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Abstract: In this paper, the impact of parameter matching on the steady-state performance of
permanent magnet-assisted synchronous reluctance motors (PMaSynRM) under vector control is
analyzed and discussed. First, based on the mathematical model of motors under the maximum
torque per ampere (MTPA) control strategy, an analysis is conducted concerning two main parameters,
i.e., the matching relationship between the back electromotive force (back-EMF) and the saliency ratio.
The impact of these two parameters on the operational status of the motor is investigated. Then, the
motor’s voltage operating conditions are examined, and the operating curve under minimum voltage
is derived. Furthermore, in the overvoltage region under the MTPA control strategy, the operation of
the motor under the maximum torque per voltage (MTPV) control strategy is explored. This analysis
illuminated the patterns of influence exerted by the back-EMF and the saliency ratio on the motor’s
voltage operating condition. Between these two control strategies, there remains scope for the motor
to operate at its limits. An enhanced understanding of the effects of the back-EMF and saliency ratio
within this range on motor performance was achieved, resulting in the optimal matching curve for
the back-EMF and saliency ratio. Finally, a 45 kW PMaSynRM was designed, prototyped, and tested
to validate the correctness of the design techniques, with the motor achieving IE5 efficiency.

Keywords: permanent magnet-assisted synchronous reluctance motor; vector control; saliency ratio; IE5

1. Introduction

The permanent magnet synchronous motor (PMSM) is known for its high efficiency
and high power density [1,2], with its drawback lies in its high cost. Therefore, there is
increasing attention on high-efficiency motor technologies with fewer or no rare-earth
materials [3]. The permanent magnet-assisted synchronous reluctance motor (PMaSynRM)
embeds neodymium-iron-boron (NdFeB) or ferrite magnets in its rotor magnetic barriers [4],
with the main portion of the output torque being reluctance torque [5,6]. The added small
number of permanent magnets primarily serves to improve the motor power factor [7,8].
Its good performance and relatively low cost [9,10] make it one of the potential alternatives
comparable to PMSM. The rotor structure of PMaSynRM is complex [11,12], and the
parameter matching is rich and diverse [13], which has prompted extensive research by
many scholars.

Researchers from Zhejiang University conducted comparative studies on SynRM,
IPMSM, and PMaSynRM motors [14]. The constant losses among these three types of
motors are similar. The interior PMSM has the lowest copper loss, while SynRM has the
highest; PMaSynRM’s copper loss is intermediate, mainly due to differences in power
factor and current. A study on the design of the saliency ratio of PMaSynRM indicated
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that the motor’s saliency ratio should be designed above 2.73. Through optimization, the
designed 5 kW motor can achieve an efficiency of 90.46% and a power factor of 0.73 [15].
Another research focused on a hybrid NdFeB and ferrite synchronous reluctance motor
structure, optimizing a 28 kW prototype that achieved an efficiency of 93.42% at rated
conditions, with a cost reduction of about 42 dollar compared to permanent magnet motors,
although its peak torque is reduced [16]. Further studies investigated a hybrid permanent
magnet assisted rotor structure, utilizing a multislot stator and a three-layer barrier rotor,
with the first layer using NdFeB and the second and third layers using ferrite [17]. Its
torque output and current are comparable to those of PMaSynRMs, with a high-efficiency
zone close to that of PMSMs. However, the increase in types of motor materials leads to
higher procurement management and production costs. Another research introduced a
top-level optimization design concept for PMaSynRMs, where a 7.5 kW prototype achieved
a power factor of 0.88 and an efficiency of 92.9%, surpassing IE4 efficiency levels [18]. A
multi-degree-of-freedom parametric method was proposed, which allows for control over
the barrier shape by altering coordinates on the barrier edge curve [19]. More degrees of
freedom in control result in more diverse barrier shapes, aiding in finer optimization of
motor performance, thus improving torque by 4.5% and enhancing the power factor. Italian
researchers studied the reinforcement ribs of magnetic barriers [20]. Through the optimized
design of these ribs, while maintaining the strength of the laminations, motor performance
improved, increasing the saliency ratio by 31.3% and enhancing torque, efficiency, and
power factor. In [21], a rotor structure incorporating V-shaped permanent magnets is
analyzed, aligning the peak phase angles of permanent magnet torque and reluctance
torque, thereby enhancing motor torque and reducing NdFeB usage by 4%.

