordinate system with input
parameters being applied as follows [26, 27].

Stator and rotor voltage equations

; )]

dwdr =0
dt
A

o
u, =r.i, 0

Uy =Tyl +
. ©))
0

The stator and rotor flux equations are
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where ®,is rotor angular speed; '}, — stator loop flux produced
by permanent magnets; L, — stator winding dissipation induc-
tance; L,, — axial synchronous magnetizing inductance;
L,,, — horizontal synchronous magnetizing inductance; iy —
axial stator current component; i, — horizontal stator current
component; i, — axial converted rotor current component;
iy — axial converted rotor current component.
According to the mathematical description equations (1—
4), d-axis and g-axis equivalent circuit diagram of LSPMSM
has been built to satisfy the voltage and flux equations in the
mathematical model in Figs. 1 and 2, in which to model in-
stead ¥),= L,.. i},, L. is the fictitious reactance of a permanent
magnet; i, is the equivalent magnetization current converted
to the stator of the permanent magnet [26, 27].
The electromagnetic torque of the LSPMSM is deter-
mined
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where M, is asynchronous torque component; M, — excita-
tion torque component; M,,, — reluctance torque component.

From the electromagnetic torque equation can be seen, the
electromagnetic torque of the LSPMSM consists of the excita-
tion torque components, the reluctance torque will be equiva-
lent to that of a permanent magnet synchronous motor.
LSPMSM only has an additional asynchronous torque com-
ponent and this component plays a decisive role in the starting
ability of the motor [27].

Research on rotor structure of LSPMSM. The typical
LSPMSM is based on the IM 15 kW—3,000 rpm motor proto-
type used for the mine ventilation fan. The tooth structure,
slot, magnetic circuit, windings, stator, and rotor squirrel cag-
es remain the same, according to IM. The parameters of the
LSPMSM are given in Table 1 [15].

The experimental configuration of the 3-phase LSPMSM
15 kW-3,000 rpm with voltage 380/660 V is as shown in Fig. 3,
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Fig. 1. d-axis equivalent circuit diagram of LSPMSM

ry (D"\Pds Lls I-Irl rq"

Fig. 2. g-axis equivalent circuit diagram of LSPMSM

Table 1
Parameters of the LSPMSM

Parameters Symbol Value Unit
Stator Outer Diameter D, 245 mm
Stator inner diameter D,, 152 mm
Rotor outer diameter D’ 151 mm
Rotor shaft diameter D, 52 mm
Stator steel material Steel 1008
Number of stator slots Z, 36 slots
Number of rotor slots Z, 28 slots
Air gap length g 0.5 mm
Power supply voltage U, 380,/660 \Y
Power supply frequency f 50 Hz

in which the dimensions of the permanent magnet have cor-
responding values of thickness # (mm) and width 5 (mm).
The permanent magnet structure used to fabricate the re-
search LSPMSM is a 3-bar magnet structure, using NdFeB-38
magnets with a size of (.4 =35 -9 mm) each. Permanent mag-
nets NdFeB-38 is a type of permanent magnet made from an
alloy of neodymium, iron and boron. They are used in many
different applications. NdFeB magnets continue to be the

28 slots

=&
S

Fig. 3. Rotor configuration of the proposed LSPMSM

<

strongest permanent magnets marketed due to their high en-
ergy storage capacity compared to Fe, AINiCo or SmCo per-
manent magnets [28].

The magnet bars in LSPMSM — 3000 rpm can be separat-
ed from each other by the magnetic steel edges of the rotor
called a magnetic bridge (Fig. 4, a) or without magnetic bridg-
es, as shown in Fig. 4, b. The use of magnetic bridges (Fig. 4, a)
facilitates the installation of magnets, helps the magnet bar to
be fixed better, and the structure of the rotor is more solid.
However, using these magnetic bridges leads to the appear-
ance of many stray magnetic fields in the rotor magnetic cir-
cuit, which can worsen the working characteristics and perfor-
mance of the motor; in addition, the manufacturing cost of
making the magnet grooves increases. Not using magnetic
bridges (Fig. 4, b) has the advantage of reducing the manufac-
turing cost of making magnet tracks and reducing the motor’s
stray magnetic field, which can improve working characteris-
tics. Thus, the arrangement or not to arrange magnetic bridges
to separate the magnet bars is also an issue that needs to be
resolved to improve the working characteristics of the
LSPMSM — 3000 rpm.

