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1. INTRODUCTION

Currently, energy saving is becoming a global issue as
fossil energy sources are gradually depleting and causing
environmental pollution (1). Electric motors, particularly
induction motors (IM), account for up to 46% of
electrical energy consumption (2, 3). With the
development of rare earth magnets, the replacement of
low-efficiency motors with high-efficiency ones is
becoming a global trend. Line-start permanent magnet
synchronous motors (LSPMSM) are increasingly
replacing lower-efficiency Ims (4).

The LSPMSM is a hybrid design that combines the
squirrel-cage induction motors (SCIM) with the
permanent magnets synchronous motors (PMSM) (5).
Due to the squirrel cage, the motor can be directly started
from the power supply and operates at synchronous speed
in steady state, thus eliminating resistive losses in the
rotor and resulting in high efficiency (6). Like other
motors, the LSPMSM is significantly affected by the
power quality provided to it during operation. The impact
of voltage unbalance (VU) in both amplitude and phase
angle of the voltage on the efficiency and current
characteristics of the LSPMSM under no-load, light-load,
full-load, and overload conditions is demomstrated by
Ferreira et al. (7). The research results show that
efficiency, power factor, and current are all affected
under conditions of VU and varying loads, particularly
when voltage reduction significantly decreases the
motor's load. Additionally, in all load modes, the
harmonic levels of the current are high.

On the distribution network, the power supply in the
industrial sector often simultaneously feeds both three-
phase and single-phase electrical loads. Supplying
single-phase loads or unbalance three-phase loads can
lead to PAU in the distribution network (8). This power
supply to the LSPMSM can degrade the operational
quality of the motor and sometimes cause unwanted
damage during operation (7). Researching the impact of
power quality on the performance of electric motors in
general, and LSPMSM in particular, is currently a focus,
with the aim of developing solutions to enhance
operational efficiency and minimize undesirable
incidents.

Studies on the impact of power quality on LSPMSM
can be categorized as follows: Tshoombe et al. (9),
Gnacinski (10), Chingale and Ugale (11) investigated the
effects of voltage quality, including voltage harmonics
and voltage imbalance, on performance. These papers
analyzed and indicated the extent of the impact of
harmonics on the efficiency and vibration during the
operation of LSPMSM. Ugale et al. (12), Qiu et al. (13)
and Gnacinsk et al. (14) explored the effects of voltage
flicker and high-frequency components on the operating
conditions and efficiency of LSPMSM. Idziak et al. (15),
examined the impact of stator current harmonic spectrum

when the motor operates under VU with various load
types. They found that the harmonic components of the
current under conditions of amplitude voltage asymmetry
ranging from 0 to 5% in the case of load variations.

Sethupathi et al. (16), Sethupathi and Senthilnathan
(17) studied the finite element analysis (FEA) method;
they used to analyze the impact of harmonics on stator
losses and rotor losses in LSPMSM. Sethupathi and
Senthilnathan (17) confirmed that under abnormal
conditions of power quality, various mechanical
anomalies such as vibrations, noise, and excessive
temperature will occur, reducing the efficiency and
lifespan of the motor. The efficiency of the LSPMSM
decreases by up to 3.2%, and the input power increases
by 102W in the case of a source voltage reduction of 19V
and a VU of 5% for a 2.2kW, 4-pole motor. Paramonov
et al. (18) demonstrated the effects of voltage drop as well
as cable length on the starting process of centrifugal
pumps.

The operating characteristics of the LSPMSM under
conditions of stator winding asymmetry in no-load and
full-load cases were studied by Maraaba et al. (19). The
research results in the paper indicate that the parameters
of the LSPMSM are affected not only by the phenomenon
of stator winding asymmetry but also by the motor load,
which impacts the operating parameters of the motor. A
general model for LSPMSM under structural asymmetry
presented in literature (20-22). The research results
indicate that under conditions of stator winding
asymmetry, the phenomenon of torque oscillation
increases and the starting quality of the motor decreases.
Ugale et al. (23), Huang and Wang (24) analyzed the
impact of rotor materials and structure on the operational
efficiency of the motor and proposed several solutions to
enhance the performance of LSPMSM.

