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ANALYSIS OF PERMANENT MAGNET POSITIONING FOR IMPROVING 
PERFORMANCE AND PREVENTING DEMAGNETIZATION OF LSPMSM

Purpose. To analyse the positioning of permanent magnets (PMs) to ensure operational parameters and prevent 
irreversible demagnetization (ID) during the startup of line-start permanent magnet synchronous motors (LSPMSMs).

Methodology. The research methods include theoretical methods to analyze ID phenomena and the operational 
parameters of the LSPMSM. The results are then validated using the finite element method in Ansys/Maxwell Ver-
sion R2 2021.

Findings. The research results indicate that the PMs’ positioning in the rotor not only affects the operational pa-
rameters of the LSPMSM but also influences the PMs’ ID susceptibility. A model of a 15 kW, 2-pole LSPMSM with 
a symmetrical three-magnet structure and a PM slot distance, Lp (the distance from the axis center to the PM slot), 
ranging from 29.5 to 33.5 mm is investigated. The results show that the smaller the distance Lp, the better the 
LSPMSM’s startup characteristics, with the best occurring at Lp = 29.5 mm. Conversely, as Lp increases, the current 
characteristics and efficiency improve. To achieve an efficiency rating of IE4 according to the IEC standard (≥ 93.3 %) 
without exceeding 5 % ID of the PMs, it is required that 33.5 ≥ Lp ≥ 31.5 mm. The highest efficiency of 94.2 % is 
achieved at Lp = 33.5 mm.

Originality. The magnet slot distance Lp is analysed in relation to the ID capacity of the PMs. The results demon-
strate that not only the size of the PMs but also their positioning affects their parameters and ID susceptibility. Based 
on the findings, it is recommended to select Lp with a reasonable value to not only avoid partial ID but also ensure the 
operational parameters of the LSPMSM remain consistent with the initial design.

Practical value. The research results indicate that in the design of the LSPMSM, not only the PM size but also the 
PM slot distance Lp must be considered to avoid PM ID and ensure the motor’s operating parameters.
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Introduction. Currently, energy conservation is a 
global issue as fossil fuel reserves are gradually deplet-
ing, while their use leads to environmental pollution and 
harms human health [1]. In strategies for efficient, ener-
gy-saving resource use in each country, a top priority is 
to use electrical devices with high energy conversion ef-
ficiency. At present, induction motors (IM) are the most 
widely used in industry; statistics show that this type of 
motor consumes up to 40 % of electrical energy [2, 3]. 
However, IMs suffer from low efficiency at low and me-
dium power levels, and improving efficiency for these 
motors has already reached its limits [4]. With the devel-
opment of rare-earth PMs, replacing low-efficiency IMs 
with high-efficiency motors is becoming a global trend. 

Among high-efficiency motor types, LSPMSMs are a 
feasible and suitable solution for partially replacing IMs 
[5]. Additionally, due to declining market costs and 
availability of rare-earth PM materials, LSPMSMs have 
been studied and widely used in recent decades [6]. 
Moreover, the current trend of international standards 
mandates increasingly high efficiency for electric mo-
tors, so the application of LSPMSMs in manufacturing 
will meet these requirements. In practice, many energy 
efficiency standards and policies have been enacted; for 
instance, in the European Union in June 2014, the In-
ternational Electrotechnical Commission released the 
IEC 60034-30-1:2014 standard [7]. This standard de-
fines four levels of IE efficiency for single-speed alter-
nating-current electric motors operating at 50 and/or 
60 Hz.
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Energy conversion efficiency has always been a pri-
mary goal for electric motors. With its advantages, the 
LSPMSM is increasingly being widely applied due to its 
high operational efficiency, which can meet the ever-
growing efficiency standards for electric motors, such as 
those set by IEC and NEMA [8, 9]. However, if not de-
signed properly, the motor may struggle to operate effi-
ciently, potentially performing worse than an induction 
motor of the same power rating. In design, several stud-
ies have shown that different arrangements of PMs with-
in the rotor significantly impact the operational efficien-
cy of the LSPMSM [10, 11]. Additionally, research re-
sults from both simulations and experiments indicate 
that a proper arrangement of PMs can improve efficien-
cy, even among motors of the same type using the same 
volume of PMs for the same power rating [12]. Along 
with selecting the configuration and type of PMs in the 
rotor to enhance the motor’s efficiency, the stator design 
is also essential when calculating motor efficiency. Fac-
tors related to the stator’s design that affect the efficien-
cy of the LSPMSM include changes in winding param-
eters, the number of turns, and the size of the stator 
slots. These modifications can lead to significant chang-
es in the efficiency and operational parameters of the 
motor [13, 14]. In addition to studying the impact of sta-
tor, rotor, and PM variables, current research also em-
ploys several optimization algorithms to identify optimal 
parameter settings for achieving maximum operational 
efficiency. Algorithms commonly used to achieve the 
highest efficiency in LSPMSM design include Genetic 
Algorithm (GA) and Particle Swarm Optimization 
(PSO), among others [15, 16]. In this paper, the 
LSPMSM will be designed to achieve an efficiency level 
of IE4 in accordance with IEC 60034-30-1:2014.

