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Abstract—Switched reluctance motor (SRM) is recently
emerging as a cost-effective but mechanically and thermally
robust motor for vehicle propulsion. However, the conventional
driving method of the SRM causes a large input current and
torque ripples, both of which are scarcely acceptable for vehicle
application. Recently, a promising driving method has been
proposed that tunes the phase current to eliminate the input
current and torque ripples simultaneously, although this method
suffers from large copper loss when applied to the normal SRMs.
To solve this problem, this paper proposes simultaneous tuning of
the rotor shape in combination with the recently-proposed driving
method, which includes only tuning of the phase current. Tuning
of the rotor shape is targeted at minimizing the copper loss.
Meanwhile, the stator structure is the same as the normal SRM
design. The proposed approach was revealed to reduce the
effective value of the phase current by 18% in simulation and by
23% in experiment compared with the recently-proposed driving
method, without increasing the input current and torque ripples.
This result suggests the effectiveness of tuning both the rotor shape
and the phase current for applying SRMs to vehicle propulsion.

Index Terms— Geometrical tuning, input-current ripple, phase-
current waveform, rotor-shape, switched reluctance motors,
torque ripple.

|I. INTRODUCTION

ECENTLY, increasing CO2 emission is becoming a major
environmental problem. In this context, the electrified
vehicles such as the electric vehicles (EVs) and the hybrid
vehicles (HVs) are emerging as a promising solution to this
problem.
These electrified vehicles are commonly propelled by the
interior permanent magnet synchronous motors (IPMSMs) to
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cover the wide variety of the operating condition in the output
torque and the rotational speed. However, this motor
significantly contains the permanent magnet, which is not only
expensive but also mechanically fragile, and thermally
degradable. Therefore, IPMSMs tend to lead to the significant
cost-up of the electrified vehicles, and need special care for
installation in the vehicle to protect IPSMs from the severe
mechanical vibration during the vehicle travel and the limited
cooling capability.

To overcome these difficulties, researchers are investigating
the switched reluctance motor (SRM) as an alternative
propulsion motor for the electrified vehicles. The SRM is a
reluctance motor without the permanent magnets. Therefore,
the SRM is beneficial in the cost-effectiveness as well as the
mechanical and thermal robustness. Furthermore, the SRM is
known to have the comparatively high power density among the
reluctance motors [1]. All of these features are preferable for
vehicular applications.

In contrast to these attractive features of the SRM, however,
the SRM is reported to generate the large torque ripple as well
as the large input current ripple [1][2]. The torque ripple leads
to the noise vibration, thus deteriorating the driving comfort.
The input current ripple, which is the ripple appearing in the DC
power supply current to the inverter, leads to deterioration of
the battery lifespan. Certainly, the input smoothing capacitor is
commonly installed on the DC power supply to the inverter.
However, this input smoothing capacitor generally can
eliminate the high frequency current ripple generated by the
switching operation of the inverter, although this capacitor
cannot sufficiently eliminate the low frequency ripple generated
in synchronization with the magnetization and demagnetization
of the phase winding. Therefore, these two ripples are serious
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problems for applying the SRM to the vehicular propulsion.

To overcome these problems, a number of driving techniques
have been proposed in literature. Particularly, the majority of
these techniques only targets at the elimination of the torque
ripple. For example, [3]-[23] have proposed the phase current
waveforms that can reduce the torque ripple. Among them, [3]-
[22] have derived their phase current waveforms by modifying
the conventional square-shaped phase current waveforms using
the torque sharing functions. In addition to the tuning of the
phase-current waveform, [24]-[33] further incorporated the
geometrical tuning of the rotor or stator shape to minimize the
copper loss in addition to the reduction of the torque ripple. In
these researches, the inductance profile was adjusted to reduce
the phase current at the commutation to the next phase.
Meanwhile, a few studies have been dedicated to the reduction
of the input current ripple [34]-[38]. These studies have
proposed their special inverter topologies in combination with
the special control of these inverters, for driving the SRMs.

As can be seen above, these preceding studies [3]-[38] have
proven their effectiveness in reducing either one of the torque
and input current ripples. However, the vehicular application
generally requires reduction in both of these two ripples.
Therefore, the simultaneous reduction of the torque and input
current ripples is important and is still a challenging issue.

To cast a new light on this issue, a promising driving
technique has been proposed in [39][40]. This technique
proposed a calculation method of the phase current waveform
that can eliminate both of the input current and torque ripple
based on the inductance profile of the SRM. This enabled
elimination of these two ripples in SRMs with arbitrary

inductance profile, including the commercially available SRMs.

However, these studies have also reported that their phase
current waveform resulted in the increase in the effective value
by 58% [40], if applied to the normal SRM structure. This
increase in the effective value of the phase current results in the
copper loss approximately 2.5 times as large as that of the
conventional square-shaped phase current waveform, which
may cause difficulty in the heat dissipation from the propulsion
motor by limited cooling equipment of the vehicle.

The power loss of the SRM is mainly classified into the
copper loss and the core loss. However, [40] revealed that the
phase flux waveform of this previous technique has smaller
peak and the smoother shape than that of the conventional
square-shaped phase current waveform, resulting in smaller
changing rate of the phase flux with respect to the electric angle.
Thereby, the core loss of this previous technique tends to be

Stator Pole

Rotor Pole

Winding
(U, V, W: phase of the motor)
Fig. 1. Three-phase concentrated-winding SRM.

smaller than that of the conventional square-shaped phase
current waveform. Consequently, the copper loss is the major
problem of the previous technique, and therefore the practical
application of this technique needs tuning of the SRM structure
for reducing the copper loss.