The effects of stator winding types and short circuits
at certain stator windings were examined by Qiu et al.
(25) and Fonseca et al. (26), which led to the occurrence
of third-order harmonics during the operation of the
motor. Additionally, the research evaluated the levels of
losses and starting capabilities when the LSPMSM is
connected in either star or delta configurations. The
vibration phenomenon of the LSPMSM powered by an
electrical source containing harmonics which was studied
by Fonseca et al. (26). The paper discusses the analysis,
and the research results indicate that the influence of
voltage subharmonics causes significant vibrations in the
motor, especially under full-load conditions.

From the above studies, it can be observed that
researching the impact of factors related to power quality
on the working conditions of LSPMSM is currently a
significant issue. However, there has yet to be any study
that provides a detailed analysis of the effects of PAU on
the working conditions of LSPMSM. Although PAU is a
common phenomenon affecting power quality in
distribution networks, the content of this paper will
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analyze the impact of PAU on the operation of LSPMSM
in the case of operating with rated load, aiming to propose
solutions to enhance the efficiency of the motors. To
clarify the research issue, the paper will analyze the
impact of phase unbalance on the LSPMSM. It will then
utilize the finite element method based on Ansys
Maxwell software to simulate and evaluate the 15kW-
3000rpm LSPMSM, followed by experimental
assessment in the laboratory.

2. THE EFFECT OF PAU ON LSPMSM

2. 1. LSPMSM Model The mathematical model of
the LSPMSM is expressed in the d-q coordinate system,

with the applicable input parameters presented as follows
(27, 28):

. av,
Ugs =rllds+7ds_wr-lpqs )
. ay,
Ugs = Tigs + qu + W WPy
, .o av,
Ugr = Tarlar + d:r =
aw (2
o r_ o
Ugr = Tyriqr +— =
{st = (Lis + Lina)ias + Linatqr + '117;1 3)
qu =(Lis+ Lmq)iqs + Lmq iqr
{l‘udr = Lyplar + Lma(ias + ig) + ¥ )
Yor = Lyplgr + Ling (igs + igr)

where: ;. - rotor angular velocity; ¥ ', - stator flux
generated by the permanent magnets ; L; - Leakage
inductance of the stator winding; L.; and L,, are
magnetizing inductances of d, q axes; ig, igs - Stator
current of d, q axes; i's, i’y - rotor equivalent current of
d, q axes.

From Equations 1 to 4, an equivalent circuit diagram
of the LSPMSM can be constructed, satisfying the
voltage and flux equations in the mathematical model
shown in Figures 1 and 2 (27).

Where, ¥, = Ly..i'm, Ly is the fictitious reactance of
the permanent magnet, and i’ is the equivalent
magnetizing current converted to the stator side of the

1 mf'qjds Lis Lir Far

Figure 2. q - axix equivalent circuit of LSPMSM

permanent magnet. The electromagnetic torque of the
LSPMSM is defined.

I[(Lmd. igr-igs — Lmg- lgr-ias) 1|
3 T,
My ==.pl ind | 5
a= Py Ypoigs + (Lng — Lmg)- ias- igs | ®)
l TExc Trel J

Thus, the electromagnetic torque of the LSPMSM
consists of three components: Tj,s - the induction torque
component; T - the excitation torque component; Ty -
the reluctance torque component. The electromagnetic
torque:

Ty =Tha +Texe + Ta (6)

L

From Equations 5 and 6, one can be observed that the
electromagnetic torque of the LSPMSM is much more
complex than that of the IM. Thus, the excitation torque
and reluctance torque components are equivalent to those
of the synchronous reluctance motor. The LSPMSM
differs in that it includes an additional induction torque
component, which plays a crucial role in the starting
capability of the motor.

