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A B S T R A C T  
 

 

 

Nowadays, line-start permanent magnet synchronous motors (LSPMSM) are being researched as a 

partial replacement for induction motors for energy-saving purposes. The LSPMSM is typically 
designed to operate with three-phase voltage balance (VB). Currently, with single-phase loads, the 

phenomenon of phase angle unbalance (PAU) frequently occurs in the distribution network, which 

deteriorates the working parameters of the motor and may lead to damage during operation.. Therefore, 
the content of this paper focuses on studying the impact of PAU in the distribution network on the 

working characteristics of LSPMSM 15 kW- 3,000 rpm. The analysis results show that when PAU 

occurs, the LSPMSM has more difficulty starting and may not start. The LSPMSM speed fluctuates 
strongly, does not work at synchronous speed and mainly works in transient process. During the 

transient process leads to a higher oscillation torque coefficient k, which explains that the motor will 

operate with more vibration and acoustics noise. Furthermore, the effect of PAU increases losses, 
reducing the efficiency and power factor of the motor. The paper evaluates this effect through 

simulation models and experimental testing in the laboratory for the LSPMSM. The results demonstrate 

that the theoretical basis synthesized in the paper is suitable for the study. 
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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), 

Gnaciński (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 Gnacińsk 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): 

{
𝑢𝑑𝑠 = 𝑟1𝑖𝑑𝑠 +

𝑑𝛹𝑑𝑠

𝑑𝑡
−𝜔𝑟 . 𝛹𝑞𝑠

𝑢𝑞𝑠 = 𝑟1𝑖𝑞𝑠 +
𝑑𝛹𝑞𝑠

𝑑𝑡
+𝜔𝑟 . 𝛹𝑑𝑠

  (1) 

{
𝑢𝑑𝑟

′ = 𝑟𝑑𝑟
′ 𝑖𝑑𝑟

′ +
𝑑𝛹𝑑𝑟

′

𝑑𝑡
= 0

𝑢𝑞𝑟
′ = 𝑟𝑞𝑟

′ 𝑖𝑞𝑟
′ +

𝑑𝛹𝑞𝑟
′

𝑑𝑡
= 0

  (2) 

{
𝛹𝑑𝑠 = (𝐿𝑙𝑠 + 𝐿𝑚𝑑)𝑖𝑑𝑠 + 𝐿𝑚𝑑𝑖𝑑𝑟

′ +𝛹𝑚
′

𝛹𝑞𝑠 = (𝐿𝑙𝑠 + 𝐿𝑚𝑞)𝑖𝑞𝑠 + 𝐿𝑚𝑞𝑖𝑞𝑟
′

  (3) 

{
𝛹𝑑𝑟

′ = 𝐿𝑙𝑟
′ 𝑖𝑑𝑟

′ + 𝐿𝑚𝑑(𝑖𝑑𝑠 + 𝑖𝑑𝑟
′ ) + 𝛹𝑚

′

𝛹𝑞𝑟
′ = 𝐿𝑙𝑟

′ 𝑖𝑞𝑟
′ + 𝐿𝑚𝑞(𝑖𝑞𝑠 + 𝑖𝑞𝑟

′ )
  (4) 

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

generated by the permanent magnets ; Lls - Leakage 

inductance of the stator winding; Lmd and Lmq are 

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. 

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,  'm = Lrc.i'm, Lrc is the fictitious reactance of 

the permanent magnet, and i’m is the equivalent 

magnetizing current converted to the stator side of the 
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Figure 1. d - axix equivalent circuit of LSPMSM 
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Figure 2. q - axix equivalent circuit of LSPMSM 

 

 

permanent magnet. The electromagnetic torque of the 

LSPMSM is defined. 

𝑀𝑒𝑙 =
3

2
. 𝑝.

[
 
 
 
 
(𝐿𝑚𝑑 . 𝑖𝑑𝑟

′ . 𝑖𝑞𝑠 − 𝐿𝑚𝑞 . 𝑖𝑞𝑟
′ . 𝑖𝑑𝑠)⏟                  

𝑇𝐼𝑛𝑑

+𝛹𝑚
′ . 𝑖𝑞𝑠⏟  
𝑇𝐸𝑥𝑐

+ (𝐿𝑚𝑑 − 𝐿𝑚𝑞). 𝑖𝑑𝑠. 𝑖𝑞𝑠⏟            
𝑇𝑟𝑒𝑙 ]

 
 
 
 

  (5) 

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: 

exel ind c relT T T T= + +  (6) 

