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THE INFLUENCE OF LONG-DUARATION VOLTAGE VARIATIONS
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CHARACTERISTICS OF LINE-START PERMANENT MAGNET
SYNCHRONOUS MOTORS

/NG DUNG PHUGNG PHAP SO KHAO SAT ANH HUGNG CUA HIEN TUGNG DAO BONG DIEN AP
TREN LUGI DIEN PHAN PHOI DEN DACTINH LAM VIEC CUA DONG CODONG BO NAM CHAM VINH CUU
KHOI DONG TRUC TIEP

Le Anh Tuan'’, Nguyen Manh Quan’,
Ninh Van Nam’, Do Nhu Y2

DOI: http://doi.org/10.57001/huih5804.2025.002

ABSTRACT

Currently, permanent magnet synchronous motors with on-line starting are being increasingly researched and applied to partialy replace squirrel cage
asynchronous motors, which are commonly used. The reason is that these motors have many advantages such as high efficiency, and high power factor value,
stable speed, higher power density compared to induction motors, and the ability to self-start. However, like other motors, during operation, these motors are
affected by external factors such as voltage, supply frequency, which impact operational parameters, especially power factor and efficiency. With the power
supply, the voltage from the distribution grid usually fluctuates depending on the time of day, month, season, and is typically maintained within permissible
limits. To assess the impact of long-duaration voltage variations of the distribution grid, the paper applies numerical methods to investigate the characteristics
and parameters of the motor when this phenomenon occurs. Based on the research results, the paper will propose some solutions to prevent negative effects
caused by long-duaration voltage variations to ensure the reliability of motor operation in the system.
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TOM TAT

Dong co dién dong bo nam chdm vinh cltu khi ddng truc tiép dugc nghién ciiu va ng dung ngay cang nhiéu nham thay thé ting phén cho ddng o khong
ddng bo roto 16ng soc dang phd bién hién nay. Dong co nay c6 uu diém nhu hiéu sudt cao, cos I6n, téc do 6n dinh, mat do cong sudt I6n va kha nang tu khdi
dong. Tuy nhién dong co chiu tac dong cda yéu to bén ngoai nhu dién dp, tan s6 nguon cap,. .. anh hudng dén ddc tinh lam viéc, dac biét la hé sd cong suat va
hiéu sudt. Dién ap cia lui dién phéan phi thutng dao ddng tuy thai diém trong ngay, thang, muia va dugc duy tri & gidi han cho phép. Dé xem xét dnh hudng
clia hién tugng dao dong dién ap trén ludi dién phan phoi, bai bao ting dung phuong phap sd dé khao sat cac déc tinh va théng s6 cia dong co. Tirkét qua nghién
c(tu, mot s6 gidi phap sé dugc bai bao dua ra d€ ngan ngia cdc anh hudng tiéu cuc do hién tuong dao dong dién dp nham dam bao do tin cdy trong van hanh clia
dong co trong hé thdng.
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1. INTRODUCTION

The Line Start Permanent Magnet Synchronous Motor
(LSPMSM) has been proven to have advantages in steady
state operation, such as having high electromechanical
conversion efficiency, a power factor close to 1, and high
power density [1, 2]. In recent decades, many researchers
have studied and applied LSPMSM as a partial
replacement for the widely used induction motors. The
LSPMSM is essentially an improvement of both the
permanent magnet synchronous motor and the
induction motor. In other words, it is a hybrid motor
between the squirrel cage induction motor (SCIM) and
the permanent magnet synchronous motor, combining
the advantages of both types in operation [3, 4].

However, in practice, there are many factors
influencing the working parameters of the LSPMSM
during operation. One of these factors is the power
supply. Among the power supply-related incidents, the
phenomena of long duaration voltage variation (PLDVV)
on the distribution grid are the most common [5, 61. Many
studies have shown that PLDVV result in losses in the
rotor and stator windings directly reducing the
operational efficiency of the motor. Additionally, PLDVV
can affect the torque, speed, efficiency, and power factor
(cosp) of the motor [6]. In reality, in distribution grid of
low-voltage operation, factors such as electrical load
demand, weather conditions, electricity generation
output of power plants, etc., cause the voltage value of
the power supply to be unstable and constantly changing
over time. The frequency of PLDVV tends to increase
during peak electricity usage times, or increase midweek
and decrease during the weekends [7-9].