2. 2. The Effect of PAU The structure of the
LSPMSM can be considered as a combination of an IM
and a PMSM with permanent magnets, as illustrated in
Figure 3 (29).

In Equation 5 and Figure 3, it is indicated that the
asynchronous torque 7inq of the LSPMSM is generated by
the squirrel-cage part in the rotor found in the motor.
When the LSPMSM operates in synchronous mode, the
asynchronous torque component 73,4 will be eliminated,
leaving only the excitation torque component 7,.. and the
reluctance torque component 7., The asynchronous
torque component T, generated during the starting
process or during changes in rotational speed is
collectively referred to as the transient process of the
LSPMSM.

Figure 1. d - axix equivalent circuit of LSPMSM

Figure 3. Structure of the LSPMSM
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During the transient process, the LSPMSM is
assumed to operate similarly to an IM with a slip
coefficient “s”. The effect of PAU on the LSPMSM is
most evident in its effect on the asynchronous torque Ting
during the transient process. When the power supply with
VU, during the transient process, the asynchronous
component can be analyzed into two components: the
positive sequence and the negative sequence are shown
in Figure 4 (30, 31).

When the LSPMSM operates in transient mode, it can
be considered equivalent to an IM with a slip coefficient
determined by the following experssion (32):

Ws— Wy
S = T ar @)
where: @; - the angular speed of the stator magnetic field,
@ - the rotating speed of the rotor. When the three-phase
power supply is unbalance, the slip coefficient, which
includes the two components mentioned, is defined:

e Bt B

s Y iy Y ®)
where: s’ positive sequence slip coefficient; s>~ negative
sequence slip coefficient ( “1” corresponds to the positive
sequence, “2” corresponds to the negative sequence).
Assume:

10

K, = (;:) )
Therefore:

s]:I—Ku;s2=1+Ku (10)

The VU factor, Ky, is used to measure unbalance
level. Ky is defined as the ratio of the negative sequence
voltage component (V) to the positive sequence voltage

Figure 4. Equivalent circuit diagram of motor. (a) the
positive sequence (b) the negative sequence of the motor

component (V). This definition aligns with the IEC
61000-4-30 standard (33).

Ky (%) = Z—:lOO (11)

2. 2. 1. Effect on Torque When the three-phase
voltage is balance, the electromagnetic power of IM is
defined as follows (32, 34):

3R VZ

o) +0e7] (12

Where: R’,, X', - rotor resistance and rotor reactance
converted to the stator side, Vs — voltage of stator, 7', -
rotor current converted to stator side.

Electromagnetic power with unconverted rotor
parameter values:

Po=3"5 (1) =

p, = _ 3RV
& o] -
Where: R,, X,- resistor and reactance of rotor circuit.
When there is PAU, the total electromagnetic power is
defined as follows:

Py =Py + P} (14)

3R, (VS1 )2 2 _ 3R ()

PSS O RN s (e
| J[R’]Z(Xr)z} (G ] s

Where: V' and V2 - positive sequence voltage
component and negative sequence voltage component of
stator.

Electromagnetic torque:

3R, (Vs)?

s1(Br) ()2 o,
3R, (VZ2)? [(51) ] (16)

sz[(%)zﬂXr)z].ws

T=T'+T%=

By applying the transformation, the torque can be
calculated as follows:

3RT(V51)2(1_K'LL)

[(RP2+(1-Ky)? (X)?].ws
3R, (V&)2(1-Ky,) (17)

T IRYH+A-K )2 (Xl

When there is PAU, the starting torque is defined as
follows:

1y2 1y2
SRV 3RV 20)

Ts unbatance = [z oy lay (R +(6) 70y

Compare with the starting torque when the three-
phase balance voltage is defined by the following
expression:

3R, VZ

Ts paiance = R+ () s (21)
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It can be observed that when there is PAU the
asynchronous torque generated by the LSPMSM
decreases by an amount equal to the negative sequence
torque component. This results in the LSPMSM being
more difficult to start and experiencing significant
oscillations during the transient process.

