
Open Access. © 2018 A. Kohara et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 License

Open Phys. 2018; 16:215–218

Research Article

Akira Kohara*, Katsuhiro Hirata, Noboru Niguchi, and Kazuaki Takahara

AC/DC current ratio in a current superimposition
variable flux reluctance machine
https://doi.org/10.1515/phys-2018-0031
Received Nov 02, 2017; accepted Dec 06, 2017

Abstract: We have proposed a current superimposition
variable flux reluctance machine for traction motors. The
torque-speed characteristics of this machine can be con-
trolled by increasing or decreasing the DC current. In this
paper, we discuss an AC/DC current ratio in the current su-
perimposition variable flux reluctancemachine. The struc-
ture and control method are described, and the character-
istics are computed using FEA in several AC/DC ratios.
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1 Introduction
Tractionmotors for electric vehicles and hybrid electric ve-
hicles require wide power band characteristics. In order to
increase the power band and reduce the usage of costly
rare-earth permanent magnets, variable flux reluctance
machines (VFRMs) have been proposed [1–4]. The VFRM
is composed of armature and field coils. By controlling the
voltage appliedon thefield coils, the torque constant of the
VFRM can be controlled. However, since two separate sets
of coils are required, the size of the machine is large and
the manufacturing process becomes more complicated. In
order to solve these problems, a current superimposition
variable flux reluctance machine (CSVFRM) (Figure 1) has
been proposed.By using the superimposed current of AC
and DC currents, the machine requires only a single set of
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Figure 1: Structure and winding pattern

coils that can perform both armature- and field-coil func-
tions simultaneously [5–9]. By using a single set of coils,
the structure is simplified.

Previously, a 6-phase half bridge inverter (Figure 2a) is
used for the CSVFRM. By controlling the AC/DC current ra-

Figure 2: Drive circuit
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tio, the machine can be driven with unipolar currents like
a 3-phase switched reluctance machine. If the asymmet-
ric inverter (Figure 2b) is used, there is a possibility that
the inverter cost can be reduced. In this paper, we discuss
the effect of the AC/DC current ratio in the CSVFRM. First,
the structure and the control method are described. Next,
the characteristics are computed using 2-D FEA in several
AC/DC ratios. Finally, the characteristics under unipolar
drive are described.

2 Operational principle and control
Figure 1 shows the structure and winding pattern of the
CSVFRM, which consists of a 10-pole rotor and a 12-slot
stator. The coils consist of 6 phases (A, B, C, D, E, and F),
which correspond to 2 sets of 3 phases alternating current.
Therefore, the A and D, B and E, and C and F phases corre-
spond to the U, V, and W phases, respectively. 3-phase AC
voltages (Vu, Vv, and Vw) and DC voltages (+Vdc and −Vdc)
are applied to each coil as shown in Figure 1. Therefore,
the phase current consists of AC and DC components. The
magnetomotive force due to the DC current is modulated
by the salient poles of the rotor, and the rotating magnetic
field due to the 3-phase AC current synchronizes with this
modulated flux.

Figure 2 shows the control diagram of the CSVFRMop-
erated under vector control andDC current control. The re-
lationshipbetween thephase current amplitude Iac, d- and
q- axes currents id, iq are shown in (1).
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Furthermore, in order to perform a unipolar drive, equa-
tion (2) must be satisfied.

Iac ≤ Idc (2)

In this paper,we verify the characteristics by changing
the current ratio n shown in (3).
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3 Characteristics analysis
The computed characteristics, when the current ratio
changes from 0.1 to 2.0, are shown in Figures 3 and 4,
where, the load and rotation speed are 1Nmand 1000 rpm,
respectively. In addition, the DC supply voltage is adjusted

so as to satisfy the target rotation speed. Figure 3 shows the
phase current Iphase and iron loss Wi. The iron losses are
calculated using the magnetic flux density distributions
that are computed using FEM analysis. From this figure,
it is observed that the phase current minimizes when the
current ratio is 0.7. The phase current is represented in (4).

Iphase =
√︂
I2dc +

I2ac
2 (4)

From this equation, it is clear that the phase current ismin-
imized when the Idc/Iac = 1/

√
2 ≈ 0.7. Due to the reduc-

tion of t current amplitude, the iron loss decreases.
Figure 4 shows the efficiency and power factor. The

maximum efficiency is about 54%, when the current ratio
is 0.7, because of the decrease of copper losses. The power
factor increases as the current ratio increases. This is be-
cause the reactive power decreases with the reduction of
AC component in the phase current.

The transient characteristics of the phase current
when the current ratio are 1.0 and 0.7, are shown in Fig-
ures 5 and 6. From these figures, Iac are 17.1 and 20.3A, and
Idc are 17.1 and 14.2A, respectively. The phase currents are
successfully controlled according to the command value.

Figure 3: Control diagram

Figure 4: n-IPhase and n-Wi characteristics
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Figure 5: n-Eflciency and n-PF characteristics

Figure 6: Phase current waveform (n = 1.0)

Theeffective values of thephase currents are 20.9Armsand
20.3Arms, respectively. The phase currentwaveformunder
a current ratio of 1.0 crosses zero in the transient state, and
does not cross zero in the steady state.

The torque waveforms when the current ratio are 1.0
and 0.7, are shown in Figures 7 and 8. The torque ripple
are about 17.8 and 18.6%, respectively.

4 Unipolar drive characteristics
In this section, the characteristics when the current di-
rection is restricted assuming the unipolar drive are de-
scribed. As aforementioned, it is difficult to prevent zero
crossing of the current in a transient state by controlling
only the current ratio. Therefore, the current is controlled
not to cross zero by giving an initial DC voltage within the
current density limit. Where, applied DC voltage is 2.0V.

Figure 7: Phase current waveform (n = 0.7)

Figure 8: Torque waveform (n = 1.0)

Figure 9: Torque waveform (n = 0.7)

The phase current waveform and torque waveform,
when the current ratio is 1.0, are shown in Figures 9 and
10, respectively. From Figure 9, it can be observed that the
phase current does not cross zero in the transient state.
The torque ripple is about 17.7%. Because of a unipolar
drive, the same current waveforms in the steady state, the
output power and torque ripple are also the same.

Figure 11 shows the phase current waveformwhen the
current ratio is 0.7. Because of the current direction restric-
tion, sinusoidal wave cannot be obtained in each phase.
The effective value of the phase current is 20.4Arms. The
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Figure 10: Phase current waveform (n = 1.0)

Figure 11: Torque waveform (n = 1.0)

Figure 12: Phase current waveform (n = 0.7)

Figure 13: Torque waveform (n = 0.7)

torque waveform is distorted as shown in Figure 12. In ad-
dition, the rotation speed in the steady state is 830 rpm,
and the output power decreases with that of the bipolar
drive.

5 Conclusion
In this paper, the effect of AC/DC current ratios in a
current superimposition variable flux machine was de-
scribed. From the results of the analysis, the phase current
was minimum when the current ratio is 0.7, and the effi-
ciency was maximum. The power factor increased along
with the current ratio was increasing. However, the effi-
ciency decreased as the current ratio was increasing. In
addition, the machine can be driven with unipolar cur-
rents by controlling the AC/DC current ratio. Namely, the
same driving circuit as a switched reluctancemachine can
be used, and there is a possibility of reducing the inverter
cost.
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