Finite element method through Ansys/Maxwell software is
used to analyze rotor structure in two cases. The solution to the
Poisson equation for the electromagnetic field of the electric
motor model is the distribution of the magnetic field in the mag-
netic circuit and the surrounding area of the electromagnetic
structure. The foundation of this model is Maxwell-Ampere’s
law. The Maxwell-Faraday equation, which is expressed as fol-
lows for the case of a steady-state electric motor, states [8, 12]

V-H=1J, (6)
where J is the density of direct current in the electromagnet
coil, A/m?; H — magnetic field strength, H/m.

The magnetic flux density B and the magnetic field
strength H are related in the following way
B=yy-u,-H, (7)
where , is magnetic permeability of vacuum; p, — relative
permeability of magnetic conducting environment.

The magnetic potential vector A in the electromagnetic
field is used to calculate the magnetic flux density B, as follows

B=V-A. (8)

The equation that results from replacing (7 and 8) in equa-
tion (6) is as follows

VX[ ! V-;lj—f. )
HO’“’r

Poisson’s equation, which has the general form given by
equation (9), can be understood as follows in the analytical
model corresponding to the Oxyz coordinate system

2 2 2
_ %4_%4_% +J=0. (10)
po-p, \ax?  oy? o972

The magnetic potential vector A canbe found through (10).
Utilizing the solutions to equations (7 and 8) compute the mag-

netic flux density B and magnetic field intensity H as follows

B=B i+B, j+B, k=

0A, O0A, |- 0A, )~ [0A -
| = ___) i+(614xzjj+ 7}}7% k.
oy 0z 07 Ox ox oy
The following equations can be used to calculate the DC cur-
rent of the coil and the voltage applied to its two coil terminals
U:Rdci+Lﬂ; 1, :L,
dt R,
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where U is voltage applied to the two coil terminals; R, — DC
resistance of the coil; L — inductance of the coil; /,. — current
in the coil.

The finite element method is a technique to solve (10) to de-
termine the magnetic potential vector A. Through that, magnetic
induction B and magnetic field intensity H in equations (6 and 7)
are calculated, thereby determining the magnetic field distribu-
tion in space with high accuracy. This will be very beneficial to
the designers and operators of the magnetic sorting machine
when they are modifying the electromagnetic structure’s param-
eters in order to optimize the distribution of magnetic fields in
space and raise the machine’s operational efficiency. The four
fundamental steps of the FEM method are as follows [13]:

1. Divide the domain of analysis into discrete elements.
The elements are joined to create a mesh.

2. Select a membership function, then get a rough answer
for every element.

3. Combine all elements in the analysis domain to obtain
the system matrix.

4. Utilize an iterative approach to solve the system matrix.

In order to do calculations with the finite element ap-
proach, digital computers and software applications built on
the mathematical underpinnings of FEM are required.

In the first case, the rotor magnetic steel bridges are used
to separate the permanent magnet rods, and in the second
case, there is no separating magnetic steel bridge between the
rods, as shown in Fig. 4.

Research results:

1. Magnetic field distribution. The magnetic field distribu-
tion in the LSPMSM is the overall picture to evaluate the use
of permanent magnets and the magnetic flux distribution in
the motor (Fig. 5).

Surveying the distribution of magnetic field paths (Fig. 5)
using Ansys/Maxwell software has shown that in the case with
a separating magnetic steel bridge, more closed-loop stray
magnetic fields appear in the rotor’s magnetic circuit than in
the case without a separating magnetic steel bridge. This re-
duces the amount of magnetic field generated by the NdFeB-38
permanent magnet and does not close the loop with the stator
coil, leading to reduced performance and working characteris-
tics of LSPMSM.

2. Starting characteristics of the motor. Starting characteris-
tics of the motor are shown in Fig. 6.

From Fig. 6, for the two study structures, all LSPMSMs
can reach rated speed. However, the starting speed character-
istic of the LSPMSM with the bridgeless rotor configuration is
better. In the case of a rotor structure without a separating
magnetic steel bridge, the motor reaches the maximum speed
after 0.45 s; besides, after about 0.75 s, the motor reaches a
synchronous speed of 3,000 rpm. In the case of a rotor struc-
ture with a separating magnetic steel bridge, starting the motor
is more difficult, and the time for the motor to reach synchro-
nous speed is 1.14 s.