The main research methods involve qualitatively pointing out first that placing per-
manent magnets in the barrier structure can enhance the motor’s power facto and torque
output, based on classical motor equations and vector diagrams. Further analysis considers
how structural dimensions like barrier layers, magnet placement, split ratio, hybrid magnet
structures, and axial hybrid rotor structures impact motor performance. The findings
suggest diverse performance outcomes and complex conclusions, restricted to specific
structures without forming clear principles for parameter matching design.

The paper is organized as follows. First, the relationship between back electromotive
force (back-EMF) and saliency ratio under the maximum torque per ampere (MTPA) control
strategy is derived and analyzed in Section 2, based on the mathematical model of the
motor under vector control. Then, the impact of parameter matching under the maximum
torque per voltage (MTPV) control strategy on motor operating states is investigated in
Section 3. The optimal matching curve of back EMF and saliency ratio under vector control
for PMaSynRM is discussed in Section 4, proposing principles for parameter matching
that achieve high performance and cost-effectiveness. In Section 5, a 45 kW PMaSynRM is
developed, with tests showing that it could achieve IE5 energy efficiency while effectively
reducing costs. Finally, some conclusions are given in Section 6.

2. Typical Operational State of PMaSynRMs under MTPA Control Strategy

SynRM without permanent magnet excitation lacks a permanent magnet flux linkage.
Define id, iq, Ld, and Lq as the current and inductances in d and q-axis, accordingly. e0 is
the back-EMF. The torque curve in the id − iq coordinate plane draws a hyperbolic shape,
symmetrically distributed along the plane’s diagonal as the axis of symmetry, as shown in
Figure 1a. The intersection of the current circle and torque curve is always at the current
phase angle β = 135°, regardless of changes in Ld and Lq. The angle of current remains
constant, even when operating at maximum torque per ampere. However, Ld and Lq
affect the magnitude of voltage and power angle. Larger inductances result in higher
voltages, and greater differences in inductance result in smaller power angles, with a limit
approaching 90°. SynRMs exhibit a low power factor under maximum torque per ampere
conditions accompanied by significant reactive current.
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For PMaSynRM with permanent magnet excitation and permanent magnet flux link-
age and back-EMF, the torque curve on the id − iq coordinate shifts rightward as depicted
in Figure 1b. The intersection point of the current circle and torque curve no longer remains
fixed at β = 135° but also shifts rightward. The power factor increases, reactive current
decreases, and operating current is reduced. The specific intersection point depends on the
matching of e0, Ld, and Lq. As the back-EMF increases and the saliency ratio decreases, the
power factor of the motor operating at MTPA shifts from low to high. Figure 1c shows the
torque curve and current circle trajectory for a power factor of 1.

(a) (b) (c)

Figure 1. Torque trajectories of three types of motors: (a) torque trajectory of SynRM; (b) torque
trajectory of PMaSynRM; (c) torque trajectory of PMaSynRM when power factor = 1.

The analysis indicates that to operate the motor at MTPA while reducing reactive
current, it is necessary to increase the back-EMF and reduce the saliency ratio. Thus, during
the MTPA state, the purpose of pursuing a high power factor is contradictory to enhancing
saliency ratio and reluctance torque and reducing the use of permanent magnets. Therefore,
aiming for an extreme power factor of 1 is not advisable. However, there should be an
optimal operational state under the MTPA control strategy.