In addition to designs aimed at enhancing the opera-
tional efficiency of LSPMSMs, numerous studies have 
been conducted to address their shortcomings. One of 
the primary disadvantages of LSPMSMs is their poor 
starting capability [17]. Consequently, this issue has 
been the focus of many research efforts to improve 
torque, reduce current, and minimize startup time. Ad-
ditionally, during the startup process, the motor is af-
fected by the “Georges” phenomenon, which alters its 
speed and torque characteristics, making it necessary to 
conduct rigorous calculations during the design phase 
[18]. Therefore, for LSPMSMs, the startup process is 
considered a crucial factor in their adoption and is often 
taken into account right at the design stage. In design, 
many studies focus on improving startup characteristics 
through rational design, which may involve changes in 
stator and rotor configurations or alterations in PM di-
mensions. A novel LSPM structure with a 6/8-pole 
changing configuration has been proposed to enhance 
starting capability and synchronization [19]. The re-
search results show that both starting and synchroniza-
tion capabilities are improved compared to conventional 
8-pole LSPMSMs. Additionally, an LSPMSM with a 
dual-stator configuration, capable of enhancing starting 
torque and synchronization, has been explored [20]. In 
this design, the breaking torque during startup can be 
eliminated by positioning the PMs away from the stator 
windings. Analysis results indicate that the proposed 
LSPMSM demonstrates superior performance in terms 
of starting capability and synchronization compared to 

traditional motors. Similarly, a novel LSPMSM with a 
tapped-winding stator configuration has been proposed 
[21]. This LSPMSM leverages an increased magnetic 
field near the synchronization threshold to improve 
starting capability while complying with NEMA Design 
B specifications. With this configuration, the research 
indicates that a temporary increase in the magnetic field 
results in a significant enhancement in motor perfor-
mance. Additionally, the effect of the PM bar configura-
tion on the starting characteristics is also considered 
[22]. The research indicates that, despite having the 
same mass, the ability to improve starting performance 
is significantly enhanced when an appropriate PM con-
figuration is selected. Thus, numerous studies propose 
enhancements to motor starting capabilities through de-
sign adjustments during the design phase. In this re-
search, the paper also considers the starting capability to 
ensure that the configurations examined can reliably 
start under rated-load conditions.

In addition to the disadvantage of poor starting ca-
pability, LSPMSMs also share a common drawback 
with PM motors: susceptibility to PM ID during opera-
tion. ID occurs when the operating point of the PM falls 
below the magnetic flux density at the “knee” point of 
the ID curve; at this point, the PM will undergo ID. 
When the PM experiences ID, whether partial or com-
plete, not only does the motor’s efficiency decrease, but 
it may also lead to mechanical vibrations, acoustic 
noise, or operation that deviates from design specifica-
tions [23, 24]. Therefore, in the design phase, it is es-
sential to ensure that under worst-case operating condi-
tions, ID does not occur. Designs that minimize the 
likelihood of ID may include selecting an appropriate 
rotor configuration, size, or material for the PMs [25]. 
Additionally, some studies consider the potential for ID 
due to abnormally high currents in stator windings dur-
ing startup, out-of-step conditions, or winding shorts. 
High currents in the stator windings can generate an ex-
ternal magnetic field that may act on the PMs and po-
tentially cause ID [26, 27]. A common cause of ID is the 
temperature during motor operation. As the motor’s 
operating temperature increases, the PM ID curves 
shift, resulting in a lower residual magnetic density and 
a lower knee point, thereby increasing the risk of ID. 
With rising temperatures, the likelihood of both partial 
and complete ID increases, which also adversely affects 
various motor parameters, particularly efficiency [28, 
29]. In previous studies on the ID in LSPMSMs, most 
have focused on dimensions such as width, length, and 
PM types. However, the placement of the PMs is also 
very important, and there are currently few studies ad-
dressing this, especially concerning the distance from 
the axis center to the PM slot, Lp. Therefore, this paper 
focuses on investigating the impact of this distance on 
the ID capability of the PMs.

