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ABSTRACT This paper proposes two novel hybrid rotors permanent magnet (PM) machines for the high
torque density in short duration condition operation. In order to enhance the torque performance, the flux
concentrated structure of spoke-type PM is employed to increase the air-gap flux density. Meanwhile,
the non-magnetic connector of the rotor is employed to eliminate the magnetic flux leakage. The rotors
of the conventional machines and the proposed machines are optimized by the finite element analysis
(FEA). Furthermore, based on the comparisons of electromagnetic performances for the optimizedmachines,
including the open-circuit flux density, torque, PM eddy current loss, overload capability, the characteristics
of the proposedmachines are analyzed. The results indicate that the proposedmachine can improve the torque
at rated and overload operation with growth rate 14.3% and 13.1%, respectively. Finally, a 12-slots/10-pole
PM machine is prototyped and FEA is to be validated.

INDEX TERMS Hybrid rotors, torque density, magnetic flux leakage, overload capability.

I. INTRODUCTION
Permanent magnet machines have been widely used in
the aerospace industry and electric vehicles field all
over the world owing to the excellent performance, such
as high-power density, high reliability and high effi-
ciency [1]–[4]. Meanwhile, the high torque density is
commonly required in direct drive servo system for high
performance in industrial robot application and steering gear.
The high peak torque density is important electromagnetic
indicator which is closely related to the overload capability
due to the high dynamic response with a short-time operation.
In actual, a low inertia torque is expected by reducing the
moment of inertia as small as possible in the rotor outer
diameter [5].

The associate editor coordinating the review of this manuscript and
approving it for publication was Canbing Li.

It is important to improve the torque performance effec-
tively including the peak torque by using the topologies and
reasonable optimization. In [6], the characteristics of the PM
and the torque are analyzed by increasing the thickness and
width of the PM for the same volume but with different
shapes. The results show that it is more effective for the
torque density by increasing the PM thickness than the width.
In [7]–[10] , the spoke type PM machines are employed
to improve torque because of the flux concentrated struc-
ture which it can increase magnetic flux emitting area of
IPMSMs from the larger magnet surface area. The analyti-
cal methods of the spoke-type PM machines are built with
the not ideal boundary conditions and irregular geometric
model [11]. In [12]–[14], the magnetic bridges are equivalent
to fan-shaped saturation regions and the trapezoid magnet
is simplified to sector magnets to achieve accurate predic-
tion. In [15], A rotor shaping technique with optimal third
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harmonic, which is into the rotor outer surface shape,
is presented to enhance the average torque of interior
permanent-magnet (IPM) machines. The optimal value has
been derived and further confirmed by both finite-element
analyses and experiments.

The reduction of the leakage flux around the rotor
inner circumference is important issues for the spoke
type IPM machine. The shaft with nonmagnetic materi-
als can reduce the flux leakage effectively in spite of a
complicate manufacturing process [7], [16], [17]. Another
approach is that the magnetic bridge structure is employed
with a narrow width of the iron ribs, which structural
strength needs to be challenged [18], [19]. In [20], a novel
step-staggered rotor with alternated airspace barriers is pro-
posed to reduce the leakage flux around the rotor inner
circumference.

Moreover, the machines with consequent pole and hybrid
pole PM rotor are employed to increase the torque density
and PM utilization [21]. The tangential PMs are embedded
into the rotors yoke which is equivalent to an increase in
assistant flux [22]. In [23], a comparison of typical V shape,
∇ shape, and ∇ + U shape IPM machines is investigated in
the torque density, torque ripple, etc. What is more, the over-
load capability of the SPM and IPM machines is analyzed.
The result shows the SPM machine exhibits better overload
capability due to the lower magnetic saturation effects with
its larger effective air gap [24]. In [25]–[27], a machine with
high peak torque density is designed for MIT cheetah robot
with 810 g of weight and 30 Nm of torque. Each consisting of
short duration large torque commands. followed by periods
of lesser torque requirement. The ratio between maximum
torque and rated torque is approximately 10:1 with large gap
diameter.