The quick start of the LSPMSM is well suited to explo-
sion-proof mine ventilation fans, which help quickly reduce
the amount of dust in mines, ensuring safety in mining.

3. Torque characteristics of the motor. The torque character-
istics of the motor are given in Fig. 7.

The results of the study show that, in the case of a rotor
structure without a separating magnetic steel bridge, the motor
has a larger starting torque than in the case of a rotor structure
with a separating magnetic steel bridge. Thus, in the case of a
rotor structure without a separating magnetic steel bridge, the
motor works with less vibration.

Simulation results allow analyzing the starting parameters
of the motor: time to reach synchronous speed (%), transient
time (%,4,), speed (o), maximum torque (M,,,) and Torque
ripple (RipT). Torque ripple of LSPMSM can be calculated [29]

RipT = M’
T

e

Fig. 4. Structure of the rotor:

a — with separating magnetic steel bridge; b — without separating
magnetic steel bridge

Fig. 5. Magnetic field distribution in the motor:

a — with a separating magnetic steel bridge; b — without a separat-
ing magnetic steel bridge

where T, is maximum torque value; 7,,;, — minimum torque
value; T, — average torque value of electric motor, N - m; R,r
— torque ripple, %.

From the results on the startup characteristics in Figs. 6, 7,
and Table 2 in the case of a rotor structure without a separating
magnetic steel bridge, there is reached synchronous speed (#,=
= 0.45 s), transient time (#,,,,= 0.75 s),) and Torque ripple
(RipT = 23.1 %). While the case with a separating magnetic
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Fig. 6. Starting characteristics of the motor
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Fig. 7. Torque characteristics of the motor

Table 2
Torque characteristics of the motor
Type 1,(8) | Tyans (8) | RipT (%)
Without a separating magnetic steel bridge | 0.45 | 0.75 23.1

With a separating magnetic steel bridge .14 | 114 26.6

steel bridge has parameters synchronous speed (¢,= 1.14 s),
transient time (,,,, = 1.14 s),) and torque ripple (RipT =
= 26.6 %). Thus, it can be seen that not using a bridge will
make the LSPMSM have better working characteristics than
when using magnetic bridges.

4. Current characteristics. The current characteristics of
LSPMSM in steady-state operating mode are shown in Fig. 8.

Fig. 8 shows that all of the LSPMSM’s current character-
istic waveforms in steady-state mode, regardless of configura-
tion, are non-sine. The current waveform will oscillate at a
frequency of 50 Hz.

The analysis of the harmonic spectrum components of the
current in the LSPMSM is shown in Fig. 9. It can be seen that
the 3 harmonic amplitude in the case of a rotor structure
separating magnetic steel bridge reaches nearly 6 A, and in the
case of a rotor structure separating magnetic steel bridge it
reaches nearly 4 A. Such as, the current waveform in the case
of a rotor structure without a separating magnetic steel bridge
will be in a form closer to sine than in the case of a rotor struc-
ture with a separating magnetic steel bridge.

The simulation results show that the current is distorted so
the current includes many harmonic components. Current to-

Current_Phase Anoys

o -

Current [A]

B e .

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8 2.0
Time [s]

Fig. 8. Current characteristics in steady-state operating mode
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Fig. 9. Analysis of current harmonic spectrum:

a — without separating magnetic steel bridge; b — with separating
magnetic steel bridge

tal harmonic distortion (THD) can be computed using the
formula below [30, 31]

2
THD,=1"2

I

From the analysis results in Figs. 8, 9 and Table 3, it is
shown that in the case of the rotor configurations without a
separating magnetic steel bridge, the current characteristic has
a current transient time 7,,,,, = 0.8 s, maximum current /,,,,=
=312 A, and total harmonic distortion THD; = 14.3 %. In the
case of the rotor configurations with a separating magnetic
steel bridge the current characteristic has a current transient
time #,,,, = 0.95 s, maximum current /,,, = 314 A, and total
harmonic distortion THD, = 16.1 %. Thus, in the case of rotor
configurations without a separating magnetic steel bridge
LSPMSM will have better characteristics.