3. Analysis of Operational State of PMaSynRM under MTPA Control Strategy
3.1. Mathematical Model of Motors under MTPA Control

Based on the voltage, flux linkage, and torque equations of PMaSynRMs, the steady-
state motor equations can be derived:

ud = −ωLqiq

uq = ωLdid + e0

id =
−e0/ω +

√
(e0/ω)2 + 4(Ld − Lq)

2i2q
2(Ld − Lq)

Tem = p[
e0

ω
iq + (Ld − Lq)idiq]

i2s = i2d + i2q
u2

s = u2
d + u2

q

(1)

where is and us are the stator current voltage. id, iq, ud, uq, and Ld, Lq are the current,
voltage, and inductances in the d and q-axis, accordingly. e0 is the back-EMF. Once the
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motor’s pole number p, target torque Tem, and speed ω are set, these parameters are
considered constants. Meanwhile, a six-variable quadratic equation for variables ud, uq, us,
id, iq is formed in (1). The magnitude and phase of us and is are correspondingly related.

Let
B = −e0/ω +

√
(e0/ω)2 + 4(Ld − Lq)

2i2q (2)

Then,

id =
B

2(Ld − Lq)
(3)

yields the q-axis voltage

uq =
ωLdB

2(Ld − Lq)
+ e0 (4)

Combined with the d-axis voltage to obtain the stator voltage

u2
s = (ωLqiq)

2 +

[
ωLdB

2(Ld − Lq)
+ e0

]2

(5)

further leads to

u2
s = (ωLqiq)

2 +
(ωLdB)2

4(Ld − Lq)
2 +

ωLdBe0

(Ld − Lq)
+ e2

0 (6)

The torque equation, when substituted with the d-axis current, gives

Tem = p[
e0

ω
iq + (Ld − Lq)

B
2(Ld − Lq)

iq] (7)

and further leads to
Tem = piq(

e0

ω
+

B
2
) (8)

which yields the q-axis current

iq =
Tem

p( e0
ω + B

2 )
(9)

connected with (2) to obtain

B −

√√√√(e0/ω)2 + 4(Ld − Lq)
2

[
Tem

p( e0
ω + B

2 )

]2

+ e0/ω = 0 (10)

The equation has a solution for B, depending on Ld, Lq, e0, Tem, and ω. Once the
motor’s design target is set, Tem and ω can be considered constants. At this time, the solution
for B depends on Ld, Lq, and e0. When different parameter matchings are determined, B
can be seen as a constant.

The q-axis current can also be expressed as

i2q = i2s −
B2

4(Ld − Lq)
2 (11)

Substituting into (6) results in

u2
s = ω2L2

qi2s +
ω2B2(L2

d + L2
q)

4(Ld − Lq)
2 +

ωLdBe0

(Ld − Lq)
+ e2

0 (12)
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From (12), the corresponding relationship between us and is is closely related to e0, Ld,
and Lq (which can be represented by two more intuitive parameters E0/U and saliency
ratio ρ), changing as the parameter matching changes.

3.2. Impact of Back-EMF and Saliency Ratio on Motor Operating Characteristics under MTPA
Control Strategy

Results derived from mathematical models include theoretically all possible operating
states. However, due to limitations in manufacturing processes or design constraints, not
all states can be realized in actual prototypes. To make the analysis more applicable to real
situations, this paper is based on a 45 kW, four-pole motor operating at a speed of 1500
rpm. The following is the analysis of operating states under different parameter matchings.

The variation in current phase angle β under different back-EMF and saliency ratio
matches is shown in Figure 2a.

(a) (b)

Figure 2. Variation of current phase angle under MTPA: (a) surface plot of current phase angle;
(b) contour map of current phase angle.

From the current phase angle surface plot, the maximum and minimum values of
the current phase angle are generally located at the two ends of the diagonal, decreasing
gradually from a point of high saliency ratio and low back-EMF to a point of low saliency
ratio and high back-EMF. This decrease is not linear but nonlinear, with the magnitude of
decrease accelerating over time. The nonlinear decrease in current is not uniform across the
entire surface. As shown in Figure 2b, the overall trend is that the current angle decreases
with a decrease in saliency ratio and increases in back-EMF. When the saliency ratio is high,
the increase in back-EMF has a smaller reduction in current angle. And when the saliency
ratio is low, the reduction is more significant.