In this paper, two novel hybrid PM machines are pro-
posed to improve the torque density, especially the peak
torque density in short duration operation. An optimization
is achieved for the conventional and proposed machines.
Then, the comparisons of electromagnetic performances in
four type machines are analyzed. In Section II, the topology
structure machines are described. The characteristic of the
short duration machines is analyzed with considering the core
saturation. In Section III, optimization and analysis of the dif-
ferent rotor shapes are achieved and presented, respectively.
In Section IV, comparisons and evaluation of electromag-
netic performances are obtained. In Section V, the 12slot/
10 pole PM proposed machine are prototyped to validate
the FEA analyses. Finally, the conclusion will be derived in
Section VI.

II. PM MACHINE WITH DIFFERENT ROTORS
A. TOPOLOGIES
The 12-slots/10-pole PM machine with fractional slot con-
centrated winding is adopted to investigate the performance
of themachinewith five different rotors as Fig. 1 (a). Fig. 1 (a)
shows the stator structure with 12 slots and winding distri-
bution. It is worthy that all the investigated machines have

FIGURE 1. Cross sections of different type rotors (a) Stator of 12slots with
fractional slot concentrated winding (b) SPM rotor (c) The conventional
VIPM rotor (d) The conventional UIPM rotor (e) The proposed SHRPM
rotor (f) The proposed BHRPM rotor.

TABLE 1. The main PM machine parameters.

the same stator for a more objective comparison. Fig. 1 (b)
shows the conventional surface-mount PM (SPM) rotor.
Fig. 1 (c) and Fig. 1 (d) show the conventional V shape
IPM (VIPM) and U shape IPM (UIPM) rotors, respec-
tively. Fig. 1 (e) shows the proposed spliced hybrid rotor
PM machines with the non-magnetic connector (SHRPM).
Whereas Fig. 1 (f) shows hybrid rotor PM machines with the
magnetic bridge structure (BHRPM).
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FIGURE 2. Simplified magnetic circuit of four machines (a) SPM machine
(b) VIPM machine (c) SHRPM machine (d) BHRPM machine.

B. ELECTROMAGNETIC MODEL ANALYSIS
Fig. 2 show the simplified magnetic circuits (SMC) of
machine. Rg and Rs are the equivalent reluctances of the
airgap and stator, respectively. Rσ is the leakage reluctance.
Rmi and Fmi are the reluctances and magnetomotive force
(MMF) of PMs, which i represent 1, 2 and 3, respectively.
Although the rotor outer diameter is the same, magnetic flux
area per-pole Apm and magnetization direction length Lpm of
each pair pole, are different, which are generated by PM.

IPM of spoke type can adopt magnetic circuit in par-
allel which can increase the magnetic flux area per-pole
Apm, but the magnetization direction length Lpm will be
halved [28]. However, SPM is exactly the opposite due to
the PM space layout difference. So, the BHRPM is pro-
posed to take advantage of both effectively as shown in
Fig. 2 (d).

Moreover, the reluctance torque will be fully utilized in
V shape and U shape IPM, which the SMC is shown as
Fig. 2 (b). From it, flux leakage closely related to the mag-
netic bridge can’t be ignored. So, in order to improve the
torque density, SHRPM machine will be proposed to limit
magnetic bridge leakage based on the BHRPMmachine. The
corresponding SMC is shown as Fig. 2 (c).

C. ANALYSIS OF THE CORE SATURATION
The core saturation is the important cause of the reduction
of the torque coefficient which can restrict the overload
capability of the machine. Fig. 3 show the influence of the
core saturation on the main magnetic flux with the three
different PM layout methods. The line λn and λl are the
linear permeance curve with considering nonlinearity and
neglecting it of the core, respectively. 18m represents the
declination of the flux between two PM operating point.
The blue line represents new PM recoil curve at different
PM shape.

As shown in Fig. 3 (a), the slope of the blue line will less
than the primary slope. And ones of the Fig. 3 (b) is the
opposite. This shows that the core saturation has a less impact

FIGURE 3. Influence of core saturation on the main flux 8m in
equivalence process with three PM layout methods (a) Increasing
thickness of PM (b) Increasing the surface area of PM (c) Increasing the
thickness and the surface area of PM.

by increasing the thickness of the PM than by increasing the
surface area of PM simply, that is 18m1 < 18m2.

