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In this paper, a new magnetic-field-modulated brushless double-rotor machine (MFM-BDRM) is proposed, solving the contradictory
problem of the electromagnetic performance and the mechanical strength of an MFM rotor in the traditional MFM-BDRMs. The
operating principle of the proposed MFM-BDRM, including the speed and torque relations of the stator, the MFM rotor, and the
permanent magnet (PM) rotor, is investigated by an analytical method. The magnetic field distribution law in the air gap, the back
electromotive force, and the torque performance of the proposed MFM-BDRM are investigated. To obtain the maximum torque
density, the influence of some key parameters, such as PM pole-arc coefficient, span ratio, and thickness of magnetic units, on the
maximum torque is investigated. Besides, due to the rich magnetic-field harmonics with high rotating speed in the air gap, the
distribution law of iron loss in the proposed MFM-BDRM is investigated. The PM-split method along the circumferential direction
is employed to reduce the PM loss. Finally, the overall performance of this new MFM-BDRM is evaluated, including loss, efficiency,
power density, and so on.

Index Terms— Brushless double-rotor machine (DRM), core loss, electromagnetic performance, hybrid electric vehicle (HEV),
magnetic-field modulated (MFM), permanent magnet (PM) loss.

I. INTRODUCTION

W ITH the advantage of independent speed control of
two rotors, the double-rotor machine (DRM) can be

a promising candidate for the electrical continuously variable
transmission in hybrid electric vehicles (HEVs) [1]–[3]. Since
the DRM with brushes and slip rings has problems of extra
losses, low reliability, and maintenance, the brushless DRM
would be a preferable selection. The magnetic-field-modulated
brushless DRM (MFM-BDRM), which is composed of the
stator, the MFM rotor, and the permanent magnet (PM) rotor,
is a typical brushless DRM [4], [5]. However, the analysis of
the MFM-BDRM showed that the MFM rotor had a contradic-
tory problem of electromagnetic performance and mechanical
strength, due to the alternative placement of magnetic and
nonmagnetic blocks [6].

In this paper, a new MFM-BDRM is proposed, solving the
problem of the weak mechanical strength of MFM rotor in
the traditional MFM-BDRMs and keeping the electromagnetic
performance. As a new MFM-BDRM, the operating principle,
the magnetic field distribution, the back electromotive
force (EMF), and the torque performance are investigated.
To obtain the maximum torque density, the design principle
of some key parameters is investigated. Besides, to reduce the
PM loss, the method of dividing the PM into several pieces
along the circumferential direction is investigated. Finally, the
overall performance of this new MFM-BDRM is evaluated,
including loss, efficiency, power density, and so on.

II. STRUCTURE AND OPERATING PRINCIPLE

A. Structure

Traditional MFM-BDRM is composed of the stator, the
MFM rotor, and the PM rotor, as shown in Fig. 1(a).
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Fig. 1. Structures of MFM-BDRMs. (a) Traditional. (b) Proposed.

Its MFM rotor, which is formed by the alternative placement
of magnetic and nonmagnetic blocks, is set in the middle of
the stator and PM rotor. Therefore, this MFM rotor of the
traditional MFM-BDRM has such a contradictory problem
of the electromagnetic performance and the mechanical
strength. On the one hand, due to rich harmonic waves
in the air gap, the silicon steel sheet material is a prefer-
able selection for the magnetic blocks to reduce harmonic
losses. But the lamination of silicon steel sheet is difficult
to obtain the satisfactory mechanical strength of the MFM
rotor. On the other hand, to improve the mechanical strength
of the MFM rotor, a whole solid iron can be selected as the
magnetic block, but it can also produce a large eddy current
loss and seriously reduce the motor performance. Hence, a new
MFM-BDRM is proposed in this paper, as shown in Fig. 1(b).
The proposed MFM-BDRM is also composed of the stator, the
MFM rotor, and the PM rotor. Compared with the traditional
MFM-BDRM, the main difference is that the MFM rotor
of the proposed MFM-BDRM is set in the innermost layer
and all magnetic units of the MFM rotor connect together.
In this case, employing the lamination of silicon steel sheet
can reduce harmonic losses as well as improve the mechanical
integrity and further constitute a strong MFM rotor. Although
the PM outer rotor is also faced with the manufacturing
problem, the solid-construction PM will make the proposed
MFM-BDRM much easier to be manufactured than the
traditional one.
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TABLE I

PARAMETERS OF THE PROPOSED MFM-BDRM

B. Operating Principle

The proposed MFM-BDRM is working on the basis of
the magnetic field modulation principle. In fact, the magnetic
field modulation principle has been applied in magnetic gears,
vernier machines, and magnetic-geared machines [7]–[9].
According to the analysis of magnetic field modulation
principle [5]–[7], we can get

q = p + n (1)

�s = n�PM

n − q
+ −q�m

n − q
(2)

where p and n are the pole-pair number of stator and PM rotor,
respectively; q is the number of magnetic units of the MFM
rotor; �s , �PM, and �m are the rotating speeds of the stator
magnetic field, the PM rotor, and the MFM rotor, respectively.