Table 3
Current characteristics of the motor
Type Trans ) | Imax (A) | THD; (%)
Without a separating magnetic steel 0.80 312 14.3
bridge
With a separating magnetic steel bridge | 0.95 314 16.1
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5. The electromotive force (EMF) characteristics. The EMF
characteristics in Fig. 10 are the output voltage characteris-
tics of the stator coil when LSPMSM works in generator
mode.

The results given in Fig. 10 show that in both investigated
cases, the EMF characteristics are sinusoidal and similar.
However, in the case of using a magnetic bridge, the EMF
characteristics has a larger fluctuation amplitude than when
not using a magnetic bridge. To evaluate the degree of differ-
ence of the no-load output voltage compared to the rated val-
ue, use the formula [32]

E v —38

AE% = 0100%,

INB
where E,y; is the RMS value of the I harmonic of the no-
load output voltage.

The calculation results show that difference of the no-load
output voltage in the case of the rotor configurations without a
separating magnetic steel bridge AE = 2.3 %, in the case of the
rotor configurations with a separating magnetic steel bridge
AE=5.1 %. Thus, difference of the EMF characteristics in the
case of the rotor configurations without a separating magnetic
steel bridge is better.

6. Electromagnetic power and mechanical power. Character-
istics of electromagnetic power and mechanical power to cal-
culate motor efficiency during simulation are given in Fig. 11.

Based on the electromagnetic characteristics and mechan-
ical power calculate the performance of LSPMSM, in the case
of the rotor configurations without a separating magnetic steel
bridge, the efficiency is n = 93.3 %, in the case of the rotor
configurations with a separating magnetic steel bridge, the ef-
ficiency ism =92.5 %.

Thus, research and evaluation of speed characteristics,
torque characteristics, current characteristics, EMF charac-
teristics and performance of LSPMSM using finite element
method based on Ansys/Maxwell simulation software showed
that the rotor configurations without a separating magnetic
steel bridge allows the LSPMSM to have better working pa-
rameters. This structure is used for manufacturing and experi-
mental evaluation.

Experimental research in the laboratory. The experimental
evaluation was conducted at the Department of Electrifica-
tion, Hanoi University of Mining and Geology. The rotor

EMF_LSPMSM Ao

600

EMF [V]

-600 4 s ===
0 2 4 6 8 10 12 14 16 18 20
Time [ms]

Fig. 10. EMF characteristics

Power [W]
£
2

400404

2008404

ol

. ’ Time [s]
Fig. 11. Electromagnetic power and mechanical power during
LSPMSM simulation

groove structure is fabricated as the structure selected by
analysis, then the NdFeB-38 magnet is installed and com-
pleted as shown in the illustration of element number 6 in
Fig. 12.

After completing the rotor, we completely assemble the
LSPMSM and complete the experimental diagram of the
working parameters of motor. Measurement of the character-
istics of the experimental LSPMSM will be performed by cou-
pling the motor to a computer via the NI Card USB-6009.
Speed characteristics are measured through Encoder, current
characteristics are measured through current transformer as
shown in Fig. 12.

The results of investigating the current characteristics of
the LSPMSM on the oscilloscope with the laboratory test
model are given in Fig. 13.

The results in Fig. 13 show that the current characteristics
have a sinusoidal shape, with a shape like the current shape as
shown in the simulation results given in Fig. 8. In addition,
seeing that the harmonic level of the current is quite large,
analyzing the total harmonic content on the osilocop gives the
result THD; = 14.9 %, like the simulation results as shown in
Table 3.

Investigation of the EMF characteristics of the LSPMSM
is given in Fig. 14.

The EMF measurement results in Fig. 14 show that the
EMF characteristics have a sinusoidal shape. The measured
value of 379 V differs from the rated value of 1 V (equivalent to
AE = 0.2 %), completely equivalent to the simulation results
shown in Fig. 10.

With the load parameters changing from 0—110 % of the
rated load, and with the conversion efficiency of the mechanical
coupling mechanism and generator being 82 %, the performance
characteristics of the LSPMSM motor are given in Fig. 15.