The MMF of the airgap which is close to the output torque
can expressed by

Fg =
Rg

Rs + Rg + Rm
Fm (1)

Fgk
Fg
=

Rg + Rs + Rm
(Rg + Rs)/k + Rm

(2)

where Fm represents the MMF of PM. Rm represents the
reluctance of all PMs. Fg represents the MMF of the airgap.
Fgk represent the MMF of the airgap with k times PM’s
thickness.

From (1), it can indicate that when Rs become bigger (it
means more severe core saturation), the influence of the Rm
on the Fg will be smaller. Also, the slope will gradually
become smaller as shown in Fig. 3 in red line λn. It means that
when more severe core saturation, the benefit of increasing
PM’s thickness or the surface area of PM on air-gap magnetic
density becomes decreasing. On the other hand, it can be
analyzed that when Rm is relatively small, the core saturation
is very sensitive to the magnitude of the MMF of air-gap,
which also can be shown as the Fig. 3 (b) due to a relatively
large slope compared with the Fig. 3 (a). Therefore, torque
coefficient will have a greater change as the armature reac-
tion increases. From (2), the air gap magnetomotive force
MMF cannot be increased linearly with the thickness of the
PM.

The proposed hybrid pole rotor machine can own more
flexible variables parameter under limited rotor space by
using different combinations of PMwhich can achieve differ-
ent electromagnetic performance. Flux concentrated structure
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FIGURE 4. The variation of the torque change rate in different current and
the volume of the PM with the thickness of the PM for SPM machine.

of spoke-type can also be taken advantage effectively as
shown in Fig. 3 (c).

III. OPTIMIZATION WITH DIFFERENT ROTORS
The same rotor outer diameter and sinusoidal current
is employed. The control mode is maximum torque per
ampere (MTPA) for the optimized machines.

A. SPM
As mention previously, the thickness of PM is key parameter
for SPM when the PM-arc ratio is close to 1. In order to
investigate the capability of the output torque under different
current and the influence of the saturation, torque change rate
based on current is defined as

1T
1i
=
T (i+1i)− T (i)

1i
(3)

where1i represents a micro-element current,1T/1I repre-
sents the torque output capability in unit current at a certain
current i. Fig. 4 shows the variations of torque change rate
and PM utilization ratio β (the ratio of torque to PM volume)
with PM thickness hm1 in SPM. It can be seen that 1T/1I
is increased and the PM utilization ratio β is decreased as
hm1, respectively. The growth degree of 1T/1I becomes
relatively smaller as hm1. This phenomenon can be consis-
tent with the principle explained by the (2). Simultaneously,
1T/1I is decreased significantly when the current ampli-
tude is 110A compared with 60A or 20A, especially at a low
hm1. This means that larger thickness of PM is more effective
on the torque at overload working operation than rated ones.
From above, the thickness of PM hm1 is chosen as 4.5mm
that the result is a trade-off between output torque and PM
utilization.

B. THE IPM OF V AND U
Four classic IPM rotor structures, (namely, V shape, V- shape,
U shape, and U- shape) are adopted to improve the torque
density as shown in Fig. 5. V shape and U shape rotors are
optimized by using the FEA software with the parameter
variables. V- shape is added ‘–’shape based on V shape.
U- shape is the same. The main parameters are shown as
Table 2.

TABLE 2. The key parameters for four IPM rotor structures.

FIGURE 5. Cross sections of one pole for different IPM rotors (a) V type
(b) V- type (c) U type (d) U- type.

FIGURE 6. The variation of the torque with rotor position for four
conventional IPM machines.