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 Tind 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 Tind will be eliminated, 

leaving only the excitation torque component Texc and the 

reluctance torque component Trel The asynchronous 

torque component Tind generated during the starting 

process or during changes in rotational speed is 

collectively referred to as the transient process of the 

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 Tind  

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): 

𝑠 =
𝜔𝑠−𝜔𝑟

𝜔𝑠
  (7) 

where: s - the angular speed of the stator magnetic field, 

r - 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: 

𝑠1 =
𝜔𝑠−𝜔𝑟

𝜔𝑠
= 1 −

𝜔𝑟

𝜔𝑠
; 𝑠2 =

−𝜔𝑠−𝜔𝑟

−𝜔𝑠
= 1 +

𝜔𝑟

𝜔𝑠
 (8) 

where: s1- positive sequence slip coefficient; s2- negative 

sequence slip coefficient ( “1” corresponds to the positive 

sequence, “2” corresponds to the negative sequence). 

Assume: 

( ) r
u

s

K



=  (9) 

Therefore: 

1 21 ; 1u us K s K= − = +  (10) 

The VU factor, KV, is used to measure unbalance 

level. KV is defined as the ratio of the negative sequence 

voltage component (Vn) to the positive sequence voltage 

 

 

 
a) 

 
b) 

Figure 4. Equivalent circuit diagram of motor. (a) the 

positive sequence (b) the negative sequence of the motor 

component (Vp). This definition aligns with the IEC 

61000-4-30 standard (33). 

𝐾𝑉(%) =
𝑉𝑛

𝑉𝑝
100  (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): 

𝑃𝑒𝑙 = 3
𝑅𝑟

′ 𝑉𝑠
2

𝑠
(𝐼𝑟

′ )
2
=

3𝑅𝑟
′ 𝑉𝑠

2

𝑠[(
𝑅𝑟

′

𝑠
)
2

+(𝑋𝑟
′ )
2
]

  
(12) 

Where: R’r, X’r - rotor resistance and rotor reactance 

converted to the stator side, Vs – voltage of stator, I’r - 

rotor current converted to stator side. 

Electromagnetic power with unconverted rotor 

parameter values: 

𝑃𝑒𝑙 =
3𝑅𝑟𝑉𝑠

2

𝑠[(
𝑅𝑟
𝑠
)
2
+(𝑋𝑟)

2]
  (13) 

Where: Rr, Xr- resistor and reactance of rotor circuit. 

When there is PAU, the total electromagnetic power is 

defined as follows: 

𝑃𝑒𝑙 = 𝑃𝑒𝑙
1 + 𝑃𝑒𝑙

2   (14) 

( )

( )

2
1

1

2
2

1

1

3 r s

el

r
r

R V
P

R
s X

s

=
  
 + 
  
   

𝑃𝑑𝑡
2 =

3𝑅𝑟(𝑉𝑠
2)
2

𝑠2[(
𝑅𝑟
𝑠2
)
2
+(𝑋𝑟)

2]
 

(15) 

Where: V1
s and V2

s - positive sequence voltage 

component and negative sequence voltage component of 

stator. 

Electromagnetic torque: 

𝑇 = 𝑇1 + 𝑇2 =
3𝑅𝑟(𝑉𝑠

1)2

𝑠1[(
𝑅𝑟
𝑠1
)
2
+(𝑋𝑟)

2].𝜔𝑠

 

−
3𝑅𝑟(𝑉𝑠

2)2

𝑠2[(
𝑅𝑟
𝑠2
)
2
+(𝑋𝑟)

2].𝜔𝑠

 
(16) 

By applying the transformation, the torque can be 

calculated as follows: 

𝑇 =
3𝑅𝑟(𝑉𝑠

1)2(1−𝐾𝑢)

[(𝑅𝑟)
2+(1−𝐾𝑢)

2(𝑋𝑟)
2].𝜔𝑠

 

−
3𝑅𝑟(𝑉𝑠

1)2(1−𝐾𝑢)

[(𝑅𝑟)
2+(1−𝐾𝑢)

2(𝑋𝑟)
2].𝜔𝑠

 
(17) 

When there is PAU, the starting torque is defined as 

follows: 

𝑇𝑠_𝑢𝑛𝑏𝑎𝑙𝑎𝑛𝑐𝑒 =
3𝑅𝑟(𝑉𝑠

1)2

[(𝑅𝑟)
2+(𝑋𝑟)

2].𝜔𝑠
 −

3𝑅𝑟(𝑉𝑠
1)2

[(𝑅𝑟)
2+(𝑋𝑟)