The results in Fig. 15 show that the motor’s efficiency
reaches a maximum of 92.5 % at a load level of about 92 % of
the rated load. When the motor load exceeds 100 % of the rat-
ed load, the motor performance tends to gradually decrease.
This result is lower than the performance level shown in the
simulation results due to technological error factors in the
manufacturing process of LSPMSM.

The studied motor has a power of 15 kW, a speed of
3,000 rpm, and a voltage of 380/660 volts. This is a small pow-
er motor and the most used motor for local ventilation fans
and local water pumps in mining in Vietnam. Therefore, the
motor with the proposed rotor structure will be applied in
practice for loads such as local ventilation fans and local water
pumps in mining.

Currently, for the mine’s main drainage pump or main
fan, motors with a large power of hundreds of kW and a high
voltage of 6 kV are used. To apply the research on these mo-
tors, it is necessary to continue research and evaluation using

NI USB-6009 ‘

|

Fig. 12. Laboratory test model:

1 — LSPMSM; 2 — Generator; 3 — Encoder; 4 — CT current
transformer; 5 — Transformer; 6 — Fabricated rotor structure
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Fig. 13. Current characteristics of the LSPMSM on the oscil-
loscope

Fig. 14. EMF measurement results of LSPMSM
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Fig. 15. Performance characteristics of LSPMSM

theory and experiment before implementing testing in prac-
tice. This is also one of the next research directions.

Conclusions. The article presented a mathematical model
for LSPMSM through simulation and experimentation to de-
termine the effect of rotor configuration on the working char-
acteristics of LSPMSM for mining applications.

An LSPMSM model was built based on a 15 kW—3,000 rpm
induction motor with two rotor configurations: one with a
separating magnetic steel bridge and one without it. The re-
sults of the study show that when a rotor configuration has no
separating magnetic steel bridge, the LSPMSM reaches its
maximum speed in 0.45 s, a synchronous speed of 3,000 rpm
in around 0.75 s, a torque ripple of 23.1 %, a current total har-
monic distortion of 14.3 % and a performance of 93.3 %. In
contrast, when a rotor structure has a separating magnetic steel
bridge, starting the motor is more difficult, taking 1.14 seconds
to reach synchronous speed and having a lower starting torque,
a current total harmonic distortion of 16.1 %, and a perfor-
mance of 92.5 %. Experimental results on rotor configuration
with separating magnetic steel bridges have shown similar re-
sults with simulations. Specifically, the proposed LSPMSM

has a current total harmonic distortion of 14.9 %, the EMF
has a sinusoidal shape, and the motor’s efficiency reaches a
maximum of 92.5 % at a load level of about 92 % of the rated
load.

The research results show that in the case of a rotor
structure without a separating magnetic steel bridge, the
LSPMSM has the best starting speed and steady-state cur-
rent characteristics. And in this case, the LSPMSM has the
fastest starting speed, low oscillation operating torque, and
near-sine steady-state operating current characteristics.
With this configuration, the fabrication of LSPMSM will
also become more convenient, and this will be the configura-
tion chosen in actual manufacturing for mining applications
in the near future.
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Mera. AHai3 KoHirypailii poTopa CHHXPOHHOT'O JIBUTY-
Ha 3 MOCTIMHUMHU MarHiTamu JiHiitHoro mycky (CAITMUJIIT)
MPY BUKOPUCTaHHI 3-CTPUXKHEBOI KOHCTPYKIIil MarHiTy y ABOX
BapiaHTax: i3 pO3AUTIOBAJIbHUM MarHiTHUM CTaJIeBUM MOCTOM i
0e3 Hboro. Pe3ynbTaTu 1bOro IOCHTIIKEHHS 103BOJISIIOTh BU-
Opatu BiINoBiIHY KOH(Irypailito poropa JIjisi OTPUMaHHS Hali-
KpaIuX IMyCKOBUX XapaKTepUCTUK, cTpyMy, MoMeHTy i1 KK/I.
Takum ymHOM, 3’SIBUThCSI MOXJIMBICTH 3aMiHU BUCOKOe(EeK-
TUBHUX acUHXpOoHHUX ABUTYHiB CIATTMJIIT Ha Hu3bKOedeK-
THUBHI aCMHXPOHHI ABUTYHM, 1110 BUKOPUCTOBYIOTBCS Y CUCTE-
MaX BEHTWILIl ¥ TepeKadyyBaHHS BOIW, UTS TTiIBUIIIEHHS
eHeproe(eKTUBHOCTI B TipHUYOA00YBHIii TPOMMCIIOBOCTI.