The variation in power angle θ under different back-EMF and saliency ratio matches
is shown in Figure 3a. From the surface plot, the maximum power angle is near the point
of minimum back-EMF and saliency ratio, and the minimum power angle is near the point
of maximum back-EMF and minimum saliency ratio. The surface is relatively flat, and the
variation in power angle is more uniform compared to the current angle.
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(a) (b)

Figure 3. Variation of power angle under MTPA: (a) surface plot of power angle. (b) contour map of
power angle.

As shown in Figure 3b, the power angle decreases with an increase in back-EMF and
increases with an increase in saliency ratio. At higher saliency ratios, the decrease in power
angle with increasing back-EMF is relatively linear, and the range of decrease is smaller. At
lower saliency ratios, the decrease is more nonlinear and the range of decrease is larger.

The power factor and power factor angle corresponding to each other vary under
different parameter matchings, as shown in Figure 4a. From the surface plot, as back-EMF
increases, the power factor also increases. As shown in Figure 4b, when E0/U is less than
0.5, the power factor increases with an increase in saliency ratio. When E0/U is greater than
0.6, the power factor decreases with an increase in saliency ratio. Between E0/U of 0.5 and
0.6, the power factor does not change significantly. From the perspective of power factor
changes, under the MTPA control strategy, an increase in back-EMF leads to an increase in
power factor, but an increase in saliency ratio does not necessarily lead to an increase in
power factor. It also depends on the match with back-EMF.

(a) (b)

Figure 4. Variation of power factor under MTPA: (a) surface plot of power factor; (b) contour map of
power factor.

The variation in d-axis current under different parameter matchings is shown in
Figure 5. The plot indicates that the d-axis current increases with an increase in back-EMF.
The trend in d-axis current is not consistent with an increase in saliency ratio. When E0/U
is greater than 0.2, the d-axis current first increases then decreases with an increase in
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saliency ratio, with a smaller fluctuation range. When E0/U is less than 0.2, the d-axis
current decreases with an increase in saliency ratio, with a larger fluctuation range.

(a) (b)

Figure 5. Variation in d-axis current under MTPA: (a) surface plot of d-axis current; (b) contour map
of d-axis current.

The variation in q-axis current under different parameter matchings is shown in
Figure 6. The q-axis current decreases consistently with an increase in back-EMF and
saliency ratio. When the saliency ratio is high, the range of change in the q-axis current
with changing back-EMF is relatively small. Conversely, when the saliency ratio is low, the
range of change in the q-axis current with changing back-EMF is relatively large.

(a) (b)

Figure 6. Variation in q-axis current under MTPA: (a) surface plot of q-axis current; (b) contour map
of q-axis current.

The variation in stator current under different parameter matchings is shown in
Figure 7. It can be observed that the maximum and minimum values of the stator current
are generally located at the two ends of the diagonal, and the overall trend is a gradual
decrease from the point of low saliency ratio and low back-EMF to the point of high saliency
ratio and high back-EMF. The surface plot reveals steep and relatively flat slopes, indicating
that the change in stator current is nonlinear. The smaller the saliency ratio and back-EMF,
the greater the change. The larger the saliency ratio and back-EMF, the smaller the change.
From Figure 7, it is evident that increasing the back EMF can reduce the stator current, and
increasing the saliency ratio can also decrease the stator current.
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(a) (b)

Figure 7. Changes in stator current under MTPA: (a) surface plot of stator current; (b) contour map of
stator current.