The LSPMSM can meet the increasingly high effi-
ciency standards in current applications. However, the 
motor still has shortcomings, and addressing these is-
sues will help drive its widespread adoption as a partial 
replacement for existing IMs. In this paper, we will ana-
lyze and select a rational arrangement for the PMs, spe-
cifically investigating the distance Lp. Lp is studied to 
enhance the ability to avoid ID in the design while still 
ensuring the operational parameters of the LSPMSM. 
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In the research, the paper utilizes finite element method 
(FEM) software for simulations. Lp is varied using para-
metric analysis within the software. A test motor rated at 
15 kW, with 2 poles, is used for analysis and simulation. 
The ID process is investigated under conditions that 
present the highest risk of severe ID. The study condi-
tions include the stator winding current at startup levels 
and the magnet operating temperature at 80 °C, corre-
sponding to the scenario in which the motor has been 
running for an extended period before being shut down 
and restarted. In addition to evaluating the ID capabili-
ty, the paper also examines the motor’s startup capabili-
ties and operational efficiency.

Analysis of permanent magnet demagnetization in 
LSPMSM. LSPMSM is a particular type of permanent-
magnet synchronous motor (PMSM). During opera-
tion, the PMs are subjected to an external magnetic field 
generated by the stator windings’ current. Under the in-
fluence of the external magnetic field, the PMs may ex-
perience ID. ID affects most of the operational param-
eters of the motor, including efficiency. Therefore, this 
section of the paper analyzes the ID process of the PMs 
in the LSPMSM.

Operating point of PM. The magnetic properties of 
PM materials are typically represented by magnetic hys-
teresis loops. Generally, only the second quadrant of the 
hysteresis loop is presented. Two commonly used meth-
ods for calculating the operating point of PMs during 
operation are the BH and JH curves. Each point on the 
JH curve (Hm, Jm) corresponds to a point on the BH 
curve (Bm, Hm) according to the following [30]
	 Bm = μ0Hm + Jm,	 (1)
where m0 is the magnetic permeability of air. The operat-
ing point of the magnet (Bm, Hm) is typically designed to 
be within the linear region of the demagnetization curve. 
If the operating point lies below the “knee” point, ID of 
the magnet will occur.

Demagnetization mechanism of the PM of LPSMSM. 
During operation, three types of magnetomotive force 
(MMF) act on the PMs [28]. Fs, Fr, and Fg correspond 
to the MMF due to the current in the stator windings, 
the current in the rotor’s conducting bars, and the cur-
rent generated by the PM, respectively. The interaction 
of these three MMFs, along with the MMF Fpm gener-
ated by the PMs, produces a magnetic field that acts on 
the PMs. In the worst-case scenario, all the MMFs op-
pose the direction of Fpm, creating the potential for ID of 
the PMs. The total MMF F, resulting from the combi-
nation of Fs, Fr, and Fg is defined as follows
	 F = Fpm + Fs + Fr + Fg.	 (2)

Due to the squirrel cage in the LSPMSM, which is 
made of aluminum, a non-magnetic material, the mag-
netic flux path is distorted. This creates an electromag-
netic shielding effect that protects the PMs from ID. 
The impact of the protective electromagnetic shield can 
be determined by the depth of permeability and is de-
fined by the following
	 Bx = B0 e-(x/Δ);	

Δ =
π μ σ1 1 1

2  .
2 sf

Where B0 is the magnetic flux density at the surface 
of the squirrel cage bar; x is the distance between a point 
on the squirrel cage bar and the surface; Δ is the perme-
ability depth; μ1, σ1, s, and  f1 are the permeability, con-
ductivity, slip, and frequency, respectively. Fg is deter-
mined
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where m is the number of phases; r1 is the phase resis-
tance; wr is the rotor angular velocity; L is the phase in-
ductance; ψM is the magnetic flux linkage generated by 
the PM; Nph is the number of turns per phase; kw1 is the 
fundamental winding coefficient; p is the number of 
pole pairs. When starting up, r1/ωr is much larger than L 
because ωr is zero at that point, leading to a very large Fg. 
Subsequently, the value of R1/ωr decreases rapidly, and 
L plays an important role in operation. At this point, Fg 
is almost stable and changes little. Thus, it can be seen 
that after startup, the amplitude of Fδ is significantly re-
duced by the electromagnetic shield, but some Fδ still 
passes through the squirrel cage conductor, causing PM 
demagnetization.

