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Abstract: In this paper, a novel permanent magnet-assisted synchronous reluctance machine
(PMASynRM) with rare-earth PMs and ferrite magnets is proposed. The performance of
PMASynRM is discussed with respected to the different magnet ratio of rare-earth PMs and ferrite
magnets. Some characteristics including the flux density, output torque, cogging torque, output
power, power factor, torque ripple, loss, efficiency, and demagnetization are calculated by 2-D finite
element analysis (FEA). The analysis results show that the excellent performance can be obtained
by using hybrid magnet of rare-earth PMs and ferrite magnets with the suitable magnet ratio, and
provide some desirable cost-performance trade-off.
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1. Introduction

Currently, permanent magnet electrical machines with rare-earth permanent magnets (PMs)
exhibit excellent performances, such as power density, torque density, efficiency, power factor and a
wide speed-regulation region [1-3]. However, there are some limits of the high cost and supply chain
uncertainty for rare-earth PMs because of neodymium and dysprosium. Therefore, less or no rare-
earth PMs in electrical machines can be considered to decrease the total cost of electrical machines.
Although some electrical machines without rare-earth PMs can achieve some excellent performance
including high power density, high torque density and high efficiency, such as switch reluctance
machines (SRMs) [4-8] and synchronous reluctance machines (SynRMs) [9-12]. Nonetheless, there are
some problems, such as the vibration and acoustic noise in SRMs [13-15], and low power factor in
SynRMs [16-19]. Moreover, rare-earth PMs can be partially replaced by low-cost ferrite magnets [20-
32]. Although the performance of electrical machines with ferrite magnets can be improved, there are
still some shortcomings, such as low power factor and low torque density due to low remanence of
ferrite magnets.

In order to achieve high performance and reduce total cost of electrical machines, a novel
permanent magnet-assisted synchronous reluctance machine (PMASynRM) with hybrid magnet of
rare-earth PMs and ferrite magnets is proposed, of which the magnet ratio is an important factor of
PMASynRM. In addition, the irreversible demagnetization of ferrite magnets should be considered
when it operates in cold weather [33-35].

Therefore, the purpose of this paper is to investigate the performance of PMASynRM by using
hybrid magnets with different magnet ratio. Some electromagnetic characteristics including flux
density, output torque, cogging torque, output power, field-weakening capacity, power factor, torque
ripple, loss and efficiency were calculated by 2-D finite element analysis (FEA). Meanwhile, the
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irreversible demagnetization behavior was examined in the worst condition of critical temperature (-
40 °QC).

2. Topology of PMASynRM and Parameter

2.1 Machine Topology

Fig. 1 shows the stator of PMASynRM, of which the slot number is 48 and a distributed armature
winding is applied.

Fig 1. Structure of stator.

Fig. 2(a) gives the 2D structure model of rotor, which mainly includes iron bridges, flux barriers,
center ribs and rectangular PMs. The center ribs are designed trial and error to decrease flux leakage
and achieve sufficient mechanical strength. The rectangular PMs are embed into rotor iron to produce
radial magnetic field in PMASynRM. Some parameters including the shape and size of flux barriers,
the width of iron bridges and center ribs, are optimized in literature [36]. Meanwhile, some
characteristics with response to torque ripple, loss, efficiency, mechanical strength and irreversible
demagnetization are discussed. Although the multi-layer of ferrite magnets was designed in the rotor
of PMASynRM to increase the reluctance torque, the flux density is low because of the low remanence
of ferrite magnets, and the power factor and torque density are not ideal. Therefore, the rotor
topology with ferrite magnets and rare-earth PMs is proposed for improving the performance and
reducing the cost of machine, as shown in Fig. 2(b). Meanwhile, as shown in Fig. 1(a), (b) and (c), the
shape and thickness of flux barriers are the same, and the equal sizes of iron bridges and center ribs
are adopted, but the magnet ratios of three models are different.
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Fig 2. Rotor structure of PMASynRM with different PMs. (a) Ferrite magnets. (b) Ferrite magnets and
rare-earth PMs. (c) Rare-earth PMs.

