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Abstract

Reluctance machines such as the switched reluctance machines (SRMs) and the synchronous reluctance
machines (SynRMs) are recently investigated for propulsion motors of the electrified vehicles owing to
their robust mechanical construction, high thermal tolerance, and cost-competitiveness. However,
practical application of the reluctance machines to the vehicle propulsion has been hindered by the fact
that the conventional SRMs and SynRMs are difficult to meet all the three preferable features for the
vehicular application: 1. High power density, 2. Low torque and input-current ripples, 3. Being drivable
by the normal three-phase inverter. This paper addresses this issue by proposing a novel reluctance
machine. The prominent features of the proposed reluctance machine are the sinusoidal reluctance
profile and the delta-connected phase windings, both of which differ from conventional reluctance
machines. Along with the theoretical discussion of the basic operating principles of the proposed
reluctance machines, this paper presents a simple performance estimation of the proposed machine, the
SRM, and the SynRM, which supported that the proposed machine can meet the three preferable
features. Furthermore, the experiment successfully supported the operating principles of the proposed
machine, suggesting the feasibility of the proposed machine for vehicle applications.

Introduction

Recently, the worldwide concern of global warming has given rise to the electrified vehicles, such as
electric vehicles and hybrid vehicles, for reduction of the carbon dioxide emission. The vehicle
propulsion needs to cover a wide range of torque and rotation speed. Therefore, the majority of the
electrified vehicles utilize the permanent magnet synchronous machines (PMSM) [1]-[3] as the
propulsion motors because they can offer large torque at comparatively small rotation speed. However,
the PMSMs contain permanent magnets, which are expensive, mechanically fragile, and thermally
degradable. Therefore, the clectrified vehicles with the PMSMs suffer from the high cost of the motor
and need for the special care to protect the motor from mechanical vibration and excessive heat-up.
These drawbacks are hindering the electrification of low-cost cars, thus becoming great obstacles for
further widespread of the electrified vehicles.

The reluctance machines can be a key technology to overcome these obstacles. The reluctance machines
are free from the permanent magnets and therefore are attractive owing to their simple but robust
mechanical construction, high thermal tolerance, and strong cost-effectiveness. Owing to their benefits,
researchers are recently investigating the application of the reluctance machines to vehicular propulsion
[4]-[11]. Two typical reluctance machines have been commonly investigated for the vehicular
application: One is the synchronous reluctance machine (SynRM) [8], [10], [11]; the other is the
switched reluctance machine (SRM) [6], [7], [9].



The SynRMs are the reluctance machine having the
sinusoidal phase inductance profile and driven by
the sinusoidal phase current [12]. The SynRMs are
known to exhibit small input torque ripple, which is
an important feature for vehicle propulsion to offer
high driving comfort, and small input current ripple,
which is also an important feature to protect the
battery from deterioration of the lifetime.
Furthermore, as illustrated in Fig. 1(a), the SynRM
can be driven with the three-phase inverter, which is
the most widely utilized inverter topology in various
industry and therefore can be supplied at a moderate
cost. However, the SynRM tends to suffer from low
power density due to small maximum output torque (b) Switched reluctance machine (SRM)
and therefore is difficult for vehicular application,
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Meanwhile, the SRMs are the reluctance machine
having the triangular phase inductance profile and
driven by the step-like phase current waveform. The
SRMs are reported to exhibit comparatively larger
output power than SynRM, particularly at a low Fig. 1: Driving systems of 3 reluctance machines
rotation speed. However, the SRMs tend to suffer from large torque ripple and large input current ripple
[13]. Furthermore, the SRM cannot be driven with the three-phase inverter as illustrated in Fig. 1(b)
because the sum of the phase current of all the phases is not zero. Certainly, the recent studies have
proposed the driving methods of the SRMs that can reduce the torque and input-current ripples [14][15].
However, these methods still have difficulty in driving the SRMs with the three-phase inverters.