Model for determining the flux density. The PM pa-
rameters, as well as the structural parameters for arrang-
ing the PMs within the rotor, significantly influence the 
magnetic flux density in the air gap (AG). Therefore, 
determining the magnetic flux in the air gap is a crucial 
task for assessing the appropriateness of the PM place-
ment. A typical LSPMSM rated at 15 kW, with 2 poles, 
is shown in Fig. 1 [31]. Due to the symmetry of the mag-
netic poles, the cross-sectional view of the LSPMSM is 
represented for one pole. Each pole of the tested 
LSPMSM with 2 poles consists of three PM segments.

The rotor of the motor consists of three PM bars 
(two PM1 and one PM2). The magnetic field lines indi-
cate that the magnetic flux density in the AG can be di-
vided into two parts in a magnetic circuit through one 
pole step. Each part is excited by a full PM1 and a half 
PM2. The corresponding equivalent magnetic circuit 
models are shown in Figs. 2, a, b [31].

Where Rm1, Rm2 are the self-reluctances of PM1 and 
PM2. The air-gap fluxes generated by the PMs over one 
pole pitch are Fm1, Fm2, and their reluctances are Rg1, 
Rg2, respectively. Frib and Fbl are the flux leakages 
through Rib and the flux barriers and their correspond-
ing reluctances are expressed as Rrib, Rbl, respectively. 
Fml is the PM-PM  flux leakage, Rml is its reluctance. Fml 
is only included in the magnetic circuit model when the 

Fig. 1. A typical configuration of LSPMSM 2p = 2
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value of Rib is small. Fm1, Fm2 are the fluxes that leave the 
PM1 and PM2. Rro, Rso, and Rst, are the rotor and stator 
yoke, and stator teeth reluctances, respectively.

If the magnetic circuit is considered unsaturated, the 
simplified equivalent magnetic circuits of PM1 and PM2 
shown in Fig. 2 are illustrated in Fig. 3.

The quantities in the magnetic circuit diagram shown 
in Figs. 2 and 3 are defined [31]

Fr1 = Br Ap1 = Br Lstk wp1;

Fr2 = Br Ap2 = Br Lstk wp2,
where Fr1, Fr2 are the magnetic fluxs generated by PM1 
and PM2; Br is the remanence of the PM; Lstk is the length 
of the stator core; wp1, wp1 are the widths of PM1 and PM2.

The reluctances and AG area in formulas (1 and 2) 
can be expressed
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where mr are the permeability of air and the relative per-
meability of the PM material, respectively; g0 is the 
length of the AG; w1, w2 are the widths of the flux barriers; 
Trib is the thickness of the Rib; h1, h2 are the lengths of the 
Rib; P is the number of poles; Rsin is the inner radius of 
the stator core; Tm is the thickness of the PM.

The area (Ag) depends on the ratio between the pole 
arc and the pole pitch tp; this value is calculated using 
the formula

q-
t = =

q
.

 
m

P
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Based on the rotor shape of the LSPMSM with 
2 poles, the pole angle qm is determined by the shape and 
arrangement of the PMs within each pole. Additionally, 
the effective AG area Ag is expressed by the formula
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αm = θa + θb; W = θc + θd;

Ag = Ag1 + Ag2,
where qm1 and qm2 are the pole angles of the PM1 and 
PM2, respectively. Therefore, the corresponding AG ar-
eas Ag1 and Ag2 are expressed
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pressed
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where Lr is the distance from the axis center to the rotor 
conductor; wbri1, wbri2 are the widths of the bridges lo-
cated between the squirrel cage conductors and the out-
er radius of the rotor; Rr0 is the outer radius of the rotor, 
and wrb is the length of the rotor conductor. Thus, the 
expression for Lp is calculated

LP = [Rro - (Lr + wrb + wbri1 + wbri2)] -

- [Rro - (Lr + wp2 + wrb + wbri1 + wbri2)] tan (αm + θa).
The maximum saturation level of the magnetic cir-

cuit occurs at the bridges, causing the bridge region to 
become non-linear within the rotor core. Therefore, the 
leakage flux through the bridges can be estimated using 
the formula