Some parameters are given in Table. 1, which consists of pole number, outer diameter of stator,
stack length, voltage in DC side, slot fill factor and winding resistance at 20 °C. Meanwhile, the
coercive force of ferrite magnet and rare-earth PMs are also given in Table. 1 respectively.

Table .1 Some parameters of PMASynRM

Item (Unit) Value
Number of poles 8
Outer diameter of stator (mm) 245
Stack length (mm) 70
Max. DC side voltage (V) 650
Ferrite magnet Y30BH
Coercive force of ferrite magnet (kA/m) 232
Rare-earth PMs N36_720
Coercive force of rare-earth PMs (kA/m) 920
Slot fill factor (%) 52.3
Winding resistance at 20 °C (Q) 0.0646
2.2 Magnet Ratio
In order to simplify the analysis model, the magnet ratio of k is defined as following
Vie
Vet

(1)
where Vre is total volume of rare-earth PMs, Vfm is the total volume of ferrite magnets. The rare-
earth PMs and ferrite magnets are excited serially, and the width of every PMs is same, so the magnet
ratio can also be defined by equation (2)
— hre
h re +h fim

(2)

where hre and hfm are the thickness of rare-earth PMs and ferrite magnets, respectively, as shown in
Fig. 3. In order to reduce the parameters of PMs, k is defined as same for each PM. It is worth noticing
that k is 0, 1 represent the proposed PMASynRM with only ferrite magnets and only rare-earth PMs,
respectively.
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Fig 3. Thickness of PMs.

3. Performance Evaluation

For the purpose of decreasing computation time and maintaining a higher precision, one-eighth
model and odd symmetry boundary condition is adopted in PMASynRM. In this section, some
performances are computed and analyzed comparatively, such as some electromagnetic
characteristics including output power, output torque, cogging torque, torque ripple, power factor,
rotor loss, stator loss and efficiency are calculated in constant region and field-weakening condition.

3.1 Flux density

The flux density in the rotor and stator at no load is shown in Fig. 4. It can be found that flux
density increased with the increasing of magnet ratio. In addition, the flux density in center ribs and
iron bridges are saturated because of flux leakage. Although rare-earth PMs can provide more
magnetic energy to achieve the higher torque density, it also causes magnetic field saturated and the
increasing of iron loss. Furthermore, the magnet ratio should be designed to improve the utilization
rate of rare-earth PMs in consideration of its higher price.
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Qe

Fig 4. Flux density of rotor and stator at no load. (a) k= 0. (b) k=0.2. (c) k=0.4. (d) k= 0.6. (e) k=0.8.
(f) k=1.0.

3.2 Torque characteristics

As the dc-side voltage is assumed to be 650 V, the RMS value of line-to-line voltage was set to
450 V, and the maximum phase current is 200 A. The output torque versus current phase angle is
given in Fig. 5, which shows that there is a great effect on output torque due to the magnet ratio. 3
(current phase angle) is the leading angle of the current vector from g-axis. The output torque
increased with magnet ratio k because more magnetic energy in air gap has been provided with the
increasing of magnet ratio. Furthermore, 3 is completely different at the maximum output torque,
and the maximum output torque reaches 204.5 N.m when k is 1. In addition, it also indicated that the
higher torque density can be achieved in PMASynRM by using rare-earth PMs and ferrite magnets
with a suitable magnet ratio.
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Fig 5. Output torque versus rotor position.

The cogging torque versus rotor position is shown in Fig. 6. The periods of cogging torque in
one electrical cycle can be calculated by the following equation
-0 (3)
GCD(Q,2P)
where N, Q, P and GCD are the period number of cogging torque in one electrical cycle, slot number
of stator, rotor pole pair and greatest common divisor, respectively.

As shown in Fig. 6, it has 12 periods of cogging torque in one electrical cycle decided by 8 poles
and 48 slots of PMASynRM. The amplitude of cogging torque is the largest by adopting rare-earth
PMs, and smallest with ferrite magnets. It is determined by the different coercive force and
remanence of rare-earth PMs and ferrite magnets, which leads to the different magnet strength and
permeance variation of the hybrid magnets in the magnetic circuit. However, the curves of cogging
torque are similar, which due to the same rotor and stator structure of PMASynRM.
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Fig 6. Cogging torque.

