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Abstract: The concentrated winding (CW) is obviously different from the traditional dis-
tributed winding (DW) in the arrangement of windings and the calculation of winding
factors, which will inevitably lead to different performances of the permanent magnet syn-
chronous motor (PMSM). In order to analyze the differences between the CW and the DW
in the performance, a 3 kW, 1500 r/min PMSM is taken as an example to establish a 2-D
finite element model. The correctness of the model is verified by comparing experimental
data and calculated data. Firstly, the finite element method (FEM) is used to calculate the
electromagnetic field of the PMSM, and the performance parameters of the PMSM are
obtained. On this basis, the influences of the two winding structures on the performance
are quantitatively analyzed, and the differences between the two winding structures on the
performance of the PMSM will be determined. Finally, the differences of efficiency between
the two winding structures are obtained. In addition, the influences of the winding structures
on eddy current loss are further studied, and the mechanism of eddy current loss is revealed
by studying the eddy current density. The analysis of this paper provides reference and
practical value for the optimization design of the PMSM.
Key words: air-gap flux density, cogging torque, concentrated winding, distributed winding,
efficiency, loss, PMSM

1. Introduction

The PMSM is widely used in electronic information, electric vehicles, wind power generation,
aerospace, intelligent robots and other fields because of its advantages of simple structure, high
efficiency and a high power factor [1, 2]. The winding of the PMSM is the key component of
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its energy conversion. The reasonable design of the winding is directly related to the overall
performance of the PMSM. The unreasonable design of the windings may cause a series of
problems, such as asymmetric motor windings, low winding factors and high harmonic content,
which will lead to increased loss, permanent magnet demagnetization and degaussing at a high
temperature, electromagnetic vibration and torque ripple. The above reasons put forward higher
requirements for the design of motor windings. Therefore, it is of great significance to compare
and analyze the performance difference between the centralized winding (CW) and distributed
winding (DW).

In recent years, many scholars have made relevant studies on the winding design. In reference
[3], based on the PMSM with distributed and concentrated windings, for an x-by-wire appli-
cation different pole numbers and winding configurations are investigated for the lowest torque
pulsation at fault-condition. In references [4] and [5], the induction machine performance with
fractional-slot concentrated windings was assessed using the standard distributed lap windings as
reference. The different designs are compared and various performance trade-offs highlighted. In
reference [6], the effects that fractional-slot concentrated windings have on the d-axis and q-axis
inductances of the IPM machine, in comparison with an integral-slot distributed winding, are
studied. Reference [7], this paper examines the relationship between rotor design, saliency-based
signal injection sensorless control, and power conversion properties for four industrially relevant
interior permanent-magnet machine configurations. However, many scholars have not compre-
hensively analyzed the difference between the two winding structures, and the mechanism of the
distinction has not been revealed.

In this paper, a 3 kW 1500 r/min PMSM is taken as an example and based on the FEM. The
no-load back EMF, air-gap flux density, torque ripple, cogging torque as well as loss of the CW
and the DW are compared and analyzed. The distinctions of the above performances are obtained
and the reasons for the distinctions are analyzed theoretically. In addition, the mechanism of eddy
current loss is revealed by studying the eddy current density and the total harmonic distortion
(THD) of air-gap flux density at rated operation. Some useful conclusions are obtained, which
could provide the basis for the further research on the PMSM.

2. Motor parameters and models

2.1. Finite element models
In order to analyze the distinctions between the CW and DW in performance, a 3 kW,

1500 r/min PMSM is taken as an example. According to the structures and parameters of the
prototype, the finite element models of different winding structures are established. In order to
more accurately compare the difference between the DW and the CW, we ensure that two types of
motors operate at the same power or at the same voltage level. In order to ensure the accuracy of
the analysis results, some parameters of the two motors are guaranteed to be the same when the
model is established, as shown in Table 1. Fig. 1 shows the finite element model of the PMSM
with the CW and DW.