To investigate the impact of PLDVV on the
characteristics and working parameters of LSPMSM, the
paper utilizes software applying the Finite Element
Method (FEM) to model and simulate some working
characteristics as well as the relevant working parameters
of the motor. Specifically, in Sec. 2, the paper briefly
summarizes the basic theory of LSPMSM motors,
numerical methods, and the software employing
numerical methods in simulating electric machines. Sec.
3 examines the influence of PLDVV on LSPMSM under
various scenarios. Based on the results obtained, the
paper will analyze, evaluate, and draw conclusions to
maintain stable motor operation in the face of PLDVV on
the distribution grid. In the study, the paper conducts
experiments on a 3-phase, 4-pole, 380/220VAC, 2.2kW
LSPMSM.
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2. LINE START PERMANENT MAGNET SYNCHRONOUS
MOTOR AND SIMULATION METHOD

2.1.LSMPSM rotor configuration

Figure 1. Rotor designs of LSPMSM with inserted permanent pagnet rods
[Source:10]

The LSPMSM stator is fundamentally similar to an
asynchronous motor. However, the LSPMSM has a
structure similar to an asynchronous motor, but within
the rotor core, there are inserted permanent magnet bars.
Some common rotor configurations of LSPMSM
nowadays are shown in Fig. 1.

2.2. Modeling of LSPMSM

In simulating LSPMSM, researchers commonly employ
two  methods: analytical simulation  through
mathematical models and numerical simulation. For
analytical simulation, in LSPMSM researchs, authors such
as Takahashi, Aliabad, Kwang Hee Kim...[11-13] utilize the
mathematical model of LSPMSM proposed by Honsinger
to investigate the motor's performance characteristics. In
summary, the mathematical model of LSPMSM is
expressed in the form of differential equations as follows:

Voltage equations:

Stator voltages
. dyy
Ve =g +?S W Wgs
d (1)
l'I',qs
Vgs =lsgs + ot + W, Wy
Rotor voltages
S [1)
Vdr :rdr.idr + ::ll)tdr :O
du ()
Vg, =lgpiigy +——-=0

qr qr‘qr+ dt

Flux equations:

Stator fluxes

L|st = (Lls + I'md )'ids + Lmd IIdr + l'l)'m
lpqs = (L +Lmq)’iqs + Lmq ’iqr

HaUl Journal of Science and Technology | 11



CONG NGHE

https://jst-haui.vn | P-ISSN 1859-3585 | E-ISSN 2615-9619

Rotor fluxes

Lp'dr =Ly, Ly ligs + i‘dr )+
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mq.(|qs +|qr)

Torque equations:

g g
(Lmd.ldr.lqs —Lmq.lqr.lds)

inductiontorque element (5)
’ H . .
W + (Lng —Ling)-ds-igs

m*'gs
reluctancetorque element

2P,
—
excitationtorque element
Wherer,is the stator resistance, Lis is the stator leakage
inductance, Lmda, Lmq are the d-q axis synchronous
magnetizing inductances, respectively and om is the
electrical angular frequency of the rotor. vgs and vgs are
the d-q axis stator voltages, v'4r and v’y are the d-q axis
rotor induced voltages, yqs and yqs are the d-q axis stator
flux linkages, '« and 'y are the d-q axis rotor flux
linkages, rs; is the stator resistance, r’ is the total
equivalent rotor resistance and Te is the electromagnetic
torque of the motor.

2.3. Numerical methods for simulating eletromagnetic
fields

Besides simulating the motor's operation through the
analytical modeling method as mentioned in section 2,
nowadays, thanks to the advancement of computer
technology, numerical methods are commonly applied
for electric machine simulations. Currently, there are
various numerical methods used in solving problems
related to the eletromagnetic fields of electric machines.
The most common numerical methods today include the
Finite Difference Method (FDM), the Boundary Element
Method (BEM), the Finite Element Method (FEM), and the
Discrete Element Method [14]. These methods all enable
the approximate solution of partial differential equations
in electromagnetic field problems.

Among the numerical methods currently used, FEM
has been recognized for its high accuracy in
approximating integral equations in problems related to
electromagnetic devices. Therefore, in this study, the
paper employs FEM simulation software to investigate
the characteristics of LSPMSM and evaluate the impact of
PLDVV on LSPMSM. Additionally, among the software
utilizing FEM for electromagnetic device simulations such
as FEMM, Opera (Cobham), MagNet V7 (Infolytica),
Ansys/Maxwell, Ansys/Maxwell is widely applied by
researchers and electrical machine designers today.
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3. SIMULATING THE IMPACT OF THE PHENOMENA OF
LONG DUARATION VOLTAGE VARIATION ON THE LINE
START PERMANENT MAGNET SYNCHRONOUS MOTOR

3.1. The phenomena of long duaration voltage
variation of distribution grid

The PLDVV on the distribution grid over time is
defined as variations in the effective values at the supply
frequency over a duration exceeding 60 seconds [15].
According to the ANSI C84.1 standard, the permissible
tolerance level of voltage in the steady state on the
distribution system is also defined. A variation in voltage
is identified as a PLDVV over time when its effective value
exceeds the limit specified by ANSI for a duration greater
than 60 seconds.