Fbri ≈ Bsat Abri,

Fig. 2. Lumped parametric circuit models of LSPMSM 
2p = 2:
a ‒Model of PM1; b ‒ Model of PM2

a b

Fig. 3. Simplified lumped parametric circuit models of 
LSPMSM 2p = 2:
a ‒ Model of PM1; b ‒ Model of PM2

a b
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where Abri = b.Lstk represents the area of the bridge; b is 
the width of the bridge; Bsat is the saturation flux density 
taken from the B–H curve of the steel core. By applying 
Kirchhoff’s law to the simplified equivalent circuit 
shown in Fig. 3, a, the following equations are obtained
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Similarly, the magnetic circuit for PM2 is deter-
mined. Additionally, the simplified equivalent circuits of 
PM1 and PM2, as shown in Fig. 3, are used to calculate 
the magnetic flux in the AG as follows
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Therefore, the magnetic flux density in the AG gen-
erated by PM1 and PM2 is determined
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The leakage flux between PM1 and PM2 is very small 
and can be neglected. The leakage flux passing through 
the bridges, flux barriers, and Ribs is solely due to the 
field generated by PM1 and is calculated using the 
formula
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Assuming that the magnetic flux in the s generated 
by the PMs is equal, meaning

Bg1 ≈ Bg2 = Bg.
Therefore, the final expression for the magnetic flux 

density in the AG according to the analytical model can 
be written as
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From Equation (3), it can be observed that the mag-
netic flux density in the AG heavily depends on the 
equivalent magnetic circuit parameters of the rotor. In 

addition to the parameters such as the pole tilt and rotor 
slot, the distance Lp is a crucial factor affecting the mag-
netic flux density in the AG. This study will analyze the 
selection of the PM placement position in the rotor to 
enhance the operational efficiency of the LSPMSM and 
to minimize the risk of ID of the PMs within the 
LSPMSM.

No-load electromotive force (B-EMF). The B-EMF 
is generated by the magnetic flux of the PMs in the stator 
windings. The no-load EMF has a significant impact on 
the operational parameters of the motor. The magnetic 
flux linkage of the stator windings due to the PMs is de-
termined [32]

 απ
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14 sin ,
2

wphkstk
m r
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p

where D is the inner diameter of the stator, a is the pole 
filling factor. The magnetic flux generated by the PMs, 
which links the stator windings, will vary as the rotor ro-
tates, inducing a B-EMF. The B-EMF due to this mag-
netic flux is determined

	
 π απ
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22
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p
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From Equation (4), it can be observed that the 
B‑EMF is directly proportional to Br of the PM. There-
fore, during operation, the variation in the operating 
point of the PM can be evaluated indirectly through the 
B-EMF.

Simulation results. The 15 kW, 2-pole LSPMSM has 
been modeled using FEM application software to inves-
tigate the impact of Lp on the ID of the PM and the op-
erational parameters of the motor. The basic parameters 
considered include current, torque, B-EMF, and the 
operational efficiency of the LSPMSM. The main pa-
rameters of the experimental LSPMSM are shown in 
Table 1.

The simulation model was established using FEM 
software with the motor configurations as shown in Ta-
ble 1, and the results are displayed in Fig. 4.

In the simulation scenario, the parametric analysis 
method is applied to investigate the impact of Lp on the 
PM ID during startup at 80 °C, along with the opera-
tional parameters of the LSPMSM. In the simulation, 
the dimensions of the PMs are kept constant. The di-
mensions of the steel bridge and the flux barrier remain 
unchanged, and the limits of Lp depend on the rotor 
steel core’s capability to accommodate the PM bars. 
The Lp is varied from 29.5 to 33.5 mm in 1 mm incre-

Table 1
Main design LSPMSM parameters

Parameters Value
Stator outer and inner diameter, mm 245, 152
Stator outer, inner diameter, mm 152, 151
Rotor shaft diameter, mm 52
Stator steel material Steel 1008
Number of stator and rotor slots 36, 28
Air gap length, mm 0.5
Power supply voltage, V 380/660
Power supply frequency, Hz 50
PM material NdFeB-N38
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ments, resulting in 5 cases: case 1 = 29.5 mm; 
case 2 = 30.5 mm; case 3 = 31.5 mm; case 4 = 32.5 mm; 
and case 5 = 33.5 mm.

Speed characteristics. The LSPMSM has been con-
firmed to have difficulty starting; therefore, the speed 
characteristic is used to assess the starting capability and 
quality. During the simulation, the hypothetical 
LSPMSM is assumed to be operating under rated load.

The speed characteristic curve in Fig. 5 shows that 
with different Lp values, the LSPMSM is capable of 
starting under rated load. However, the LSPMSM has 
difficulty starting, requiring a long time to reach the rat-
ed operational speed, and it experiences significant 
speed fluctuations. The results illustrate the motor’s 
startup time from the moment power is supplied until it 
reaches a stable operating state, as shown in Table 2.

