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Structure of Concentrated-Flux-Type Interior Permanent-M agnet
Synchronous Motors Using Ferrite Permanent Magnets
Hae-Joong Kim, Doo-Young Kim, and Jung-Pyo Hong

Department of Automotive Engineering, Hanyang University, Seoul 133-791, Korea

Interior permanent magnet synchronous motors (IPMs) usually use NdFeB for achieving high-torque and high-efficiency
performance. This paper reviews the performance of concentrated-flux-type ferrite magnet motors (CFFMs) that use ferrite, as an
alternative to the general type of IPMs that use NdFeB. A structure to reduce the motor volume and improve the torque density
of CFFMs is suggested in this paper. The characteristics of CFFMs for different rotor types are analyzed. The motor parameters
are analyzed. Using 2-D finite element analysis (FEA), the efficiency and size of the CFFMs are compared with each other. This
paper discusses the results of stress analysis for each rotor type using 2-D FEA. Finally, it suggests a CFFM structure to replace
the general type of IPMs that use NdFeB. The proposed LC-type has the highest torque density among all the ferrite rotor types.

It is seen that the proposed LC-type ferrite-mode replacement for the Nd modéd is the best choice of all the types.

Index Terms—AC motors, concentrated-flux type, ferrite, permanent magnet, stress analysis.

I. INTRODUCTION

ARIOUS efforts have been made to mitigate global

warming and energy problems. In particular, interior
permanent magnet synchronous motors (IPMs) that use rare-
earth permanent magnets have attracted considerable atten-
tion [1]. However, recently, the prices of rare-earth elements
have increased and they are also subject to export restrictions.
To reduce dependence on such elements, various motors with-
out rare-earth materials, such as induction motors, switching
flux PM motors, synRMs, and concentrated-flux-type ferrite
magnet motors (CFFMs) are being developed [2]-{5]. Ferrite
magnets are now being considered as a substitute for rare-earth
elements because of the aforementioned situation. Although
the residual flux density of ferrite magnets is one-third of a
rare-earth magnet, the cost is only about one-tenth. In addition,
a stable supply is available [6]-{11]. However, to apply ferrite
magnets in a way such that a satisfactory performance is
obtained, the magnetic structure should be newly designed to
enhance energy density because of the relatively low-residual
flux density of the ferrite PM [12]. To solve this problem,
improvementsin the stator and rotor structure of the motor are
needed. This paper suggests a structure to reduce the motor
volume of the CFFM and improve the torque density. The
back electromotive force (back-EMF) and saliency ratio are
calculated and compared using 2-D, and 3-D finite element
analysis (FEA) on CFFMs with different structures. In addi-
tion, stiffness analysis is conducted to confirm the mechanical
characteristics. The motor characteristics and torque densities
are confirmed using a d- and g-axes equivalent circuit.

Il. COMPARISON OF THE STRUCTURE AND
CHARACTERISTICS OF THE MOTOR

Fig. 1 shows the design plan for improving CFFMs. There
are ways to increase the flux per pole and ways to increase
saliency ratio in the design plan for the torque density improve-
ment and cost reduction. To increase the flux per pole, an
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Fig. 1. Plan for torque density improvement and cost reduction of CFFMs.
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Fig. 2. Concentrated-flux-type ferrite magnet motor.

increase in the thickness and/or area of the permanent magnet
or an increase the cross section of the air gap is needed.
To increase the saliency ratio, an increase in the number of
permanent-magnet layers or an increase in the thickness of
the permanent magnet is needed. In Fig. 2, the Nd model is
the drive motor for a 1.5 kW compressor. The Nd model uses
NdFeB and the other models used ferrite as the permanent-
magnet material.

The C-type of the CFFM uses an air gap at the top face,
bottom face, and the side of the rotor to increase the cross
section of the air gap. The cap is a part of the stator and isin
contact with the tooth of the stator. This increases the flux per
pole. Fig. 3 shows the side view of a C-type. The cap material
is a soft magnetic composite (SMC). The SMC materias are
magnetically isotropic and hence ideal for constructions of
electrical machines with complex structure and 3-D magnetic
flux path. This removes the well-known restrains on the
conventional laminated machines, e.g., the magnetic flux must
flow within the lamination plane to avoid excessive eddy
current loss [13]. The cap is fixed to the housing and helpsin
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Fig. 5. Phase back-EMF and EMF/PM volume.

forming the axial flux path. The model labeled PM-5 mm isthe
general CFFM structure where the thickness of the permanent
magnet is 5 mm. The thickness of the permanent magnet in
the model labeled PM-8 mm is 8 mm, which is the maximum
permanent magnet thickness for the combination part of the
rotor core. If the permanent magnet thickness is increased,
both the flux per pole and saliency ratio increases.

