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With the development of NdFeB rare earth magnet materials, the line-start permanent 

magnet synchronous motor (LSPMSM) is considered as a alternative method to induction 

motors for energy savings. During operation, the parameters of LSPMSM are highly 

susceptible to power quality, particularly the effects of voltage unbalance (VU). This paper 

focuses on studying the impact of magnitude and phase angle unbalance of the voltage on 

the operating parameters of a 15 kW, 3000 rpm LSPMSM. The research results indicate 

that the speed and torque characteristics of the motor are significantly affected by voltage 

magnitude and phase angle unbalance. However, the current characteristics are largely 

influenced by voltage magnitude unbalance. Additionally, the power factor cosφ and the 

efficiency of the motor deteriorate as the degree of unbalance increases. The paper 

employs Ansys/Maxwell simulation software to study and evaluate the experimental 

model. 
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1. INTRODUCTION

Today, with the development of NdFeB rare earth magnet 

materials, the line-start permanent magnet synchronous 

motors (LSPMSM) are considered an alternative to the 

induction motors (IM) for energy savings [1]. The structure of 

the LSPMSM is similar to that of the IM, with the rotor 

containing permanent magnet (PM) bars. The LSPMSM is a 

hybrid between the IM and the interior permanent magnet 

synchronous motor (IPMSM). Therefore, the LSPMSM has 

the advantage of synchronous speed, reducing losses due to 

induced currents in the rotor (which typically account for 20% 

of total losses), and it has the capability of line-starting. 

However, the main disadvantage of the LSPMSM is its low 

starting torque, making it suitable for loads with low starting 

coefficients, such as fans and electric pumps [2, 3]. 

During operation, the parameters of the LSPMSM are 

significantly affected by the power quality of the input power 

supply. Therefore, there have been numerous studies 

examining the impact of supply voltage quality on the 

operation of LSPMSM. The influences of VU on the 

operational parameters in the steady state of LSPMSM were 

investigated, including current, losses, and torque ripple. The 

research findings [4, 5] indicate that when there is VU, the 

oscillation of the positive sequence current component 

changes little, while the oscillation of the negative sequence 

current component is substantial. Additionally, VU also leads 

to a significant increase in losses in the windings; however, the 

change in iron core losses is negligible. The study [4] also 

pointed out that the negative sequence voltage component 

plays a crucial role in determining the eddy current losses in 

the rotor, and an increase in VU corresponds to a rise in torque 

ripple. 

The influences of VU and phase unbalance on the working 

parameters of the motor, including efficiency, power factor, 

current magnitude, harmonic distortion index, and temperature 

rise of the LSPMSM and IM are investigated [6, 7]. Based on 

experimental results, the paper indicates that, compared to 

equivalent IM, the LSPMSM exhibits more stable efficiency 

and significantly better power factor under ideal operating 

conditions. The LSPMSM is less sensitive to variations in 

voltage magnitude but is highly sensitive to significant levels 

of VU. According to the study [8], the impact of voltage 

waveforms containing components with frequencies lower 

than the fundamental frequency on a 3 kW, 1500 rpm 

LSPMSM was examined under full load conditions. The 

research results indicated that the experimental LSPMSM, 

when supplied with subharmonics of reverse order, exhibited 

significant oscillations under full load compared to the no-load 

condition. Thus, the paper suggests that to mitigate the harmful 

effects caused by subharmonics on users' equipment, 

regulations should be established to limit them in the quality 

of the power network. 

The impact of voltage drops and cable length on the starting 

process of the LSPMSM-0.55 kW/3 kW, 1500 rpm used for 

centrifugal pumps has been demonstrated [9, 10]. The research 

results indicated that the LSPMSM can start at level of rated 

voltage, with the voltage reducing to 90% of the rated voltage 

and through cables under the condition that the voltage drop 

on the cable does not exceed 4%, as recommended in IEC 

60364-5-52 standards. Furthermore, due to the 'soft starting' 

phenomenon recommended for centrifugal pump applications, 

motor manufacturers should increase the number of stator 

winding turns to ensure the starting capability of the 
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LSPMSM, reduce starting current, and enhance motor 

efficiency. The impact of harmonics on LSPMSM was 

investigated in studies [11, 12]. The paper proposes a new 

calculation method to determine the losses, efficiency, and 

temperature rise of the motor. The proposed method combines 

analytical calculations with the finite element analysis (FEA) 

method. The calculated loss results from the proposed method 

were compared with experimental results, showing good 

correlation. 

