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Abstract: This paper proposes a permanent magnet (PM)-assisted synchronous reluc-
tance machine (PMASynRM) using ferrite magnets with the same power density as rare-
earth PM synchronous motors employed in Toyota Prius 2010. A suitable rotor structure
for high torque density and high power density is discussed with respect to the dema-
gnetization of ferrite magnets, mechanical strength and torque ripple. Some electromag-
netic characteristics including torque, output power, loss and efficiency are calculated by
2-D finite element analysis (FEA). The analysis results show that a high power density
and high efficiency of PMASynRM are obtained by using ferrite magnets.

Key words: permanent magnet (PM)-assisted synchronous reluctance machine, ferrite
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1. Introduction

Recently, a permanent magnet synchronous machine (PMSM) that contains rare-earth per-
manent magnets (PMs) is popular for its hybrid electrics vehicles (HEVs) and electric vehicles
(EVs) [1-2]. Many kinds of PMSMs for traction application are actively studied [3-5]. PMSM,
which use rare-earth PMs have some advantages, such as high torque density, high power den-
sity, a high power factor, a wide constant power speed range, and high efficiency, etc. How-
ever, there is a limitation for rare-earth PMs because of the high price of rare-earth material.
Therefore, the electrical machines with less or no rare-earth PMs are required in EVs and
HEVs application.

The reluctance motor is one type of electrical machine without PMs. A switched reluctance
motor (SRM) has some advantages, such as a simple structure, rotor robustness, the potential
to operate at high temperature and torque-speed range, which can be competitive to PMSMs
employed in EVs and HEVs [6-10]. Nevertheless, SRM has the problem with a high level of
vibration and acoustic noise in general [11-13]. A synchronous reluctance machine (SynRM)
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is also a candidate for a rare-earth-free machine, but its torque density, power density, power
factor and efficiency are inferior compared to PMSMSs [14-15]. By adding the proper amount
of PMs in SynRM, the torque density and power density of a PM-assisted SynRM
(PMASynRM) can be improved [16-28]. The total costs of PMASynRM with ferrite magnets
can be reduced because some rare-earth materials such as neodymium and dysprosium, needed
for automotive applications are not used in this machine.

The rotor structure of PMASynRM must be designed to achieve satisfying high power
density, high efficiency, and a wide speed range used in EVs and HEVs. Furthermore, the
irreversible demagnetization of the ferrite magnets in cold weather and the mechanical
strength of rotor at the maximum speed should be considered [29-32]. Meanwhile, the torque
ripple should also be taken into account for the design of PMASynRM based on a finite-
element method (FEM).

In this paper, some characteristics of PMASynRM with ferrite magnets are studied, includ-
ing the demagnetization behavior, mechanical strength, torque ripple, torque, output power,
loss and efficiency.

2. Target and structure of PMASynRM with ferrite Magnet

2.1. Target

Table 1 shows the specification of an interior permanent magnet synchronous machine
(IPMSM) in HEV (Toyota Prius 2010) [33-34], which is called a target IPMSM in this paper.
The maximum output power is 60 kW, and its speed varies from 2768 to 13900 r/min (maxi-
mum speed). The outer diameter of the stator is 264 mm, and the stack length is 50 mm. How-
ever, the axial length of IPMSM considering the end winding is 108 mm. The volume of the
motor core is 5.9 L, which does not include the casing and cooling system. A power density is
10.17 kW/L. The power density of 10.17 kW/L and a maximum speed of 14000 r/min are the
targets of the proposed PMASynRM. The highest efficiency of the target IPMSM is estimated
to 95% for another target of PMASynRM.