3.3 Output power and capacity of field-weakening

The output power with different magnet ratio is given in Fig. 7. The maximum output power is
about 98.7 kW when k is 1, which is 1.65 times of that the k is 0. It shows that output power can be
increased with augment of magnet ratio, which demonstrated that high power density can be
obtained in PMASynRM by using rare-earth PMs and ferrite magnets. Although the output power
can be increased with k, the iron loss, power factor and efficiency should be taken into consideration.
The capacity of field-weakening for PMASynRM with different magnet ratio is shown in Fig. 8. A
wider speed range can be obtained by using rare-earth PMs.
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Fig. 7 Output power versus speed.
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Fig 8. Capacity of field-weakening.

3.4 Power factor

In Fig. 9, the power factor-speed characteristics are compared for PMASynRM. The power factor
increased with magnet ratio, and it is the largest when k is 1. Because more rare-earth PMs are
adopted in PMASynRM and more magnetic energy is produced in air gap with the increase of magnet
ratio. There is an obvious difference for the power factors when k is 0 and 1, which indicated that the
performances of PMs have a great effect on power factor, such as remanence, coercive force, and

volume of PMs. Compared with the condition of k is 0, the power factor can be improved greatly
when k is 0.2 in the high speed region.
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Fig 9. Power factor versus of speed.

Fig. 10 gives the map of power factor. It can be found that high power factor can be obtained by
adding some rare-earth PMs in rotor. Moreover, the area of power factor that higher than 0.600 is
increased with magnet ratio, which due to much rare-earth PMs with high coercive force and larger
remanence are applied in rotor. Therefore, it indicates that the power factor in all the operate area
can be improved with an appropriate magnet ratio.
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Fig 10. The map of power factor. (a) k=0. (b) k=0.2. (c) k=0.4. (d) k=0.6. (e) k=0.8. (f) k=1.

3.5 Torque ripple

The average electromagnetic torque and torque ripple are computed by 2D FEA, and the torque
ripple can be defined as
T =T,

AT
ripple Tog

where Trigie is the rate of torque ripple, Twmax, Tmin and Tag are the maximum torque, the minimum

torque and the average torque, respectively.

Although the torque ripple characteristics are investigated in the literature [22], [24], [37-39],
there is a limit of computing the torque ripple at a fixed operational condition, such as rated load or
the maximum load. In order to obtain a comprehensive comparison for PMASynRM with different
magnet ratio, the torque ripple maps in all operational region are given in Fig. 11. It shows that the
maximum torque ripple is 13.8%, 9.3%, 10.5%, 9.0, 13.8 and 22.3% when k is 0, 0.2, 0.4, 0.6, 0.8 and 1,
respectively. It should be noted that PMASynRM with hybrid magnets have a low torque ripple
distribution in all operational region when magnet ratio is 0.2, 0.4, 0.6 and 0.8, which indicated that
the assumption of hybrid magnet is reasonably. However, the torque ripple increases when the
magnet ratio is 1, as shown in Fig. 11(f), which due to the increased of cogging torque and harmonic
in air gap flux density. Meanwhile, it also illustrated that the machine structure should be further
optimized for improving torque ripple when ferrite magnets are partially replaced with rare-earth
PMs in PMASynRM.
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Fig 11. Torque ripple maps (a) k=0. (b) k=0.2. (c) k=0.4. (d) k=0.6. (e) k=0.8. (f) k=1.