The V-type and L-type are the models that increase the
cross section of the permanent magnet; the L-type has a
greater flux saturation of the rotor than the V-type. 2-layer and
3-layer models increase the number of the permanent magnet
layers. The saliency ratio in these structures is higher than
that in the other models. The outer diameters of the stator and
rotor, series-turns per phase, and conductor diameter of the
coil of all models are the same.

Fig. 4 shows the phase back-EMF waveform through the
2-D FEA of each motor when the stack lengths of the motors
are identical. Fig. 5 shows the analysis result of the phase
back-EMF and phase back-EMF per PM volume. The phase
back-EMF in the Nd-model is higher than that in al other
models because the residual magnetic flux density (1.3 T)
of the permanent magnet is high. The permanent magnet
residual magnetic-flux density of the ferrite modelsis 0.38 T.
The increase in the phase back-EMF of the L-type is the
highest with an increase of 20.1% over the PM-5 mm model.
In addition, the L-type has a higher phase back-EMF per
PM volume than the PM-8 mm model, which has a greater
permanent magnet thickness. We see that the L-type provides
better motor-torque-density improvement and cost reduction
than the PM-8 mm model. In terms of the phase back-EMF per
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Fig. 7. Torque density and efficiency.

PM volume, the C-type displays the highest increase (increase
of 11.7%). Since the C-type increases the cross section of
the air gap, it does not increase the PM volume, but increase
the phase back-EMF, therefore, it is useful for achieving cost
reduction. The 2-layer and 3-layer models have a lower phase
back-EMF per PM volume than the other models. Although
the PM volume of the 3-layer model is higher than that of the
2-layer model, the phase back-EMF decrease owing to flux
saturation of the rotor.

The difference (Ld — Lq) between d-axis inductance, Ld,
and g-axis inductance, Lg, has a direct effect on the reluctance
torque. Fig. 6 showsthe Ld — Lq for each model. The 2-layer
and 3-layer models have the highest Ld — Lq values. This
means that the reluctance torque is high and it is thought to
be beneficial for designing high-torque, high-current motors,
such as traction motors. PM-8 mm model, wherethe Ld — Lq
value was expected to increase, showed contrasting results; the
g-axis inductance decreased because of the narrow g-axis flux
path. However, the PM-8 mm model is expected to improve
the Ld — Lqg vaue by little improvement in the structure.
In the L-type and V-type, the Lq — Ld is higher than that
of the PM-5 mm standard model owing to the increase of in
the d-axis inductance. Since Ferrite models have a smaller
phase back-EMF than the Nd-models, the stack length should
increase to deliver the same output. Fig. 7 shows the torque
density and efficiency for each model with the same phase
back-EMF, under the same output condition. The L-type that
showed the highest phase back-EMF also had the highest
torque density. All models are nearly 92.5% efficient, except
for the PM-5 mm standard model.

I1l. ROTOR STRESS ANALYSIS OF MOTOR STRUCTURES

The rotor shape of the CFFM is structurally weaker than the
rotor shape of general IPMs for high-speed driving. Therefore,
considering the stress when designing the rotor shape for
the CFFM is very important. The CFFM causes significant
leakage-flux inside the rotor. The width of the bridge connect-
ing the rotor core should be reduced to reduce the leakage-
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Fig. 8. Rotor core and non-magnetic material shape of the L-type CFFM.
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Fig. 9. Rotor stress analysis for the CFFM L-type.

flux inside the rotor, but that makes it structurally weak
during high-speed driving. Therefore, the design presented
in this paper used a non-magnetic material for improving
the structural stability of the rotor and for the reduction of
the leakage flux. The non-magnetic material used was Hi-Mn
steel. Hi-Mn stedl has a very high yield strength and tensile
strength in comparison with other materials. There is a groove
to fix the rotor core in the non-magnetic material. Non-
magnetic material steel isfixed to the shaft and each rotor core
is fixed to the non-magnetic steel, and the ferrite is inserted
between each rotor core.