Table 1. HEV IPMSM and target

Item (Unit) Value
Stator outer diameter (mm) 264
Stack length (mm) 50
Machine axial length (mm) 108
Air gap length (mm) 0.73
Max. DC side voltage (V) 650
Max. current (A) 141%*
Max. output power (kW) 60
Max. power speed range (r/min) 2768-13900*
Max. torque (N-m) 205
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Max. power density (kW/L) 10.17
Max. torque density (N-m/L) 34.67
Max. efficiency (%) 95%*
Efficiency at knee point (%) 91*
Winding resistance at 21°C (Q) 0.077
Stator turns per coil 11
Winding type (%) distributed
Slot fill factor (%) 54*

*Estimated value

The aim of this paper is to investigate a PMASynRM design competitive to the Prius 2010
IPMSM in the point of view of power density, efficiency, a torque-speed region and maximum
torque. The proposed PMASynRM with ferrite magnets (Y30BH) are shown in Table 2. The
coercive force of ferrite magnet is 232 kA/m at 20°C, which is about one-fourth of common
rare-earth PMs. Therefore, for achieving high power density, high torque density and high ef-
ficiency, a rational rotor structure of PMASynRM should be designed into a multi-layer
structure and embed more ferrite magnets by making full use of reluctance torque.

To achieve the maximum torque, the stack length of PMASynRM is one of the most im-
portant factors. The number of turns per coil is 8, which is less than that of Prius 2010
IPMSM. The stator slot depth of PMASynRM is shallower than that of Prius 2010 IPMSM,
which results the stator outer diameter of PMASynRM is smaller. As shown in Fig. 1, the
stator outer diameter of PMASynRM is set to 245 mm comparing to the stator outer diameter
264 mm of Prius 2010 IPMSM. However, the axial length of the motor is 128 mm, and the
stack length is 70 mm, so the volume of PMASynRM’s core is same as Prius 2010 [IPMSM. In
addition, the air gap length, maximum dc-side voltage and winding type is the same.
Nevertheless, the winding resistance is 0.0646 Q at 21°C, which is less than that of Prius 2010
IPMSM.

Table 2. The proposed PMASynRM

Item (Unit) Value
Number of poles 8
Stator outer diameter (mm) 245
Machine axial length (mm) 128
Stack length (mm) 70
Air gap length (mm) 0.73
Max. DC side voltage (V) 650
Max. output power (kW) 60
Max. power speed range (r/min) 3000-14000
Max. torque (N-m) 205
Max. efficiency (%) 95
PM material Y30BH
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Coercive force of PM (kA/m) 232
Winding type distributed
Stator turns per coils 8
Slot fill factor (%) 523
Winding resistance at 21°C (Q) 0.0646

Stator core

End
winding

29mm50mm 29mm 29mm 70mm 29mm
(a) (b)
Fig. 1. Machine axial length: Prius 2010 IPMSM (a); the proposed PMASynRM (b)

2.2. Structure of PMASynRM with ferrite magnets

Fig. 2 shows the stator of PMASynRM, which has 48 slots and a distributed winding. In
this paper, the optimal rotor structure is discussed for the irreversible demagnetization, torque
ripple and mechanical strength at the maximum speed of 14000 r/min.

Fig. 2. Stator of the proposed PMASynRM

Fig. 3 shows several representative design schemes of a rotor. The rotor structure mainly
includes the shape and thickness of ferrite magnets, the shape of flux barriers, the size of
central ribs and iron bridges. Fig. 3(a) shows Rotor-A without center ribs, which includes
ferrite magnets, flux barriers and iron bridges. Rotor-B is given in Fig. 3(b), which has the
center rib to add the mechanical strength of the rotor. Considering the processing of ferrite
magnets and irreversible demagnetization, the forth-layer PMs of Rotor-C is designed to
a right angle. Moreover, an appropriate flux barrier is designed in center ribs in order to
reduce magnetic leakage and achieve sufficient mechanical strength. The same size of PMs
and center ribs are adopted for Rotor-C, Rotor-D and Rotor-E, but the shape of flux barriers in
the second-layer and third-layer is different. In summary, the rotor structure should be de-
signed by trial and error for decreasing the demagnetization and obtaining sufficient mecha-
nical strength of the rotor.
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Fig. 3. Rotor structure of the examined PMASynRM: Rotor-A (a); Rotor-B (b);
Rotor-C (c); Rotor-D (d); Rotor-E (e)

