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Abstract

Reluctance machines are attractive for vehicle propulsion for being free from the permanent magnets,
although conventional reluctance machines, such as the synchronous reluctance machine (SynRM) and
the switched reluctance machine (SRM), suffer from low power density or large input-current and torque
ripples. To solve these problems, a recent study has proposed the sinusoidal-flux reluctance machine,
which is operated with the sinusoidal phase flux waveform. This preceding study has confirmed the
operating principle of this machine, although little information has been provided on the performance
compared to the existing reluctance machines. The purpose of this study is to elucidate the benefits of
the sinusoidal-flux reluctance machine compared to SynRM and SRM. This study experimentally tested
the performance of the sinusoidal-flux reluctance machine, SynRM, and SRM, designed under the
conditions of the same stator core and the same rotor outer diameter. The experiment revealed that the
sinusoidal-flux reluctance machine can reduce the peak flux compared to the SynRM with smaller toque
and input-current ripples than the SRM, suggesting that the sinusoidal-flux reluctance machine is
promising for vehicle propulsion.

Introduction

Propelled by the recent concern about global warming, electrified vehicles, such as electric vehicles and
hybrid vehicles, are attracting the researchers’ attention for reducing the carbon dioxide emission. These
vehicles are propelled by the electric machines installed in the body of the vehicle. As the vehicle
propulsion needs to cover a wide range of driving conditions, these electric machines are required to be
operated under a wide range of torque and rotation speed. Therefore, the majority of these electrified
vehicles are currently adopting the permanent magnet synchronous machines (PSMS) [1]-[3] for
propulsion systems, because they can offer large output torque at a comparatively small rotation speed,
which is a difficult operation condition for many electric machines. However, these machines need
permanent magnets, which suffer from expensive material costs and unstable material supply. Besides,
the permanent magnets are mechanically fragile and thermally degradable, which requires the delicate
mechanical design of the electric machines and a strong cooling system. These problems of the PMSMs
may hinder the electrification of the low-cost vehicles, which are prevailing in number, particularly in
developing countries, and therefore tend to have a great effect on carbon dioxide emission.



A possible approach to solve these problems is to adopt
the reluctance machines for the propulsion of electrified | LT
vehicles. The reluctance machines do not need 7,7 v ‘;% ) Separated phase
permanent magnets for their torque generating o

mechanism. Therefore, these machines can have simple

but robust mechanical construction, high thermal

tolerance, and strong cost-effectiveness, all of which are S HaS i SynRM
promising for installation in the vehicle. Therefore, R S i PG
many studies have investigated the application of the
reluctance machines for vehicle propulsion [4]-[11].
The reluctance machines have a wide variety of
mechanical structures and control schemes. However, (b) Synchronous reluctance machine (SynRM)
the majority of these studies have focused on the two

typical reluctance machines: The switched reluctance =—
machine (SRM) [6], [7], [9] and the synchronous Fin
reluctance machine (SynRM) [8], [10], [11].
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From the viewpoint of electric machine drive, the major
difference between these two reluctance machines lies
in the connection of the phase winding, the phase Fig. 1: Phase winding connection and inverter
inductance (or reluctance) profile, and the phase current circuit of 3 reluctance machines
waveform to drive these machines. The SRM is designed to separate each phase winding from the others,
as illustrated in Fig. 1(a). As shown later, the phase inductance was designed to have a triangular profile;
the inverter should supply the phase current in the square waveform. The prominent merit of the SRM
is the ability of comparatively larger torque output with smaller copper loss than SynRM, particularly
at a low rotation speed. Contrarily, the SRM has severe drawbacks of the large input-current and torque
ripples. The input-current ripple can deteriorate the battery lifespan due to the increase in the high-order
harmonics in the battery current; the torque ripple can decrease the driving comfort due to the increase
in the noise vibration. Therefore, the large input-current ripple and the large output torque ripple of the
SynRM are severe drawbacks for vehicle propulsion. Another drawback of the SRM is that the normal
three-phase inverters cannot be utilized to drive the SRM as the sum of the phase current is not zero
[12]. Some recent studies [13][14] have certainly developed the control technique to greatly reduce both
of the input-current and output torque ripples. However, even with these new technologies, the SRM
does not accept the normal three-phase inverter, which entails a cost-up for the motor driving system.