MeTtoauka. ¥ poOOTi BUKOPUCTaHI aHAIITUYHI METOAU I
METOIM MOJEIIOBaHHS y TTPOrpaMHOMY 3a0e3reueHHi Ansys,/
Maxwell, a Takox mnpoBeleHi JabopaTopHi BUIIPOOYBaHHS
JIJI1 BU3BHAUEHHS BIUIMBY KOHirypaiii poTopa Ha MyCKOBi
XapaKTepUCTUKU, pOOOUUNIA CTPYyM, KOJTMBAHHST KPYTHOTO MO-
MeHTY Ta epekTuBHicTh podotu CATTMIIIT B ymoBax Bumo-
OYTKY KOPUCHUX KOTTaJINH.

Pesyapratn. Monens CIIIMJIIT Gyna moOymoBaHa Ha
OCHOBi aCHMHXPOHHOIO JBWUTYHa TMOTYyXHicTio 15 kKBT—
3 000 06/xB i3 mBOMa KOHGIrypalisiMiu poTopa: i3 po3mijto-
BaJTbHUM MarHiTHUM CTaJIeBUM MOCTOM i 6e3 Hboro. Pesyib-
TaTU JOCIIIKEHHS TOKa3yloTh, 110 KOJU KOH Irypartist po-
TOpa He Ma€ PO3MITIOBATBHOTO MarHITHOTO CTAJIEBOTO MOCTa,
CIIIMJIIT mocsirae makcuManbHOI mIBUAKOCTI 3a 0,45 ce-
KYHIM, CMHXpOHHOI mBUaKocTi 3 000 06/XB mMpuOIU3HO 3a
0,75 cekyHIu, KOJUBaHHS KpyTHOro MmomeHty 23,1 %, Koe-
(ilieHTYy TOBHOrO TapMOHIMHOIO CIOTBOPEHHS CTPYMY
14,3 % ta KKJI 93,3 %. Ha BiamiHy Bim LIbOro, KOJu KOH-
CTPYKIIisl pOTOpa Ma€ po3IiI0BaIbHUI MaTHITHUI CTalleBUI
MiCT, 3aIyCK JIBUTYHA € OLIbII CKIaAHUM: CHHXPOHHA IIIBUI-
KicTb focsiraeTbes 3a 1,14 ceKyHau, MyCKOBUIA MOMEHT HUX-
YWii, 3araIbHUi KOe(dilliEHT MOBHOTO rapMOHIITHOTO CITO-
TBOPEHHSI CTpyMY cTaHOBUTH 16,1 %, a KKII — 92,5 %.

Haykosa HoBm3Ha. JlocnimkeHHsT KOH®irypaliii poropa
CATIMIJIIT Ha OCHOBiI acMHXpPOHHOro nBHUTyHa 15 KBT—
3 000 06/xB i3 PO3MITLHUM MarHiTHUM CTaJeBUM MOCTOM i
0e3 Hboro. PesynbTaTu AOCHiIXeHb T03BOJISIOThH MidiOpaTu
BiIMOBiAHY KOHG}Irypauiio poTopa s OTpUMaHHs HaliKpa-
ITUX TTYCKOBMX XapaKTEPUCTUK, CTPYMY, KDYTHOTO MOMEHTY
Ta NPOAYKTUBHOCTI.

IIpakTiyHa 3HaYMMiCTb. Pe3ynbTaTu MOCTIIXKEHb € BaX-
JIMBUMM HayKOBMMU PEKOMEHIAIIISIMU TIPY MPOEKTYBaHHI i
purotoByieHHi CHATIMJITT mng 3actocyBaHHS B MiA3eMHUX
TipHUYKMX BUPOOKAX 3 METOIO TMiABUILIEHHS €(PEKTUBHOCTI BU-
KOPUMCTAHHS €JIEKTPOEHEPTii B ripHUYill raiysi.

KimrowoBi ciioBa: xinyeso-esemenmuuil ananis, acunxpoHHuil
deueyH, AHINHUL NYCK, NOCMILUHUIL MACHIM, KOH@I2ypayis pomopa
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