The influences of voltage flicker on the LSPMSM – 4HP 

under full load conditions was analyzed [13]. The results 

indicate that under voltage flicker conditions, there is a 

significant impact on the magnets of the LSPMSM, which in 

many cases can lead to a complete demagnetization of PM of 

the motor. The impact of voltage quality on the working 

conditions of the 0.75 kW, 1800 rpm LSPMSM was 

demonstrated [14]. Additionally, the effect of voltage on the 

operating temperature of the motor also is investigated in the 

paper. The results show that both overvoltage and 

undervoltage lead to temperatures higher than those at rated 

voltage, which significantly affects the lifespan of the PMs. 

From the analysis above, it is evident that the impact of the 

quality of the supplied voltage in general, and the phenomenon 

of VU in particular, on the operating conditions of the 

LSPMSM is a topic of significant interest. Previous studies 

have primarily focused on the effect of a single parameter of 

voltage quality on the operational characteristics of the 

LSPMSM, without addressing the simultaneous influence of 

multiple voltage quality parameters on the working conditions 

of the LSPMSM. Furthermore, prior research has mainly 

concentrated on LSPMSM operating predominantly at 1500 

rpm. This paper focuses on investigating the effects of various 

voltage quality parameters, including voltage magnitude and 

phase angle unbalance (VMPAU), on the working 

characteristics of a 3000 rpm LSPMSM. The results of the 

study are presented through theoretical analysis, simulations, 

and assessments using experimental models. 

 

 

2. MODEL OF THE LSPMSM UNDER VU 

 

2.1 Voltage unbalance 

 

The VU is a situation where the voltage magnitude and 

phase angle are different [15-17]. According to NEMA, VU is 

defined as the line voltage unbalance rate (LVUR), which is 

determined as follows: 
 

max voltagedeviation fromthe avg LV
%LVUR= .100

avg LV
 (1) 

 

where, LV-line voltage. According to IEEE standard 112 from 

1991, VU is defined as the phase voltage unbalance rate 

(PVUR), which is determined as follows: 
 

%
max voltagedeviation from the avg LV

PVUR .100
avg phasevoltage

=  (2) 

 

According to the actual definition: The actual definition of 

VU is defined as the ratio of the inverse and direct components 

of the voltage. The percentage VU factor (% VUF), or the 

actual definition, is determined as follows: 

 

inversevoltage components
%VUF= .100

direct voltage components
 (3) 

 

Complex quantities are used when calculating voltage 

components, such as those related to VU. However, to avoid 

working with complex numbers, Eq. (4) is used, which 

approximates Eq. (3). 

 
2 2 2

abe bce cae82. V +V +V
%voltage unbalance=

avg LV
 (4) 

 

where, Vabe is the deviation value between the line voltage Vab 

and the average line voltage, similarly for Vbce and Vcae. 

 

2.2 Model of LSPMSM 

 

The general model of the synchronous machine (SM) is 

presented in Figure 1 [18, 19]: 

 

 
 

Figure 1. The general model of the SM 

 

where, 𝜔𝑟  rotor speed, rotor with excitation and damper 

windings; wd, wq - armature winding of the d, q axes; ud, uq - 

winding voltages; wcd, wcd - damper windings of the d, q axes; 

wfd, wfq - excitation windings of d, q axes; uf - excitation 

voltage. 

To reduce the number of rotating electromotive force 

components in the equations, a general diagram is used with 

the armature winding placed on the rotor (Figure 2). 

