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Abstract: In recent years, fractional slot concentrated winding permanent magnet syn-
chronous motors (FSCW PMSMs) have become a hotspot in the research field. Due to the
unique inductance characteristics of the FSCW PMSM, a fast and accurate calculation of
the d/q-axis inductance and saliency ratio is necessary. In this paper, a method is proposed
to calculate the d/q-axis reactance of the FSCW SPMSM, which constructs the equivalent
magnetic circuit model of the d/q-axis armature reaction flux separately, and the saliency
ratio characteristics of the FSCW SPMSM were demonstrated. In addition, to meet the high
requirements of the modern industries, especially in servo systems, accurate consideration
of the effect of stator resistance on torque and electromagnetic performance is important and
more applicable. According to the relationship between the vector parameter, the explicit
expression of the d/q-axis currents that consider the stator resistance is obtained, and the
prediction of load angle at maximum electromagnetic torque is achieved. Then, combined
with the finite element method, the influence mechanism of stator resistance on the motor
steady-state performance is revealed. Finally, the experimental data are compared with the
calculation data, and the correctness of the models and analysis was verified.
Key words: equivalent magnetic circuit model, inductance calculation, lower saliency ratio,
torque characteristics
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1. Introduction

Because of its short axial length, high efficiency, high torque density, and low cost, the
fractional slot concentrated winding permanent magnet synchronous motor (FSCW PMSM)
is widely used in servo systems, hybrid engines, electric vehicles, and low-speed direct-drive
applications. It has gradually become the mainstream choice for middle and small motors [1–4].
The FSCW PMSM also has exhibited its advantages in sectors such as hybrid electric vehicles and
wind energy applications [5–7].

Due to the special winding structure of the FSCW PMSM, the coupling between the phase
windings is very low, and the wide stator teeth will lead to the high crossover of the q-axis and
d-axis magnetic circuits, thus making the inductance characteristic of the FSCW PMSM different
from that of the integral slot distributed winding (ISDW) PMSM [8–11].

Many scholars have done a lot of research on the inductance and the salient ratio of
FSCW PMSMs.

Since the greater slot leakage inductance is beneficial to the expansion of the field weakening
range, in [12], B. Prieto has derived the expression of the slot leakage inductance of the FSCW
motor with different winding layers. F. Wu et al. found that if only the second-order harmonic
component of the winding self-inductance is considered, the third harmonic will be introduced
in the coupling terms of d/q-axis and 0-axis, and this harmonic component is determined by
the saliency ratio [13]. In [14], Z. Zhang studied a surface-inset permanent magnet motor with
the FSCW, by establishing an analytical model containing five subdomains, the motor saliency
ratio was investigated. Honda et al. concluded that the difference between the q-axis inductance
and the d-axis inductance of the FSCW PMSM is smaller and the motor saliency ratio is also
smaller. Compared with the ISDW PMSM, the q-axis inductance of the FSCW PMSM is more
likely to increase, and they proposed a method to reduce the q-axis flux by segmenting the PMs
radially [15].

In [16], to improve the torque density and field weakening capability of the PM machine for
Electric Vehicles Traction Applications, the H-shaped PM motor and U-shaped PM rotor are
proposed, the inductance feature and characteristic current FSCW PM machines are investigated.

A large number of studies and researches have proved that the saliency ratio of the FSCWPMSM
is always smaller than that of the corresponding ISDW PMSM, regardless of single-layer winding
or double-layer winding, surface-mounted or interior rotor structures [17–20]. However, the
low saliency ratio of the FSCW SPMSM seems to be of little concern, and there have been no
theoretical studies and quantitative analyses to explain this phenomenon.