The purpose of this paper is to investigate effectiveness of
simultaneous tuning of the SRM structure and the phase current
waveform to reduce the input current and torque ripples with
the minimum copper loss. In this paper, the tuning of the SRM
structure is performed by searching for the rotor shape that
implements the best possible inductance profile. Tuning of the
phase current waveform and determination of the best
inductance profile is based on the theory presented in [39][40],
which is briefly reviewed in the next section.

This paper neglects the effect of the magnetic saturation,
similarly as in [39][40], because the tuning method presented in
this paper is based on this previous technique. This indicates
that this paper also assumes that the SRM is used for propelling
the vehicle traveling at moderate acceleration as in the city
driving, similarly as [39][40]. In the vehicular application, the
SRM should be designed to cover an instantaneous huge torque
output for sudden acceleration or the hill start. Nonetheless, the
SRM is commonly operated at a torque output far below the
torque rating in the city driving. In fact, [41][42] reported that
the propulsion motor is commonly operated at an output torque
smaller than 1/3 of its maximum possible output torque in the
new European driving cycle (NEDC) and JC08 driving cycle.
Therefore, the SRM is assumed to output the torque far below
the maximum rating and therefore the magnetization of the
SRM is below the magnetic saturation level.

This paper is the updated version of the conference paper
[43]. Compared with the conference paper, this paper further
incorporates the detailed description of the derivation process
for the inductance profile and the rotor shape. Additionally, this
paper simulates the input current and torque ripples of the
proposed technique under high rotational speed and large
output torque in comparison with the conventional square-
shaped phase current waveform drive and the previously
proposed technique [39][40].

The remainder of this paper comprises 5 sections. Section 11
briefly reviews the previous technique [39][40], which is
utilized for the tuning of the rotor shape and the phase current
waveform. Section 111 discusses the tuning method of the rotor
shape and the phase current waveform. Then, Section IV and
section V presents the simulation and the experiment to validate
the performance of the tuned SRM operated with the tuned
phase current waveform. Finally, section VI gives the
conclusions.

Il. REVIEW OF DERIVATION METHOD OF PHASE CURRENT
WAVEFORM WITHOUT INPUT CURRENT AND TORQUE RIPPLES

The previous studies [39][40] presented the calculation
method of the phase current waveform that can eliminate both
of the input current and torque ripples based on parameters
characterizing the inductance profile. In these previous studies,
these parameters are given based on the measurement of the
inductance profile of the commercially available SRM, which



was utilized in the experiment. However, this paper seeks for
the rotor shape that provides the best possible set of these
parameters for minimizing the phase current. For this purpose,
this section briefly reviews these previous studies.

Throughout this paper, the tuning method of the rotor shape
and the phase current waveform is discussed for the three-phase
concentrated-winding SRM as shown in Fig. 1. For simplifying
the discussion, the following approximation is introduced: the
mutual coupling between the phases is neglected similarly as in
[39]40].

Derivation of the phase current waveform eliminating these
two ripples is based on the analytical expression of the torque
and the input current. For deriving this analytical expression,
the total magnetic energy Eoa Stored in the SRM is regarded as
a function of the electrical angle and the magnetic flux of each
phase winding. Because the magnetic coupling among the
phase windings are neglected, Eal can be expressed as

Etotal(eE’(/’Ui%’(PW)z Ey (QE’(/’U)"' EV(QE’(P\/)
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where Ey, Ev, and Ew are the magnetic energy contributed by
phase U, V, and W, respectively; ¢u, ¢v, and gw are the
magnetic flux of a stator pole of phase U, V, and W,
respectively; and 6k is the electrical angle. The magnetic energy
E, contributed by phase J can be expressed using the reluctance
R, and the magnetic flux ¢; of a stator pole of phase J. Because
the magnetic saturation is not considered, E; is obtained as

E; (QE!¢J):%RJ (QE)€9§: (2)

where Ps is the number of the stator poles of phase J. The
reluctance R; and the inductance L; of phase J has the following
relation. Therefore, R; is the parameter that characterizes the
inductance profile.
N2P
L; (0 ) =———=, 3
1O )=2 o) ®)
where N is the number of turns of the phase winding on a stator
pole.
The torque z is expressed as the minus partial derivative of
the total magnetic energy Ewar With respect to the mechanical
angle [44]. Hence,
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where P, is the number of rotor poles.

The input current i can be expressed as the sum of the
effective power supplied to the SRM divided by the voltage of
the DC power supply to the inverter. Because the phase current
i; and the inverter output voltage v, of phase J can be expressed
as
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where Q is the angular velocity of the rotor, ie is expressed as
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where Vpc is the voltage of the DC power supply. Noting
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Now, the phase current that can eliminate both of the input
current and torque ripples can be analytically derived based on
these equations. As in many practical SRM drive methods, this
paper also assumes that the phase current of each phase is
symmetrical. Consequently, the magnetic flux of each phase, i.e.
pu, pv, and gw, is also symmetrical because of the symmetry
among iy, iv, and iw as well as the symmetry of the reluctance
among the phases. Therefore, this section hereafter regards the
phase current and the magnetic flux of phase U as functions of
0t and express the input current and torque by these functions,
thus determining the function of iy that can eliminate both of
the input current and torque ripples. (Hence, the phase current
iv, and iw are obtained by iv(0e)= iu(Ge+4/37) and iw(Ge)=
iu(6e+2/37).)

Because of the symmetry among the phases, substituting (2)
into (4) and (8) yields
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where g(6e) and f(6) are the function of the electric angle 6
defined as

(10)
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g(6e) and f(6e) are regarded not as the functions of g and ¢y
but as the functions only of 6 because ¢y is regarded to be the
function of g similarly as Ru.