 

 
 

Figure 2. The general model of the SM has the armature 

winding placed in the stator and the field winding in the rotor 
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The process of converting electrical to mechanical energy 

between the windings is independent of whether the windings 

are stationary or in motion; it only depends on the relative 

motion of those windings. 

The system of equations for the SM is typically described 

in the d-q coordinate system. If the field is placed in the rotor, 

the rotor experiences a rotating synchronous magnetic field, 

inducing an alternating sinusoidal current in the stator 

winding. Based on the model in Figure 2, the set of voltage 

balance equations of a synchronous motor is as follows: 

 

d

d q r d

q

q d r q

f

f f f

cd

cd cd

cq

cq cq

dΨ
u = -Ψ .ω +r.i

dt

dΨ
u = +Ψ .ω +r.i

dt

dΨ
u = +r .i

dt

dΨ
0= +r .i

dt

dΨ
0= +r .i

dt

















 (5) 

 

where, id, iq - armature currents of the d, q-axes; if – excitation 

current; icd, icq - damper winding currents of the d, q axes. 

The flux linkages are defined by the equations: 

 

d d d d f d cd

q q q q cq

f f f d d d cd

cd cd cd d d d f

cq cq cq d q

Ψ =L .i +M .i +M .i

Ψ =L .i +M .i

Ψ =L .i +M .i +M .i

Ψ =L .i +M .i +M .i

Ψ =L .i +M .i











 (6) 

 

where, Ld, Lq - armature inductances of the d, q axes; Lf - 

inductance of excitation winding; Lcd, Lcq - damper 

inductances of the d, q axes; Md, Mq - mutual inductances of 

the d, q axes. 

The total inductance is equal to the sum of mutual 

inductance and leakage inductance (L = M + Lt), assuming that 

the mutual fluxes of the d, q axes are linkage to all windings, 

while the leakage flux is linkage to only one winding. The 

torque, Tel is defined by the formula (based on the current): 

 

( )el f q q cd d cqT M i i i i i i= + −  (7) 

 

where, M = Md = Mq with non-salient pole construction of the 

rotor. 

Or the torque is defined by the formula (based on the 

magnetic flux linkage). 

 

el d q q dT =Ψ .i - Ψ .i  (8) 

 

For salient pole electric machines, an additional reactive 

torque component arises due to the differing magnetic 

permeability between the d, q axes. The set of equations 

representing the electromechanical conversion process of the 

SM is as follows: 

d d d d f d q r q cq r d

q q q q cq d d r d f r q

f f f d d d cd f d

cd cd d d d f cd cd

cq cq q q cq cq

d d
u =L i +M i -L i ω -M i ω +ri

dt dt

d d
u =L i +M i +L i ω +M i ω +ri

dt dt

d d d
u =L i +M i +M i +r i

dt dt dt

d d d
0=L i +M i +M i +r i

dt dt dt

d d
0=L i +M i +r i

dt dt
















 (9) 

 

The damper winding only operates when the rotor is 

oscillating or running at a speed other than synchronous. The 

damper winding can be neglected, in that case: 

 

d d d d f d q r d

q q q d d r d f r q

f f f d d f d

d d
u =L i +M i -L i ω +ri

dt dt

d
u =L i +L i ω +M i ω +ri

dt

d d
u =L i +M i +r i

dt dt











 (10) 

 

where, Ld = Md + Ltd, Lq = Mq + Ltq, Lf = Md + Ltf, Ltd, Ltq, Ltf - 

Leakage inductance of the d, q axes and inductance of the 

excitation winding, substituting the values from (10) into (9) 

yields: 

 

( )

d td d d d d f q q r d

q q q q q d d r d f r q

f tf f d f d f f

d d d
u L i M i M i L i ri

dt dt dt

d d
u L i M i L i M i ri

dt dt

d d
u L i M i i r i

dt dt


= + + −  +




= + +  +  +



= + + +


 (11) 

 

Combining the components with the torque balance 

equation, the set of equations (voltage balance, torque balance) 

for the SM is applicable to both steady-state and transient 

conditions. 