From the view of a conservative lossless system [5], [6],
we can get

Tm = − q

p
Ts (3)

TPM = n

p
Ts (4)

where Ts , Tm , and TPM are the electromagnetic torques acting
on the stator, the modulating ring rotor, and the PM rotor.

III. ELECTROMAGNETIC PERFORMANCE

Take the finite-element model with p = 4, q = 21,
and n = 17 as an example to analyze the electromagnetic
performance of the proposed MFM-BDRM. With magnetic
property, working temperature, and cost in HEV application
considered, the N35SH PM material is selected. In addition,
the parameters are listed in Table I.

Since the magnetic field in the outer air gap can link
with the stator windings, the flux density distribution and
harmonic components in the outer air gap are calculated by
finite-element method (FEM) at no load, as shown in Fig. 2,
respectively. We can see that the largest harmonic component
is the 17 pole-pair magnetic field, which is the same as the
pole-pair number of the PM rotor. Besides, it is noted that
a significant 4 pole-pair magnetic field, which has the same
pole-pair number as the stator magnetic field, is obtained with
the influence of the MFM rotor. The significant 4 pole-pair
magnetic field will induce the back EMF in the stator windings
and further produce the electromagnetic torque with the stator
windings fed with the current.

The no-load back EMF Eφν induced by each harmonic
magnetic field can be calculated by

Eφν = 4.44 fν Kwν N�ν (5)

Fig. 2. Flux density distribution and harmonic components in the outer air
gap. (a) Magnetic field waveform. (b) Harmonic analysis.

Fig. 3. No-load and load back EMF.

Fig. 4. Spectrum analysis of the no-load and load back EMF.

where fν is the frequency of the νth harmonic magnetic
field, Kwν is the winding factor of the νth harmonic magnetic
field, N is the number of series turns per phase, and �ν is
the νth harmonic flux per pole. The calculated no-load back
EMF waveform of the stator windings by FEM and the
corresponding spectral analysis are shown in Figs. 3 and 4.
In the process of simulation, to meet the practical needs of
HEVs, the speeds of the MFM rotor and the PM rotor are set
to 2000 and 1000 r/min, respectively; in this case, the speed
of magnetic field in the stator is 6250 r/min, based on (2).
According to 60/p�s , the period of back EMF induced in
windings per phase is 2.4 ms. From Figs. 3 and 4, we can
see that the proposed MFM-BDRM has a highly sinusoidal
back EMF, with the calculated distortion rates of no-load and
load back EMF being 2.3% and 1.8%, respectively. This is
mainly because that the stator windings adopt the integer-
slot winding configuration based on the four pole pairs of the
stator. Therefore, the winding factor of all harmonic fields with
the noninteger times of 4 by calculation is zero. For the
17 pole-pair magnetic field (Kw17 = 0), although its amplitude
is the largest, it has no production of harmonic back EMF.
Similarly, the load back EMF is also quite sinusoidal, because
of the EMFs induced by harmonic components canceling out
in windings per phase. It indicates that the proposed
MFM-BDRM is more suitable for the sinusoidal current drive.

To show the torque performance of the proposed
MFM-BDRM, the electromagnetic torque waveforms of the
stator, the MFM rotor, and the PM rotor are calculated by
FEM at rated load, as shown in Fig. 5. It can be seen that
the torque ripples of the PM rotor and the MFM rotor are as
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Fig. 5. Electromagnetic torque waveforms.

Fig. 6. Torque relation verification.

Fig. 7. Electromagnetic torque versus the span ratio of magnetic unit.

low as 0.4% and 1.3%, respectively, which is an advantage
of this machine. Fig. 6 shows the FEM results and theoretical
values of the electromagnetic torque of both PM rotor and
MFM rotor when the electromagnetic torque of stator changes.
It is clear that the FEM results are in excellent agreement
with theoretical values, proving the validity of the theoretical
derivation of the torque transmitting characteristic.

IV. ANALYSIS OF THE TORQUE CHARACTERISTIC

The maximum output torque capability and the torque ripple
are important performances for the MFM-BDRM. From the
analysis of the torque performance above, we know that
the electromagnetic torques of the stator, the MFM rotor,
and the PM rotor are proportional. In the following text, the
maximum output torque and torque ripple of the MFM rotor
are taken as the research subject.