As can be seen in (9) and (10), the necessary and sufficient
condition for eliminating both of the input current ripple and the
torque ripple is that both of f(6g) and g(de) do not contain the
harmonics of multiples of three. Once such a pair of f(6g) and
g(6k) is determined, the phase current waveform can be readily
calculated as

: Roy _ |Ru9(6e)
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Next, the pair of f(fg) and g(6e) that does not contain the
harmonics of multiples of three is determined based on the
given reluctance profile Ry(é). For this purpose, Ru(é) is
approximated to have the following form:

InR, (6;) =K, — K, cos, — K, cos 26,

- K, cos36;. - K, cos4d. — K, cos56;.

(The origin of & is defined as the aligned position of phase
U.) The parameters Ko—Ks can be easily determined by
Fourier’s expansion of InRy(ék).

Similarly, g(&) is assumed not to contain high order
harmonics of & as well as the harmonics of multiples of three.
Then, g(&) can be expressed by the following form:

9(6:)=P.{A +Asing. +A,sin26,
+ A, sin46; + A sin56; + B, cos 6,
+B, €0s 26, + B, c0s 46, + B, cos56 |,

The solution of f(&) can be obtained by substituting (14) and
(15) into (12). Therefore, from the requirement that f(&) should
not contain the harmonics of multiples of three, the conditions
of parameters Ao—As and B1—Bs, under which both of f(0g) and
g(6&) do not contain the harmonics of multiples of three, can be
formulated. Consequently, A;—As and B;—Bs are obtained as
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where ki—ks are defined as
k=K, k =2K,, k,=3K,,
(21)
k, =4K,, k, =5K..

As can be seen in (16)—(20), the set of parameters Ac—As and
B;—Bs can be obtained from an arbitrary set of parameters Ko—
Ks, which characterizes the inductance profile. Furthermore,

there are infinitely large number of sets of Ac—As and B,—Bs that
satisfy these conditions. (However, Ay is required be chosen so
that g(6e) is always greater than zero because of (11).) Once
such a set of Ag—As and B;—Bs is determined, the phase current
can be readily derived using (15) and (13). Therefore, there are
infinitely large number of the phase current waveforms that can
simultaneously eliminate the input current and torque ripples
for an arbitrary inductance profile.

I11. TUNING OF ROTOR SHAPE AND PHASE CURRENT
WAVEFORM

A. Overview of Tuning Method

The previous section derived the phase current waveform
that can eliminate the input current and torque ripples based on
the given parameters of the inductance profile, i.e. Ko—Ks.
However, parameters Ko—Ks can be rather regarded to be also
flexible, similarly as A—As and B;—Bs. Therefore, this section
searches for the improved set of the parameters Ko—Ks, Ag—As,
and B1—Bs that eliminates the input current and torque ripples
with minimum effective value of the phase current and
determine the rotor shape that implements the tuned parameters
of Ko—Ks as well as the phase current that implements the tuned
parameters of A—As and B;—Bs.

However, it is worth noticing that not any set of Ko—Ks, i.e.
the parameters of the inductance profile, can be implemented in
a rotor shape due to the geometrical and mechanical restrictions
of the rotor, such as the dimensions and the minimum gap.
Therefore, this section considers the commercially available
SRM, whose specifications are shown in Table I, and search for
the improved rotor shape under the same restriction as the rotor
of this SRM. Thus, the resultant rotor shape and phase current
waveform corresponds to the tuned rotor shape and phase
current waveform that can be achieved by modifying the rotor
shape without changing the stator.

This SRM under consideration has smaller power rating than
the SRM for EV propulsion. The reason is that the experiment
was also carried out in section V to test the tuning result of this
section. Because of the limitation of the testing equipment for
the motor test bench, the experiment must be carried out with a
downsized motor. Consequently, the SRM under consideration
has a power rating of 1.2kW with the maximum voltage of 96V.

The geometrical and mechanical restriction of the rotor is
difficult to formulate as a restriction on the inductance profile;
and therefore, it is difficult to infer the possible range of Ko—Ks.
To overcome this difficulty, the following numerical searching
approach was adopted for tuning the rotor shape and the phase
current waveform.

The overall tuning procedure is presented in Fig. 2. The first
step parameterized features of the inductance profile and
introduced the restriction that these parameters should take
specific values. These values are initially given the same values
as the original SRM before tuning. The second step determined
the best set of Ko—Ks, Ai—As, and B:—Bs that minimizes the
effective value of the phase current waveform under this
restriction. As a result, we obtained the best pair of the
inductance profile and the phase current waveform. In the third



step, the finite-element-method (FEM) analysis was carried out
to search for the rotor shape that implements the determined
inductance profile. If the FEM analysis failed to find the
appropriate rotor shape that achieves the determined inductance
profile, the values assigned for the restrictions on the
inductance profile were changed, unless the practically possible
best value is apparent. Then, the aforementioned procedure was
repeated until the appropriate rotor shape was found. Finally,
after the appropriate rotor shape was found, Ko—Ks were
extracted from the inductance profile of the SRM with this
appropriate rotor shape, which is determined by measurement
of the prototype SRM or the FEM analysis. Then, Ac—As and
B;—Bs were determined again so that these parameters eliminate
the input current and torque ripples with minimum effective
value of the phase current, thus resulting in the phase current
waveform for the tuned rotor shape.