(c) Sinusoidal-flux reluctance machine

On the other hand, the SynRM is designed to have the delta connection of the phase winding, as shown
in Fig. 1(b), and the sinusoidal phase inductance profile. The inverter that drives this machine should
supply the phase current in the sinusoidal waveform [15]. Theoretically, the SynRM can be operated
without the input-current ripple and the output torque ripple. However, the SynRM tends to have low
power density because the SynRM is susceptible to magnetic saturation due to the third harmonics
contained in the phase flux density, as discussed in the subsequent section. Therefore, the size of the
SynRM tends to be large for vehicle propulsion, hindering the installation in the limited space of vehicle.

As reviewed above, both of these two reluctance machines still have drawbacks for vehicular
applications. To solve this difficulty, a novel reluctance machine concept has been proposed by recent
studies [16][17]. Unlike the SynRM and the SRM, this machine has the phase windings connected in
the delta connection, as shown in Fig. 1(c), the sinusoidal reluctance profile, and is driven with the
sinusoidal phase flux waveform. Hereafter, this paper refers to this machine as the sinusoidal-flux
reluctance machine. This machine is expected to operate without generating the input-current ripple and
the output torque. Furthermore, this machine can be driven with the normal three-phase inverter. In
addition to these attractive features, this machine can be operated with smaller peak phase flux and
therefore can have greater power density than the SynRM.

The basic operating principles of the sinusoidal-flux reluctance machine have been experimentally and
analytically confirmed in these preceding studies. However, the performance comparison with the SRM



and SynRM was not performed in these studies because the prototype of the sinusoidal-flux reluctance
machine was not optimally designed for fair comparison with the SynRM and SRM. The purpose of this
paper is to report the performance comparison results of the sinusoidal-flux reluctance machine with the
SynRM and the SRM by fairly designing this reluctance machine under the same restrictions are SynRM
and SRM. For observing the performance difference only by the basic operation principles, these three
machines were designed only by changing the rotor outer periphery, winding connection, and number
of the winding turns.

The remainder of this paper is divided into three sections. Section II briefly reviews the sinusoidal-flux
reluctance machine in comparison with the SRM and the SynRM. Sections III and IV perform the
simulation and the experiment, respectively, to confirm the performance of this reluctance machine in
comparison with the SRM and the SynRM. Finally, section V gives the conclusions.

Review of Sinusoidal-Flux Machine in Comparison with SRM and SynRM

This section briefly reviews the operating principles of the sinusoidal-flux machine. For this purpose,
the operating principles of SRM and SynRM are reviewed in advance. Hereafter, these reluctance
machines are supposed to have the 3 phases, namely phases U, V, and W, as is common for these
machines. The magnetic saturation is neglected in this section for simplifying the discussion.

In the reluctance machines, the phase inductance profile plays an essential role for electric energy
conversion to the torque output. The phase inductance profile has the wavenumber of 2 when plotted as
a function of the electric angle. The instantaneous torque t and the input current i;, can be formulated as
a function of the phase current i as,
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where P is the number of the rotor pole pairs; L is the phase inductance; 0 is the electric angle; i is the
phase current; 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, and subscription U, V, W are the indicator of the phase. On the other hand,
the phase magnetic flux ¢ generated in a phase winding can be formulated as follows, if the number of
turns of the phase winding denotes NV:

Or=Lsir/N. )
The SRM has the triangular 2 § \/\/
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demagnetizing transients. Therefore, the actual phase current g
deviates from the ideal waveform, particularly at high rotating §
speed, causing large input-current and torque ripples. E , , ,
0 90 180 270 360