 

2

2

( )

( )

q q q r d d d r d d r

d td d d f d q d

q tq q q q d d

f tf f d f d f f

r

E L i E L i M i

d d
u L i M i i E ri

dt dt

d d
u L i M i E ri

dt dt

d d
u L i M i i r i

dt dt

d d
M J J

dt dt

+


 =  =  + 

 = + − +




= + + +



= + + +


 
= =




 (12) 

 

where, J - the moment of inertia; p - the number of pole pairs. 

Basically, the LSPMSM model fully inherits the equations 

of the general synchronous motor model [20]. The 

mathematical model of the LSPMSM consists of a system of 

equations for the stator voltage, rotor voltage, stator magnetic 

flux, and rotor magnetic flux, as given in formulas (13) to (16). 
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ds

ds 1 ds r qs

qs

qs 1 qs r ds

dΨ
u =r i + -ω .Ψ

dt

dΨ
u =r i + +ω .Ψ

dt







 (13) 

 

dr

dr dr dr

qr

qr qr qr

dΨ
u =r i + =0

dt

dΨ
u =r i + =0

dt


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


   


 (14) 

 

ds ls md ds md dr m

qs ls mq qs mq qr

Ψ =(L +L )i +L i +Ψ

Ψ =(L +L )i +L i

 




 (15) 

 

drdr lr dr md ds m

qr lr qr mq qs qr

Ψ =L i +L (i +i )+Ψ

Ψ =L i +L (i +i )

    


   

 (16) 

 

where, r - rotor angular velocity;  'm - stator flux generated 

by the PMs; Lls - Leakage inductance of the stator winding; Lmd 

and Lmq - magnetizing inductances of d, q axes; ids, iqs - stator 

current of d, q axes; i'dr, i'qr - rotor equivalent current of d, q 

axes. 

The equivalent circuits of LSPMSM in the mathematical 

model shown in Figure 3 and Figure 4. 

 

r1

ids

Llsr.qs   

Lmd

Llr
’ rdr’

idr’

im’
uds

Lrc

udr’=0

 
 

Figure 3. The d-axis equivalent circuit of LSPMSM 

 

r1

iqs

Llsr.ds   

Lmq

Llr
’

iqr’

uqs

rqr’

uqr’=0

 
 

Figure 4. The q-axis equivalent circuit of LSPMSM 

 

The electromagnetic torque of the LSPMSM is determined: 

 

( )
or

Ex orque Re tan or

. . . .

3
. .

2 . ( ). .

md dr qs mq qr ds

Induction T que

el

m qs md mq ds qs

citationT luc ceT que

L i i L i i

M p
i L L i i

  −
 
 =
 +  + −
 
 

 (17) 

 

Thus, the electromagnetic torque of the LSPMSM consists 

of three components: Tind - the induction torque component; 

Texc - the excitation torque component; Trel - the reluctance 

torque component. The electromagnetic torque: 

 

el ind exc relT T T T= + +  (18) 

 

From Eq. (17), it 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 [21]. 

Thus, the model of LSPMSM can be replaced by the IM 

model and the IPMSM model shown in Figure 5 [22, 23]. 

 

 
 

Figure 5. The LSPMSM model includes IM and IPMSM 

 

2.3 VU and LSPMSM torques 

 

In the case of VU, the torque of the IM is significantly 

affected [24]. At this point, the induction torque component is 

determined by Eq. (19) below: 

 

( ) ( )

( ) ( ) ( )

( ) ( )

( ) ( ) ( )

2
1

r s u

IM 2 22

r u r s

2
1

r s u

2 22

r u r s

3R V 1-K
T =

R + 1-K X .ω

3R V 1-K
-

R + 1-K X .ω

 
  

 
  

 (19) 

 

where, Ku is the coefficient affected by the VU. 

Similarly, the VU also significantly affects the torque of the 

IPMSM [25]. 