PLDVV over time includes two levels: Overvoltage and
undervoltage. Overvoltage and undervoltage are
generally not system faults but are primarily caused by
load variations and switching operations on the system.
The PLDVV over time in the power system typically varies
by the time of day, week, or season and is a result of
changes in load demand on the system. Additionally, the
use of large power equipment such as welding stations,
high-power motor, and furnaces can also lead to voltage
drops in the system [16]. This PLDVV is usually
represented in the form of effective voltage values over
time. Fig. 2illustrates PLDVV on a low-voltage distribution
system over time during the day.

Line-to-line voltage

Average data two hours

08/12/03 09/12/09 0812109 09/12/03 091209 09/12/03 09/12/09 10/1208 10/12/09  10/12/08
20h00 00h0 04h00 08h00 12h00 16h00 20000 00RCO 04h00 08100

Figure 2. The voltage values throughout the day (source [16])
3.2. Experimental configuration of LSPMSM

To investigate the impact of PLDVV on the working
characteristics of LSPMSM on the istribution grid, the
paper utilizes a 3-phase experimental LPSMSM, rated at
2.2kW, 380/220V, 2p = 4. The configuration of the
experimental LSPMSM is shown in Fig. 3.

The parameters of the experimental LSPMSM are
described in Table 1.
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Figure 3. Experimental configuration of LSPMSM 2.2kW, 2p =4
Table 1. The parameters of the experimental LSPMSM 2.2kW

Parameters Symbols | Values | Units
The outer diameter of the stator D, 170 mm
The inner diameter of the stator D 104 mm
The outer diameter of the rotor D 103 mm
The shaft diameter of the rotor D: 35 mm
Steel material Steel 1008
The number slots of stator 7 36 Slot
The number slots of rotor L 28 Slot
Airgap g 0.5 mm
Power supply voltage Us 380/220 )
Power supply frequency f 50 Hz
Permanent magnet material NdFeN35
Width of permanent magnet rod Wi 34 mm
Thickness of permanent magnet rod Im 5 mm
Rated load torque T 14 Nm

3.3. Simulating the impact of phenomena of long
duaration voltage variation on the working
parameters of the LSPMSM

To investigate the impact of the PLDVV on the
performance of LSPMSM as mentioned in Section 1, the
paper conducts simulations on the PLDVV and the
characteristics of LSPMSM under these conditions. The
results considered are speed and current characteristics,
as these two parameters are crucial in demonstrating the
starting and working ability of the motor. Additionally,
the paper also determines the power factor and efficiency
of the motor through simulations, as these parameters
significantly affect the motor's operational efficiency.

Additionally, according to the general regulations, the
permissible level of voltage of the PLDVV on the low-
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voltage distribution grid in Vietnam and some countries
is £10% of the rated voltage of the distribution system
[171. Also, as per these regulations, the rated voltage of
the low-voltage distribution system in Vietham and some
countries is 220/380V. Therefore, the paper will simulate
the experimental LSPMSM under various scenarios where
the voltage fluctuates within the corresponding voltage
range: 200V, 210V, 220V, 230V, and 240V. The voltage
levels in these simulation scenarios fall within the voltage
range specified for the PLDVV, ranging from -10% to
+10% of the rated voltage of the low-voltage distribution
system.

3.3.1. Speed characteristic simulation

The paper simulates the speed characteristic of the
2.2kW experimental LSPMSM with the parameters
provided in Table 1 and the voltage levels according to
the scenario mentioned in 3.3. The speed characteristic
simulation is illustrated in Fig. 4.

1750
\
0 Aaoddabin
/ Curve Info
12507 — Moving1.Speed
T Setup? : Transient
2 10001 Vph="200V"
; Moving1.Speed|
9 7501 Setup? : Transient
3 Vph=210V'
0 ] — Moving1.Speed
> 500 { Setup? : Transient
£ 10 r H Vph=220V'
[} 250 il Moving1.Speed
2 TR Setup? : Transient
0l Vph="230V"
1l Moving1.Speed
25071 Setup : Transient
Vph="240V'
-500 — —— \ T T :
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0

Time [s]
Figure 4. Speed characteristic simulation with the LSPMSM 2.2kW

From Fig. 4 at the same rated load level, it can be
observed that as the grid voltage value increases, the
motor starting becomes easier. With higher voltage, the
motor reaches its maximum speed in a shorter time and
enters stable synchronous speed operation sooner. In the
worst-case scenario of a 10% voltage drop (200V), the
motor fails to start at rated load. A higher supply voltage
makes it easier to start the motor. This can be explained
as follows: according to [18, 19], during the starting
process, the average squirrel cage torque is positive and
contributes to rotor acceleration. In contrast, the average
value of the total excitation torque and the reluctant
torque is negative (breaking torque) acts as a break of the
motor. Furthermore, the squirrel cage torque is
proportional to the square of the supply voltage;
therefore, the higher the supply voltage, the easier it is for
the motor to start.
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3.3.2. Current characteristic simulation