Fig. 6 shows the variations of torque with rotor position at
rated current (20A) and overload current (110A) in four con-
ventional IPM machines. It can be observed that the torque
output of V shape rotor is 7.8Nm and 36.1Nm, which is
biggest when the currents are 20A and 110A, respectively.
Instead, its torque ripple is greater than the U shape and
U- shape. It is worth noting that the torque of U- shape have
a larger torque than that of U shape when the current is 110A
which is the opposite of the 20A. The reason is that equivalent
PM thickness of U- shape is increased to improve the working
operation of PM in overload condition. In contrast, the ‘–’
shape and magnetic barrier structure can impede the mag-
netic flux through the rotor in low current density condition.
In addition, the law is applied to that of the V shape and
V- shape which is not so relatively significant. Therefore,
the optimization V shape rotor machine is determined to
investigate the performance in Section 4.

C. BHRPM
The key parameter of the BHRPM rotor is the thickness of
surface-mount PM and spoke type PM [5]. In fact, the spoke
type is designed as shown in Fig. 1 (f) to reduce the mag-
netic bridge width for lower the leakage. Then the angle
α is employed to weigh the equivalent thickness of this
part.
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FIGURE 7. The variations of torque and the volume of the PM with
parameters hm4 and angle at overload current 110A.

FIGURE 8. The variations of torque and the volume of the PM with
parameters hm2 and hm3 (a) Rated current 20A (b) Overload current 110A.

Fig. 7 shows the variations of torque with parameters hm4
and angle α at overload current (110A). The dotted line
represents the change in the contour of the PM volume. It is
indicated that with the relatively larger angle, the electromag-
netic torque achieves more optimized when the thickness of
surface-mount PM is designed as 1.5mm. This is because that
the thickness of surface mount PM andwidth of the spoke PM
is mutually affected at limit rotor space. The air-gap magnetic
density variety with the magnetic source parameters. From
above, for sake of the overload capability, the angle is 19.6◦

and the thickness is 1.5mm. The output torque can reach
45.5Nm in spite of a large amount of PM (8.68× 10−4m3).

D. SHRPM
The main principle of the SHRPM rotor is basically similar to
the BHRPM rotor. The non-magnetic connector is employed
to connect and fix the segments cores and PMs. Meanwhile,
magnetic flux leakage in the PM’s bottom is effectively elim-
inated [28].

Fig. 8 (a) and Fig. 8 (b) show the variations of torque with
two parameters (hm2 and hm3) at rated and overload current,
respectively. The red line represents the distribution in the
contour of the PM volume. From Fig. 8 (a), the effect of the
torque increased is more obvious by increasing the thickness
of the spoke type hm3 than surface-mount PM hm2 due to a
larger slope. Moreover, gradient of the contour line becomes
significantly smaller when the torque is more than 43Nm as
shown in Fig. 8 (b), which means that the PM utilization

FIGURE 9. The open-circuit air-gap flux density of the four machines
(a) Waveforms (b) Harmonics.

ratio is significantly decrease. Based on above analysis and
the size of the non-magnetic connector, the thickness of
the surface-mount PM and spoke type PM are designed as
1.9 mm and 2.7 mm, respectively.

IV. COMPARISONS AND EVALUATION OF
ELECTROMAGNETIC PERFORMANCE
In the previous section, the key parameters of the four types
rotors are optimized by using the FEA when the stator
parameters and the armature current is consistent. In order to
investigate the electromagnetic performance of the proposed
machine (BHRPM and SHRPM), the comparisons will be
evaluated compared with the conventional SPM and IPM
machine.

A. COMPARISON OF OPEN-CIRCUIT FLUX DENSITY AND
HARMONIC
Fig. 9 (a) shows the open-circuit airgap flux density of four
different rotors. Obviously, the airgap density amplitude of
the proposed BHRPM rotor is largest for all these machines.
V shape and SHRPM have almost equal magnitude in airgap
density. Fig. 9 (b) shows the corresponding airgap density
harmonic distribution. It can be observed that BHRPM and
SHRPM rotors own a highest and second highest fundamental
amplitude magnetic density (5th). The values are 1.39 T
and 1.33 T, respectively, which is exceeded the value of the
PM’s remanence. This is because that there is a magnetic
flux concentrated role in spoke type part due to the larger
flux emitting area compared with the airgap area. However,
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FIGURE 10. The variation of the torque with rotor position for the
conventional and proposed machines (a) Rated current 20A (b) Overload
current 110A.