3.6 Loss and efficiency

The loss and efficiency are the significant parameters in motors. The iron loss, copper loss and
efficiency can be calculated by the following equations

W, =W, +W, ()
W,=3R,I? (6)
7= wr %100 (7)

wl +W. +W,+W,
where Wi is the iron loss [W], Wi is the hysteresis loss [W], W is eddy loss [W], W is copper loss [W],
Ra is winding resistance [Q)], I is phase current [A], 7} is the efficiency [%], T is torque [N.m], w is
mechanical angular velocity [rad/s], Wi is mechanical frication loss [W].
Despite of the different magnet ratio when estimating of loss and efficiency, copper loss does
not changed with magnet ratio since the same control strategy (MTPA) is adopted. Therefore, iron
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loss is the most important factor for evaluating the total loss and efficiency. The iron loss in
PMASynRM with different magnet ratio is given in Fig. 12, which shows that the stator iron loss
accounts for a large proportion of the total iron loss. Rotor iron loss increased with speed, as shown
in Fig. 12(a). Furthermore, rotor iron loss increased with magnet ratio when the machine speed above
12000 r/min, which due to larger magnet ratio resulting saturation in rotor. Stator iron loss is given
in Fig. 12(b), and it can be found that stator iron loss increased with speed. In addition, stator iron
loss increased with magnet ratio when operating at speed above 6000 r/min. However, stator iron
loss is almost unchanged with magnet ratio when operating at speed under 5000 r/min.
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Fig 12. Iron loss. (a) Rotor iron loss. (b) Stator iron loss.

The efficiency map of PMASynRM with different magnet ratio is shown in Fig. 13, where MTPA
control strategy is adopted. It should be noted that the eddy current losses in the armature windings
and PM eddy loss are not considered when computing the efficiency of PMASynRM. The mechanical
frication losses is set to 50 W, which references to mechanical frication losses at 3000 r/min. The
copper loss is calculated by 2-D FEA at 20 °C, and the effect of temperature variation on copper loss
is neglected. The maximum efficiency is about 96.0%, 96.2%, 96.5%, 96.7%, 96.8% and 97.0% when
magnet ratio k is 0, 0.2, 0.4, 0.6, 0.8 and 1, respectively, as shown in Fig. 13. The efficiency of
PMASynRM with different magnet ratio is over 90% across a wide operating range. Especially, the
area of efficiency that more than 90% is the largest when k is 1. Meanwhile, the area of efficiency that
more than 96% increased with magnet ratio, and the preferable efficiency distribution is obtained
when k is 0.6. Nevertheless, the area of efficiency that more than 96% will be reduced when k is 0.8
and 1. It is decided by the flux saturation and increasing iron loss in rotor and stator. In addition, it
can be observed that the excellent efficiency distribution can be obtained in PMASynRM with
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different magnet ratio. The above characteristics demonstrated that the high efficiency can be
achieved in PMASynRM by using rare-earth PMs and ferrite magnets with different magnet ratio.
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Fig 13. Efficiency maps. (a) k=0. (b) k=0.2. (c) k=0.4. (d) k=0.6. () k=0.8. (f) k=1.

4. Irreversible Demagnetization

The capability of withstand demagnetization is crucial to PM machines for the safe operation. In
order to estimate the worst condition, the irreversible demagnetization is calculated in PMASynRM.
Although the rare-earth PMs will be demagnetized at high temperature, the temperature of machine
may be lower than the highest working temperature of rare-earth PMs by using some cooling
methods. Hence, the demagnetization of rare-earth PMs can be neglected in this paper. Owing to the
performance of ferrite magnets are effected in cold weather, which results in a deterioration of
machine performance. Consequently, the demagnetization of ferrite magnets of Y30BH should be
investigated, and the lowest temperature is set to -40 °C.

The demagnetization curve of ferrite magnet (Y30BH) used in the proposed PMASynRM is
shown in Fig. 14. The irreversible demagnetization will be occurred when the flux density of Y30BH
is lower than the critical flux density at the knee of demagnetization curve. The knee of irreversible
demagnetization is about 0.15 T (with margin) at -40 °C, as shown in Fig. 14. The rate of irreversible
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demagnetization is calculated by the magnet number of demagnetization against the total magnet
number, and this is called “demagnetization rate” (DR). In order to simulate the severest condition,
the phase current with opposite direction of magnetomotive force (MMF) produced by ferrite
magnets is applied. The phase current is about 500 A, which is 2.5 times of rated current.
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Fig 14. Demagnetization curve of ferrite magnet (Y30BH).