The d-axis voltage varies with parameter matching as shown in Figure 8. Overall,
the d-axis voltage increases as the back-EMF decreases. The change in d-axis voltage with
saliency ratio is not consistent. When E0/U is less than 0.2, the d-axis voltage first decreases
then increases with increasing saliency ratio. And when E0/U is greater than 0.2, the d-axis
current increases with increasing saliency ratio.

(a) (b)

Figure 8. Changes in d-axis voltage under MTPA: (a) surface plot of d-axis voltage; (b) contour map
of d-axis voltage.

The q-axis voltage changes with parameter matching as depicted in Figure 9. It is
apparent that as the back-EMF decreases, the q-axis current gradually reduces until it
reaches the zero crossing point, after which the q-axis current reverses and increases. As the
saliency ratio increases, the overall trend of the q-axis voltage initially decreases and then
increases. This variation is relatively mild when the back-EMF is high and more fluctuant
when it is low.
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(a) (b)

Figure 9. Variation of q-axis voltage under MTPA: (a) surface plot of q-axis voltage; (b) contour map
of q-axis voltage.

Under different parameter matching conditions, the change in stator voltage is shown
in Figure 10. From the surface map, it is evident that the overall stator voltage presents
a state where the side with a higher saliency ratio is higher and the side with a lower
saliency ratio is lower. The corners of the surface are higher at the sides with small and
large back-EMF, and lower in the middle value of back-EMF. The entire surface resembles
the shape of a “slide”, with a curve across the surface where each point is a local minimum.
The contour map shows that as the saliency ratio increases, the stator voltage increases,
and as the back EMF increases, the stator voltage first decreases and then increases.

(a) (b)

Figure 10. Variation of stator voltage under MTPA: (a) surface plot of stator voltage; (b) contour map
of stator voltage.

From Figure 10b, it can be seen that the contour lines are higher in the middle and
lower on both sides, with the highest points of each contour line generally located at
E0/U = 0.5, indicating the presence of a minimum voltage curve when the back-EMF is
half of the rated voltage.

The relationship between current and voltage under different back EMF and saliency
ratio matches is shown in Figure 11.
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A

B

Figure 11. MTPA voltage–current curves under different saliency ratios.

It can be seen that each curve has a minimum, and connecting these minimum points
forms the minimum voltage curve. With the minimum voltage curve as a boundary, the
plane can be divided into two areas, A and B. In area A, the current is smaller, while in area
B, the current is larger. The voltage in both areas gradually increases from the minimum
voltage towards both sides. Looking at different saliency ratios, when the saliency ratio
is small, the voltage is generally in a lower range. And when it is large, the voltage is
generally in a higher range. When the saliency ratio is small, the current is generally larger.
And when it is large, the current is generally smaller. As the saliency ratio changes, the
overall distribution trend of current and voltage is not consistent, and the best parameter
match should be either low voltage and low current, or when the voltage does not exceed
the limit voltage and the current is small. The state in area B is not ideal, being either
low-voltage and high-current or high-voltage and high-current. The state in area A is either
low-current and low-voltage or low-current and high-voltage, with overlapping voltage
curves at different saliency ratios, indicating an optimal state.

As shown in Figure 12, the stator voltage increases with the saliency ratio and shows
a linear change. This indicates that using MTPA control strategy, there exists a minimum
voltage curve under different back-EMF and saliency ratio matches, and as the saliency
ratio increases, the minimum voltage linearly increases.

Figure 12. Minimum voltage curve under MTPA.

3.3. Analysis of Parameter Matching under MTPA Control Strategy

The selection of optimal parameter matching under MTPA current control strategy
is crucial. Through the above analysis, the motor voltage and current states are obtained,
and based on their distribution patterns, the optimal matching of back-EMF and saliency
ratio can be determined. The voltage and current contour lines on the entire plane are
divided into four regions, with the horizontal dividing line selected as the curve with
the lowest voltage and the vertical dividing line selected as the line tangent to the 380 V
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voltage contour, as shown in Figure 13. The plane is divided into four regions, labeled as
1⃝ 2⃝ 3⃝ 4⃝.