From Table 2, it can be seen that a larger Lp results in 
poorer starting quality. As Lp increases, the motor’s 
startup time increases.

Current characteristics. During startup, a high start-
ing current often leads to operational drawbacks for the 
motor. In a steady state, a lower working current is also 
desired to improve the motor’s efficiency. The simulated 
current characteristic curve is shown in Fig. 6 below.

Similar to the speed characteristic, the current char-
acteristic in Fig. 6 shows that the motor undergoes both 
a transient phase and a steady state. Additionally, the 
time taken for the current to stabilize from the moment 
power is supplied varies. During the transient period, 
the starting current is very high; its parameters are pre-
sented in Table 3.

Table 3 shows that, across different Lp values, the 
LSPMSM exhibits varying startup times; however, the 
peak starting current is the same and reaches approxi-
mately 322 A. This peak current value is about 14 times 
the rated peak current (approximately 22 A). Addition-
ally, during the steady state, the motor exhibits similar 
working current characteristics. In this paper, the study 
focuses on the ID capability of the PMs at the starting 
current; therefore, the peak current will be used in the 
simulation of PM ID in the next section.

Investigation of the irreversible demagnetization capa-
bility. As analyzed in Equation (4), measuring or evalu-
ating the variation in magnetic flux density at the oper-
ating point can be done indirectly through the B-EMF. 
The B-EMF characteristic can be easily measured by 
monitoring the phase voltage in no-load conditions with 
the rotor rotating at synchronous speed. Furthermore, 
changes in the magnetic flux density at the PM’s operat-
ing point indicate whether ID occurs in the PM. Based 
on this analysis, the paper proposes evaluating the ID 
capability of the LSPMSM in a scenario where the max-

Fig. 4. LSPMSM configurations with different Lp

a ‒ Lp = 29.5 mm; b ‒ Lp = 33.5 mm

a

b

Fig. 5. Speed characteristics with different Lp

Table 2
Transient time with different Lp of LSPMSM

No. Transient time tts, s
Case 1 0.91
Case 2 0.92
Case 3 1.12
Case 4 1.13
Case 5 1.26

Fig. 6. Current characteristics with different Lp

Table 3
Maximum starting currents

No. Transient time tts,s Maximum starting current, A
Case 1 0.74 322.5 
Case 2 0.82 322.7
Case 3 0.92 322.7
Case 4 0.96 322.3
Case 5 1.10 323
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with external magnetic field excitation due to the wind-
ing current, as illustrated in Figs. 10 and 11.

At time, t = 0‒20 ms, the current in the winding is 
zero, and no external magnetic field is applied to the 
PM, as shown in Fig. 10. The external magnetic field 
does not influence the PM and is not subject to ID. 
Fig.  10 also indicates that the B-EMF characteristics 
with different Lp exhibit similar characteristics, with 
some deviations; however, the extent of these differenc-
es is not significant. This variation can be explained by 
the different Lp affecting the magnetic field lines gener-
ated by the PMs.

At time t = 580‒600 ms, a new steady state is estab-
lished after the excitation of the external magnetic field 
generated by the current in the winding, as shown in 
Fig. 11. At this point, it can be observed that, due to the 
influence of the external magnetic field, the B-EMF 
characteristics in the new steady state with different Lp 
have significantly deviated. Additionally, a smaller Lp re-
sults in a higher degree of magnetic deterioration.

imum ID occurs due to current flowing in the windings, 
generating an opposing external magnetic field, and 
with the PM operating at 80 °C. This temperature is 
chosen based on the assumption that the motor is oper-
ating normally at a stable temperature before stopping 
and restarting immediately. The maximum starting cur-
rent is taken from the simulation characteristics ob-
tained in section 3.2, with the winding current values 
shown in Table 3.

According to the ID simulation scenario, at time 
0‒20 ms (the first cycle), the currents in the stator wind-
ings are zero. In the next interval, from 20 to 40 ms (the 
second cycle), the currents are set to their starting val-
ues, as shown in Fig. 7. After 40 ms, the current supplied 
to the stator windings is turned off. As previously ana-
lyzed, by observing the simulated B-EMF characteristic 
at the start of current, it is possible to assess whether ID 
has occurred and the extent of magnetic deterioration 
due to ID of the PMs in the LSPMSM.