To obtain the maximum output torque, the influence of
the span ratio and radial thickness of magnetic units is first
investigated. It shows that the maximum torque of the MFM
rotor can be obtained when the span ratio of magnetic unit
is ∼0.3 for any given radial thickness of magnetic unit, as
shown in Fig. 7. Meanwhile, it shows that the torque ripple is
the lowest at the optimal span ratio, as shown in Fig. 8. On the
basis, the influence of the pole-arc coefficient and thickness
of PM on the maximum torque of the MFM rotor is further
investigated, as shown in Fig. 9. It shows that the maximum
torque has a slight increase when the PM pole-arc coefficient
is more than 0.9 for any given thickness of PM. The influence
of the pole-arc coefficient and thickness of PM on the torque
ripple is investigated, as shown in Fig. 10. It shows that the

Fig. 8. Torque ripple versus the span ratio of magnetic unit.

Fig. 9. Electromagnetic torque versus the PM pole-arc coefficient.

Fig. 10. Torque ripple versus the PM pole-arc coefficient.

Fig. 11. Distribution of PM flux density at rated load for different
PM-thickness topologies. (a) 3 mm. (b) 4 mm. (c) 5 mm.

torque ripple is <0.5% when the PM parameters change. This
indicates that the PM parameters have little effect on the torque
ripple.

To ensure the PM working safely, the PM demagneti-
zation problem is investigated. The safe value of PM flux
density (N35SH) is not <0.25 T at 120 °C. The calculated
demagnetization currents for different PM-thickness topolo-
gies in the short-circuit fault state are 19.5, 22, and 22.8 A,
respectively. The corresponding flux density distribution in the
PMs is shown in Fig. 11. The lowest values of PM flux density,
with the PM thickness being 3, 4, and 5 mm, are 0.23, 0.26,
and 0.31 T, respectively. Therefore, to ensure the PM working
safely within 120 °C, the PM thickness should not be <4 mm
for the proposed MFM-BDRM.

In HEV application, the MFM rotor is connected to the
internal combustion engine (ICE), and the PM rotor is con-
nected to the final gear and further to the wheels. A common
HEV working condition is that the speed of ICE is keeping
constant, and the speed of wheel is changing according to
the requirement of the road condition. Meanwhile, during the
speed-change process, the MFM-BDRM can transfer the ICE
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Fig. 12. Torque–speed characteristic of the proposed machine
(�m = 2000 r/min).

TABLE II

IRON LOSS DISTRIBUTION OF DIFFERENT PARTS

Fig. 13. Influence of circumferential PM-split method on PM loss.

torque to the final gear and further to the wheels. Therefore,
the torque–speed characteristic of the proposed machine at
rated load is shown in Fig. 12. It can be seen that the working
region of the proposed machine is the rectangular one in HEV
application.

V. ANALYSIS OF LOSS DISTRIBUTION

Due to the rich magnetic-field harmonics with high rotating
speed in the air gap, the distribution law of iron loss in the pro-
posed MFM-BDRM is investigated. Table II shows the distri-
bution law of iron loss at no load and load with the change
of the span ratio of magnetic units. It shows that the PM loss
is ∼60% of the total iron loss at no load and load. Therefore,
the PM-split method along the circumferential direction is
employed to reduce the PM loss, which makes the PM loss
reduced by ∼60%, as shown in Fig. 13. Finally, the perfor-
mances of the proposed and the traditional MFM-BDRMs
are listed in Table III. It can be seen that the proposed
MFM-BDRM has advantages in torque ripple, but it also has
disadvantages in efficiency and power density, compared with
the traditional one.

VI. CONCLUSION

A new MFM-BDRM is proposed, solving the contradic-
tory problem of the electromagnetic performance and the

TABLE III

PERFORMANCES OF THE PROPOSED AND THE

TRADITIONAL MFM-BDRMs

mechanical strength of MFM rotor in the traditional MFM-
BDRM. The proposed one has advantages of highly sinusoidal
back EMF and low torque ripple. The maximum torque can
be obtained when the optimal span ratio is 0.3 for any given
thickness of magnetic units. Meanwhile, the maximum torque
has a slight increase when the PM pole-arc coefficient is
more than 0.9. The distribution law of iron loss in the MFM-
BDRM shows that the PM loss is ∼60% of the total iron
loss. The PM-split method along the circumferential direction
is employed to reduce the PM loss, which makes the PM
loss reduced by ∼60%.
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