 

f

p

e
p

PMSM m

p

e

n
(3-k)sin(ω t- α)

n 2
T = .I .ψ

n4
+ksin(ω t+ α)

2

 
 
 
 
 
 

 (20) 

 

The LSPMSM is a combination of the IM and IPMSM, thus 

the analysis above indicates that the occurrence of VU 

significantly affects the torque characteristics as well as other 

working characteristics of the LSPMSM. 

 

 

3. EFFECT OF VU ON LSPMSM 

 

3.1 Experimental parameters of the LSPMSM 

 

LSPMSM are often used to replace IM to save energy. Due 

to the small starting torque of LSPMSM, they are typically 

employed for loads with small starting torque, such as fans and 

water pumps. In the mining industry, these types of loads often 

utilize motors with a speed of 3000 rpm and high power, 

typically in the 15kW range [1]. The effect of VU on the 

operation of the LSPMSM is investigated in this paper. The 

paper utilizes a LSPMSM with specifications of 15kW-3,000 

rpm in Table 1 [26]. 
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The assessment of the effect of VU on the LPSMSM is 

conducted using the finite element method (FEM) based on 

Ansys/Maxwell software. The FEM analysis model of the 

experimental LSPMSM 15kW, 3000 rpm provided in Table 1 

is illustrated in Figure 6. 

 

Table 1. Parameters of LSPMSM 

 

Parameters Symbol Value Unit 

Stator outer diameter Din 245 mm 

Stator inner diameter Dout 152 mm 

Rotor outer diameter D’ 151 mm 

Rotor shaft diameter Dt 52 mm 

Number of stator slots Z1 36 slots 

Number of rotor slots Z2 28 slots 

Air gap length g 0.5 mm 

Power supply voltage Un 380/660 V 

Power supply frequency f 50 Hz 

PM meterial NdFeBr SH-38  

Dimension PM rods lm × wm × hm 35 × 34 × 9 mm 

 

 
 

Figure 6. Experimental structure of the rotor of LSPMSM 

15kW, 3000 rpm 

 

The impact of VMPAU on the working parameters of the 

LSPMSM is simulated. Additionally, the paper analyzes the 

voltage levels increasing/decreasing compared to the rated 

voltage within a range of ±5%. Additionally, the phase angle 

deviations of phases b and c vary within a range of 0±12°. The 

mathematical model of VU is considered as Eq. (20) with five 

scenarios as shown in Table 2. 

 

1

( ). 2.

. 2. 20

. 2. 120

( )

( )

a pha

phb

c phc

b

U  V sin t

U  V sin t

U  V sin t

= 

=  − 

=  




−

+


−


 (21) 

 

Table 2. Simulation scenarios with voltage unbalance 

 
No. Va Vb Vc 

Case 1 3800° 380-120° 380120° 

Case 2 3800° 370-123° 380117° 

Case 3 3800° 370-126° 390114° 

Case 4 3600° 370-129° 390111° 

Case 5 3700° 390-132° 360108° 

 

3.2 Simulation and results 

 

3.2.1 Simulation of speed characteristics 

The speed characteristics of the motor under phase VU are 

presented in Figure 7. 

Figure 7, it can be seen that in the case of VU, there is a 

significant impact on the transient characteristics. The 

unbalance in magnitude, phase angle, or both magnitude and 

phase angle affect the speed characteristics of the LSPMSM. 

Main parameters of the speed characteristics are presented in 

Table 3. 

 

 
 

Figure 7. Speed characteristics of LSPMSM 

 

Table 3. Starting characteristics of LSPMSM 

 

No. tst (s) ttt (s) max (rpm) 

Case 1 0.36 0.62 160 

Case 2 0.78 0.78 430 

Case 3 0.33 0.86 450 

Case 4 0.77 0.77 210 

Case 5 0.72 0.72 180 

Note: tst - synchronization time, ttt-transient time; max - maximum speed 

oscillation during the transient time. 

 

Figure 7 and Table 3 indicate that in case 3, the motor 

synchronizes the fastest (tst=0.33 s). However, the high 

synchronization speed amplitude causes significant vibrations 

(Δωmax = 450 rpm) and a long transient time (ttt max = 0.86 s). 