Fig. 8 shows the magnetic field distribution in the 
machine during the simulation with the stator current. 
Fig. 9 depicts the simulated B-EMF characteristic ob-
tained while evaluating ID with the starting current at 
Lp = 31.5 mm.

As shown in Fig. 9, when the starting current is ap-
plied to the winding from t = 20 to 40 ms, the value of 
B-EMF experiences significant fluctuations. After the 
starting current in the winding is turned off, the B-EMF 
gradually recovers and reaches a new steady state within 
approximately 250 ms. To assess the impact of the exter-
nal magnetic field on the ID of the PMs in the LSPMSM, 
we consider two conditions: the steady state without ex-
ternal magnetic field excitation and the new steady state 

Fig. 7. Phase currents in the ID simulation

Fig. 8. Magnetic field distribution at t = 600 ms

Fig. 9. B-EMF Characteristic with Lp = 31.5 mm

Fig. 10. B-EMF waveforms at t = 0‒20 ms

Fig. 11. B-EMF waveforms at t = 580‒600 ms
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The B-EMF waveforms were analyzed using FFT in 
two cases: at time t = 0‒20 ms and at time t = 580‒600 ms. 
The results are shown in Fig. 12.

The index DE % is used to assess the discrepancy be-
tween the fundamental waveform amplitude and the 
rated phase voltage of the power supply [32]. The com-
puted results are shown in Table 4.

From Table 4, it can be seen that as Lp approaches 
the axis center, the level of partial ID after the motor 
starts increases. Therefore, to ensure that the ID does 
not exceed 5 %, the PMs must be positioned at least 
31.5 mm, at which point the ID after the motor starts 
will not exceed 4.5 %.

FFT analysis of the B-EMF waveform at t = 0‒20 ms 
shows that the amplitude of the fundamental waveform 
of B-EMF at different Lp is comparable, with minimal 
differences. The amplitude value in this case tends to in-
crease with greater Lp. At time t = 580‒600 ms, the 
B‑EMF waveform has reached a new steady state. At 
this point, the fundamental waveform amplitudes ob-
tained differ. However, with Lp = 33.5 mm, the B-EMF 
waveform remains nearly unchanged. With 
Lp ≤ 32.5 mm, the amplitude of the fundamental wave-

form changes significantly. Additionally, the E % value 
increases as Lp decreases. The maximum reduction cor-
responds to Lp = 29.5 mm, where DE % rises from 11.6 to 
19.8 %. Thus, through the FFT analysis of the B-EMF 
waveform, it can be seen that the Lp significantly affects 
the likelihood of ID of the PMs. Positioning the PMs 
further away from the axis center provides better resis-
tance to ID.

Efficiency characteristics. In operation, motor effi-
ciency is a key parameter. As mentioned above, the 
LSPMSM has high efficiency, meeting the increasingly 
stringent efficiency standards for electric motors. The 
efficiency characteristic curve during simulation in the 
steady state is shown in Fig. 13.

It can be observed that the Lp influences the simu-
lated efficiency characteristics of the experimental 
LSPMSM. For the experimental LSPMSM, to achieve 
an efficiency level of IE4 according to IEC standards 
(with a power rating of 15 kW, 2 poles = 2, IE4 ≥ 93.3 %), 
then Lp must be ≥ 31.5 mm.

The research results indicate that the PMs’ position-
ing in the rotor not only affects the operational param-
eters of the LSPMSM but also influences the PMs’ ID 
susceptibility. The results show that the smaller the dis-
tance Lp, the better the LSPMSM’s startup characteris-
tics. Conversely, as Lp increases, the current characteris-
tics and efficiency improve. The selection of an appro-
priate Lp is essential to ensure both starting performance 
and operational efficiency, and should be carefully con-
sidered in the design process of LSPMSMs.

Conclusions. The paper systematically analyzes the 
impact of the distance from the rotor axis center to the 
PM slot, Lp, on the working characteristics and the ID 
capability of the LSPMSM. Through a magnetic circuit 
analysis model combined with finite element analysis 
(FEA), the study clarifies the trade-off relationships 
among starting characteristics, efficiency, and the risk 
level of ID for PMs.