In recent years, some studies on stator resistance have been done for real-time monitoring of
motor operating conditions and faults [21,22]. But, the effect of stator resistance on the load-angle
characteristics of PMSMs is still little noticed. It is usually assumed that stator resistance is much
smaller than the reactance, and the effect of stator resistance on electromagnetic power and torque
is often ignored, especially when analytical models or equivalent magnetic circuit models are used.
This assumption is not reasonable in applications where the high accuracy is required. Particularly
for small capacity motors, the motor stator resistance is large due to wire diameter and other
factors. Considering the requirements for the steady-state performances as well as the overload
capability of the motor, it is necessary to study the effect of stator resistance on the motor.
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2. Analysis on reactance

2.1. Reactance calculation

As the concept proposed in reference [20], the area where a phase winding is continuously
distributed is defined as the mechanical phase region. The stator of the FSCWPMSM can be treated
as an ordered arrangement of several types of mechanical phase regions. For the FSCW PMSM,
the winding coils are wound on separate stator teeth, so the mechanical phase region is related to
the form of stator teeth distribution or winding distribution.

According to the principle of rotating motor operation, the axis of the resultant magnetomotive
force will coincide with the axis of the magnetic field generated by the A-phase winding. At this
time, if the d-axis is in the same direction as the axis of the A-phase magnetic field, the direction
of the resultant magnetomotive force will be the same as the direction of the d-axis. Then, the
A-phase armature reaction inductance will equal to the d-axis armature reaction inductance. The
d-axis inductance can be obtained by calculating the permeance of the mechanical phase regions.

Due to the non-integer slot/pole ratio Qs/2p of the FSCW PMSM, the d-axis and q-axis
magnetic circuits are asymmetric, and the less Qs/2p is close to an integer, the more pronounced
this difference is. When Qs/2p is greater than 1.5 or less than 0.5, the winding factor is less than
0.866, and the motors with these types of slot-pole combination could not be widely used, so
it is meaningless to study them. In this paper, two FSCW SPMSMs with 12-slots/8-poles and
12-slots/10-poles are selected as examples for study.

To simplify the calculation, the following assumptions are proposed:
1. The reluctance of the motor core is zero, and only the permeance of the permanent magnet

and air gap are calculated.
2. Because the permeability of the permanent magnet is close to that of air, the permanent

magnet shape of the 12-slot/8-pole motor is simplified.
3. The area where the stator teeth are aligned is chosen as the computed area of the magnetic

circuit.
Figure 1 shows the structures of the two motors, and the main structural parameters of the

motors are shown in Table 1.

(a) (b)

Fig. 1. Structure of the motors: (a) 8-pole/12-slot motor; (b) 10-pole/12-slot motor
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For the 8-pole/12-slot motor, the path of flux generated by the A-phase armature reaction is
shown in Fig. 2.

(a) (b)

Fig. 2. Armature reaction flux path of the 8-pole/12-slot motor: (a) the q-axis path; (b) the d-axis path

Table 1. Main parameters of the motor

Parameter 8-pole/12-slot 10-pole/12-slot

Stator out diameter (mm) 72 167.2

Stator inner diameter (mm) 42.2 110

Rotor out diameter (mm) 34.85 100.2

Air-gap length (mm) 1.065 1

PM thickness (mm) 2.61 3.9

Length (mm) 50.8 130

Slot width (mm) 0.2 0.9

Winding turns 62 32

Frequency (Hz) 200 125

Pole-arc coefficient 0.97 0.887

Phase resistance (Ω) 2.7783 0.6552

Rated power (kW) 0.95 6.28

Rated current (A) 3.12 10.20

Rated voltage (V) 112 220

Rated torque (N) 3.03 40.12

The area of the A-phase is composed of only one mechanical phase region type, and the
equivalent magnetic circuit models are shown in Fig. 3.
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(a) (b)

Fig. 3. Equivalent magnetic circuit models of the 8-pole/12-slot motor: (a) the q-axis magnetic circuit; (b)
the d-axis magnetic circuit

There, Λδ1 is the permeance of half of the air region between the permanent magnets; Λδ2
is the permeance of the air region between the permanent magnets; Λdg1 and Λdg2 represent
the permeances corresponding to the air gaps in different regions of the d-axis magnetic circuit,
respectively; Λqg1 and Λqg2 represent the permeances corresponding to the air gaps in different
regions of the q-axis magnetic circuit, respectively;Λdpm1 andΛdpm2 represent the corresponding
permeabilities of permanentmagnets in different regions of the d-axismagnetic circuit, respectively;
Λqpm1 and Λqpm2 represent the corresponding permeabilities of permanent magnets in different
regions of the q-axis magnetic circuit, respectively.