On the other hand, the SynRM has the sinusoidal phase Electrical Angle (degree)
) ; . . o (a) Inductance profile L,
inductance profile as depicted in Fig. 3. The phase windings are
supplied with the sinusoidal current waveform with the half &
wavenumber as the inductance profile. According to (1), this <§ /\/\
also results in the constant torque and the constant input current. c ,
Unlike the SRM, the phase current is not required to vary 0 90 180 270 360
suddenly. Therefore, the SynRM can exhibit small input-current Electrical Angle (degree)
and torque ripples in a wide range of practical operations. (b) Reluctance profile R,
However, according to (2), the magnetic flux waveform is not =
purely sinusoidal but contains the third harmonics. This E S —_
harmonic increases the peak magnetic flux, although this Sg) — N
harmonic does not contribute to the torque output. Therefore, £
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the SynRM is susceptible to magnetic saturation, which restricts Electrical Angle (degree)
the maximum torque output and reduces the power density. (c) Phase current waveform i,
Unlike the SRM and the SynRM, the sinusoidal-flux reluctance é
machine has the sinusoidal phase reluctance profile, as depicted 2
in Fig. 4, with the wavenumber of 2. Because the phase o
windings are connected in the delta-connection, each phase =0 90 180 270 360
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winding is applied with the sinusoidal voltage output from the (d) Phase flux waveform o,

inverter. Therefore, the phase magnetic flux has the sinusoidal . .
waveform with the half wavenumber as the reluctance profile. ~ Fig. 4: Waveforms of sinusoidal-flux
reluctance motor

Note that the phase reluctance R is formulated as R=N?/L. Therefore, (1) can be rewritten as
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Therefore, this machine also achieves the constant input current and the constant output torque,
suggesting that this machine is beneficial in smaller input-current and torque ripples than SRM, similar
to the SynRM. Furthermore, the phase magnetic flux waveform is purely sinusoidal without harmonics.
Therefore, this machine is expected to have a smaller peak magnetic flux than the SynRM, which will
result in an improvement in the maximum output torque and therefore the power density.

Despite the aforementioned attractive features, the phase current waveform of the sinusoidal-flux
reluctance machine contains the third harmonics, which circulates in the delta-connected windings.
Therefore, the inverter output current is sinusoidal without harmonics, similar to the SynRM, thus
enabling the normal three-phase inverter to operate this machine. However, this circulating current can
increase the copper loss compared to the SynRM, although the absence of the third harmonics in the
phase magnetic flux will reduce the iron loss.

It is worth noticing that the phase flux waveform can have the phase shift from that depicted in Fig. 4,
similar to the SynRM, which also accepts the phase shift of the phase current waveform from Fig. 3.
The phase shift of the phase flux waveform does not increase the input-current nor torque ripples.
Therefore, in practical design, the optimal phase shift can be designed under various design
considerations. For example, the optimal phase shift can be determined so that the copper loss is
minimized under the same torque output, which was adopted in the design of the sinusoidal-flux
reluctance motor and the SynRM in the next section. Consequently, the sinusoidal-flux reluctance
machine can avoid the drawbacks of the SynRM and the SRM.



Simulation-Based Design of Sinusoidal-Flux Reluctance Machine
For performance comparison of the three IableI: Specifications of Commercial SRM

reluctance machines, i.e. the proposed machine, the Model number | RB165SR-96CSRM
SynRM, and the SRM, these machines were (Motion System Tech Inc.)
designed by utilizing the electromagnetic simulator Ratedvalue | 1.2 kW, 96V, 6000 r/min

JIMAG19.1 (JSOL Corp.). The three reluctance
machine models were constructed based on the
commercially available SRM, which is used as the

Pole number Stator: 12 poles,
Rotor: 8 poles

SRM. The specifications of the SRM are listed in Number of turns | 14 turns/pole
Table 1. All machine models have the same stator Min. gap b/w  [0.3 mm
with concentrated windings. However, the number stator and rotor

of turns was different depending on the connection Stack length |40 mm

of the phase winding: The number of turns was set
at 14 for the SynRM and the SRM, whereas the number of turns was set at 24 for the sinusoidal-flux

reluctance machine because the voltage applied to the phase winding is v/3 times greater than that of the
SynRM due to the delta-connection. Beside of the number of turns, the only difference lies in the rotor
shape. Commonly SynRMs have a rotor shape with multiple flux barriers. However, for simplifying the
difference among the three machines, we designed the rotors of the proposed reluctance machine and
the SynRM by only modifying the rotor’s outer periphery shape of the commercial SRM without
implementing the flux barriers.