B. Set Restriction on Inductance Profile

The geometrical and mechanical restriction of the rotor shape
limits the possible inductance profile. For formulating this
restriction on the inductance profile, the maximum inductance
Lmax and the minimum inductance Lmin Were adopted as the two
parameters that characterizes this restriction. These two
parameters are closely and straightforwardly related to
parameters Ko—Ks, because the following relation can be
obtained according to (14):

Loex = NP, . (22)
exp(Ko — Ky =Ky K3 =Ky = Ks)
N2P
I-min > (23)

exp(Ko + Ky — K, + K3 =K, +Kg)

The commercially available SRM is commonly designed to
have its maximum inductance Lnax as large as possible to
generate sufficient magnetic flux with small phase current.
Furthermore, the minimum inductance Lmi, is also commonly
designed to be as small as possible for maximizing Lmax—Lmin
because large value of Lmax—Lmin is effective to generate large
torque output [3].

Therefore, Lmax and Lmin are first imposed to have the same
value as the SRM shown in Table I. However, search for the
improved rotor shape under this requirement can be failed. In
this case, the value imposed on Lmi, is gradually increased,
while keeping the value imposed on Lmax unchanged.

The reason why the value of Lnax IS unchanged is that the
output torque z is not affected by the DC offset in the reluctance
profile because the output torque 7 is only dependent on the
partial derivative of the reluctance profile Ry according to (9)
and (12). Therefore, the minimum DC offset in the reluctance
profile is preferable to minimize the necessary phase current for
generating sufficient magnetic flux. This indicates that Lmax
should be the maximum possible value, which equals to Lmax of
the original SRM shown in Table I.

C. Tuning of Inductance Profile and Phase Current
Waveform

Under the aforementioned restriction on the inductance
profile, this subsection searches for the set of parameters Ko—Ks,

TABLE|
SPECIFICATIONS OF SRM CONSIDERED FOR TUNING

Model number RB165SR-96CSRM
(Motion System Tech. Inc.)

1.2 kW, 96 V, 6000 rpm

Stator: 12 poles, Rotor: 8 poles,

Number of turns: 14 tunes/pole

Outer diameter of stator: 136 mm

Outer diameter of rotor: 83 mm

Gap between stator and rotor: 0.3 mm
Diameter of shaft: 25 mm

Stack length: 40 mm

35H300 (Nippon Steel Corp.)

Maximum reluctance R,,,: 4.1 X 108 A/Wb
(Minimum inductance: 0.2 mH)

Minimum reluctance R,: 0.5 x 106 A/Wb

(Maximum inductance: 1.5 mH)

>||Set Restrictionto InductanceProfiIe|
i
Tuning of Inductance Profile and P hase Current Waveform |

\
Search for Rotor Shape|

Rate value
Structure

Material
Characteristics

v

Is Appropriate
Rotor Shape Found?

No

Final Derivation of Phase Current Waveform

v

Fig. 2. Flow chart for tuning the rotor shape and the phase current waveform.

TABLE Il
CONDITION IMPOSED FOR PARAMETER TUNING

Maximum Inductancel .= 1.5 mH

Minimum Inductance L, = 0.2 mH at the first timeof tuning.
Gradually increased after
the 2ndtimeof tuning

Output Torque t=1Nm
Function g9(6p) =0
Equation (16)—(20)

Ao-As, and B;—Bs that satisfy (16)—(20) and the requirement of
g(6e)>0, i.e. conditions to eliminate both of the input current
and torque ripples, with the minimum effective value of the
phase current waveform. For this purpose, the effective value
of the phase current waveform should be compared under the
same average torque output of 1 N'm. (The tuned set of
parameters is independent of the output torque because the
magnetic saturation is neglected.) Hence, the following relation
was further imposed:

_ 3R, P,

(BAK +4AK, +2AK, + AK,)=1N-m, (24)

T av

where z is the average torque, and searched for the improved
set of Ko—Ks, Ac—As, and B;—Bs that yields the phase current
waveform with minimum effective value. Consequently, all the
required conditions for searching for improved set of Ko—Ks,
Ao-As, and B;—Bs was summarized in Table II.



These parameters were tuned by the brute-force search by
changing K, and Kj by the step of 2x1073, K4 by the step of

1x1073, Ks by the step of 51074, Ag and B; by the step of 1x1072,

The other parameters are automatically determined according
to (16)—(20) as well as the imposed conditions listed in Table II.

As an example, Fig. 3 shows the inductance profile Ly and
the reluctance profile Ry of the tuning result when the
restriction on the inductance profile requested that Lmax and Lin
were set at the same values as the original SRM. Figure 3 also
shows Ly and Ry of the original SRM shown in Table I.

In addition, Figure 4 shows the phase current waveform iy
and the magnetic flux waveform @y of the tuning result in
comparison with those of the conventional square-shaped phase
current waveform, and those of the previous technique, in
which only A—As and Bi—Bs was tuned to minimize the
effective value of the phase current without tuning the
inductance profile. (The firing and extinction angles of the
conventional square-shaped phase current waveform was set at
208 and 352 degrees, respectively, where the torque ripple is
minimized in the SRM under consideration at the rotational
speed of 125 r/min. For the phase current waveform of the
previous technique, the parameters are determined by the brute-
force search by changing Ao and B; by steps of 1x104 under the
requirement of (16)—(20), g(&%)>0, and z=1 N'm.)

As can be seen in Fig. 3 and Fig. 4, the tuning of parameters
Ko—Ks, Ac—As, and B1—Bs resulted in a great difference in the
inductance profile as well as the phase current waveform.