2. 2. 2. Effect on Current and Losses The rotor
current when the three-phase VU is defined as follows
(32, 34):

2 v

Ir B (Rr)2+(xr)2 (22)

s

When PAU occurs, the current on the rotor consists
of two components: the positive sequence and the
negative sequence, which are defined as follows:

2__
11,2 — 2
( r ) (S—,Tz)zﬂXr)z (23)

The losses on the rotor are defined by the following

formula:

3R, VZ

APy = 3R,1Z = 5Py, = o] 24)

When the power supply with PAU, the losses during
oscillation include two components:

1,212
APY2 — M 25
Ccu2 [(%)2+(Xr)z] ( )
The total load-loss on the rotor is determined:
3R (VH)? 3R (V&)?

(G o] " [ ve] O

s1

AP = AP}y, + APZ; =

From expression (26), it is indicated that when PAU
occurs, the losses in the LSPMSM during the transients
also increase by an amount equal to the negative
sequence component that is generated.

3. THE EFFECT OF PAU ON THE LSPMSM

The subject of evaluation in this paper is the LSPMSM
motor with the specifications: 15 kW, speed 3000 RPM,
voltage (A/Y) 380/660 V. Detailed parameters are
presented in Table 1 (27).

Ansys/Maxwell software was used to simulate
LSPMSM. This software applies the Finite Element
Method (FEM) for calculations. The motor model with
Ansys/Maxwell is illustrated in Figure 5.

The PAU scenario for evaluating the performance of
the LSPMSM is presented in Table 2.

3. 1. Research Results
3. 1. 1. Speed Characteristics The simulation
results evaluating the starting quality of the LSPMSM

TABLE 1. LSPMSM parameters

Parameters Symbol Value Unit
Stator Outer Diameter D, 245 mm
Stator inner diameter Do 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 7> 28 slots
Air gap length g 0,5 mm
Power supply voltage U, 380/660 \%
Power supply frequency f 50 Hz

Figure 5. Simulation of - the electromagnetic field
distribution in the LSPMSM

TABLE 2. LSPMSM parameters

Scenarios Alpha (o) U,, Up, Ue

1 0°

2 3 U, = Up.sin(wt)

3 6° Uy = Up.sin(ot-120°%ar)
4 Q0 U, = Up,.sin(wt-240°-0.)
5 12°

under power supply with PAU are presented in Figures 6
and 7.

The results shown in Figures 6 and 7 indicate that
when the motor is supplied by a power with phase angle
balance, it starts easily and operates in synchronous mode
after the starting process. When the motor is supplied
with the PAU, it becomes more difficult to start, and the
motor does not operate in synchronous mode, exhibiting
variations as the phase angle deviation increases. The
quality of the LSPMSM's starting characteristic can be
assessed through the basic parameters presented in Table
3.

From the results in Table 3, it can be observed that
when the power supply to the motor is balance, the motor
can starts and operates stably at synchronous speed after
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Figure 7. Speed characteristics of LSPMSM in steady state

TABLE 3. Parameters for evaluating the speed characteristics

Scenarios Alpha Transient time Speed deviation
(@) tis (5) Ao (rpm)

1 0° 0.85 )

2 30 1.26 5

3 6° 1.11 4

4 9° 112 6

3 12° 1.12 9

ts = 0.85s. When PAU occurs, the motor has more
difficulty starting, with the maximum transient time ti; =
1.26s when the phase shift angle is a = 3°. Additionally,
in steady-state mode, the motor runs with speed
oscillations around synchronous speed; the larger the
phase shift angle, the greater the speed fluctuation. The
deviation is Aw = 9 rpm when the phase shift angle is o
=12, compared to Aw = 1 rpm when there is no phase
shift.

3. 1. 2. Torque Characteristics The simulation
results evaluating the torque quality of the LSPMSM
under power supply with PAU are presented in Figures 8
and 9.