Design of Rotor Geometry

The rotor geometry of the sinusoidal-flux reluctance machine and the SynRM was determined by
approximating the rotor geometry by a 288-gon and optimizing the gap length between each vertex and
the inner diameter of the stator. This section hereafter describes the rotor geometry determination
process of the sinusoidal-flux reluctance machine, although a similar procedure was also taken to
determine the rotor geometry for the SynRM.

According to the preceding study [16], the design of the sinusoidal-flux reluctance machine should
consider the following two points to have good efficiency: 1. The maximum phase inductance, i.e. the
inductance at the aligned position, should have as great value as possible; 2. The ratio of the maximum
phase reluctance to the least phase reluctance should be around 3. Therefore, this study designed the
rotor shape according to these instructions.

As the sinusoidal-flux reluctance machine should be designed to have the sinusoidal phase reluctance
profile, a straightforward method for designing the rotor geometry is to determine the gap length /,(0)
from the rotor outer periphery to the stator inner diameter by the sinusoidal wave with the wavenumber
of 2. Hence, /,(0) is determined by the following equation, where /0 and /,1 are the positive values
determined by the design.

1,(6)=1,0—1, cos26. 4)

pO

According to the instruction the gap length at the aligned position, i.e. /,0—I,1 should be set at the
minimum possible gap length accepted by the mechanical restrictions; /,; should be set to have the
appropriate value of the ratio between the maximum and minimum reluctance. However, this
straightforward design resulted in the reduction of the maximum inductance because the gap /,(0) starts
to increase at any small deviation from the aligned position, i.e. =0°, 180°. Therefore, for maximizing
the inductance at the aligned position, the increase of the gap length should be suppressed near the
aligned position. For this purpose, this paper determined /,(8) according to the following equation where
1,5 is an additional value to be determined by design:

1,(0)=1,0—1, cos20+1,, cos46. (5)



As can be seen in Fig. 5, this function can suppress the — Gap length by 543
. . " — Gap length by (5
gap length increase near the aligned position to
increase the maximum inductance. Nonetheless,
adding the third right-hand term causes deviation of
the phase reluctance profile from the sinusoidal
waveform, increasing the input-current and torque
ripples. Therefore, /0, [, and [, should be
determined to increase the maximum phase
inductance at the aligned position while considering
the acceptable ripples. This paper adopted the input-
current ripple ratio of 200% and the torque ripple ratio
of 80% as the acceptable ripple rations, where the ripple ratio is defined as the difference between the
maximum and minimum values normalized by the average value. These acceptable ripple ratios were
set to be below the commercial SRM. This design may be far from an optimal design. Better design for
the sinusoidal-flux reluctance machine should be sought in future studies.
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Fig.5 :Comparison of gap lengths in (4) and (5)
in the sinusoidal-flux reluctance machine

The gap length at the aligned position, i.e. l,o—l,1+l,2, was set at 0.3mm, which is the minimum gap
length of the commercial SRM. Under this restriction, the optimal values for three parameters /o, /1,
and /,» were searched according to the flowchart shown in Fig. 6. This flowchart indicates the trial-and-
error approach for designing these parameters. Initial parameters were determined by setting /,» at zero:
L= 0.8, L,i=-0.5, and L,» = 0.0. Firstly, the rotor shape was designed for /., /,1, and /,» using 3D
CAD design software (Fusion360). Based on this rotor shape, the inductance profile Ly(0) was
calculated using the electromagnetic field simulator (JMAG-Designer). Based on this result, the optimal
phase shift angle of the phase flux was analytically calculated so that the output torque or INm was
output with the smallest copper loss. Then the input-current and torque ripples were calculated to check
whether these ripples are within the acceptable ripple ratios. By repeating this process while gradually
increasing /,», the optimal design of the rotor shape was determined as L,0= 0.997, L,1 =—0.85, and L,»
= 0.153, which has the minimum copper loss within the acceptable ripple ratios.