In the PMSM electromagnetic analysis process, in order to simplify the calculation, the
following assumptions are made [8]:

1. Displacement currents and skin effect in the stator windings are ignored.



Vol. 69 (2020) Performance analysis and comparison of PMSM 305

Table 1. Basic parameters of prototype

Parameters Value

12slot-CW 30slot-DW

Rated speed (r/min) 1500

Rotor magnetic circuit structure Surface-mounted type

Stator outer diameter (mm) 172

Stator inner diameter (mm) 101

Rotor outer diameter (mm) 99

Rotor inner diameter (mm) 30

Axial length of stator core (mm) 62

Number of parallel branches 2

Winding connection type Y

Air gap length (mm) 1

Number of poles/slots 10/12 10/30

Stator

Rotor
Shaft

PM

W
indings

winding 

connection

(a) The finite element model of CW-12slot

Stator

Windings

Rotor
Shaft

PM

winding 

connectio
n

(b) The finite element model of DW-30slot

Fig. 1. Finite element model of prototype
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2. Ignoring the influence of the PMSM displacement current, the parallel plane field perpen-
dicular to the motor shaft is adopted to analyze the electromagnetic field of the PMSM.

3. The influences of the PMSM temperature on material conductivity and magnetic conduc-
tivity are ignored.

The calculation formula of a two-dimensional electromagnetic field is shown in (1) [9]:
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where: Ω is the calculation region, Az and Jz are the magnetic vector potential and the source
current density in the z-axial component, respectively, Js is the equivalent current density of per-
manent magnets, n is the normal direction of permanent magnet boundary, σ is the conductivity,
µ is the permeability, Γ1 is the parallel boundary condition, Γ2 is the PM boundary condition, µ1
and µ2 are the relative permeability, and t is the time.

2.2. Experimental test and data comparison

In order to verify the accuracy of the model, the prototype is tested by an experimental
platform. The experimental platform includes a Magtrol dynamometer machine, HIOKI PW6001
power analyzer, industrial condensing unit, DSP data acquisition system and other experimental
equipment. The experimental platform of the prototype is shown in Fig. 2. Under different
operating conditions, the experimental data of torque, no-load back EMF and current are obtained.
The experimental data is compared with the calculated data, as shown in Fig. 3 and Table 2.

Fig. 2. Prototype test platform
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(a) 2 kW load operation

(b) 3 kW load operation

Fig. 3. Comparison between the waveform of simulation and experiment

Table 2. Comparison between experimental data and calculated data

Operation state Parameter Experimental data Calculation data Variation rate

2 kW
Current (A) 12.77 12.8 0.23%

Average torque (N·m) 12.71 12.73 0.16%

3 kW
Current (A) 19.4 18.83 2.9%

Average torque (N·m) 19.11 19 0.57%

No-load back EMF (V) 95.7 94.7 1%

It can be seen from Table 2 that the errors are within 5%. The calculated results are in
good agreement with the experimental date under different powers. The accuracy of the model is
verified.
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3. Performance comparison of PMSM in no-load operation

3.1. The no-load air-gap flux density

In the process of PMSM design, the no-load back EMF is one of important parameters, which
need to be accurately calculated. The no-load back EMF can judge the performance

The air-gap flux density is an important parameter in a PMSM, and it has been discussed in
depth for a long time. The air-gap flux density affects the size of a magnetic energy product and
the power intensity of the PMSM, and directly determines the ability of the PMSM to drive load.
Therefore, in the design of the PMSM, it is necessary to ensure the rationality of the air-gap flux
density of the PMSM.

In order to compare the differences of the air-gap flux density between the two winding
structures, the air-gap magnetic density is extracted, and the harmonic decomposition is carried
out based on the Fourier theory. In this paper, the radial air-gap flux density of the two winding
structures is extracted by using Equation (2).

B = cos θBx + sin θBy , (2)

where: B is the radial flux density; θ is the electrical angle; Bx is the x-axis component with flux
density; By is the y-axis component with flux density.