2].𝜔𝑠
  (20) 

Compare with the starting torque when the three-

phase balance voltage is defined by the following 

expression: 

𝑇𝑠_𝑏𝑎𝑙𝑎𝑛𝑐𝑒 =
3𝑅𝑟𝑉𝑠

2

[(𝑅𝑟)
2+(𝑋𝑟)

2].𝜔𝑠
  (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): 

𝐼𝑟
2 =

𝑉𝑠
2

(
𝑅𝑟
𝑠
)
2
+(𝑋𝑟)

2
  (22) 

When PAU occurs, the current on the rotor consists 

of two components: the positive sequence and the 

negative sequence, which are defined as follows: 

(𝐼𝑟
1,2)

2
=

(𝑉2
1,2)

2

(
𝑅𝑟
𝑠1,2

)
2
+(𝑋𝑟)

2
  (23) 

The losses on the rotor are defined by the following 

formula: 

𝛥𝑃𝐶𝑢2 = 3𝑅𝑟𝐼𝑟
2 = 𝑠𝑃𝑑𝑡 =

3𝑅𝑟𝑉𝑠
2

[(
𝑅𝑟
𝑠
)
2
+(𝑋𝑟)

2]
  (24) 

When the power supply with PAU, the losses during 

oscillation include two components: 

𝛥𝑃𝐶𝑢2
1,2 =

3𝑅𝑟(𝑉𝑠
1,2)

2

[(
𝑅𝑟
𝑠1,2

)
2
+(𝑋𝑟)

2]
  (25) 

The total load-loss on the rotor is determined: 

𝛥𝑃 = 𝛥𝑃𝐶𝑢2
1 + 𝛥𝑃𝐶𝑢2

2  =
3𝑅𝑟(𝑉𝑠

1)2

[(
𝑅𝑟
𝑠1
)
2
+(𝑋𝑟)

2]
+

3𝑅𝑟(𝑉𝑠
2)2

[(
𝑅𝑟
𝑠2
)
2
+(𝑋𝑟)

2]
  (26) 

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 (Δ/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 Din 245 mm 

Stator inner diameter Dout 152 mm 

Rotor outer diameter D’ 151 mm 

Rotor shaft diameter Dt 52 mm 

Stator steel material Steel 1008   

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 

 
 

 
Figure 5. Simulation of the electromagnetic field 

distribution in the LSPMSM 

 
 

TABLE 2. LSPMSM parameters 

Scenarios Alpha () Ua, Ub, Uc 

1 00 

Ua = Um.sin(t) 

Ub = Um.sin(t-1200-) 

Uc = Um.sin(t-2400-) 

2 30 

3 60 

4 90 

5 120 

 
 

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 6. Speed characteristics of LSPMSM  

 

 

 
Figure 7. Speed characteristics of LSPMSM in steady state 

 

 
TABLE 3. Parameters for evaluating the speed characteristics  

Scenarios 
Alpha 

() 

Transient time       

tts (s) 

Speed deviation 

 (rpm) 

1 00 0.85 1 

2 30 1.26 2 

3 60 1.11 4 

4 90 1.12 6 

5 120 1.12 9 

 
 

tts = 0.85s. When PAU occurs, the motor has more 

difficulty starting, with the maximum transient time tts = 

1.26s when the phase shift angle is α = 30. 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 Δω = 9 rpm when the phase shift angle is α 

= 120, compared to Δω = 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 

 
Figure 8. Torque characteristics of LSPMSM 

 

 

 
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 k (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: 

max min -  

avg

T T
k

T
=  (27) 

Where, Tmax, Tmin represent the maximum and 

minimum value of instantaneous torque in an electric 

cycle, respectively, Tavg 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 
Alpha 

() 

Transient time  

tts (s) 

Torque ripple 

coefficient k 

1 00 0.85 0.89 

2 30 1.26 0.97 

3 60 1.11 1.34 

4 90 1.12 1.73 

5 120 1.12 2.21 
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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 kmax = 2.21, 

corresponding to a phase shift angle of α = 120, 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 (THDi) is used to 

assess the level of harmonics in the current waveform, 

which is determined according to thefollowing formula 

(31, 34): 

 

 

 
Figure 10. Current characteristics of phase A 

 

 

 
Figure 11. Current phase A in steady state 

 
Figure 12. Analysis of the harmonic order of the current 

waveforms of the LSPMSM 

 

 

𝑇𝐻𝐷𝑖 =
√∑ 𝑛=2

∞ .𝐼𝑛
2

𝐼1
  (28) 

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 THDi of the motor's current wave 

forms also increases. The maximum harmonic index 

THDimax = 40.3 corresponds to a phase shift angle of α = 

90. 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 α = 00 và 120. 