Simulation Results

To confirm the design of the sinusoidal-flux reluctance machine, the electromagnetic field simulation
was carried out using the simulator JMAG (JSOL Corp.). This simulation tested the design of the three
reluctance machines, i.e. the sinusoidal-flux reluctance machine, the SynRM, and the SRM. Figure 7
shows the simulation models of these three machines; Table 2 lists the materials adopted for the
simulation models, although the magnetic saturation was not considered in this simulation.
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Fig.6 : Design algorithm for the rotor geometry of the sinusoidal-flux reluctance machine




Stator winding
24tums/pole 14turns/pole

Table II: Materials used in FEM model

Component | Material or relative magnetic permeability

Stator | Material name: 35H300 (Nippon Steel Corp.)

g
Rotor Material name: 35H300 (Nippon Steel Corp.) Vf\
<

Winding Relative magnetic permeability: 1 (a) sinusoidal-flux (b) SynRM (c) SRM
Shaft Relative magnetic permeability: 1 reluctance machine

 Siusoidalflux reluctance machine Fig. 7: Electromagnetic simulation models
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Fig. 8: Permeance profile for simulation Fig. 9 Current waveform for outputting 1Nm at 2000 r/min

Figure 8 shows the permeance of the three reluctance machines. This figure plots the permeance profile
instead of the inductance profile because the number of turns of the phase windings is different among
the three machines due to the difference in the phase winding connection. The results revealed that the
sinusoidal-flux reluctance machine exhibited maximum permeance similar to the SynRM but slightly
smaller than the SRM. The ratio between the maximum and minimum inductance was 3.5 in the
sinusoidal-flux reluctance machine, which was within the target of the design.

Based on the permeance profile calculated in Fig. 8, a motor behavior model was constructed to calculate
the input-current and torque ripples by utilizing the inverter circuit simulator. For this purpose, the
behavior models of the three reluctance machines were constructed according to [ 18] and operated using
the driving systems shown in Fig. 1, which were modeled in the model space of the circuit simulator
PSIM2021a (Myway Corp.). The inverters of the driving systems were supplied with the DC power of
the voltage Vdc=96 V. This simulation did not contain any losses and consider the magnetic saturation.

The inverter output current was controlled by the hysteresis control with the hysteresis width of 0.5 A
to follow the current command values. Figure 9 shows the command values for 1 Nm at 2000 r/min.

— Sinusoidal-flux reluctance machine (11.9Arms) — Sinusoidal-flux reluctance machine (peak value: 1.53 mWb)
— SRM (11.9Arms) — SRM (peak value: 2.14 mWb
— SynRM(18.4Arms) — SynRM (peak value: 2.21 mWb)
~ 50 4 3
5 25 T+ = _ 15+
E 22
SR M 5% 04
5 B o
3 25 1 s -1.5 A1
£ =
-50 -3
0 90 180 270 360 0 90 180 270 360
Electrical angle (degree) Electrical angle (degree)
(a) Phase current (b) Phase magnetic flux
— Sinusoidal-flux reluctance machine(ripple ratio: 87.4%) — Sinusoidal-flux reluctance machine(ripple ratio: 23.8%)
— SRM (ripple ratio: 39.4%) — SRM (ripple ratio: 143%)
1—5 SynRM(ripple ratio: 23.9%) —3 SynRM(ripple ratio: 35.5%)
8= 1 2
=2 S<
2< 0s ER
=
0+ t t t 0+ t t t 1
0 90 180 270 360 0 90 180 270 360
Electrical angle (degree) Electrical angle (degree)
(c) Torque (d) Input current

Fig. 10: Simulation results of operations at 1 Nm, 2000 r/min



Figure 10 shows the simulation results at the
output torque of 1 Nm and the rotation speed of
2000 r/min. As can be seen in the figure, the
sinusoidal-flux reluctance machine exhibited
the smallest peak magnetic flux, which is a
promising feature to mitigate the magnetic
saturation and improve the power density. As

for the phase current waveforms, the sinusoidal- (a)illi:;i:tf;);ine KIS (¢) SRM
flux reluctance machine exhibited the smallest Fig. 11: Photographs of rotors of )
rms values. However, this is because this exper;merlltal reluctance maghmes
machine has much greater number of turns, i.e. 24 turns, — gi{‘;‘f oidal-flux reluctance machine
compared to the SynRM and the SRM, which has the 14 > . SynRM

turns. If the resistance of the phase winding is simply s |

approximated to be proportional to the square of the sz | [

number of turns, the copper loss of the sinusoidal-flux 2E s L

reluctance machine is 1.22 times greater than the SynRM = '0

and 2.94 times greater than the SRM. 0 90 180 270 360
Electrical Angle (degree)