In cases 2 and cases 4, the LSPMSM experiences difficulties 

during startup and takes a long time to synchronize (ttt max = 

0.78 s), however the amplitude of the oscillation of the speed 

decreases (Δωmax = 210 rpm). Besides, in case 5 when the 

phase angles are varied similarly to case 2 and the phase angle 

differences are adjusted, it is observed that the starting 

capability of the LSPMSM improves. 

In case 4 and case 5, both have the same magnitude of phase 

voltage, but the phase shift angle of case 5 (12°) provides 

better starting characteristics than case 4 (9°). This indicates 

that along with the amplitude of the voltage, there exists a 

critical phase shift angle at which the LSPMS exhibits the 

most difficult starting characteristics. This situation needs to 

be avoided during the starting process for the LSPMSM. 

When there is a phase angle unbalance with a voltage drop 

in one phase (while the other two phases remain unchanged - 

case 2), the LSPMSM will have more difficulty starting 

compared to the case of VU in two phases (one phase's 

amplitude increases, one phase's amplitude decreases, and one 

phase's amplitude remains constant - case 4, case 5). 

Therefore, during operation, it is important to avoid allowing 

the LSPMSM to operate under conditions of voltage drop, 

especially a single-phase voltage drop in the power supply. 

 

3.2.2 Torque characteristics of LSPMSM 

The simulating results of the torque characteristics of the 

LSPMSM are presented in Figure 8. 

Figure 8, it can be seen that in the case of VU, significant 

torque oscillations occur. The degree of torque oscillation 

depends not only on the voltage magnitude and phase angle 

unbalance but also on both of voltage magnitude and phase 
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angle. According to the studies [4, 27, 28], the coefficient k is 

defined to evaluate the torque ripple. 

 

max min

max min

T T
k

T T

−
=

+
 (22) 

 

where, Tmax and Tmin are the maximum and minimum values of 

the instantaneous torque, respectively. During the starting 

period (Figure 8), the maximum torque ripple coefficient is 

observed, kmax_starting = 9.2 corresponding to case 5. Compared 

to the balanced voltage (case 1-where kmax_starting = 4.1), the 

maximum torque ripple coefficient in case 5 increases by a 

factor of 2.24. 

 

 
 

Figure 8. Torque characteristics of the experimental 

LSPMSM 

 

In the steady-state time, the maximum torque ripple 

coefficient is kmax_steadystate = 0.51 for case 5. Compared to the 

balanced voltage, the maximum torque ripple coefficient in 

case 5 increases by a factor of 1.55. 

Synthesis of the maximum torque ripple coefficient 

evaluation in the two modes of transient and steady state 

period, as shown in Table 4. 

 

Table 4. Torque ripple coefficient at transient and steady 

state period 

 

No. 

Transient 

Time of 

Torque (s) 

Transient Period 

Torque Ripple 

Coefficient, kmax  

Steady State Period 

Torque Ripple 

Coefficient, kmax  

Case 1 0.49 4.1 0.33 

Case 2 0.54 5.6 0.35 

Case 3 0.59 6.2 0.38 

Case 4 0.61 8.5 0.47 

Case 5 0.65 9.2 0.51 

 

Table 4 indicate that the transient time of torque increases 

when there is a phase angle unbalance. As the phase angle 

unbalance increases, the torque ripple coefficient k also 

increases. At the steady state, kmax reaches k = 0.51 when the 

phase shift angle α=12° compared to k = 0.33 when there is no 

phase shift. This explains that the motor operates with more 

vibration and acoustic noise when phase angle unbalance 

occurs. 

 

3.2.3 Current characteristics 

Due to the VU, the current characteristics of each phase will 

differ. The current characteristics of phase A are simulated 

under scenarios of VU as shown in Figure 9, and the fast 

fourier transform (FFT) analysis of the harmonic orders of 

phase A current is presented in Figure 10. 