The results shown in Figures 8 and 9 indicate
that the motor torque exhibits oscillations even when the
power supply is balance, although the level of oscillation
is relatively low. However, when the power supply is
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Figure 8. Torque characteristics of LSPMSM
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Figure 9. Torque characteristics of LSPMSM in steady state

unbalance in terms of phase angle, the motor torque
experiences significant oscillations. This leads to
vibrations and high noise levels during the operation of
the motor. This is consistent with the theoretical analysis
presented above.

To assess the level of torque ripple, some studies use
the torque ripple coefficient £ (35). The coefficient is
defined through the values of maximum torque,
minimum torque, and average torque. In summary, the
formula (27) is used for calculating the torque ripple
factor in the study as follows:

T,

k: max

T,

avg

- Tmin

@7

Where, Twax, Twmin represent the maximum and
minimum value of instantaneous torque in an electric
cycle, respectively, Tay, is the average value of the torque.

A summary of some parameters for evaluating the
quality of working torque can be presented in Table 4.

TABLE 4. Parameters for evaluating the working torque

Scenarios A:gl)la Tran:ie(:; time rl;(:)i(};iizilll’tplie
1 0° 0.85 0.89
5 30 1.26 0.97
3 6 1.11 1.34
4 90 1.12 1.73
5 120 1.12 221
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The research results in Table 4 indicate that the
transient time of torque increases when phase angle
asymmetry occurs. As the degree of phase angle
asymmetry increases, the coefficient k rises. The
maximum value of the coefficient k is kno = 2.21,
corresponding to a phase shift angle of o= 12°, compared
to £k = 0.89 when there is no phase shift, indicating an
increase of 2.48 times. This explains the phenomenon
that the motor will operate with more vibrations and
acoustic noise when phase angle asymmetry occurs.

3. 1. 3. Current Characteristics The simulation
results of the current characteristics of the LSPMSM
under power supply with PAU are presented in Figures
10 and 11.

The results in Figures 10 and 11 show that even when
power supply with symmetrical three-phase voltage, the
current of the LSPMSM still exhibits a high level of
harmonics. However, when the power supply
experiences PAU, the current waveform of the motor
shows an even higher level of harmonics and take on a
notched form. This demonstrates that the motor operates
less efficiently, runs hotter, and may lead to motor
failure. The harmonic order component analysis of the
motor under VU of power supply is presented in Figure
12.

The total harmonic distortion index (7HD:) is used to
assess the level of harmonics in the current waveform,
which is determined according to thefollowing formula
(31, 34):
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Y Geadi
THD, =\ =" (28)

Iy

The results of the THDi assessment on a phase under
conditions of PAU in the power supply are presented in
Table 5.

The results in Table 5 show that as the phase shift
angle increases, the THD; of the motor's current wave
forms also increases. The maximum harmonic index
THD max = 40.3 corresponds to a phase shift angle of o =
9°. Beyond this point, further increases in the phase shift
angle do not lead to an increase in THDi, which tends to
remain approximately at the value of THDimax.

Figure 13 below shows the waveforms of the currents
in phases A, B, and C for the cases of o= 0% va 12°.

From Figure 13(a), it can be seen that in the three-
phase VB, the current waveforms of phases A, B, and C
are similar and shifted by an angle of 120°. However, in
Figure 13(b), when there is a PAU, the waveforms of the
phases differ, and the phase shifts are also different
(phase A with phase B is 216°, and phase B with phase C
is 120°).

3. 1. 4. Efficiency and Power Factor The
efficiency characteristics and power factor of the
LSPMSM are investigated under conditions of PAU,
with results presented in Figures 14 and 15.

The results of the efficiency and power factor in the
steady state mode are provided in Table 6.