Fig. 8 showstherotor core of the CFFM and the shape of the
non-magnetic material. Since the groove of the non-magnetic
materia is shaped as a trapezoid, the rotor core has to be
inserted axially and the inserted rotor core is not separated
radially. The part marked with a circle in Fig. 8 is where
the stress is highest during high-speed driving. Fig. 9 shows
the stress analysis result for the L-type through 2-D FEA at
a driving speed of 10 000 r/min. The core material S18 was
used as the materia of the rotor core. Theyield strength of S18
is 275 MPa. The red circle in Fig. 9 is where the stress was
shown to be highest. When the driving speed is 10 000 r/min,
the maximum stress in the rotor core of the L-typeis 151 MPa,
and the safety factor is 1.82. Fig. 10 shows the 2-D FEA
stress values for each rotor shape. The maximum stress in the
PM-5 mm model, the standard model, is 137 MPa. The L-type
results show asymmetric stress at point 1 and point 2 owing to
the asymmetry in the rotor core and magnet shape. Therefore,
the L-type is subject to a dlightly higher stress than the other

types.

IV. CFFM PROTOTYPE AND EXPERIMENTAL RESULTS

Since the L-type has the highest phase back-EMF of al the
rotor types, the torque density is also the highest. Therefore,
it is the most suitable ferrite model to replace the Nd model.
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Fig. 11. CFFM prototype. (a) Rotor. (b) Stator. (c) Final assembly.
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Fig. 12. Phase back EMF and efficiency for the prototype.

We made a prototype and performed no-load and load testing
to validate the performance of the L-type. Fig. 11 shows the
rotor, stator, and final assembly of the L-prototype.

Fig. 12 shows the no-load test and load test results for the
L-prototype at a driving speed 1000 r/min. The test result for
no-load back-EMF and the 2-D FEA analysis results had a
difference of ~2%. The load test efficiency was measured to
be ~92% in the 20004000 r/min speed range. The size of
the ferrite PM-5 mm model is ~141% the Nd-model size.
On the other hand, the size of the ferrite L-type is ~117% the
Nd-model size. That is, the L-type is most suited to replace
the Nd-model as the Ferrite model.

V. CFFM STRUCTURE PROPOSAL

As described earlier, the L-type improves the motor torque
density and the C-type reduces the permanent magnet use.
This paper suggests an LC-type CFFM rotor structure that
combines the merits of the two types. Fig. 13 shows the shape
of the LC-type. The rotor shape is identical to that of the
L-type and a cap is attached to the housing like in the C-type.
The shape of the cap applied to the L-type should be similar
to the rotor core in order to best secure the axial flux. Since
the cap is fixed, an aternating magnetic field generated during
high-speed driving, resulting in eddy current loss. Since the
flux flows axially from the cap to the rotor, using a laminating
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core, causes a large eddy current loss. Therefore, we think
that the SMC will be appropriate as the cap material. Fig. 14
shows the results for the phase back-EMF in the LC-type and
other rotor types. The phase back-EMF of the LC-type was
calculated using 3-D FEA and 2-D FEA was used for the other
models. The FEA analysis condition is 1000 r/min at 80°. The
phase back-EMF of the LC-type is higher than that of the
L-type by ~7.2%. The phase back-EMF per PM volume is
higher by ~12.5%. The phase back-EMF of the LC-type is
smaller than that of the Nd model by ~8.6%. Fig. 15 shows
the torque density results for every model at the same output
level. The torque density of the LC-type is higher than that of
the standard PM-5 mm model by ~28%. The size of the ferrite
LC-type is ~110% of the Nd model size. That is, using the
ferrite LC-type to replace Nd, a PM material of higher residual
flux density, we can make deliver the same output with only
a 10% pendlty in size.

VI. CONCLUSION

This paper proposed a structure to reduce the motor volume
of CFFMs and to improve the torque density. According to the
review, the phase back-EMF is the most beneficial for torque
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density improvement. The L-type shows the highest Phase
back-EMF among all the types. The phase back-EMF per
PM volume are most beneficial for cost reduction, and the
C-type displays the highest phase back-EMF per PM volume.
The 2-layer model is thought to be beneficial for designing
a high-torque, high-current motor because the Ld — Lq is
large. The proposed LC-type has the highest torque den-
sity among the ferrite rotor types. The results indicate that
the LC-type is the best ferrite model to replace the Nd
model.
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