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 () THDi - Phase A 

1 00 35.8 

2 30 38.1 

3 60 39.5 

4 90 40.3 

5 120 40.2 
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a) 

 
b) 

Figure 13. Current phase A, B, C in steady state. (a) α = 00, 

(b) α = 120   
 
 

 
Figure 14. Efficiency characteristics of LSPMSM 

 
 
decrease in the efficiency and power factor of the motor. 

When the phase shift angle is large, the efficiency of the 

LSPMSM motor is even lower than that of the IM, which 

aligns with the theoretical basis analyzed previously. 

 
 

 
Figure 15. Power factor characteristics of LSPMSM 

 
 

TABLE 6. Efficiency and power factor of LSPMSM  

Scenarios 
Alpha 

() 

Efficiency  

  

Power factor 

Cos 

1 00 0.94 0.9468 

2 30 0.93 0.9231 

3 60 0.91 0.9031 

4 90 0.89 0.8694 

5 120 0.89 0.8571 

 

 

4. EXPERIMENTAL STUDY IN THE LABORATORY 
 

The experimental evaluation of the LSPMSM under 

conditions of power supply with PAU was conducted in 

the laboratory of the Department of Electrification at 

Hanoi University of Mining and Geology. Due to 

equipment limitations, the test results can only assess the 

current characteristics, efficiency, and power factor of 

the motor. The experimental setup is illustrated in Figure 

16. 

 

 
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 30 degrees. The steady-state current 

waveform characteristics obtained during the test for the 

case of 30 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 30-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 30-

degree PAU 

 

 
TABLE 7. Efficiency and power factor of LSPMSM  

Scenarios 
Alpha 

() 

Efficiency               

  

Power factor  

Cos 

1 00 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 tts = 

1.26 s in the case of a phase shift angle of α = 30 degrees. 

The simulation results also indicate that as the phase shift 

angle increases, the speed deviation becomes larger, with 

a deviation of Δω0 = 9 rpm corresponding to a phase shift 

angle of α = 120, compared to Δω = 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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Persian Abstract 

 چکیده 
مورد   یدر مصرف انرژ  ییجواهداف صرفه  یبرا  ییالقا  یموتورها  یبرا  یجزئ   ینیگزیبه عنوان جا   (LSPMSM)خط    یاندازدائم راه  یسنکرون آهنربا  یامروزه، موتورها

 (PAU)فاز هیعدم تعادل زاو دهیتک فاز، پد  یشده است. در حال حاضر، با بارها یطراح  (VB)کار با تعادل ولتاژ سه فاز  یمعمولاً برا LSPMSM. رندیگی قرار م یبررس

  ی مقاله بر بررس   نیا  یمحتوا  ن،یکار شود. بنابرا  نیدر ح  بیکند و ممکن است منجر به آس  یموتور را خراب م  یکار  یدهد که پارامترها  یرخ م  عی به طور مکرر در شبکه توز

  LSPMSM  دهد،یرخ م  PAU  یکه وقت  دهدینشان م  لیو تحل  هیتجز  جی. نتاداردتمرکز    LSPMSM 15 kW0-3,0  یکار  یها  یژگیبر و  عی در شبکه توز  PAU  ریتأث

 ی گذرا کار م  ندیکند و عمدتا در فرآ  یکند، با سرعت همزمان کار نم  یبه شدت نوسان م  LSPMSMدارد و ممکن است شروع نشود. سرعت    یشتریشروع مشکل ب  یبرا

اثر    ن،یکند. علاوه بر ا  یکار م  یشتریب  کیارتعاش و آکوست  ز یدهد که موتور با نو  یم  حیشود، که توض  ی م  kبالاتر    ی گشتاور نوسان  ب یگذرا منجر به ضر  ندیکند. در طول فرآ

PAU  یبرا  شگاهیدر آزما  یتجرب  شیو آزما  یسازه یشب  یهامدل  قی اثر را از طر  نیمقاله ا  نیشود. ا  یقدرت موتور م  بیتلفات و کاهش راندمان و ضر  شیباعث افزا  LSPMSM  

 .مطالعه مناسب است یسنتز شده در مقاله برا ینظر  یدهد که مبنا ی نشان م جی. نتاکندی م یابیارز
 

 