 

 
 

Figure 9. Current characteristics of phase A in steady-state 

time 

 

 
 

Figure 10. FFT analysis of the harmonic orders of phase A 

current 

 

The level of current harmonic generation of LSPMSM is 

evaluated, the total harmonic distortion index (THDi) is used, 

which is determined according to the formula [29, 30]: 
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The results of the THDi analysis in cases of VMPAU in 

Table 5. 

 

Table 5. Simulation scenarios with voltage unbalance 

 

No. 
THDi 

Phase A Phase B Phase C 

Case 1 35.91% 35.9% 35.89% 

Case 2 34.04% 40.1% 34.08% 

Case 3 35.74% 42.7% 31.10% 

Case 4 45.41% 38.0% 28.35% 

Case 5 37.73% 28.2% 45.12% 

 

From Figure 9, Figure 10 and Table 5, it can be seen that in 

case 1, considering phase unbalance, the THDi of the working 

current of the LSPMSM is relatively high (35.9%). In case 2, 

the THDi of phases A and C decreases slightly, while the THDi 

of phase B (40.1%) increases significantly compared to case 1. 

In case 3, the THDi of current phase A remains almost 

unchanged, with current phase B showing a slight increase 

(41.7%), while current phase C decreases significantly (31.1%) 

compared to case 1. In case 4, the THDi of current phase A 

increases considerably (45.41%), the THDi of current phase B 

increases slightly (38%), and the THDi of current phase C 
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decreases (28.35%). In case 5, the THDi of current phase A 

increases slightly (37.73%), the THDi of current phase B 

decreases (28.2%), while the THDi of current phase C 

significantly increases (45.12%). 

It can be seen that a phase angle deviation ranging from 0 to 

12° has little impact on the THDi of the current. However, a 

voltage magnitude unbalance of about 5% significantly affects 

the THDi of the current. 

 

3.2.4 Efficiency and power factor of LSPMSM 

Simulating results of the efficiency and power factor 

characteristics of the LSPMSM under VU are presented in 

Figure 11 and Figure 12. 

In Figure 11 and Figure 12, the efficiency and power factor 

cosφ in the steady-state time of the LSPMSM are presented in 

Table 6. 

From the results in Table 6, it can be observed that due to 

the influence of higher-order harmonics, the efficiency and 

power factor cosφ of the motor gradually decrease. This result 

is consistent with the analysis that the harmful effects of 

current harmonics lead to losses that reduce the operational 

efficiency of the motor. 
 

Table 6. Simulation scenarios with voltage unbalance 
 

Type  Cos 

Case 1 0.9382 0.9468 

Case 2 0.9264 0.8831 

Case 3 0.9182 0.8571 

Case 4 0.8997 0.8294 

Case 5 0.8879 0.7892 

 

 
 

Figure 11. Efficiency characteristics 

 

 
 

Figure 12. Power factor characteristics, cos 
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4. EXPERIMENTATION 

 

The experimental evaluation was conducted in the 

laboratory of the Faculty of Electromechanics at Hanoi 

University of Mining and Geology. The experimental 

principal diagram is shown in Figure 13. 

The testing process was conducted by varying the single-

phase loads (load A, load B, load C), resulting in VMPAU in 

the voltage supplied to the LSPMSM corresponding to case 4. 

The testing results are measured using the KYORITSU 6310 

multifunction power analyzer, which recorded several signals 

related to voltage, current, and power factor cosφ. The current 

characteristics of phase A measured by the KYORITSU 6310 

during the testing process are presented in Figure 14. 

The current characteristics in Figure 14 indicate that when 

phase VU occurs, the current of the LSPMSM is no longer 

sinusoidal like that of the IM. However, the LSPMSM exhibits 

a significant level of non-sinusoidal behavior. In addition to 

the non-sinusoidal level, the current characteristics of the 

LSPMSM show a peaked shape at the beginning of the half-

cycle, indicating that the motor's magnetic circuit has saturated. 