Fig. 15 shows the contour plots of flux density at 500 A. It shows that the ferrite magnets of the
fourth-layer is partial irreversibly demagnetized, as shown in Fig. 15(a). Due to the MMF from the
stator winding, the flux flows primarily through the center ribs and iron bridges. However, the flux
also flows through the flux barriers because the thickness of flux barriers is smaller than that of ferrite
magnets. So the flux density is too low in side part of ferrite magnets, and the irreversible
demagnetization is occurred. However, the irreversible demagnetization rate is only about 5.3%, and
the irreversible demagnetization is not occurred when k is 0.2, 0.4, 0.6 and 0.8 due to the increase of
MMF by adopting rare-earth PMs, as shown in Fig .15(b), (c), (d) and (e), respectively. The magnet
flux in ferrite magnets become large with the increase of magnet ratio due to the more rare-earth PMs
are applied, as shown in Fig. 15(b), (c), (d) and (e).
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(9 (d) (e)
Fig 15. Contour plots of flux density at 500 A. (a) k=0. (b) k=0.2. (c) k=0.4. (d) k=0.6. (e) k=0.8.

5. Comparison of PMASynRM with Different Magnet Ratio

Some parameters including torque density, power density, PM material costs and the maximum
efficiency are compared for PMASynRM with different magnet ratio, as shown in Table 2. It should
be worth mentioning that all PMASynRMs have the same structure and excitations, and the only
difference is magnet ratio. The proposed PMASynRM with rare-earth PMs has the highest torque
density, power density and total cost, which is 1.46, 1.65, and 301 times of ferrite magnets,
respectively. It indicated that potentially offer some desirable cost-performance trade-off. Therefore,
if there is no limit to the machine volume, the total cost of PMASynRM can be reduced for obtaining
the same output torque by using low-cost ferrite magnets. In addition, the high torque density can be
obtained in the proposed PMASynRM when the multi-layer structure of rotor is adopted by using
hybrid magnets. The proposed PMASynRM can be applied in aerospace, vehicle traction, industrial
application, and energy power generation.

Table 2. Some parameters with different magnet ratio.

Parameter (Unit) k=0 k=02 k=04 k=0.6 k=0.8 k=1
Max. torque [N.m] 140.1 157.7 1704 181.6 192.6 204.5
Max. power [kW] 59.9 69.9 77.9 84.7 914 98.7
Max. efficiency [%] 96.0 96.2 96.5 96.7 96.8 97.0

Volume [L] 5.9
Power density [kW/L] 10.15 11.85 1320 1436 1549 16.73
Torque density 23.75 2673 2888 30.78 3264 34.66
[N.m/L]
N36_720 volume [cm3] 0 48.8 97.8 146.8 196.7 2446
N36_720 price [¥/kg]* 4342.1
N36_720 cost [¥] 0 1611 3227 4844 6491 8072
Y30BH volume [cm?®]  244.6 196.7 1468 97.8 48.8 0
Y30BH price [¥/kg]* 14.4
Y30BH cost [¥] 26.8 21.5 16.1 10.7 5.3 0
Total cost [¥] 26.8 1633 3243 4854 6496 8072

*2016

6. Conclusion

A novel rotor structure of PMASynRM with different magnet ratio is presented in this paper.
Some electromagnetic characteristics including output torque, cogging torque, output power, power
factor, torque ripple, loss and efficiency are obtained by FEA. Moreover, the irreversible
demagnetization are investigated in the worst condition at critical temperature of -40 °C. The analysis
results show that high power density, high torque density, high power factor and high efficiency of
PMASynRM can be achieved with a suitable magnet ratio. In particular, if there is no limit for
machine volume, high performance could be obtained by using low-cost ferrite magnets for same
output torque. On the contrary, the more rare-earth PMs should be applied when power factor and
torque density are need to be improved. In addition, it provides a way for desirable cost-performance
trade-off.

As for future work, the hybrid magnet with parallel-excited will be investigated in PMASynRM,
and compare with serial-excited of hybrid magnet, in order to improve the torque density, power
factor and efficiency.
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