(c) Proposed reluctance machine

As seen above, the conventional reluctance machines have drawbacks that hinder the vehicular
application of the reluctance machines. The purpose of this paper is to propose a novel reluctance
machine that can improve the maximum output power compared to the SynRM but still has the small
torque and input-current ripples and can be driven with the three-phase inverter as illustrated in Fig.
1(c). As discussed in the next section, the phase flux waveform of SynRM contains the third harmonics.
This harmonic leads to an increase in the peak magnetic flux density, thus decreasing the maximum
output power. Therefore, to solve this problem, the proposed reluctance machine is designed to be driven
by the sinusoidal phase flux waveform.

The remainder of this paper is divided in four sections. Section II briefly reviews the SynRM and the
SRM. Then, section III discusses the basic operating principles of the proposed reluctance machine in
comparison with the SynRM and the SRM. Sections IV and V perform the simulation and the
experiment, respectively, to confirm the operating principles of the proposed reluctance machine.
Finally, section IV gives the conclusions.

Brief Review of SynRM and SRM

This subsection briefly reviews the SynRM and the SRM to discuss the causes of their drawbacks in
vehicle propulsion. These machines are assumed to have the three phases of the concentrated windings
and to be free from the magnetic saturation for simplification of the discussion.

Figure 2 shows the inductance profile, the phase current waveform, the magnetic flux of the SynRM,
respectively. The SynRM is designed to have the sinusoidal inductance profile and is driven with the
sinusoidal phase current. The inductance profile has twice as large wavenumber as the phase current.
Therefore, by taking the origin of the electric angle at the maximum inductance, the inductance profile
and the phase current can be expressed as
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where L is the phase inductance, 0 is the electric angle, i is the phase current, subscription U indicates
phase U, Lyqx and Ly, are the maximum and minimum values of the phase inductance, 4, and B; are the
parameters determining the amplitude and phase of the phase current.

The instantaneous torque t and the input current i;, of a reluctance machine can be formulated according
to [16] as
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where P is the number of the rotor pole pairs; Vg is the voltage of the DC power supply to the inverter;
v is the phase voltage; Q is the angular velocity of the rotor; subscriptions V and W indicates phase V
and W, respectively. Substituting (1) into (2) results in the following equations, which indicates the
constant torque and the constant input current regardless of the electric angle.
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Meanwhile, the phase flux @y is calculated according to @gv=Lyit/N, where N is the number of turns, as

3L . +L .
‘max ‘min Aq cosf+
4N )

max

Lonss = L A, cos36+
4N ‘

max

L + 3L Liss = Loin i3
4N 4N ‘

4 = min B sing-+ @)

Therefore, unlike the phase current, the phase flux contains the 3™ harmonics as shown in Fig. 2(c),
which increases the peak value of the magnetic flux. Because the maximum acceptable flux induction
is restricted by the magnetic saturation of the stator and rotor core, the 3™ harmonics in ¢ reduces the
maximum output torque due to the increase in the peak magnetic flux.



On the other hand, the SRM has the triangular phase inductance profile and driven by the step-like phase
current waveform, as depicted in Fig. 3. Ideally, the phase current waveform can be given as

iy =1

magn

if 6, <6<6

) » else 1, =0, (5
where 4, 1S the constant phase current during magnetization period, 65 and .. are the firing and
extinction angles. These angles are set so that the phase inductance has the constant slope 0L¢/06 during
magnetization, i.e. in 64 < 6 < ey Then, the instantaneous torque and the instantaneous input current
contributed by the phase become constant, according to (1). Therefore, by alternating the magnetization
of the phases for 120 degrees with seamless commutation, the phase current waveform shown in Fig. 3
can ideally generate the constant torque and the constant input current

However, the phase flux waveform contains the sharp magnetization and demagnetization steps, which
cannot be achieved due to the limited voltage applied to the phase winding. Consequently, an actual
phase current waveform must deviate from the step-like waveform shown in Fig. 3, thus resulting in the
large torque ripple and the input current ripple during the magnetizing and demagnetizing transient
periods.

As seen in the above discussion, the drawbacks of these conventional reluctance machines originated
from the phase flux waveforms containing the harmonics or the sharp steps. This implies that the

performance improvement can be expected by developing the reluctance machine that can be driven
with the sinusoidal phase flux waveform.