The current characteristics at the end of the half-cycle exhibit 

a sharp peak, causing a surge in current. At this point, this can 

lead to demagnetization of the PM, potentially causing the 

LSPMSM to malfunction and resulting in motor damage. 

 

 
 

Figure 13. Experimental principle diagram of LSPMSM 
Note: 1 - Auto transformer; 2 - Voltage transformer; 3 - Current transformer; 4 - Testing load;  

5 - Experimental LSPMSM;6-Rotor of LSPMSM; 7 - Encoder; 8- Displaying device 

 

 
 

Figure 14. Measured current characteristic of phase A of 

LSPMSM 

 

 
Time (s) 

 

Figure 15. Cos characteristics of LSPMSM in testing 

 

Figure 14 also indicates that the current characteristics 

during the testing process closely similar to the current 

waveform simulated in Figure 9, additionally the measured 

current has a high THDi when analyzing FFT of the current 

harmonic of phase A, in this case THDi = 48.8%. This 

measured value is close to the THDi value obtained from the 

simulation evaluation in Table 4 (THDi = 45.41%). Similarly, 

the investigation of the power factor cosφ of the LSPMSM 

obtained during the testing process is presented in Figure 15. 

Figure 15 indicates that the cosφ varies and fluctuates 

significantly during VU time. In the steady-state time, the cosφ 

is equal to 0.826, which is similar to the cosφ obtained during 

the simulation (0.8294). Thus, it can be observed that with the 

limited experimental model, the investigation of the current 

signals and cosφ shows that the experimental results are 

somewhat consistent with the theoretical and experimental 

values obtained. 

 

 

5. CONCLUSIONS 

 

The LSPMSM is designed to operate under sinusoidal of 

voltage supply, three-phase conditions with voltage magnitude 

and phase angle. However, in practice, the voltage supplied to 

the LSPMSM is often unbalanced, affecting the motor's 

performance characteristics. Evaluating the impact of VU on 

working characteristics will enhance the operational quality of 

the LSPMSM in reality. This paper focuses on studying the 

influences of VMPAU on the working characteristics of a 

15kW-3000rpm LSPMSM. The paper utilizes Ansys/Maxwell 

software to simulate the motor's characteristics, and some 

results were also tested on a experimental LSPMSM. The 

research results indicate that the speed and torque 

characteristics of the LSPMSM are significantly affected by 
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VMPAU. However, the current characteristics are greatly 

influenced by voltage magnitude unbalance, and additionally, 

the power factor cosφ and efficiency of the motor deteriorate 

as the level of VU increases. 

Through analysis, it is observed that in the case of phase VU, 

there exists a critical phase shift angle at which the starting 

process becomes the most difficult. Additionally, when there 

is phase angle unbalance and a voltage drop occurs in one 

phase while the voltage magnitudes of the other two phases 

remain constant, the LSPMSM will start more difficultly 

compared to when there is unbalance between two phases 

(where one phase has an increased magnitude, one phase has 

a decreased magnitude, and one phase remains constant). 

Furthermore, when there is phase angle unbalance, the current 

of the LSPMSM exhibits a strong level of non-sinusoidal 

behavior. The current characteristics of the LSPMSM show a 

peaked shape at the beginning of the half-cycle, indicating that 

the motor's magnetic circuit is saturated. The current 

characteristics at the end of the half-cycle exhibit a sharp peak, 

causing a surge in current. At this point, this can lead to 

demagnetization of the PMs resulting in the LSPMSM 

malfunctioning and causing motor damage. 

Additionally, the phenomenon of VU also increases the 

torque ripple of the motor compared to normal conditions. 

During the transient period, the torque coefficient reaches 

kmax_starting = 9.2, and during steady-state operation, 

kmax_steadystate = 0.51. Furthermore, the efficiency and power 

factor of the LSPMSM are significantly reduced, sometimes 

falling below the parameters of the IM. Therefore, to ensure 

the LSPMSM operates effectively, it is essential to implement 

solutions to improve the quality of the power supply provided 

to the motor. 
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