Fig. 12: Measurement result

This figure also shows the simulation results of the input- of the ductance profile

current and torque ripples. The sinusoidal-flux reluctance

machine exhibited a significant torque ripple. This may have been caused by the insufficient
optimization of the rotor geometry, which should be improved in future study. However, the sinusoidal-
flux reluctance machine exhibited a small input-current ripple similar to the SynRM, which is far smaller
than the SRM. Therefore, the simulation results imply the potential power density improvement by the
sinusoidal-flux reluctance machine in comparison to
the SynRM with a ingrease @n .the' copper loss, Reluctance Machine
although the further design optimization method of ’

the rotor geometry should be investigated to reduce
the torque ripple to the similar value as the SynRM.

Experiment
The experiment was carried out to test the |ge A A g » 1
performance of the sinusoidal-flux reluctance < — .- ‘
machine in comparison with the SRM and the s

SynRM. The SRM and the SynRM incorporated the
same stator with the phase windings of 14 turns,

Fig. 13: Machine test bench

which is the stator of the commercial SRM Table I1I : List of Motor Bench

speciﬁed in Table I. The sinusoidal-flux reluctance Used equipment Model No,(manufacturer)

machine also adopts thfe sgme'stator except that the Motor for RB165SR-96CSRM

number of the phase winding is changed to 24. The )

rotors of these machines were fabricated according measurement (Motion System Tech Inc.)

to the design obtained in the previous section. Torque meter T40B (HBM Co.)

Figure 11 shows the photographs of the rotors. Induction Machine TFO-K (Hitachi, Ltd.)

These electric machines . .

exhibited inductance Table IV : List of used equipment

p'roﬁ%es' Similarl tof t}ﬁe Used equipment Model No.(Manufacturer)

snnq ation resu.t of the Oscilloscope HDO4034A (Teledyne LeCroy)

previous  section, as - -

shown in Fig. 12. The Current Probe Amplifier TCPA300 (Tektronix, Inc)

current Command Values Current Probe(i;n) TCP305A (Tektronix, II’IC)

for the inverters were Current Probe(i, ) TCP303 (Tektronix, Inc)

determined based on Fig. High Voltage Differential Probe(v,) P5200A (Tektronix, Inc)

12. DC power supply(V,.) GP0110-50R (Takasago, Ltd)
Digital multimeter(Measurement of V) 34461 A (Keysight Technologies)




In this experiment, the operating waveforms of the sinusoidal-flux machine, SynRM, and SRM were
evaluated using the reluctance machine test bench shown in Fig. 13. The specifications of the test bench
are listed in Table III. In this test bench, the reluctance machine was mechanically connected to the
induction machine, which serves as the power load, via an instantaneous torque meter and coupling. The
reluctance machine was supplied with ac power via an inverter according to the circuit diagram shown
in Fig. 1. The inverter was supplied with the dc voltage of 96 V. The inverter was controlled to output
the ac current according to the current command value using the same hysteresis control as described in
the previous section. The hysteresis width was adjusted to operate these experimental electric machines
approximately at the inverter switching frequency of 30kHz.

Firstly, the operating waveforms were measured under two driving conditions corresponding to the
unsaturated magnetization and the saturated magnetization of the sinusoidal-flux reluctance machine.
Specifically, the former condition outputs the torque of 1 Nm, whereas the latter condition outputs the
torque of 4 Nm. Similar to the simulation, the experiment evaluated the following four waveforms: 1.
Phase current, 2. Phase voltage, 3. Input current, and 4. Instantaneous torque. Table IV lists the
instrument employed for the measurement. The phase current, phase voltage, and input current were
measured at the rotation speed of 2000 r/min. However, the instantaneous torque was measured at the
rotation speed of 100 r/min for the torque ripple to be within the frequency range of the instantaneous
torque meter and not to induce the mechanical resonance of the motor test bench.