①
②

③
④

(a)

①
②

③

④

(b)

Figure 13. Voltage and current contours under MTPA: (a) voltage contour under MTPA; (b) current
contour under MTPA.

Region 1⃝ has relatively low back-EMF and a high saliency ratio, with high voltage
and low current.

A lower back-EMF requires fewer permanent magnets, resulting in lower motor costs.
However, a higher saliency ratio imposes relatively higher structural and manufacturing
requirements on the motor. Despite the lower current, the high voltage in this region may
easily exceed the voltage limit.

Region 2⃝ exhibits higher back-EMF and saliency ratio with the lowest current and
higher voltage. While the high back-EMF requires more permanent magnets, leading to
higher motor costs, the high saliency ratio and associated manufacturing complexities pose
challenges. Although this region features the lowest current, its advantages are offset by
high costs, manufacturing complexities, and the risk of exceeding voltage limits.

Region 3⃝ demonstrates higher back-EMF with smaller saliency ratio, relatively smaller
current, and lower voltage. While this region offers better motor performance with
lower manufacturing complexities, the increased usage of permanent magnets leads to
higher costs.

Region 4⃝ shows lower back-EMF and smaller saliency ratio with the highest current
and lower voltage. Despite the lower usage of permanent magnets and lower manufac-
turing complexities, the high operating current in this region may not meet the motor’s
performance requirements. Moreover, considering the effects of saturation, achieving the
required torque might be challenging.

Considering the above analysis, Region 4⃝ exhibits an excessively high operating
current, failing to meet the motor’s performance requirements. Region 2⃝, with its high
costs, manufacturing complexities, and high voltage, is challenging to overcome. Therefore,
neither Region 2⃝ nor Region 4⃝ are suitable parameter-matching regions. Region 3⃝, with
its lower current, voltage meeting the voltage limit requirement, and lower manufacturing
complexities, appears to be a better parameter-matching region from a performance per-
spective. However, the increased usage of permanent magnets and higher costs present
challenges, making it not the optimal state pursued for permanent magnet-assisted syn-
chronous reluctance motors.

Looking at Region 1⃝, with fewer permanent magnets, lower costs, and smaller
current, it represents the targeted area for PMaSynRMs. If we can manufacture rotor
laminations with higher saliency ratios within our existing manufacturing capabilities,
the only remaining issue would be the high voltage. There are two potential solutions:
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Firstly, increasing the limit voltage of the inverter to enable the motor to operate normally.
However, this method is only feasible for customization and may not be applicable to
general industrial motors. Secondly, stopping operating the motor under the MTPA state
to meet the voltage limit requirements, which would result in increased operating current.
Figure 13b indicates that this region has relatively smaller currents, providing some room
for current increase. If this method proves feasible, it could facilitate the application of
general industrial motors.

4. Optimal Parameter Matching of PMaSynRM under Vector Control Strategy
4.1. Analysis of Operating States under MTPV Control Strategy

Under MTPA control, Region 1⃝ exhibits excessively high operating voltage. Ana-
lyzing the voltage and current states under MTPV control, as shown in Figures 14–16.
The higher the saliency ratio, the lower the voltage at the same current, making it less
prone to overvoltage during motor operation. Overall, within Region 1⃝, under the MTPV
control strategy, the motor operates at low voltage and high current. Although it is not an
ideal operating state, it indicates the existence of non-overvoltage operating states within
Region 1⃝.

(a) (b)

Figure 14. Variation in stator current under MTPV: (a) surface plot of stator current; (b) contour plot
of stator current.

(a) (b)

Figure 15. Variation in stator voltage under MTPV: (a) surface plot of stator voltage; (b) contour plot
of stator voltage.
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Figure 16. MTPV voltage–current curve.