Assume that each phase area consists of n mechanical phase regions, with i slots in each
mechanical phase region. The magnetic circuit permeances corresponding to each mechanical
phase region are:

q-axis,

Λqk =
1
2

1
Λqg2Λqpgm2

Λqg2 + Λqpgm2
+
Λqg1Λqpgm1

Λqg1 + Λqpgm1
+

1
Λδ1

, (1)

d-axis,
Λdk =

1
2

1
1
Λdg2

+
Λdpm2Λδ2

Λdpm2+Λδ2
+

1
Λdg1

+
1

Λdpm1

, (2)

where Λqk and Λdk are the q-axis permeance and d-axis permeance for the k-th slot magnetic
circuit in a mechanical phase region, respectively.

For the 10-pole/12-slot motor, the paths of the flux generated by the A-phase armature reaction
are shown in Fig. 4.

It can be seen in Fig. 4, the area of the A-phase is composed of two mechanical phase region
types, and due to the more complex magnetic circuit structure, the air gap region and permanent
magnet region are divided into three regions, respectively. The equivalent magnetic circuit models
are shown in Fig. 5.
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(a) (b)

Fig. 4. Armature reaction flux path of the 10-pole/12-slot motor: (a) the q-axis path; (b) the d-axis path

(a) (b)

Fig. 5. Equivalent magnetic circuit model of the 10-pole/12-slot motor: (a) the q-axis circuit; (b) the d-axis
circuit

The magnetic circuit permeances corresponding to each mechanical phase region are:
q-axis,

Λqk =



1
2
Λqg1

(
Λqpm1 + Λδ1

)
Λqpm1 + Λδ1 + Λδ1Λqpm1

, k = others

1
1
Λqg3

+
1

Λqpm3
+

Λqg2
(
Λδ1 + Λqpm2

)
Λqg2Λδ1Λqpm2 + Λqpm2 + Λδ1

, k = 0/i , (3)

d-axis,

Λdk =



1
2
Λdg1

(
Λdpm1 + Λδ1

)
Λdpm1 + Λδ1 + Λδ1Λdpm1

, k = others

1
1
Λdg2

+
1

Λdpm2
+

Λdg3
(
Λδ2 + Λdpm3

)
Λdg3Λδ2Λdpm3 + Λdpm3 + Λδ2

, k = 0/i , (4)

where Λqk and Λdk are the q-axis permeance and d-axis permeance for the k-th slot magnetic
circuit in a mechanical phase region, respectively.
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In the above analysis,
Λδ1 = µ0le f

δ

2hPM
, Λδ2 = µ0le f

δ

hPM

Λdgi = µ0le f
wi

g
, Λdpmi = µ0µr le f

bPMi

hPM

, (5)

where: µ0 is the permeability of air, µr is the relative permeability of the permanent magnets, hPM
is the thickness of the permanent magnets, δ is the width of the air region between the permanent
magnets, g is the length of the air gap, bPMi is the width of each segment of the permanent magnets,
wi is the width of each segment of the air gap, Le f is the effective length of the motor core.

According to Eq. (6), the inductance of the closed magnetic circuit can be obtained.

L = N2
Λ , (6)

where: L is the inductance of one magnetic circuit, N is the turns of the coil which the magnetic
flux coupled, Λ is the permeance of the magnetic circuit.