The current characteristic of one phase (phase A)
when simulated with different voltage level scenarios in
the presence of the PLDVV on the distribution grid as
shown in Fig. 5.
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Figure 5. Current characteristic simulation with the LSPMSM 2.2kW

From Fig. 5, it can be observed that during motor
startup time, the current rises significantly, with the
highest peak current magnitude corresponding to the
highest input voltage level (240V). The starting current
value at this point can be up to 4 times the operating
current in steady state mode. Additionally, it is also noted
that as the voltage supplied to the motor increases, the
time for the current to transition into stable operating
mode decreases. At 200V, as indicated in the speed
characteristic in Fig. 4 showing the motor's failure to start,
same as in Fig. 5, the current characteristic remains akin
to the startup mode (high phase current) for an extended
period.
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3.3.3. Efficiency and power factor simulation
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Figure 6. Efficiency characteristic simulation with the LSPMSM 2.2kW

The efficiency and power factor characteristic when
the motor operates in a stable mode as shown in Figs. 6
and 7. Since the motor fails to start at 200V, this voltage
level is not considered in the paper when simulating the
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motor's operating efficiency and power factor in Figs. 6
and 7.

From Fig. 6, the paper calculates the average working
efficiency value of the motor during the time interval of
0.5 to 1 second, which represents the period when the
motor operates steadily. The average calculated value
during that time interval is illustrated in Fig. 6 Through
simulation, it can be observed that as the input voltage
decreases, the motor efficiency increases. The maximum
efficiency of the motor is 88.4%, corresponding to an
input voltage of 210V.
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Figure 7. Power factor characteristic simulation with the LSPMSM 2.2kW

From Fig. 7, the paper calculates the average working
power factor value of the motor during the time interval
of 0.5 to 1 second, which represents the period when the
motor operates steadily. The average calculated value
during that time interval is illustrated in Fig. 7. Through
simulation, it can be observed that as the input voltage
decreases, the power factor of the motor increases. The
maximum power factor of the motor is 0.94,
corresponding to an input voltage of 210V. When the
voltage is low, the efficiency and power factor of the
motor increase, which can be explained as follows: In a
steady state, a LSPMSM functions like a synchronous
motor. Additionally, the LSPMSM is excited by the
permanent magnets, so the no-load electromotive force
Eo of the motor remains constant during this operation.
For synchronous motors, when the supply voltage U, is
higher than Eo, the motor typically operates in a state of
under-excitation, consuming reactive power from the
power supply. This leads to an increase in the motor's
power factor, which consequently results in a decrease in
the motor's efficiency.

4. CONCLUSION

The research paper investigates the impact of the
PLDVV over time on the characteristics and two main
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operating parameters of LSPMSM motors, namely
efficiency and power factor. In the study, the paper
utilizes FEM software to simulate the characteristics and
parameters of the motor and applies it to simulate the
experimental 2.2kW, 2p = 4 LSPMSM. To assess the
influence of the PLDVV, the paper presents several
simulation scenarios with varying effective voltage levels
supplied to the motor. The voltage levels in these
scenarios fall within the permissible voltage range as
stipulated by regulations concerning the PLDVV in power
systems.

The simulation results demonstrate that the PLDVV
over time have a significant impact on the operating
parameters of LSPMSM motors. Specifically, concerning
speed characteristics, higher voltages improve the
motor's starting capability and lead to faster
stabilization. In the worst-case scenario with a low
voltage of 200V, the motor fails to start. Regarding
current characteristics, higher voltages result in the
motor starting with a higher current. Furthermore, at
200V, where the motor cannot start, the current remains
at a starting level throughout the power supply process.
Prolonged starting times at this voltage level can lead to
motor burnout. In such cases, users must intervene
promptly by preventing motor start-up at low voltages
or increasing the voltage before starting the motor.
However, in terms of performance parameters, lower
voltages correspond to higher motor efficiencies.
Notably, at 210V and 240V, the corresponding
efficiencies are 88.4% and 85.4%, showing a
performance difference of nearly 3%. Similar to
efficiency, in terms of power factor values, the lower the
voltage, the higher the power factor. The maximum
power factor is 0.94, corresponding to a voltage of 210V.

Thus, the PLDVV over time have a significant impact
on the characteristics and operating parameters of
LSPMSM motors. Users need to control the supplied
voltage to ensure a balance between the starting voltage
and operational voltage to avoid the worst-case scenario
where the motor cannot start due to low grid voltage.
Additionally, excessively high voltages should be avoided
during operation as they can lead to lower motor
efficiency and power factor values.
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