Proposed Reluctance Machine

The proposed reluctance machine is the reluctance
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Equation (7) has the similar form as (2) except that L and i are replaced by R and ¢, respectively.
Therefore, the proposed reluctance machine also results in the constant torque and the constant input
current by driving with the sinusoidal flux waveform owing to the sinusoidal reluctance profile, which
indicates smaller torque and input current ripples than the SRM similarly to the SynRM. In fact,
substituting (6) into (7) yields

Q 3P
(Rmax - Rmin )Apo > iin = _ZT(Rmax - Rmin )Apo' (8)

C

3P
T=—"

4
In addition to the benefit in the ripple reduction, the proposed reluctance machine does not contain the
harmonics in the phase flux waveform. Therefore, the peak magnetic flux can be reduced compared with
the SynRM. This implies that the proposed reluctance machine can exhibit greater maximum output

torque than the SynRM. Consequently, the proposed reluctance machine can avoid the aforementioned
drawbacks of the SynRM and the SRM.

However, it is worth noticing that the phase current waveform of the proposed reluctance machine
contains the 3™ harmonics. In fact, the phase current iy can be calculated according to Nig=Ru@u as

4N 4N AN 4N

Therefore, the proposed reluctance machine does not accept the star-connection of the phase windings.
Instead, the proposed reluctance machine should connect the phase windings in the delta-connection.
The delta-connection has been avoided in many motors driven with the sinusoidal phase current
waveform, including the SynRM, because the undesired circulating current is induced in the phase
windings to eliminate the 3™ harmonics in the phase flux waveform, which is not accepted in the delta-
connected phase winding. This current results in the deterioration of the torque and input-current ripple,
as well as decrease in the efficiency [17]. However, this circulating current in the proposed reluctance
machine is natural consequence of the sinusoidal phase flux waveform. Therefore, no undesired current
is induced owing to the absence of the 3™ harmonics in the phase flux waveform, which makes the delta-
connection acceptable.

By adopting the delta-connection, the 3™ harmonics of the phase current circulates among the phase
windings. Therefore, the inverter driving the proposed reluctance machine is required to supply only the
3-phase sinusoidal current without harmonics, as is the same as many conventional electric machines
including the SynRM. This indicates that the commercial three-phase inverter can be utilized to drive
the proposed reluctance machine.

Simulation

The simulation was carried out to verify the operating principles of the proposed reluctance machine in
comparison with the SRM and the SynRM. For this purpose, the driving systems of the proposed
reluctance machine, SRM, and SynRM, as shown in Fig 1, were constructed in the model space of the
circuit simulator PSIM11.1 (Myway Corp.). In this simulation, the reluctance machines were modeled
as the behavior models without considering the power loss and the magnetic saturation. These behavior
models were extracted from the two-dimensional magnetic motor models according to the method
described in [18].

These magnetic motor models were designed using the FEM-based electromagnetic simulator
JMAGI18.1 (JSOL Corp.). Figure 5 shows the magnetic motor models. The materials used in the models
were listed in Table 1. The model of the SRM was designed based on the commercially available SRM,
whose specifications were presented in Table II. The other models, i.e. the proposed machine and the
SynRM, were designed to have the same stator with the three-phase concentrated windings of 14 turns.
Therefore, the only difference among the three motors lies in their rotor geometry.
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Table II: Specifications of commercial SRM

RB165SR-96CSRM
(Motion System Tech Inc.)

Rated value 1.2 kW, 96V, 6000 r/min

Table I: Material used in FEM model Model number

Component | Material or relative magnetic permeability

Stator Material name: 35H300 (Nippon Steel Corp.) Pole number | Stator: 12 poles

Rotor Material name: 35H300 (Nippon Steel Corp.) Rotor: 8 poles
Winding Relative magnetic permeability: 1 Number of turns | 14 turns/pole
Shaft Relative magnetic permeability: 1 Min. gap b/w |0.3 mm

stator and rotor

Stack length |40 mm

The rotor geometry of the proposed machine and the SynRM were searched so that their reluctance or
inductance profiles are sinusoidal and generate the unit value of the torque with minimum possible
copper loss under the constraint that the gap between the rotor and the stator is within the range of the
gap of the SRM. The rotor geometry search was performed by optimizing the gap at 288 points on the
rotor periphery, according to the trial and error approach. Consequently, the inductance profile of each
reluctance machine was obtained as shown in Fig. 6.