3. Rotor optimization

3.1. Evaluation of irreversible demagnetization

Fig. 4 shows the demagnetization curve of ferrite magnet (Y30BH) used in the proposed
PMASynRM. The irreversible demagnetization will occur when the flux density of PMs is
lower than the critical flux density at the knee of demagnetization curve. For the purpose of
calculating the demagnetization, the flux density of PMs was evaluated. The rate of ireversible
demagnetization is defined as the ratio of demagnetizing PMs’ area to the total PMs’ area,
which is called the “demagnetization rate” (DR). In order to assume the severest condition, the
temperature of PMs is set to —40°C, the current in the opposite direction of PM’s dema-
gnetization magnetomotive force (MMF) is increased to 585 A, which is 1.5 times of the
maximum current. The critical flux density of irreversible demagnetization was assumed to be
0.15 T at —40°C (with margin).
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Fig. 4. Demagnetization curve of ferrite magnet (Y30BH) at -40 °C
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Fig. 5. Demagnetization rate of PMASynRM at -40°C: Rotor-B (a);
Rotor-C (b); Rotor-D (c); Rotor-E (d)

The demagnetization rate at -40°C for some rotors is shown in Fig. 5. The demagne-
tization of Rotor-A is ignored because it has an obvious problem of mechanical strength. As
shown in Fig. 5(a), the demagnetization rate of third-layer ferrite magnet in Rotor-B reaches
22.3% at 585 A. The demagnetization rate can be improved by changing the rotor structure
such as shape, thickness of ferrite magnets and shape of flux barriers. The flux can flow along
the iron bridges easily because the reluctance becomes small. As a result, the demagnetization
rate of fourth-layer and second-layer ferrite magnets in Rotor-C, Rotor-D and Rotor-E is
larger. However, the demagnetization rate is no more than five percent in fourth-layer and
second-layer PMs.

Fig. 6 shows the contour plots of flux density at 585 A. It shows that the side part of ferrite
magnets in the second-layer and third-layer are irreversible demagnetized in Fig. 6(a). More-
over, the demagnetization also occured in the side part of ferrite magnets in Rotor-C, Rotor-D
and Rotor-E, as shown in Figs. 6(b), (c) and (d) respectively.

| I =M
6 015 03 045 06 075 09
(2) (b) © d)

Fig. 6. Contour plots of flux density at 585 A: Rotor-B (a); Rotor-C (b); Rotor-D (c); Rotor-E (d)
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This is because the flux due to the MMF from the stator winding flows primarily through
the center ribs and iron bridges. However, the flux also flows over the flux barriers because
the thickness of the flux barrier is smaller than that of the ferrite magnet. The result shows that
the flux density is too low in the side part of the ferrite magnets, and irreversible demag-
netization is occurred. Therefore, the rotor structure such as the shape and thickness of the
ferrite magnets, the width of iron bridges and center ribs, the shape of flux barriers were mo-
dified to reduce a demagnetization rate by trial and error.

3.2. Evaluation of mechanical strength

The mechanical strength of rotor is examined by FEM. Fig. 7 shows the distribution of the
von Mises stress at the maximum speed. The ferrite magnets were hidden in those pictures.
Rotor-C, Rotor-D and Rotor-E have the same width of center ribs and iron bridges, as the
maximum stress area occurred in center ribs and iron bridges. However, it has been confirmed
that the proposed rotor structure can withstand the centrifugal force at the maximum speed.

Von Mises
MPa]
280
240

200
160
120

80

(a) (b) ()
Fig. 7. Von Mises stresses distribution: Rotor-C (a); Rotor-D (b); Rotor-E (c)

3.3. Torque ripple minimization

The torque ripple for adopting the different rotor structures is shown in Fig. 8. The torque
ripple ratio is defined as ratio of peak-to-peak instantaneous torque to average torque.

40 -
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Fig. 8. Torque ripple characteristics
Although a little difference among Rotor-C, Rotor-D and Rotor-E, which is in the shape of

flux barriers in the second-layer and third-layer, may cause a great effect on the flux density
and reluctance variations around the air gap. Despite a low torque ripple of Rotor-C compared
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to Rotor-D and Rotor-E, the torque ripple is still more than 10% of the maximum torque.
Therefore, the asymmetric flux barrier was used in PMASynRM to reduce the torque ripple
[14, 35-40]. Rotor-F and Rotor-G were proposed in Fig. 9. Rotor-G combines the structures of
Rotor-C and Rotor-F, and it has an asymmetric flux barrier in the second-layer.