D. Search for Rotor Shape

This subsection searches for the rotor shape that
approximately achieves the tuned inductance profile
represented by the tuned parameters Kq—Ks, obtained in the
previous subsection. The search of the rotor shape was
performed by modifying the original rotor shape, shown in Fig.
5(a), of the commercially available SRM of Table I. For this
purpose, the 2 dimensional FEM analysis was utilized with
JMAG-Designer14.1 (JSOL Crop.) software to calculate the
inductance profile from the rotor shape. The materials used in
the FEM analysis SRM model are listed in Table Il1. This FEM
analysis model incorporates the magnetic saturation but does
not incorporate the iron loss. The inductance profile was
calculated at a sufficiently small magnetization below the
magnetic saturation.

The rotor shape was determined by the manual trial-and-error
approach using the FEM software. However, there are infinitely
large number of the possible rotor shapes; the trial-and-error
approach can scarcely determine the rotor shape if the
candidates of the rotor shape are not limited by introducing a
few parameters that define the rotor shape. Consequently, the
following four parameters are introduced for the search for the
rotor shape: 6, G2, Wr1, and wyz.

These four parameters are chosen because they are supposed
to have an essential effect on the prominent features of the tuned
inductance (or reluctance profile).

As can be seen in Fig. 3(b), the tuned reluctance profile has
smaller reluctance than the original reluctance profile at a wide
range of the electrical angle. This feature needs the shallow
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0 90 180 270 360
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(a) Inductance profile Ly
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o P N W b~ O

90 180 270 360
Electrical Angle (degree)
(b) Reluctance profile Ry
Fig. 3. Inductance profile Ly and reluctance profile Ry of the tuning result in
comparison with that of the original SRM shown in Table II.
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Fig. 4. Phase current waveform iy and magnetic flux waveform ¢y of tuning
result in comparison with those of conventional square-shaped phase current
waveform and those of the previous technique in which only the phase current
was tuned.

valley of the rotor shape, as shown in Fig. 5(b), because the
reluctance is proportional to the gap between the stator pole and
the rotor surface in a rough approximation. For simply
expressing the shape of the shallow valley, the pole width w;
and the angle 4 of the shallow valley are introduce as defined
in Fig. 5(b).



TABLE 1l
MATERIAL USED IN FEM ANALYSIS MODEL

Component  Material name orrelative magnetic permeability
Stator Material name: 35H300 (Nippon Steel Corp.)
Rotor Material name: 35H300 (Nippon Steel Corp.)

Winding Relative magnetic permeability: 1
Shaft Relative magnetic permeability: 1

(c) Basic shape assumed for search for rotor shape
Fig. 5. Basic rotor shape and parameters used for rotor shape searching
process.

Nonetheless, the tuned reluctance profile has a sharp peak at
the unaligned position. Therefore, the gap between the stator
pole and the rotor surface should become suddenly large near
the unaligned position. For this purpose, the deep well was
further made on the shallow valley near the unaligned positon,
as shown in Fig. 5(c). Therefore, the well width wy; and the well
taper angle 6, are introduced to parameterize the shape of the
well, as defined in Fig. 5(c).

However, in spite of the effort to adjust these four parameters,
the minimum of the inductance profile (or the peak of the
reluctance profile) is often difficult to be achieved by the rotor
shape. The reason is that the deep well inevitably has the
narrower width than the dip on the original rotor shape, and
therefore the resultant inductance profile has a larger minimum
(or the resultant reluctance profile has a smaller peak) than the

original rotor shape. Therefore, if adjustment of these four
parameters failed to satisfy the tuned inductance profile at the
unaligned position, the value assigned to Lmin, Which is the
condition given to determine the tuned inductance profile, was
increased and the whole procedure described in subsections B—
D was repeated again until the rotor shape can satisfy the tuned
inductance profile determined in subsection C.

E. Final Derivation of Phase Current Waveform

After tuning the rotor shape in the previous subsection, the
phase current waveform for the rotor shape was finally derived.
For this purpose, parameters Ko—Ks were extracted from the
inductance profile, measured on the prototype SRM with the
tuned rotor shape, and searched for parameters Ap—As, and Bi—
Bs that satisfy (16)—(20) and the requirement of g(fg)>0, i.e.
conditions to eliminate both of the input current and torque
ripples, with the minimum effective value of the phase current
waveform at the torque output of 1 N'm.

These parameters were tuned by the brute-force search by
changing Ao and B; by the step of 1x107*. The other parameters
are automatically determined according to (16)—(20) and (24).

However, in the simulation-based performance evaluation
made in the next subsection and the next section, there is no
actual prototype of the SRM. Therefore, parameters Ko—Ks
extracted from the inductance profile calculated by the FEM
simulation were utilized, instead of the experimentally
measured inductance profile of the prototype SRM.

F. Result of Tuning

As a result of the aforementioned procedure, the tuned rotor
shape and the tuned phase current profile was finally obtained.
Figure 6 shows the inductance profile and the reluctance profile
of the tuned rotor shape in comparison with those of the original
rotor shape. Figure 7 shows the tuned phase current waveform
and its magnetic flux waveform in comparison with those of the
conventional square-shaped phase current waveform and those
of the previous technique, in which only Ac—As and B1—Bs was
tuned for the original rotor shape [39][40]. Both of the
conventional square-shaped phase current waveform and the
previous technique uses the original rotor shape. Figure 8 shows
the tuned rotor shape. Tables IV and V list the values of
parameters 61, 62, Wr1, and Wy, used in the tuning of the rotor
shape, and the values of parameters Ko—Ks, Ag—As, and B1—Bs,
determined by the final derivation of the phase current. (The
firing and extinction angles of the conventional square-shaped
phase current waveform was set at 208 and 352 degrees,
respectively, where the torque ripple is minimized at the
rotational speed of 75 r/min. For the phase current waveform of
the previous technique, the parameters are determined by the
brute-force search by changing Ao and By by steps of 1x1074.)