From the results in Table 6, one can be observed that
the effect of PAU leads to increased losses, resulting in a

TABLE 5. Parameters for evaluating the working torque

Scenarios Alpha (o) THD; - Phase A
1 0° 35.8
2 30 38.1
3 6° 39.5
4 9° 40.3
5 12° 40.2
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e S LSPMSM motor is even lower than that of the IM, which
o SmnEbamd) aligns with the theoretical basis analyzed previously.
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0.50
The experimental evaluation of the LSPMSM under

0.00 T i " ’ .. . .
1.4500 1.4625 1.4750 1.4875 1.5000 conditions of power supply with PAU was conducted in
Time (<] the laboratory of the Department of Electrification at

Figure 14. Efficiency characteristics of LSPMSM Hanoi University of Mining and Geology. Due to

equipment limitations, the test results can only assess the

. . current characteristics, efficiency, and power factor of
decrease in the efficiency and power factor of the motor. . . .

) . . the motor. The experimental setup is illustrated in Figure
When the phase shift angle is large, the efficiency of the 16

Single phase load

NI USB-6009 l

)

Figure 16. Experimental model of LSPMSM 1. Auto transformer, 2. Voltage transformer, 3. Current transformer, 4. Testing load,
5. Experimental LSPMSM, 6. Rotor of LSPMSM, 7. Encoder, 8. Displaying device
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The testing process was conducted by adjusting a
single-phase load to create PAU in the power supply to
the LSPMSM. The single-phase load was adjusted so that
the power supplied to the LSPMSM corresponds to a
phase shift angle of 3° degrees. The steady-state current
waveform characteristics obtained during the test for the
case of 3% degree PAU are shown in Figure 16.

Figure 17 shows that the current characteristics
exhibit a high level of harmonics and have a spike shape.
This corresponds to the results obtained during the
simulation using Ansys/Maxwell, as shown in Figure 11.
The measured results for efficiency and power factor
during the experiment are presented in Table 7.

The values obtained in the case of 3°-degree PAU in
Table 6 are consistent with the values obtained in Table
5, with an error margin of 1.5% for efficiency and 1.2%
for power factor. The analysis results in Figure 17 and
Table also indicate that the experimental parameters are
in line with the simulation results previously
demonstrated regarding the impact of PAU on the
operating conditions of the LSPMSM.

Figure 17. Current waveform characteristics under 3°-
degree PAU

TABLE 7. Efficiency and power factor of LSPMSM

. Alpha Efficiency Power factor
Scenarios
) n Cosg
1 0° 0.931 0.932
2 30 0.916 0.91

5. CONCLUSIONS

The LSPMSM has advantages in efficiency and high
power factor, as well as the ability to self-start when
powered, making it a subject of interest for research as a
potential replacement for the widely used IM. LSPMSM
motors are typically designed to operate with three-phase
VB; however in operation, this motor is significantly
affected by the quality of the power supply, where PAU
unbalance is a relatively common phenomenon in the
distribution network. Therefore, this paper focuses on

studying the phenomenon of PAU in a three-phase supply
and its effect on the transient and steady-state processes
of the LSPMSM. In addition to synthesizing theoretical
analyses, the paper also conducts simulations using FEM
application software and experiments on a 15 kW, 3,000
rpm LSPMSM model.

The analysis results show that when PAU occurs, the
speed of the LSPMSM fluctuates significantly. At this
point, the motor does not operate at synchronous speed
and primarily operates in a transient mode. The
LSPMSM becomes more difficult to start and may not be
able to start at all, with the maximum trasient time #; =
1.26 s in the case of a phase shift angle of a = 3° degrees.
The simulation results also indicate that as the phase shift
angle increases, the speed deviation becomes larger, with
a deviation of 4wy =9 rpm corresponding to a phase shift
angle of o = 12°, compared to 4w = 1 rpm when there is
no phase shift. Additionally, an increase in PAU also
leads to a higher oscillation torque coefficient k, which
explains that the motor will operate with more vibration
and ascoutics noise when PAU occurs. Furthermore, the
effect of PAU increases losses, reducing the efficiency
and power factor of the motor. Thus, to enhance the
operational efficiency of the LSPMSM, it is essential to
implement measures to monitor the quality of the power
supply provided to the LSPMSM to ensure efficiency and
power factor during motor operation.
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