(b)
Fig. 9. Rotor structures with different flux barrier shape: Rotor-F (a); Rotor-G (b)

Current /,,, (rms value of phase current) was set to 130, 260, 390 A as well as the instan-
taneous torque characteristics of Rotor-C, Rotor-F and Rotor-G are shown in Fig. 10, and the
torque ripple characteristics are given in Fig. 11. Despite of the fact that the torque ripple
(only 7.7%) of Rotor-C is low when /., is 130 A, it reaches 14.3% when Z,,, is 260 and 390 A.
The torque ripple of Rotor-F is 8.5% at the maximum output torque. However, the torque
ripple is more than 10 percent when /., is 130 and 260 A. Nevertheless, a mutual compensa-
tion of the transient torque is realized for Rotor-G by using asymmetric flux barriers, and its
torque ripple can be reduced significantly, as shown in Figs. 10(a), (b) and (c).
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Fig. 10. Instantaneous torque characteristics: /,,=130 A (a); 1.,=260 A (b); 1,,,=390 A (c)



Vol. 66 (2017)

www.czasopisma.pan.pl P\% www journals.pan.pl

I

POLSKA AKADEMIA NAUK

Optimized design of a high-power-density PM-assisted SRM

Although the torque ripple of PMASynRM increased to 8.8%, 9.6% when 7,,, was 130 and
390 A, respectively, it is less than 10%. In summary, Rotor-G with asymmetric flux barriers
has a great effect on reducing torque ripple. Meanwhile, the average torque of Rotor-G is not
reduced by comparing with Rotor-C and Rotor-F, as shown in Fig. 12. This characteristic
demonstrates that the proposed PMASynRM has a lower torque ripple by using asymmetric

flux barriers, which is competitive to theToyota Prius 2010 IPMSM.
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Fig. 11. Torque ripple characteristics
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4. Performance evaluation

4.1. Torque and output power versus speed

Because the dc-side voltage is assumed to be 650 V, the voltage limit V,,, (rms value of
line-to-line voltage) was set to 450 V. The current limit /,,, was set to 130, 260 and 390 A. It is
noted that 7, becomes smaller than /,,, when the maximum torque per ampere (MTPA) control

is applied during flux-weakening operation, and 7, is a ceiling value of current.
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Fig. 13. Torque and output power versus speed: /,,,= 130 A (a); L,,, = 260 A (b); Z,,, =390 A (c)
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The torque and output power versus speed relationships are shown in Fig. 13. With the
proposed rotor structure, the maximum output power is 49.2 kW at 4500 r/min in Fig. 13(a),
and constant torque is 104.4 N-m. When [, was set to 260 A, the maximum output power
reaches to 64.4 kW at 3750 r/min. However, the peak torque is only 164.8 N-m, which is less
than the target of the maximum output torque 205 N-m, as shown in Fig. 13(b). Fig. 13(c)
shows that the maximum output power is 68.7 kW at 3250 r/min, which reaches the target
maximum output power. Meanwhile, the maximum torque is 204.8 N-m when 1, is 390 A,
which is very close to the target torque. It indicates that a reasonable design of the rotor
structure in the proposed PMASynRM could achieve a high power density and high torque
density by using low-cost ferrite magnets.