The simulation results for the 15 kW, 2-pole 
LSPMSM indicate that as Lp decreases, the motor’s 
torque and starting quality improve significantly. How-
ever, the risk of ID of the PMs increases substantially, 
especially under high starting currents and elevated tem-
peratures. Conversely, as Lp increases, the motor’s resis-
tance to ID and efficiency improve, but its starting char-
acteristics degrade. Using FEA for the 15 kW, 2-pole 
LSPMSM yields results consistent with theoretical pre-
dictions. The results show that, with a starting current of 
approximately 322 A using NdFeB-N38, to achieve an 
efficiency level of IE4 according to IEC standards 

Fig. 12. FFT analysis of the B-EMF waveforms: a – 
t = 0‒20 ms; b ‒ t = 580‒600 ms

a

b

Table 4
ΔE % with different Lp and times

Cases t = 0‒20 ms t = 580‒600 ms DE % =
= DE20 % - DE600%E1NB DE20 % E1NB DE600 %

1 340.6 11.6 317.2 19.8 8.2
2 341.5 11.3 323.1 17.6 6.3
3 342.5 10.9 329.3 15.4 4.5
4 343.1 10.8 333.6 13.9 3.1
5 343.9 10.5 343.3 10.7 0.2 Fig. 13. Efficiency in steady state with different Lp
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(≥ 93.3 %) and to ensure that ID does not exceed 5 %, 
the PM slot position should be between 33.5 and 
31.5 mm. The maximum efficiency achieved is 94.28 % 
when Lp = 33.5 mm.

Based on the obtained results, the study confirms 
that the selection of the PM slot position is one of the 
key design parameters that needs to be considered 
alongside the size, material of the PMs, and rotor struc-
ture to ensure a balance between efficiency, starting ca-
pability, and ID resistance of the LSPMSM. The pa-
per’s conclusions provide important scientific founda-
tions for the design and optimization of LSPMSMs in 
practice, particularly for industrial applications that re-
quire high efficiency and reliability.

In addition to the PM slot dimension, the ID phe-
nomenon also depends on other factors, such as the in-
clination angle of the PM placement, the dimensions of 
the steel bridges, and magnetic barriers. Furthermore, 
the future research will focus on analyzing the impact of 
these parameters on the ID phenomenon and the oper-
ational characteristics of the LSPMSM.
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Мета. Провести аналіз позиціонування постій-
них магнітів (ПМ) для забезпечення робочих пара-
метрів і запобігання незворотному розмагнічуван-
ню (НР) під час запуску синхронних двигунів із по-
стійними магнітами (ПСМ) з лінійним пуском.

Методика. Методи дослідження включають тео-
ретичні методи аналізу явищ НР і робочих параме-
трів ПСМ із лінійним пуском. Потім результати 
перевіряються за допомогою методу скінченних 
елементів у програмі Ansys/Maxwell версії R2 2021.

Результати. Результати дослідження свідчать, 
що позиціонування ПМ у роторі впливає не тільки 
на робочі параметри ПСМ, але й на сприйнятли-
вість ПМ до НР. Досліджена модель 15-кіловатного 
двополюсного ПСМ з лінійним пуском із симе-
тричною тримагнітною структурою й відстанню 
між пазами ПМ Lp (відстань від центру осі до пазу 
ПМ), що варіюється від 29,5 до 33,5 мм. Результати 
показують, що чим менша відстань Lp, тим кращі 
пускові характеристики ПСМ, із найкращими по-
казниками при Lp = 29,5 мм. І навпаки, зі збільшен-
ням Lp покращуються характеристики струму та 
ККД. Для досягнення класу ефективності IE4, згід-
но зі стандартом IEC (≥ 93,3 %) без перевищення 
5  % НР постійних магнітів, необхідно, щоб 
33,5 ≥ Lp ≥ 31,5 мм. Найвищий ККД 94,2 % досяга-
ється за Lp = 33,5 мм.

Наукова новизна. Проведено аналіз відстані між 
пазами магніту Lp залежно від незворотного роз-
магнічування ПМ. Результати показують, що не 
тільки розмір ПМ, але й їхнє розташування впли-
ває на параметри та чутливість до НР. На основі 
отриманих результатів рекомендується обирати Lp 
з обґрунтованим значенням, щоб не тільки уникну-
ти незворотного розмагнічування, але й забезпечи-
ти відповідність робочих параметрів ПСМ із ліній-
ним пуском початковим проєктним параметрам.

Практична значимість. Результати дослідження 
показують, що під час проєктування ПСМ із ліній-
ним пуском необхідно враховувати не лише розмір 
постійних магнітів, але й відстань між пазами по-
стійних магнітів Lp, щоб уникнути незворотного 
розмагнічування та забезпечити робочі параметри 
двигуна.

Ключові слова: постійний магніт, незворотне 
розмагнічування, синхронний двигун, електродвигун, 
позиціонування магнітів