FIGURE 11. The variation of the average torque with the current for the
conventional and proposed machines.

the fundamental harmonic content of the SPM is higher than
V shape which is contrary to the comparison of the airgap
density amplitude. This is due to a small polar arc coefficient
for V shape rotor.

B. COMPARISON OF THE TORQUE CHARACTERISTIC
Fig. 10 (a) and Fig. 10 (b) show the variation of the elec-
tromagnetic torque for four type machines at rated operation
and overload operation, respectively. As shown in Fig. 10 (a),
the torque of the conventional SPM and V type machines are
7.65 Nm and 7.75 Nm when the current is 20A. Meanwhile,
the torque of the proposed SHRPM and BHRPM machines
are 8.45 Nm and 8.75 Nm, respectively. The growth rates are
10.5% and 14.3% compared with the SPM. From Fig. 10 (b),
the average torques are 40.5 Nm, 36.0 Nm, 43.5 Nm, and
45.8 Nm when the current is 110A. The growth rates of the
proposed machines are 7.4% and 13.1%, respectively. It is

FIGURE 12. Flux density distribution of rotor with different structures
when the current is 110A.

well worth to be noted that the torque of the SPM is far greater
than V shape which is very different at the rated operation.
The reason for it is that more flux leakage occurs and PM
working point is decreasing at overload operation due to the
bigger stator reluctance Rs. In view of this, the reason of
the higher torque in the proposed hybrid rotor machines as
shown in Fig. 1 (e)-(f) are that: on the one hand, there is a
magnetic flux concentrated effect in spoke type part; on the
other hand, surface-mount PM part plays an important role in
a larger magnetomotive force, especially under high overload
conditions.

Fig 12 shows the flux density distribution of rotor with dif-
ferent structures when the load current is 110A. It is observed
that themagnetic flux leakage is themost serious in Fig 12 (e),
followed by Fig 12 (b) and Fig 12 (c). This means that the
size of the magnetic bridge has a very important influence on
the peak torque. In addition, it also explains an advantage of
SPM rotor under overload compared with the V type rotor as
the relative value in Fig 10 (a) and (b).

C. COMPARISON OF PM EDDY LOSS AND EFFICIENCY
Fig. 13 shows the variations of the eddy current loss of the
PM with the armature current ranged from 0A to 120A. It is
obvious that the BHRPMmachine has larger PM eddy current
loss in four machines. Meanwhile, the V shape machine
has maximum growth rate in PM eddy current loss. This is
because that there is a large armature reaction because of a
small equivalent air gap length compared with the SHRPM
and BHRPM machines. Moreover, as shown in Fig. 13,
the SHRSPM and SHRIPM represent the loss of the SHRPM
machine in surface mount PM part and in spoke type PM part,
respectively. The BHRSPM and BHRIPM are also the same
meaning for the BHRPM machine. From the perspective of
the loss distribution, the loss of the proposed hybrid machines
in the surface mount part is majority which is exposed to
the airs gap with large amount of harmonic content. For the
proposed BHRPM machine, the suppression of the PM eddy
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FIGURE 13. The variations of the eddy current loss with the current.

TABLE 3. The performance of machines with different rotor.

loss and the heat dissipation of the rotor are the content to be
investigated further.

D. COMPARISON PERFORMANCE
As shown in Table 3, the main electromagnetic performance
is compared with the conventional and proposed machines.
Under limited space constraints of rotor, the proposed hybrid
rotor machines have a larger average torque than SPM and
VPMat rated and overload operation. However, eachmachine
of the four type has own advantages. The SPM machine has
a relatively big peak torque and is easy to be manufactured.
The VIPM machine have a great PM utilization in spite of
the weak overload capability. The SHRPM machine have a
better performance in PM utilization due to less magnetic flux
leakage than the BHRPM machine. But the manufacture and
assembly are more complexity with non-magnetic connector
and spliced rotor core. Above all, the choose of the two pro-
posed machines can be determined according to the specific
working conditions and economy.