As can be seen in the figure, the tuning result has smaller
phase current at a wide range of the electrical angle. The tuning
result reduced the effective value of the phase current by 18 %
in comparison with the previous technique [39][40], which
corresponds to the reduction in the copper loss by 32 %.
Certainly, the tuning result exhibited the phase current larger
than the conventional square-shaped waveform by 28 %, which
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corresponds to the increase in the copper loss by 62 %. However,
unlike the conventional square-shaped waveform, the phase
current of the tuning result can eliminate both of the input
current and torque ripples, which is essential for application to
vehicle propulsion.

Furthermore, the magnetic flux waveform of the tuning result
is smoother and has slightly smaller peak than the conventional

(a) Tuningresult

Fig. 8. Tuning result of the rotor shape in comparison with the original rotor
shape.

(b) Original rotor shape

TABLE IV
PARAMETERS DETERMINED FOR ROTOR SHAPE

Parameter Tuningresult Original rotor shape
O 74.4 degrees }
Oy 1.1 degrees 45.0 degrees
Wy 13.0mm 21.46 mm
W,o 9.0mm 10.86 mm
TABLEV
TUNED PARAMETERS FOR ROTOR SHAPE AND PHASE CURRENT WAVEFORM
Ko 13.9161 A, 5.33X102JiB; 3.64Xx102]
Ky 0.849}1A; —5.38X102J}B, 1.70X1073J
Kz —0.1121A, -1.69X102JiB, 2.66x10%J
Ks 0.0221A, —4.07X104J1Bs —2.08 X103
Ky 0.0021As 3.19X103)]
Ks 0.010

The values of Ky-Ks are obtained by applying the natural logarithm to the
value of Ry(é) expressed in the unit of A/Wb.

square-shaped phase current waveform, similarly as the
previous technique. This indicates that the tuning result can
operate at higher rotational speed as well as the higher output
torque below the magnetic saturation than the conventional
square-shaped phase current waveform.

The maximum output torque of the SRMs is difficult to be
clearly defined because the SRMs are often driven at the
magnetization beyond the magnetic saturation level when the
instantaneous large torque output is required. However,
according to Fig. 7, the peak magnetic flux of the tuning result,
the previous technique and the conventional square-shaped
phase current waveform was 0.48mWb, 039mWb, and
0.53mWb, respectively, at the torque output of 1 N-'m.
Therefore, the peak magnetic flux of these three techniques
takes similar values. This suggests that the proposed technique
has similar maximum output torque as the previous technique
and the conventional square-shaped phase current waveform
because the magnetization reaches the magnetic saturation level
at similar output torque.

Certainly, as can be seen in Fig. 8, the tuning results
increased the iron mass of the rotor. As a result of the tuning,
the cross-sectional area of the rotor increased by 12 %, which
indicates the increase in the iron mass of the rotor by 12 %. In
this sense, the proposed technique led to the increase in the
material cost of the iron. However, the total increase in the iron
mass including the rotor and the stator was within 4 %, which
may not be a significant increase in the material cost.
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Fig. 10. Simulation result of the SRM operated at the rotational speed of 500
r/min and the output torque of 1 N-m. The effective values of the phase current
are presented in the legend of Fig. 10(a).

Consequently, the simultaneous tuning of the rotor shape and
the phase current waveform resulted in elimination of the input
current and torque ripples with smaller copper loss than the
previous technique.

IV. SIMULATION

The simulation was carried out to verify the effectiveness of
the tuning result of the rotor shape and the phase current
waveform obtained in the previous section. In this simulation,

the input current and torque ripples of the tuned phase current
waveform with the tuned rotor shape, i.e. the proposed
technique, are evaluated and compared with the two phase
current waveforms with the original rotor shape, i.e. the
conventional square-shaped phase current waveform and the
previous technique, in which only the phase current was tuned
based on the original rotor shape.

Hereafter, the input current ripple ratio ie_ripple and the torque
ratio zigple are defined as the half of the peak-to-peak value
normalized by the average value. Hence,

iE_PP Tpp

_ripple = o 1 Cripple '
i 2t
E_av av

(25)

where zpp and ig_pp are the peak-to-peak values of the torque
and input current waveforms, and tay and ie_ay are the average
value obtained from the torque and input-current waveforms.
Note that zpp and ig_pp are obtained after the moving average
process which decouples the ripples generated by the inverter
switching.

Figure 9 shows the simulation model. The whole simulation
model was constructed in the circuit simulator PSIM11.1
(Myway Corp.) The SRM model was constructed according to
the modeling method presented in [44] as a behavioral model
based on the magnetic co-energy dependence on the electric
angle and the magnetic flux linkage of the phase windings. This
behavioral model does not contain the mechanical loss, the iron
loss, and the copper loss, although the model contains the effect
of the magnetic saturation. The magnetic co-energy dependence,
used for the behavioral model, was calculated by the two
dimensional FEM analysis using JMAG-Designer14.1 (JSOL
Crop.) using the SRM model shown in the previous section.

In the simulation model of Fig. 9, the SRM is driven by a
three-phase H-bridge inverter. This inverter is also lossless
because the switching devices, as well as the DC power source,
are all ideal. The DC voltage was set at 96 V, which was
determined after the maximum voltage of the original SRM
shown in Table I.