The no-load air-gap flux density waveforms of different winding structures and the results of
the Fourier harmonic decomposition in one cycle are shown in Fig. 4.

Fig. 4. The waveform and harmonic content of air-gap flux density at no-load

It can be found from Fig. 4 that the maximum air-gap flux density of the CW-12slot is higher
than that of the DW-30slot. When the motor is running with no load, the maximum air-gap flux
density of CW-12slot is 0.98 T, and the maximum air-gap flux density of DW-30slot is 0.92 T.
The difference of air-gap magnetic density is mainly caused by the different winding structure,
which leads to the difference of slot size and further leads to the difference of magnetoresistance.
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In order to accurately compare the harmonic content of the two winding structures, based
on the Fourier decomposition theory, the air-gap flux density of a period is extracted and the
harmonic decomposition is carried out.

It is found that the THD of no-load air-gap flux density of the CW-12slot and DW-30slot are
16% and 20%, respectively. The THD of the no-load air-gap flux density of the CW-12slot is 20%
lower than that of the DW-30slot.

3.2. The no-load back EMF
The pulsating torque is the harmonic torque which is caused by the interaction between the

harmonics of a magnetic field and the stator current. These harmonics are related to the spatial
distribution of the winding and the excitation magnetic field produced by permanent magnets. In
order to reduce the ripple torque, the no-load back EMF harmonics are minimized as much as
possible in the process of motor design [10].

The quality and magnitude of the no-load back EMF depends on the winding factors, the
number of turns per phase, fundamental component of magnet flux, synchronous frequency, as
shown in (3) [11]. 

E0 =
2π
√

2

(
kwNph

)
λm f

kw = kpkdkskew

, (3)

where: Kw is the winding factor; Nph is the number of turns per phase; λm is the fundamental
component of magnet flux; f is the synchronous frequency; kp is the pitch factor; kd is the
distribution factor; kskew is the skewing factor.

It can be seen from the above equation that the difference of winding structure will directly
cause the difference of winding factor, and then affects the no-load back EMF of the PMSM. The
waveforms of the no-load back EMF and harmonic contents of the no-load back EMF are given
in Fig. 5.

From the no-load back EMF waveforms of the two winding structures in Fig. 5, it can be seen
that the no-load back EMF waveform of the CW-12slot is more sinusoidal, and the no-load EMF

Fig. 5. The waveform and harmonic content of no-load back EMF at no-load



310 H. Qiu, Y. Zhang, C. Yang, R. Yi Arch. Elect. Eng.

RMS of the CW-12slot is lower than that of the DW-30slot. The RMS of no-load back EMF of
the CW-12slot and DW-30slot are 55.26 V and 55.62 V, respectively.

Comparing and analyzing the harmonic spectrum of the two winding structures, it can be
found that only the 21th harmonic content is higher than the DW-30slot, and the other harmonic
contents are lower than the DW-30slot. The total harmonic contents of the CW-12slot are smaller.

The THD of the no-load back EMF of the CW-12slot and DW-30slot are 4.2% and 12%,
respectively, and the THD of the CW-12slot is 65%, which is less than that of the DW-30slot.
The harmonic contents of the no-load back EMF of the CW-12slot are much lower than that of
the DW-30slot. According to the above analysis, the torque ripple of the CW-12slot should also
be far lower than the DW-30slot. The differences of cogging torque between the two winding
structures will be compared and analyzed in the next section.

3.3. Cogging torque
Cogging torque is a kind of pulsating torque which can cause vibration and noise of a PMSM.

It is known that the cogging torque is greatly influenced by the topology of the PMSM and thus
it is possible to minimize the cogging torque by optimizing the design [12, 13]. This section
analyses the cogging torque from the energy point of view. The analytical expression shows the
key points of reducing the cogging torque. The expression of the cogging torque is shown in
Equation (4) [14, 15].
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where: Le f is the effective axial length of the PMSM, Bσ is the maximum air gap flux density
due to the permanent magnets, Ns is the number of slots, Np is the pole number, NL is the lowest
common multiple (LCM) of Ns and Np , µ0 is the permeability of air, R1 is the inner radius of the
air gap, R2 is the outer radius of the air gap, b0 is the slot opening, αp is the pole-arc to pole-pitch
ratio, αs is the skewing angle and Kskn is the skew factor.