Figure 14 shows the operating waveforms of the three reluctance machines, measured at the output
torque of 1 Nm. The peak phase flux of the sinusoidal-flux reluctance machine was found to be the
smallest among the three electric machines. Specifically, the maximum phase flux of the sinusoidal-flux
reluctance machine was 20% smaller than that of the SynRM, indicating that the sinusoidal-flux machine
is less susceptible to magnetic saturation. The sinusoidal-flux reluctance machine exhibited the effective
reduction of the input current ripple compared to the SRM, as is similar to the SynRM. Meanwhile, the
sinusoidal-flux reluctance machine did not show an effective reduction of the torque ripple. As discussed
in the simulation, this insufficient reduction effect of the torque ripple was caused by the insufficient
design optimization of the sinusoidal-flux reluctance machine, which will be investigated in the future
study.

Figure 15 shows the operating waveforms at the output torque of 4 Nm. In this condition, the sinusoidal-
flux reluctance machine again exhibited the smallest peak phase flux among the three machines.
Furthermore, this machine also exhibited the smallest input-current ripple and a similar torque ripple as
the SynRM. Therefore, the sinusoidal-flux reluctance machine kept the input-current and torque ripples

— Sinusoidal-flux reluctance machine(12.3Arms) — Sinusoidal-flux reluctance machine(peak value: 1.84 mWb)
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Fig. 15: Experimental results of operations at 4 Nm
small even under high torque output, whereas the SynRM _ gi{’l{’,{"sed machine
increased rapidly the input-current and torque ripples as the [ SynRM

output torque increases. The reason for this difference lies in
maximum phase flux. Because the SynRM generates a large
phase flux than the sinusoidal-flux reluctance machine, the
SynRM tends to increase the ripples at lower output torque than
the sinusoidal-flux reluctance machine. Therefore, these results
support that the sinusoidal-flux reluctance machine can improve
the power density compared to the SynRM.
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The simulation results reported in the previous section pointed
out that the major drawback of the sinusoidal-flux reluctance machine is large copper loss. Therefore,
the rms values of the phase current were evaluated at various output torque to estimate the copper loss
of the phase windings and compare the result among the three reluctance machines. Figure 16 presents
the results. Certainly, the sinusoidal-flux reluctance machine exhibited far greater copper loss than the
SRM, similarly to the SynRM. However, if compared to the SynRM, the sinusoidal-flux reluctance
machine exhibited less copper loss at high output torque operation. This is also caused by the reduction
in the peak phase flux. Because the SynRM more profoundly saturates than the sinusoidal-flux
reluctance machine, the SynRM tends to generate large copper loss at high output torque operations.
Therefore, this result also supports that the sinusoidal-flux reluctance machine can improve the power
density compared to the SynRM.

Conclusions

Reluctance machines are attractive for vehicular propulsion, although conventional reluctance machines
as the SynRM and the SRM suffers from low power density or large input-current and torque ripples.
To overcome these difficulties, the novel reluctance machine with sinusoidal phase flux has been
recently proposed. This paper constructed this reluctance machine and tested the performance in
comparison with the SynRM and the SRM using the simulation and the experiment. The sinusoidal-flux
reluctance machine and the SynRM were designed from the commercially available SRM, which was
used as the SRM, by only changing the rotor outer periphery geometry and the number of turns of the
phase windings, in order to examine the features originated from the fundamental concept of these three
reluctance machines. The simulation and experiment indicated that the sinusoidal-flux reluctance
machine can generate a far smaller input-current ripple than the SRM. Furthermore, the sinusoidal-flux
reluctance machine was found to reduce the peak phase flux compared to the SynRM. The experiment



also supported that the sinusoidal-flux reluctance machine generates similar torque ripple and smaller
input-current ripple with smaller copper loss compared to the SynRM at high output torque operation,
which suggests the power density improvement by the sinusoidal-flux reluctance machine. At the same
time, however, the sinusoidal-flux reluctance machine exhibited a large torque ripple similar to the
SRM, which is unexpected from the theory. This discrepancy from the theory is attributed to the
insufficient rotor design of the sinusoidal-flux reluctance machine. Therefore, better rotor shape design
should be investigated in a future study to reduce the torque ripple.
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