4.2. Loss and efficiency characteristics
The loss and efficiency versus speed relationships is given in Fig. 14. The iron loss, copper
loss and efficiency were calculated by the following equations

W,=W,+W,, M
W, =3R,IZ, 2)

ol -W.
=1 %100%, 3
NS o 6 3)

where W), is the hysteresis loss [W], W, is the eddy current loss [W], ; is the iron loss [W],
W. is the copper loss [W], R, is the armature winding resistance [Q], I, is the RMS value of
phase current [A], n is the efficiency [%], T is the torque [N'm], and ® is the mechanical
angular velocity [rad/s].
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Fig. 14. Loss and efficiency versus speed: 1,,,= 130 A (a); 1,,,= 260 A (b); L.,,= 390 A (c)
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As shown in Fig. 14(a), when the speed exceeds 4000 r/min, the copper loss is signify-
cantly decreased by a field-weakening control strategy. Although the iron loss has been in-
creased, the total loss is reduced, which leads to the efficiency of PMASynRM increased
during flux weakening operation at high speed. The iron loss gradually increases with speed
up to 4000 r/min, as shown in Figs. 14(b) and (c). This is because the applied MTPA control is
above 4000 r/min. In the speed region from 4000 to 14000 r/min, the current gradually
decreases even if the current limit value 7, is set to 260 or 390 A, and copper losses decreases
with the increase of speed. The maximum efficiency is 95.6% at the speed of 7000 r/min when
the rated current is 260 A, which satisfies the target of the maximum efficiency.

4.3. Efficiency map

The efficiency maps of the proposed PMASynRM is shown in Fig. 15. V,,, is set to 450 V,
and 7., is set to 130, 260 and 390 A. The maximum efficiency reaches to 95.8%, 96.6% and
96.9%, when 1,,, is set to 130, 260 and 390 A, respectively. The efficiency of PMASynRM is
over 90% across a wide operating range, as shown in Figs. 15(a), (b) and (c). When the
maximum phase current is 390 A, the maximum efficiency is 96.9% and the maximum torque
is 204.8 N-m, which satisfies the target efficiency and the target maximum torque in Table 2.

(b)
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Fig. 15. Efficiency maps of the proposed PMASynRM: [,,,= 130 A (a); I,,,= 260 A (b); I.,,= 390 A (c)

5. Compare to Prius 2010 IPMSM

Some parameters of PMs were compared in Toyota Prius 2010 IPMSM and the proposed
PMASynRM in Table 3, which includes PM dimensions, magnet volume, the maximum work-
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ing temperature, price and cost of PMs. It should be noted that the coercive force of N36 720
is about four times of Y30BH. However, the price of N36_Z20 is 4342.1 ¥ per kilogram,
which caused that the total costs of PMs in Toyota Prius 2010 IPMSM are 116 times of the
proposed PMASynRM. Furthermore, the maximum working temperature of ferrite magnets
(Y30BH) is 460°C, which is about two times of N36 Z20. Therefore, the proposed
PMASynRM with low-cost ferrite magnets could meet high-power density, high torque
density, high efficiency and a wide range speed operation, and a higher working environment
temperature is obtained.

Table 3. Some parameter of PMs

Toyota Prius2010 Proposed
Parameter
IPMSM PMASynRM
PM material N36 720 Y30BH
Coercive force of PM (kA/m) 920 232
PM dimensions (mm) 49.3x17.88x7.16* arc-shaped
Magnet volume (cm) 100.98 262.08
Total mass of magnets (kg) 0.768 1.991
PM price** (¥) 4342.1 144
PM total cost (¥) 3334.7 28.7
Max. working temperature (°C) 200 460

*One magnet **2016

6. Conclusions

The novel rotor structures of PMASynRM with ferrite magnets have been examined in this
paper, which considered irreversible demagnetization, mechanical strength and torque ripple.
In order to reduce the torque ripple, the asymmetric flux barrier was used in the rotor, and the
torque ripple is less than 10% when 1, is 130, 260 and 390 A. Some characteristics including
the torque, output power, loss and efficiency were calculated by FEA. The maximum efficien-
cy is 96.9% when adopting the maximum phase current, which satisfies the target efficiency
of 95%. Meanwhile, the high-power density and high torque density of PMASynRM are ob-
tained compared to Prius 2010 IPMSM. It can be found that the torque, efficiency and operat-
ing speed-torque region of PMASynRM are competitive when applied in HEVs/EVs. How-
ever, its phase current is increased and the power factor is low, which needs further study or
looking for new materials to replace the rare-earth PMs. A prototype of the proposed
PMASynRM should be manufactured to validate the loss, maximum torque, output power,
efficiency, and thermal analysis.
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