Thus, the total q-axis/d-axis armature reaction inductances of each mechanical phase region
are: 

Lqn =

i∑
k=1

N2
Λqk

Ldn =

i∑
k=1

N2
Λdk

, (7)

where i is the number of slots or teeth within each mechanical phase region.
The total armature reaction inductances of the motor are:

Lad = n
∑

Ldn

Laq = n
∑

Lqn

. (8)

When the effect of periodic changes in armature current on the magnetic circuit saturation is
neglected, the armature reaction inductance is only related to the magnetic circuit length as well
as the material permeability. In the analysis below, it can be known that when the armature current
is low, the saturation of the magnetic circuit is low, and the effect on the inductance is small, so
the assumption in this section is feasible.

Due to the short end of the centralized winding, the end leakage reactance of the motor can be
neglected, and the q-axis reactance and d-axis reactance can be obtained from Eq. (9):{

Xq = 2π f Laq + Xs + Xh + Xc

Xd = 2π f Lad + Xs + Xh + Xc
, (9)

where: Xq is the q-axis reactance, Xd is the d-axis reactance, f is the frequency, Xs is the slot
leakage reactance, Xh is the harmonic leakage reactance, Xc is the tooth top leakage reactance.
The calculation method of the leakage inductance can be found in [21].
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From the above analysis, the results of the analytical method and the frozen permeability
method are shown in Table 2.

As can be seen from Table 2, the saliency ratio of the surface-mounted permanent magnet
motor with the FSCW is less than 1, and there are also differences in the saliency ratio with
different slot-pole combinations, the saliency ratio of the 12-slot/8-pole motor is smaller than that
of the 12-slot/10-pole motor.

Table 2. d/q-axis reactance and saliency ratio of the two motors

Parameter Equivalent magnetic circuit FEM Relative error

10/12
Xd 8.47 8.19 3.31%

Xq 8.07 7.83 2.97%

Saliency ratio 0.953 0.956 0.32%

8/12
Xd 13 13.54 4.15%

Xq 12.26 12.4 1.14%

Saliency ratio 0.943 0.916 2.86%

For the 12-slot/8-pole motor, the calculation results obtained by two methods have a larger
relative error, the main reasons are the simplification of the permanent magnet shape, and the
effect of the larger tooth top leakage.

2.2. Influence of the saliency ratio

When the permanent magnet motor runs stably in a certain state, the magnetic field generated
by the permanent magnet will interact with the magnetic field generated by the armature reaction
to produce a stable electromagnetic torque. If the d/q-axis magnetic circuit is asymmetrical, it
will also cause a stable reluctance torque, and the output torque of the motor will be the synthesis
of the two torques. The torque characteristic curves of the PMSM when the d/q-axis reactance is
not equal are shown in Fig. 6.

(a) (b)

Fig. 6. Torque characteristic curve of permanent magnet motor: (a) Xd < Xq ; (b) Xd > Xq
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As can be seen in Fig. 6, for the FSCW SPMSM, because the saliency ratio is less than 1, the
reluctance torque is a positive sinusoidal function as the load angle changes. The load angle is less
than 90◦ when the motor output torque is maximum, which is a feature of this type of motor that
has received less attention.

When the saliency ratio of the PMSM is not 1, and the maximum torque per ampere (MTPA)
method is adopted, the current vector trajectories of the PMSM are as shown in Fig. 7. At most
operating speeds, the trajectory of the maximum torque/per ampere ratio of the FSCW PMSM lies
in the first quadrant.

(a) (b)

Fig. 7. Current vector trajectories of PMSM: (a) saliency ratio greater than 1; (b) saliency ratio less than 1

When the motor is running at low speed, the d-axis current with magnet excitation effect can be
used to generate positive reluctance torque and improve the utilization rate of permanent magnets.
When the motor is running at high speed, the air gap flux can be weakened by a relatively small
d-axis current, the magnetic weaken performance of the motor can be effectively improved. In
addition, the risk of irreversible demagnetization of the permanent magnet can be reduced, which
improves the fault-tolerant performance of the motor and has significant advantages in control.
Research based on the FSCW SPMSM characteristics is of great importance for the development
of the negative-salient motor [22, 23].