4.2. Optimal Parameter-Matching Curve under Vector Control

It is explained that there exist operating states between the MTPV control strategy
and the MTPA control strategy that satisfy the limit voltage, as shown in Figure 17. From
the figure, it can be observed that there is a significant space between the MTPA voltage
ellipse and the MTPV voltage ellipse, including many voltage states, among which the
voltage limit exists. The intersection of the voltage ellipse and the torque curve represents
the current at that voltage state.

It is indicated that under parameter matching in Region 1⃝, operation at the voltage
limit state is feasible. Furthermore, whether parameter matching in Region 1⃝ is desirable
depends on whether the current level under operation at the voltage limit state can reach
the current level in Region 3⃝.

Figure 17. Motor operating state diagram.

Following is the further analysis of the limit voltage operating state in Region 1⃝.
Firstly, the optimal operating state in Region 3⃝ is selected as the reference target, with
E0/U = 0.9 and ρ = 2.55 on the 380 V contour considered the optimal operating state in
Region 3⃝. By calculating the motor characteristics under different parameter matchings in
Region 1⃝ at 380 V voltage state, points where the current reaches the optimal operating
state in Region 3⃝ are found, and the specific operating states of these points are as follows.

Overall, the power angle is less than 90°, and the voltage vector is in the second
quadrant. The trend of the power angle varies inconsistently with the changes in saliency
ratio and back-EMF. The power angle decreases as the back-EMF increases and increases
with the increase in saliency ratio (Figure 18).
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(a) (b) (c)

(d) (e) (f)

Figure 18. Variation of MTPV stator voltage: (a) power angle curve; (b) current angle curve; (c) direct
axis current curve; (d) quadrature axis current curve; (e) direct axis voltage curve; (f) quadrature axis
voltage curve.

The current phase angle ranges mostly below 160°, and the current vector is in the
second quadrant. When the saliency ratio is large and the back-EMF is small, the current
phase angle exceeds 135°, deviating from the trajectory of maximum torque ratio current,
and the current increases. This is to avoid the motor voltage exceeding the voltage limit,
caused by changes in the magnitude and angle of the current vector. The current phase
angle decreases as the back-EMF increases and increases with the increase in saliency ratio.
It can be foreseen that with the continued increase in the saliency ratio, the current phase
angle will gradually increase until it approaches 180°. Therefore, as the saliency ratio
increases, the magnitude of the increase in current phase angle is not consistent. When the
saliency ratio is small, the magnitude of the increase in current phase angle is larger, while
when the saliency ratio is large, the magnitude of the increase in current angle is smaller.
The list of currents for the aforementioned points is presented in Table 1. It can be observed
that the currents at these points are generally comparable to the point with E0/U = 0.9 and
ρ = 2.55.

Table 1. Comparison of stator current under different parameter matching.

Parameter Stator Current/A

E0/U = 0.9, ρ = 2.55 75.07
E0/U = 0.68, ρ = 5 74.75
E0/U = 0.59, ρ = 6 74.98
E0/U = 0.51, ρ = 7 75.16
E0/U = 0.47, ρ = 8 74.72
E0/U = 0.42, ρ = 9 74.76

E0/U = 0.38, ρ = 10 74.57
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On the plane of back-EMF and saliency ratio, points with the same operating charac-
teristics mentioned above are connected into curves, as shown in Figure 19.

Figure 19. Optimal parameter matching curve.

From the figure, the upper right part represents the low-cost-effective region, while
the lower left part represents the low-performance region, separated by a curve. Points on
the curve represent the optimal parameter matching state. The low-performance region
fails to meet the requirements of high-quality motors and is not a desirable parameter
matching state. The low-cost-effective region requires more material and process costs
and is also not a desirable parameter-matching state. Meanwhile, as the low-cost-effective
region gradually shifts to the right, the performance will gradually decrease after reaching
the theoretical optimum, making it even more uneconomical to enter this region. On
the optimal operating curve, towards the lower right, the saliency ratio is smaller, and
the back-EMF is higher, approaching traditional PMSM. As the saliency ratio increases
towards the upper left, the back-EMF gradually decreases. When the saliency ratio is 7, the
normalized value of back-EMF is around 0.5, entering Region 1⃝, significantly reducing
the cost of permanent magnet materials. With further increases in the saliency ratio, the
amount of permanent magnet material is further reduced. The application of ferrite can
further reduce costs, but its magnetic energy product is small, and its remanence is low,
making it more suitable when the saliency ratio is above 9.