V. EXPERIMENTAL VERIFICATION
The SHRPM rotor and SPM rotor machines are prototyped
and partially prove the previous analysis. The total mass of
machine is 4.6 kg including housing. The DC bus voltage is
160V. The maximum speed is 3000rpm. The experimental
test platform is shown in Fig. 14. The digital controller is
DSPACE 28335. The dynamic output torque is measured by a

FIGURE 14. The experiment platform.

FIGURE 15. (a) SHRPM and SPM rotor (b) stator.

FIGURE 16. The comparison of the no-load phase back-EMF for SPM and
SHRPM rotor machine.

TABLE 4. The comparisons of back EMF with different rotor between FEM
and measured.

torque transducer T40S2. Winding temperature is monitored
by Applent instrument.

Two rotor structures are shown in the Fig. 15. The no-load
back-EMF and torque in low load for SHRPM machine have
been tested partially in [28]. Fig. 16 shows the comparison of
FEM predicted and experiment measured. The parameters of
peak and fundamental amplitude are shown in Table 4. The
error of the fundamental amplitude for the SHRPM is 4.5%,
however, the error of the SPM is 1.7%, this is because that the
SHRPMmachine is more complicated in rotor structure to be
manufactured so that the error is relatively larger.

Fig 17 shows the speed and torquemeasured by experiment
at the rated operating point for 4.5 min. The speed and torque
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FIGURE 17. The speed and torque measured by experiment at the rated
operating point.

FIGURE 18. Three-phase winding temperature for SPM and SHRPM
machine at rated operating point.

FIGURE 19. The Current waveform for SPM machine when the torque is
35Nm.

are 1500rpm and 9.5Nm, respectively, with the current rms
17.5A for SHRPMmachine. The torque density is 2.1Nm/kg.
The line load voltage is 83.2V and the phase load voltage is
45.4V. And the output power is 1.49 kw. The copper loss is
134.7W. The efficiency of machine is about 89.7%.

The temperature of winding for SHRPM is measured for
23 min as shown in Fig 18. The temperature is 92◦C, which
is not in a steady state. At the same time, the temperature
of winding for SPM machine is 102◦C with the same output
torque as the SHRPM machine. This is a good performance
that can withstand more than 20 minutes, and also has the
ability to withstand short-term high overload.

Fig 19 shows the current waveform for SPMmachine when
the torque is 35Nm. From it, the root mean square (RMS) is
69.14A, which means that the current density is 50A/mm2.

FIGURE 20. Three-phase winding temperature rise for SPM machine
when the torque is 35Nm.

FIGURE 21. The comparisons of the torque with RMS current.

Fig 20 shows temperature rise of the three-phase winding. For
short term high torque condition, temperature rises sharply in
a short time that the maximum is 196◦C. However, the tem-
perature rise is different, this is because the temperature rise
gradient of each part of the winding is larger, moreover,
the relative positions measured by the temperature sensor are
not exactly the same for the three phase windings.

Fig 21 shows the comparison of the torque with the FEM
predicted and experiment measured. The x axis coordinates
represent RMS current. By the error analysis, the torque
error prediction by the FEM is 5.8% and 5.3% compared
with the experiment measured, in SPM rotor and SHRPM
rotor machines, respectively. The reason for the large torque
prediction error compared with the no-load phase back-EMF
is that there is a certain harmonic content in the output current
of the drive.

VI. CONCLUSION
In this paper, in order to improve the torque density (rated
torque density and peak torque density), four rotor structure
machines are analyzed. First, the flux leakage and permanent
magnet thickness is two key parameters for overload capacity
of machines by the analysis of the core saturation effect.
Then, the conventional and hybrid machines are optimized
by the FEM. Interior PM machines with V type, V- type,
U type and U- type rotor, are investigated. The result show
that under the same current conditions, the peak torque can
be larger although the rated torque may be relatively smaller.
Finally, the electromagnetic performance is compared in open
circuit flux density, torque, PM eddy current loss, etc. The
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result shows that the SHRPM machine have a higher torque
with growth rate 13.1%. The SPM rotor and SHRPM rotor
machines is prototyped to validate the analysis.
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