3. Analysis of reactance

Conventionally, the stator resistance is often considered as the dependent variables of the
motor winding structure to analyze motor electromagnetic properties, such as the flux linkage,
but the effect of stator resistance on the power and the electromagnetic torque is often ignored.
In many cases, this assumption will lead to many errors, especially for small servo motors, the
stator phase resistance can reach 20% or more of the d-axis reactance, it is not rigorous or even
feasible to ignore the effect of resistance. In this section, a 0.95 kW, 3 000 r/min FSCW SPMSM
is taken as an example, taking into account the effect of stator resistance and saliency ratio, the
motor performances are analyzed in detail.
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3.1. Influence on load angle characteristics

When the stator resistance is different, the stable operating point of the motor is not the same.
By establishing the vector diagram of the motor in the d/q coordinate system, the steady-state
performance of the FSCW SPMSM can be further derived.

Figure 8 shows the typical phasor diagram of the FSCW SPMSM.

Fig. 8. Vector diagram of the FSCW SPMSM in d/q-axis coordinate system

E0 andU are the no-load back electromotive force and input voltage of themachine, respectively;
ϕ is the angle between the current and the input voltage, that is, the power factor angle; θ is the
angle between the input voltage and the no-load back EMF, that is, the power angle; ψ is the angle
between the current and the no-load back electromotive force, which is called the internal power
factor angle. It can be seen from the figure that when the input voltage of the machine is constant,
increasing the winding resistance will increase the armature current, and the power angle and
internal power factor angle of the machine will also shift.

The explicit expressions for the q-axis and d-axis currents can be obtained according to the
relationship between the parameters.

iq =
[XdU sin θ − R (E0 −U cos θ)](

R2 + XdXq

)
id =

[
RU sin θ − Xq (E0 −U cos θ)

](
R2 + XdXq

) . (10)

The explicit expressions for the q-axis and d-axis currents can be obtained according to the
relationship between the parameters.

According to conventional motor theory, the electromagnetic torque of the PMSM can be
expressed as:

Tem =
3p
2ω

iq
[
EO +

(
Xd − Xq

)
id

]
. (11)
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To obtain the load angle when Tem is maximum, Tem can be considered as the function of θ, it
can be assumed that:

T
′

em (θ) =
3p
2ω

[
i
′

q (θ)
(
EO +

(
Xd − Xq

)
id

)
+ iq

(
Xd − Xq

)
i
′

d (θ)
]
= 0. (12)

The expression for the load angle at maximum torque is:

U
(
R2 − XdXq

)
cos 2θ + R

(
Xd + Xq

)
U sin 2θ

+

(
R2 + XdXq

Xd − Xq
R − R2 + XiXq

)
E0 cos θ −

(
R2 + XdXq

Xd − Xq
R + 2RXq

)
E0 sin θ = 0.

(13)

Substituting the calculated reactance in Section 1 and the different resistances, the load angle
at the maximum electromagnetic torque can be calculated by the analytical method and the finite
element method, and the results are compared as follows (Table 3).

As the stator resistance decreases, the armature current rises significantly when the output
torque is large, and the saturation of the magnetic circuit will increase, leading to the changes in
reactance and saliency ratio, and increasing the deviations in the calculation results.

Figure 9 shows the variation of the q/d-axis reactance and saliency ratio with armature current
amplitude and load angle. It can also be seen from the figure that although both the q-axis reactance
and the d-axis reactance decrease when the current is higher, it is clear that the reactance is affected
differently by the current and the current angle. When the current is small, the convex pole rate

Fig. 9. The d/q-axis inductance and the saliency ratio according to the current and the current angle
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changes with the current angle, while when the current is very high, the convex pole rate stays
at a low value regardless of the current angle change, from which the nonlinear variation of the
saliency ratio can be further obtained.

It can also be seen from Table 3 that the larger the stator resistance, the smaller the load angle
at the maximum electromagnetic torque, it means that the overload capacity of the motor will be
reduced.