5. Results

Based on the analysis above of a 45 kW PMaSynRM, the motor’s specifications are
listed in Table 2, with its lamination structure shown in Figure 20. The no-load air-gap flux
density waveform is shown in Figure 21a, along with the d-q axis inductance curves in
Figure 21b.

Figure 20. Sketch of the designed PMaSynRM.
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(a) (b)

Figure 21. Characteristics of the designed prototype: (a) no-load air-gap flux density waveform by
finite element simulation; (b) motor inductance curves.

Table 2. Main parameters of the prototype.

Parameter Value

Power 45 kW
Speed 1500 rpm

Number of poles 4
Stator inner/outer diameter 368 mm/245 mm

Number of stator slots 48

The flux density waveform has a stepped shape, with a peak close to 0.2 T, which is
significantly smaller compared to that of a PMSM. The permanent magnet torque is very
small, with the reluctance torque being the main driving torque of the motor. As the current
increases, both the d- and q-axis inductances decrease, with the quadrature axis inductance
showing a large variation and significantly affected by core saturation. From the graph, it
is evident that the motor’s saliency ratio can reach above 9 under full load conditions.

An analysis of the torque composition at rated conditions of the motor is conducted.
The permanent magnet torque accounts for 17% of the total torque, while the reluctance
torque constitutes 83%, primarily providing the driving torque.

Following the design and manufacturing, a prototype is manufactured as shown in
Figure 22.

(a) (b)

Figure 22. Manufactured prototype: (a) rotor core; (b) prototype assembly.

Experimental setup is depicted in Figure 23. The test motor is connected to a torque
sensor and a load machine for testing its performance under various speeds and loads.
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test motor
torque sensor

load machine

Figure 23. Experimental setup.

Load tests of the prototype is conducted, measuring the prototype’s efficiency and
power factor curves at different speed as shown in Figures 24–26. The motor’s efficiency
reaches 96.5%, achieving an IE5 energy efficiency level.

Figure 24. Efficiency and power factor curves at 1500 rpm.

Figure 25. Efficiency and power factor curves at 1200 rpm.

Figure 26. Efficiency and power factor curves at 1800 rpm.
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6. Conclusions

This paper analyzes the impact of parameter matching on the steady-state characteris-
tics of a PMaSynRM under vector control, summarizing its features and patterns. Based
on this, a 45 kW prototype was designed, manufactured, and tested, achieving a high
energy efficiency level, while also achieving the goal of not using rare-earth materials, thus
reducing the cost of the motor. Specific conclusions are as follows:

Starting from the mathematical model of the motor under the MTPA control strategy, it
was derived and analyzed that there is a corresponding relationship between the amplitude
and phase of voltage and current, closely related to the parameters E0/U and saliency ratio
ρ. It was found that under different parameter matchings of MTPA control strategy, there
exists a lowest voltage curve, with the corresponding back-EMF near 0.5 times the rated
voltage. Operating voltages will be higher on either side of this. A higher saliency ratio
with lower back-EMF results in a higher operating voltage.

The correspondence between voltage and current under MTPV control strategy was
analyzed. It was found that under MTPV control, the higher the saliency ratio, the lower
the operating voltage at the same current, staying below the limit voltage. This proves that
there is a margin between MTPA and MTPV controls, allowing for a high saliency ratio
and low back-EMF parameter matchings to operate without over-voltage. On this basis,
the optimal parameter match curve for vector control was obtained. A 45 kW prototype is
then designed, manufactured, and tested, achieving IE5 efficiency, and effectively reducing
the cost of the motor.
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