The design parameters of influences the cogging torque can be clearly obtained from Equa-
tion (5), such as the effective length of the core, the maximum air gap flux density, the pole-arc
factor, etc. However, in the process of designing two motors, the consistencies of some parame-
ters are guaranteed to the greatest extent. In addition, the LCM of the two motors is significantly
different, and the larger the LCM, the smaller the cogging torque is.

In order to verify the correctness of the above analysis results, the cogging torque of two
motors with different winding structures is analyzed based on the FEM. The cogging torque of
the two motors with different winding structures is shown in Fig. 6.

It can be seen from Fig. 6 that the maximum cogging torque of the DW-30slot is 330 mN·m,
and the maximum cogging torque of the CW-12slot is only 22 mN·m. The cogging torque of the
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Fig. 6. Comparison of cogging torque for the motor with CW-12slot and DW-30slot

DW-30slot is 15 times higher than that of the CW-12slot, and the cogging torque period of the
CW-12slot is shorter. To sum up, the operation stability and the efficiency of the CW-12slot is
much higher than that of the DW-30slot. Therefore the cogging torque can be reduced effectively
by choosing a proper slot-pole combination.

4. Performance comparison of PMSM in rated power operation

4.1. Torque analysis

Torque ripple of a PMSM refers to a periodic increase or decrease in an output torque as the
motor shaft rotates. The torque ripple restricts the application of the PMSM on high-precision
occasions, especially in low speed driving situations, and is one of the most important performance
indexes of the PMSM. The torque ripple of the PMSM is caused by the cogging torque and ripple
torque. The cogging torque has been studied in 3.3, and the influence of the ripple torque on the
torque ripple is studied in this section. The distributions of two motor windings are different,
and the magnetic circuits of current flow are different when the load is running, and the spatial
harmonics of the PMSM have different effects on the current waveform so the ripple torque of
the motors will also be different.

In this paper, torque ripple Equation (5) is used to measure the torque ripple [16].

Tr = Tmax − Tmin , (5)

where: Tr is the torque ripple, Tmax is the maximum torque in a cycle and Tmin is the minimum
torque in a cycle.

It can be seen from Fig. 7 that the overload capacity of the DW-30slot is 34 Ncdotm, and
the overload capacity of the CW-12slot is 37 N·m, increasing by 9%. The torque ripple of the
DW-30slot is 0.7 N·m, and the torque ripple of the CW-12slot is only 0.4 N·m, which is reduced
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by 43% compared with the torque ripple of the DW-30slot. It can be seen that the CW-12slot is
obviously higher than the DW-30slot in overload capacity and operation stability.

Fig. 7. Torque analysis

4.2. The stator saturation
The stator saturation of the DW-30slot and the CW-12slot is given in Fig. 8. The motor stator

presents different degrees of saturation, mainly distributed in the stator teeth. The maximum
magnetic flux density of the stator for the CW-12slot and the DW-30slot are 2.12 T and 1.89 T,

Fig. 8. The stator saturation of distributed winding and centralized winding



Vol. 69 (2020) Performance analysis and comparison of PMSM 313

respectively. The maximum value of the stator winding magnetic density of the CW-12slot is
12.2% higher than that of the DW-30slot. It can be seen that the CW-12slot can increase the
saturation of the stator.

4.3. The analysis of efficiency
The loss is directly related to the efficiency of the PMSM, the bigger the loss, the lower the

efficiency. When the winding distribution of the PMSM is different, the current and magnetic
field of the PMSM transform greatly, which causes a change in the loss of the motor. Therefore,
it is very valuable to study the loss of the PMSM with a different DW and CW.