In the simulation models of the driving systems, the inverter controls the phase current according to the
predetermined command value. The phase current command value was calculated according to the
theory described in previous sections based on the inductance profiles shown in Fig. 6. The results are
shown in Fig. 7. The control diagram of the inverter is shown in Fig. 8. The hysteresis width was set at
0.5A.

In this simulation, the output torque was set at 1 N-m and the rotation speed of the reluctance
machines was set at 2000 r/min, which was adopted as typical speed of the vehicle propulsion
motors.

The simulation results of the current and flux waveforms were presented in Fig 9(a) and Fig. 9(b),
respectively. As can be seen in the figures, the proposed reluctance machine exhibited the smallest peak
magnetic flux among the three reluctance machines. This supports that the proposed reluctance machine
can output greater output torque under the restriction of the magnetic saturation and therefore improve

— Phase current of proposed machine (22.8 Arms)
— Inverter current of proposed machine (38.5 Arms)
— Phase current of SRM (11.5 Arms)
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Fig. 7: Phase current command values for simulation Fig. 8: Control diagram of 3 reluctance machines



the power density of the motor compared with the SynRM. Furthermore, the proposed reluctance
machine exhibited the sinusoidal inverter output current despite the 3" harmonics contained in the phase
current waveform, as is expected from the theory.

Figure 9(a) also shows the root-mean-square value of the current waveforms. Among the three
reluctance machines, the phase current of the proposed reluctance machine exhibited largest root-mean-
square value, indicating the largest copper loss when compared under the same output torque. The reason
for this largest phase current is resulted from the smallest peak inductance among the three reluctance
machines. In this simulation, the authors could not find the rotor geometry that has the sinusoidal
reluctance profile with similar peak inductance as at least the SynRM by only adjusting the rotor
periphery geometry. Therefore, this problem may be solved by considering more drastic change in the
rotor structure such as introducing the flux barrier structure in the future research.

Considering that the inverter output current of the SynRM is the same as the phase current waveforms,
the inverter output current of the proposed reluctance machine is much greater than that of the SynRM.
However, this is originated from the fact that the proposed reluctance machine adopts the delta-
connection, whereas the SynRM adopts the star-connection. In general, the number of turns of the delta-

connected windings should be /3 times as large as that of the star-connected windings for driving the
motor with the same inverter, although the simulation models have the same number of turns of the
phase windings. Therefore, design optimization of the winding turns can be expected to solve this
problem, which will be included in the future research.

The simulation results of the torque and input current waveforms are presented in Fig. 9(c) and Fig. 9(d),
respectively. As can be seen in the results, the proposed reluctance machine effectively suppressed the
torque and input-current ripples compared to the SRM, similarly to the SynRM. These features are
consistent with the theory described in the previous sections. Certainly, the small ripples still remain in
the torque and input-current ripples in the proposed reluctance machine. The reason for the remaining
ripples is unclear. However, these ripples may have caused by small harmonics in the reluctance profile
due to insufficient optimization of the rotor geometry. Therefore, these ripples may be further reduced
by developing more advanced design optimization technique of the rotor shape. Nonetheless, the
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simulation results supported the operating principles of the proposed reluctance machine, which
suppress the torque and input current ripples with smaller peak magnetic flux.

Experiment

The experiment was also performed to verify the A" 2
. . Induction Machine ¥
operating principle of the proposed reluctance v i
machine. This experiment evaluates the operating ;
waveforms of the three reluctance machines, i.e.
the proposed reluctance machine, the SynRM, the
SRM, using the reluctance machine test bench
shown in Fig. 10. In this test bench, the reluctance
machine under test is mechanically coupled with
the induction machine via the instantaneous torque _ 1
m.et.er and the couplings.. The induction machine is Fi g. 10: Machine test bench
utilized as the mechanical load. The reluctance
machine under test is supplied with the ac power
from the inverter based on the electric circuit illustrated in Fig. 1. The same inverter control was adopted
as that utilized in the simulation, which is described in the previous section.