A. Ripple Evaluation at Low Speed Small Torque Output

The input current and torque ripples are evaluated at
comparatively low rotational speed and the low output torque,
under which condition the phase current waveforms can be well
controlled by the inverter and the magnetic saturation scarcely
occurs in the SRM. The rotational speed was set at 500 r/min;
the output torque was set at 1 N-m.

Figure 10 shows the simulation results. As can be seen in Fig.
10(a), the phase current waveform of the proposed technique
successfully reduced the effective value by 18 % compared with
the previous technique with the original rotor shape, which
corresponds to the reduction of the copper loss by 33 %.

Furthermore, Fig. 10(b) and Fig. 10(c) indicate that the
proposed technique successfully reduced both the input current
and torque ripples compared with the conventional square-
shaped phase current waveform with the original rotor shape,
similarly as the previous technique with the original rotor shape.
Torque ripple ratios of the proposed technique, the previous
technique, and the conventional square-shaped phase current
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Fig. 11. Simulation result of the SRM operated at the rotational speed of 6000
r/min and the output torque of 1.9 N'm. The effective values of the phase
current are presented in the legend of Fig. 11(a).

waveform were 11 %, 10 %, and 23 %, respectively. The input
current ripple ratios of the proposed technique, the previous
technique, and the conventional square-shaped phase current
waveform were 217 %, 217 %, and 1924 %, respectively.

B. Ripple Evaluation at Rated Operation

Next, the input current and torque ripples are evaluated at the
rated operation of the SRM under consideration. The rated
operation is specified in Table I as 1.2 kW and 6000 r/min,
which indicates the torque output of 1.9 N'm.

Figure 11 shows the simulation results. As can be seen in the
figure, the torque ripple of the proposed technique was almost
the same as those of the previous technique and the
conventional square-shaped phase current waveform. The
torque ripple ratios of the proposed technique, previous
technique, and the square-shaped phase current waveform were
17 %, 17 %, and 20 %, respectively.

Meanwhile, the proposed technique exhibited great reduction
of the input current ripple, similarly as the previous technique,
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compared with the conventional square-shaped phase current.
The input current ripple ratios of the proposed technique,
previous technique, and the square-shaped phase current
waveform were 81 %, 121 %, and 453 %, respectively.

The proposed technique reduced the effective value of the
phase current waveform by 21 % compared with the previous
technique, which corresponds to the reduction of the copper
loss by 37 %.
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Fig. 14. Experimental set-up.

TABLE VI
SPECIFICATIONS OF MOTOR TEST BENCH

Specifications
RB165SR-96CSRM

(Motion System Tech. Inc.)

1.2 kW, 96 V, 6000 rpm

Stator: 12 poles, Rotor: 8 poles.
Number of turns: 14 turns/pole
TS2224N1114E102
(Tamagawa Seiki Co., Ltd.)
UTMII-5Nm (Unipulse Corp.)
UCMB65-12*24M, UCM34-12*12G
(Unipulse Corp.)

Hysteresis brake AHB-6 (Magtrol Inc.)

Instrument
SRM

Resolver

Torque meter
Shaft couplings

C. Ripple Evaluation at High Speed Operation

Because this technique is intended to be applied to the
vehicular propulsion, the operation is required to cover a wide
range of the rotational speed as well as the output torque. This
subsection investigated the input current and torque ripples at
high rotational speed from 500 r/min to 6000 r/min, where the
phase current began to deviate from the command value due to
the limited DC bus voltage. The output torque was set at 1 N'm.

Figure 12 presents the input current ripple ratio and the
torque ripple ratio of the proposed technique, the previous
technique with the original rotor shape, and the conventional

square-shaped phase current waveform with the original rotor
shape. As can be seen in the figure, the proposed technique and
the previous technique exhibited small input current and torque
ripples at higher rotational speed than the conventional square-
shaped phase current waveform. This result is consistent with
the magnetic flux waveform shown in Fig. 4, in which both of
the proposed technique and the previous technique showed far
smoother magnetic flux waveform than the conventional
square-shaped phase current waveform. Consequently, the
simultaneous tuning of the rotor shape and the phase current
waveform can reduce these two ripples at high rotational speed
similarly as the previous technique.

D. Ripple Evaluation at Large Torque Output

Next, the input current and torque ripples were investigated
for wide output torque range from 1 N'm to 10 N'm, where the
magnetic saturation affects the performance as the output
torque increases. The rotational speed was set at 500 r/min.

Figure 13 presents the input current ripple ratio and the
torque ripple ratio of the proposed technique, the previous
technique with the original rotor shape, and the conventional
square-shaped phase current waveform with the original rotor
shape. As can be seen in the figure, the proposed technique and
the previous technique exhibited small input current and torque
ripples below the output torque of 5 N'm, although the proposed
technique exhibited large torque ripple at the output torque
higher than 5 N'm. This indicates that the tuning of the rotor
shape and the phase current waveform resulted in greater
susceptibility to the magnetic saturation, which should be
solved in the future research. Nonetheless, the proposed
technique exhibited small input current and torque ripples in a
wide torque range.

To summarize the simulation results, simultaneous tuning of
the rotor shape and the phase current waveform can reduce the
two ripples with smaller effective value of the phase current
than the previous technique, and reduction of these ripples can
cover at high rotational speed, similarly as the previous
technique. However, in the operation with extremely large
torque output, the torque ripple can increase more than the
previous technique due to the magnetic saturation.

V. EXPERIMENT

Next, the experiment was carried out to verify the
effectiveness of the tuning result of the rotor shape and the
phase current waveform. Similarly as in the previous section,
the experiment compared the effective value of the phase
current, as well as the input current and torque ripples, of the
tuned phase current waveform with the tuned rotor shape, i.e.
the proposed technique, with the two phase current waveforms
with the original rotor shape, i.e. the conventional square-
shaped phase current waveform and the previous technique, in
which only the phase current was tuned based on the original
rotor shape.