The loss of the PMSM mainly includes copper loss of the winding, core loss of the stator and
rotor, mechanical loss and stray loss. According to the mechanism of core loss, the core loss of
the PMSM can be divided into hysteresis loss and eddy current loss, and the eddy current loss
can be divided into classical eddy current loss and abnormal loss. The calculation formula of the
PMSM core loss is (6) [17].

PFe = Ph + Pc + Pe = Kh f Bα + Kc f 2B2 + Ke f 1.5B1.5. (6)

In the formula, PFe is the core loss, Ph is the hysteresis loss, Pc is the classical eddy current
loss, Pe is the abnormal eddy current loss, Kh Kc Ke represent the loss factor, f is the frequency,
B is the flux density. It can be seen from the above formula that the core loss of the PMSM is
related to the frequency and the flux density amplitude.

The copper loss is one of the most important heat sources in the motor, and the temperature
rise caused by the copper loss is large. Therefore, the accurate calculation of the copper loss is
more important. The copper loss can be obtained by Equation (7) [18].

PCu = 3rat
∑

I2
i , (7)

where: Ii contains the fundamental component and the harmonic components of the phase current,
and rat represents the phase resistance at operating temperature.

Based on the FEM, the influences of different winding structures on the motor loss are
compared and analyzed in this section, and the differences of the motor losses caused by different
winding distributions are obtained.

The cause of wind friction loss is complicated, especially the additional loss accounts for
a large proportion of the total ventilation loss, so it is difficult to calculate it accurately. The
wind friction loss is obtained from the experimental data in Table 3, which can comprehensively
consider the theoretical wind friction loss of the motor and the additional losses caused by the
processing technology, and the calculation result is very accurate.

Table 3 shows the various losses of the two PMSMs. It can be seen from Table 3 that the copper
loss and stator core loss of the DW-30slot are much higher than the CW-12slot, but the eddy
current loss is lower than that of the CW-12slot. Compared with the CW-12slot, the copper loss
and stator core loss of the PMSM with the DW-30slot increased by 7.2% and 26%, respectively.
The eddy current loss of the CW-30slot is less than 9% of the eddy current loss of the DW-12slot.
Because the coil of the CW-12slot is placed in the adjacent stator slot, the length of the winding
end and the axial length of the PMSM are shortened, thus reducing the copper loss.
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Table 3. The loss of CW-12slot and DW-30slot

Winding type
Loss (W)

Copper loss Stator core loss Eddy current loss Wind friction loss

CW-12slot 126 35 33 50

DW-30slot 135 44 30 50

Variation rate 7.2% 26% −9% 0%

Based on the analysis of the various losses of the PMSM with the CW-12slot and DW-30slot,
the efficiencies of the two motors are given in Fig. 9. It can be seen from Fig. 9, the efficiencies
of the CW-12slot and DW-30slot are 92.5% and 92%, respectively, and the efficiency of the
CW-12slot is 0.5% higher than that of the DW-30slot. For the difference of eddy current loss
between two winding structures, the mechanism of eddy current loss will be analyzed next.

Fig. 9. The efficiency and loss distribution of the two motors

The magnetic field of the PMSM is divided into two parts. The main magnetic field is
generated by the permanent magnet. It rotates synchronously with the motor rotor and the main
magnetic field cannot form eddy currents on the rotor surface. The other part of the magnetic field
is caused by harmonic components, including tooth harmonics, time harmonics, and motor space
harmonics, which does not rotate synchronously with the motor rotor. The induced EMF and the
eddy current in the conductors are induced by the alternating magnetic flux, and then the eddy
current loss is formed. The first part has studied the variation of air-gap flux density at the no-load
operation. However, due to the influence of armature reaction, when the rated load is running, the
air-gap flux density changes greatly. The difference in the eddy current loss can be analyzed by
studying the THD of air-gap flux density at rated load. In addition, according to the calculation
formula of eddy current loss, the eddy current loss is also related to the eddy current density.
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In order to reveal the influence mechanism of rotor eddy current loss of motor, the eddy
current density and the THD of air-gap flux density at rated operation are analyzed by using
the finite element method. The eddy current density of the PMSM and the THD of air-gap flux
density at rated operation are shown in Fig. 10.