The three reluctance machines under test was constructed to have the same stator, similarly as in the
simulation. For this purpose, the commercially available SRM of Table I was adopted as the SRM under
test; the proposed reluctance machine and the SynRM were constructed by replacing only the rotor of
this SRM. Consequently, the three reluctance machines have the three concentrated windings with the
same number of turns, although the optimal design of these reluctance machines may require different
number of turns according to the winding connection topology. However, the reluctance machines under
test are acceptable for this experiment, as the scope of this experiment is to verify the operating
principles.

Figure 11 shows the photographs of the rotors of the experimental reluctance machines. These rotors
were manufactured to have the rotor periphery geometry of Fig. 5, designed in the previous section.
Figure 12 shows the measurement result of the inductance profiles of the three reluctance machines
under test. The measurement result exhibited almost the same inductance profiles as the simulation result
presented in Fig. 6.

The inverter was operated to output the phase current according to the predetermined command value
for the output torque of 1 N-m, which is presented in Fig. 7. For controlling the output current, the
inverter was supplied with the DC bus voltage of V=96 V. The hysteresis width was set at 5.0A.

In this experiment, the operating waveforms except for the instantaneous torque were observed at the
rotation speed of 2000 r/min, whereas only the instantaneous torque waveform was observed at the
rotation speed of 100 r/min. The reason for this low rotation speed for torque observation was the limited
frequency range of the instantaneous torque meter. Therefore, the input current ripple was measured at
2000 r/min, whereas the torque ripple was measured at 100 r/min.

— Proposed machine

— SRM
) SynRM
g
~ 1 5 4

==
S 1+
S

0.5 +

. 0 } } }
(a) Proposed machine (b) SynRM (c) SRM 0 9 180 270 360

Fig. 11: Photographs of rotors
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Fig. 12: Measurement results of the inductance profile



Figure 13 shows the experiment results of the operation waveforms. The results indicated that the
proposed reluctance machine was successfully driven with the sinusoidal ac current supplied from the
inverter and resulted in smaller torque and input-current ripples than the SRM, similarly to the SynRM.
These results are consistent with the simulation results as well as the theoretical predictions. Furthermore,
the proposed reluctance machine showed the smallest peak magnetic flux among the three reluctance
machines, as is consistent with the simulation results. This result suggests that the proposed reluctance
machine can improve the power density than the SynRM.

Nonetheless, the input current of the proposed reluctance machine had the largest dc value among the
three reluctance machines, which indicates that the proposed reluctance machine exhibited lowest power
conversion efficiency. As discussed in the previous section, the reason may lie in the fact that the
proposed reluctance machine has the smallest maximum inductance among the three reluctance
machines and therefore the proposed reluctance machine needed large root-mean-square value of the
phase current to generate the sufficient magnetic flux for the predetermined output torque, i.e. 1 N-m,
thus reducing the efficiency. Therefore, in order to improve the efficiency, the optimal design method
of the rotor and stator should be investigated to implement the sinusoidal phase reluctance waveform
with higher peak inductance. Consequently, the experiment validated the operating principles of the
proposed reluctance machine, although the results implied the necessity of advanced rotor and stator
design for the proposed machine, which will be investigated in the future research.
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Conclusions

Reluctance machines are attractive for vehicle propulsion owing to simple but robust mechanical
construction, high thermal tolerance, and strong cost-effectiveness. However, the conventional
reluctance machines such as SRMs and SynRMs are difficult to meet all the three preferable features
for the vehicular application: 1. High power density, 2. Low torque and input-current ripples, 3. Being
drivable by the normal three-phase inverter. To meet all of these features, this paper proposed a novel
reluctance machine having the sinusoidal reluctance profile and driven with the sinusoidal phase flux
waveform.



The operating principles of the proposed reluctance machine was evaluated by the simulation and the
experiment. As a result, both of the simulation and the experiment supported that the proposed
reluctance machine can more satisfies the three features than the SynRM and the SRM, suggesting the
feasibility of the proposed machine for vehicle applications.
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