Table 3. The load angle at maximum electromagnetic torque with different resistances

R (ohm) 0.1 0.5 1 2 2.7783 5
θTmax by FEM 91.2 88.6 85.1 78.2 73.1 61.3

θTmax by analytical method 85 83 81 76 73 64

Relative error 6.80% 6.32% 4.82% 2.81% 0.14% –4.40%

3.2. Influence of resistance on motor steady-state performance
When the PMSM is running at no load, the magnetic field of the motor is established by the

permanent magnets entirely, and the effect of the stator resistance on the parameters such as flux
and no-load back-electromotive force can be ignored. When the PMSM is operated under load, the
winding resistance will inevitably have an effect on the armature reaction, further leading to the
changes in the performances of the motor.

When the stator resistance is different, not only the magnetic field distribution and the core
saturation will have an impact on the core loss, the difference in the magnetic field harmonics and
the current but also have an effect on the copper loss and the eddy current loss. Thus, the efficiency
and power factor of the motor will also be affected.

In this section, the losses of the motor with different stator resistance are calculated by using
the finite element method. Further, the effect of stator resistance variation on parameters such as
efficiency and power factor of the motor has also been studied.

3.3. Influence of resistance at the same output power
To clarify the effect of the stator resistance on the steady-state performance of the PMSM,

each performance is quantified at the same output power, losses are obtained, and compared
in Fig. 10(a). The variations of efficiency, armature current, and power factor are presented in
Fig. 10(b).

From Fig. 10(a), it can be seen that the larger the stator resistance, the smaller the core loss and
eddy current loss, and with the resistance changes, the two losses have similar variation trends and
the same rate of change. Compared with the case that stator resistance is 0.1 Ω, when the stator
resistance is 5 Ω, the core loss and the eddy current loss are decreased by 26.6% and 28.54%,
respectively.

The output power of the PMSM is proportional to the cross-product of the PM flux linkage
and the current. From Fig. 10(b), it can be seen that with the gradual increase in stator resistance,
the variation of armature current is within 15% when the output torque is constant. Meanwhile,
the variation of copper loss shows an approximately linear variation with the change of resistance.
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As can be seen from Fig. 10(b), the efficiency of the motor decreases as the loss gradually
increases, but the power factor of the motor is gradually increased, because the copper loss is
the active component. Compared to the case that the stator resistance is 0.1 Ω, when the stator
resistance is 5 Ω, the power factor will increase by 7.55%, but the efficiency will decrease by
13.95%. Improving the efficiency and power factor is contradictory to changing the stator resistance.

(a) (b)

Fig. 10. The variation of motor performances with stator resistance at same output power: (a) losses; (b)
current, efficiency, and power factor

In addition, with the resistance increasing, the current decreases and then increases. When
the stator resistance is 1 Ω, the armature current of the motor is the smallest, 3.08 A, and the
efficiency and power factor are equal at this time.

3.4. Influence of resistance at the same load angle
The load angle is the angle between the stator magnetic field and the rotor magnetic field. When

the load angle is constant and the motor is running steadily, the relationship between the various
vectors will change as the stator resistance changes, and the motor performances also change.
By using the finite element method, the effect of stator resistance on the motor performance is
analyzed when the load angle is the same. The results are shown in Fig. 11.

From Fig. 11(a), it can be seen that when the load angle of the motor is constant, the torque
and the current show a decreasing trend as the stator resistance increases. Compared with the case
where the stator resistance is 0.1 Ω, when the stator resistance is 5 Ω, the electromagnetic torque
and current decreased by 29.08% and 26.86%, respectively.

The reduction of current leads to the weakening of armature reaction, so the magnetic field
strength will be reduced, and both core loss and eddy current loss show a slight decrease. Compared
with the case that the stator resistance is 0.1 Ω, when the stator resistance is 5 Ω, the core loss
and eddy current loss of the motor decreased by 2.34 W and 0.86 W, respectively. The change in
copper loss and the change in resistance still show a linear relationship.