(a) Eddy current density distribution at rated state

(b) Air gap magnetic density distortion
rate at rated state

Fig. 10. The eddy current density and the THD of air-gap flux density at rated operation

During the calculation, the eddy losses in the rotor surface are calculated by (8) in a cycle [19].

Pe =
1
Te

∫
Te

k∑
i=1

J2
e∆eσ

−1
r lt dt, (8)

where: Pe is the rotor eddy current losses (in W), Je is the current density in each element (in
A/m2), ∆e is the element area (in m2), lt is the rotor axial length (in meter), σr is the conductivity
of the eddy current zone (in S/m), Te is the time vary period of eddy current density in each
element.

The eddy current density of the CW-12slot is much larger than the eddy current density of the
DW-30slot. Take the maximum value as an example, the maximum eddy current density values of
the CW-12slot and DW-30slot are 1.1× 106 A/m2 and 0.87× 106 A/m2, respectively. Compared
with the CW-12slot, the eddy current density of the DW-30slot is reduced by 26%. In addition,
it can be seen from the THD of the air-gap flux density at rated load that the THD of the DW-30
slot is 4% lower than that of the CW-12 slot. Low eddy current density and low THD of air-gap
flux density are two important factors for low eddy current loss of the DW-30slot.

5. Conclusions

In this paper, a 3 kW 1500 r/min PMSM is taken as an example and based on the FEM, the
performance differences between the DW and the CW are analyzed. The following conclusions
are obtained:



316 H. Qiu, Y. Zhang, C. Yang, R. Yi Arch. Elect. Eng.

The design of the CW-12slot significantly improves the operational stability of the PMSM.
Compared with the THD of no-load air-gap flux density of the DW-30slot, the THD of the CW-
12slot is reduced by 20%, and the THD of the no-load back EMF of the DW-30slot is 3 times
that of the DW-12. In addition, the THD of no-load back EMF of the CW-12slot and DW-30slot
are 4.2% and 12%, respectively and the THD of the CW-12slot is 65%, which is less than that of
the DW-30slot.

The peak cogging torque is inversely proportional to the LCM of the slot number and pole
number, and the larger the LCM, the smaller the cogging torque is. The cogging torque can be
reduced effectively by choosing a proper slot-pole combination, breaking the general understand-
ing that the more slot number, the smaller cogging torque. The cogging torque of the DW-30slot
is 15 times that of the cogging torque of the CW-12slot, and the cogging torque cycle of the
CW-12slot is shorter.

At rated operation, the overload capacity of the CW-12slot is higher than the DW-30slot,
and the torque ripple of the CW-12slot is significantly lower than the DW-30slot. The overload
capacity of the DW-30slot is 34 N·m, and the overload capacity of the CW-12slot is 37 N·m,
increasing by 9%.The torque ripple of the DW-30slot is 0.7 N·m, and the torque ripple of the
CW-12slot is only 0.4 N·m, which is reduced by 43% compared with the torque ripple of the
DW-30slot.

Compared with the DW-30slot, the CW-12 shows higher efficiency. The efficiencies of the
CW-12slot and DW-30slot are 92.5% and 92%, respectively, and the difference is 0.5%. The
copper loss and stator core loss of the DW-30slot are 7.2% and 26% higher than that of the
CW-12slot, respectively, and the eddy current loss is 9% lower than that of the CW-12slot.

The differences of the eddy current density and the harmonic contents of air-gap flux density
at rated load are the main factors that cause the differences of eddy current loss between the
two winding structures. The eddy current density of the CW-12slot is much larger than the eddy
current density of the DW-30slot and the differences of maximum eddy current density between
the two winding structures are 26%. The influence by the armature reaction, the air-gap flux
density of rated operation is greatly different from air-gap flux density of no-load. The THD of
air-gap flux density at rated operation of the CW-12slot is 4% higher than that of the DW-30slot.
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