From Fig. 11(c), similar to the conclusion in Section 3.3, due to the increase in losses caused
by the increase in resistance, the efficiency of the motor gradually decreases and the power factor
gradually increases.
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(a) (b)

(c)

Fig. 11. The variation of motor performances with stator resistance at same output power: (a) current and
torque; (b) losses; (c) efficiency and power factor

4. Figures and tables

In order to verify the accuracy of the calculation results, the 12-slot/8-pole, 0.95 kW motor is
tested. During the experiment, different load torques are simulated by electromagnetic braking
device, and the performance parameters and waveforms of the prototype in different states are
recorded by the power analyzer. The experimental equipment used in the experiment mainly
includes inverter power supply, experimental platform, 0.95 kW permanent magnet servo motor,
power tester, magnetic control test bench (industrial condensing unit, Magtrol dynamometer
machine, HIOKI PW6001 power analyzer), etc.

The motor operating temperature is at approximately 75◦ during the load test. The test platform
and experimental equipment are shown in Fig. 12, and the various data are listed in Table 4, where
the current refers to the rms of the phase current and the electromotive force is the rms of the
phase voltage.
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Fig. 12. Experimental test platform

It can be known from the table, the maximum error between the experimental data and
calculated data is less than 5%. To further verify the accuracy of the model, the no-load back-EMF
tested under low-frequency experiments is compared with the results obtained by using the finite
element method.

Table 4. Comparison of calculated data and testing data

Operation Parameter Calculation data Testing data Relative error
No-load EMF (V) 103.96 100.46 3.48%

0.95 kW
Current (A) 3.19 3.33 4.20%

Power 98.84% 98.01% 0.83%

1.04 kW Current (A) 3.45 3.31 4.23%

The back-EMF results obtained by the finite elementmodel are not only close to the experimental
ones in terms of RMS value but also agree well with the experimental waveforms (Fig. 13).
Therefore, the accuracy of the finite element model and calculation results is guaranteed.

(a) (b)

Fig. 13. Comparison of no-load back-EMF waveforms: (a) experimental test waveforms; (b) finite element
method waveforms
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5. Conclusions

This paper is aimed at the steady-state characteristic analysis of FSCW SPMSMs. The
d/q-axis reactance is calculated by constructing an equivalent magnetic circuit model. On this
basis, the effect of stator resistance is considered, and the torque characteristics and steady-state
characteristics of the motor are analyzed. The conclusions are as follows:

1. Due to the structure of the FSCW PMSM, the q/d-axis magnetic circuit is asymmetric, the
saliency ratio of FSCW SPMSM is less than 1. The less the slot/pole ratio is close to an
integer, the smaller the saliency ratio is.

2. By establishing the equivalent magnetic circuit model, the accurate calculation of the
q/d-axis reactance of the FSCW SPMSM can be obtained. Compared with the finite element
results, the maximum calculation error of reactance is 4.15%. For the 10-pole/12-slot motor,
the saliency ratio is 0.953. For the 8-pole/12-slot motor, the saliency ratio is 0.943. The
main reasons for the calculation errors are the simplification of the permanent magnet shape
and the effect of the tooth top leakage.

3. The load angle at maximum torque will change when the stator resistance is different. The
larger the stator resistance is, the smaller the load angle at maximum torque is. When the
stator resistance is 5 Ω, the load angle at maximum torque is 61.3◦, which is 29.9◦ less than
that at 0.1 Ω.

4. When the motor output power is constant, the greater the stator resistance, the smaller the
core loss and the eddy current loss, the greater the copper loss. As the stator resistance
increases, the power factor gradually increases, the efficiency gradually decreases, and the
current first decreases and then increases. When the stator resistance is 1 Ω, the armature
current is the smallest, 3.0768 A, and the power factor and efficiency are equal, both are
0.958.

5. When the motor work angle is constant, the electromagnetic torque and current gradually
decrease with increasing resistance. Compared with the case where the stator resistance
is 0.1 Ω, when the stator resistance is 5 Ω, the electromagnetic torque and current of the
motor decrease by 26.6% and 28.54%, respectively. Due to the increase in Joule loss on the
winding, the power factor gradually increases and the efficiency gradually decreases as the
stator resistance increases.
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