Figure 14 depicts the experimental set-up employed for the
experiment. Figure 14(a) is the photograph of the motor test
bench. In this bench, an SRM and a hysteresis brake are
connected mechanically via an instantaneous torque meter and
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shaft couplings. The specifications of this motor test bench are
listed in Table VI. (The specifications of the SRM is the same
as Table I.) The rotational speed was controlled by adjusting the
load torque of the hysteresis brake. Figure 14(b) illustrates the
schematic diagram of the three-phase H-bridge inverter that
drives the experimental SRM. The DC bus voltage Vqc was set
at 96 V, which was determined after the maximum voltage
shown in Table 1. This inverter controls the phase current of the
experimental SRM to follow the predetermined phase current
waveform according to the control diagram shown in Fig. 14(c).
This control is a well-known basic inverter control method
known as the hysteresis controller. The hysteresis width was set
at 1.5A. The average switching frequency of the inverter was
28 kHz for the proposed technique, 30kHz for the previous
technique, and 29 kHz for the conventional square-shaped
phase current waveform, respectively. The overall control was
implemented on a commercially available DSP platform. This
experiment utilized PE-Expert 3 (Myway Corp.).

As this experiment uses two types of the rotor shapes, the
following two rotors were constructed: The original rotor of the
experimental SRM, which has a typical structure as a
commercially available SRM as shown in Fig. 8(b), and the
tuned rotor, which has the rotor shape shown in Fig. 8(a). Figure

15 presents the photographs of these rotors used in the
experiment. These rotors share the same stator of the test bench.
In the evaluation of the conventional square-shaped phase
current waveform and the previous technique, the original rotor
was inserted in the experimental SRM. Meanwhile, in the
evaluation of the proposed technique, the tuned rotor was
inserted in the experimental SRM. The tuned rotor exhibited
almost the same inductance profile as the FEM analysis result
shown in Fig. 6.

In this experiment, the SRM was operated at 1 N'm torque
output and evaluated the performance at two rotational speed:
75 r/min and 3000 r/min. The rotational speed of 75 r/min was
mainly for the measurement of the torque ripple. Because the
instantaneous torque meter has the frequency limitation of
approximately 1 kHz and the mechanical resonance of the
motor test bench at approximately 125 Hz should be avoided
from excitation, the torque ripple was measured at this
extremely low rotation speed so that the harmonics were
measured but could not excite the mechanical resonance in the
test bench. Therefore, the torque and the input current were
measured at 75 r/min, whereas only the input current was
measured at 3000 r/min. On the other hand, because of the low
efficiency at the extremely low rotational speed, the input
current ripple may be affected by the copper loss at 75 r/min,
which was not considered in the theory in the tuning procedure.
Therefore, reduction of the input current ripple is expected to
be more effective at 3000 r/min. As can be seen in [41][42], the
rotational speed of 3000 r/min is one of the typical rotational
speeds of the propulsion motors of the electric vehicles in the
JCO08 driving cycle and the new European driving cycle.

Figures 16 and 17 present the experimental results at 75 r/min
and 3000 r/min, respectively. The effective values of the phase
current are also presented in Fig. 16(a) and Fig. 17(a).

The phase current of the proposed technique successfully
reduced the effective value by 23 % at 75 r/min, which
corresponds to the reduction in the copper loss by 40 %, and by
12 % at 3000 r/min , which corresponds to the reduction in the
copper loss by 22 %, compared with the previous technique. In
spite of this effective reduction of the effective value, the phase
current of the proposed technique has still higher effective value
than the conventional square-shaped phase current waveform
by 22 % at 75 r/min and by 21 % at 3000 r/min. Unlike the
square-shaped phase current waveform, the phase current of the
proposed technique well followed its command value at the
rotational speed of 3000 r/min, as was expected from the
simulation.

The proposed technique exhibited remarkable reduction in
the torque ripple compared with the conventional square-
shaped phase current waveform, similarly as the previous
technique. As can be seen in Fig. 16(b), the torque ripple ratios
at 75 r/min of the proposed technique, the previous technique,
and the conventional square-shaped waveform were 9 %, 33 %,
and 55 %, respectively.

The proposed technique also exhibited remarkable reduction
in the input current ripple compared with the conventional
square-shaped phase current waveform, similarly as the
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previous technique. The input current ripple ratios at 75 r/min
of the proposed technique, the previous technique, and the
conventional square-shaped waveform were 22 %, 28 %, and
140 %, respectively. In addition, the input current ripple ratios
at 3000 r/min of the proposed technique, the previous technique,
and the conventional square-shaped waveform were 11 %, 33 %,
and 54 %, respectively, supporting the effective reduction of the
input current ripple for wide rotational speed, as was expected
from the simulation.

Certainly, the input current ripple of the simulation was far
greater than the experiment. The reason may lie in the power
loss which was not considered in the simulation. The simulation
result presented in Fig. 10 and Fig. 13 are the input current
ripple at 500 r/min. At this low rotational speed, the DC current
level of the input current is extremely small due to the small
kinetic power output in the simulation. On the other hand, the
actual motor bench generates the significant power loss even
under the low kinetic power output, which increases the DC
current level of the input current and reduces the input current
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output torque of 1 N'm. The effective values of the phase current are presented
in the legend of Fig. 17(a).

ripple ratio. Furthermore, the experiment utilized the input
smoothing capacitors to decouple the high frequency current
ripple caused by the inverter switching to measure the low
frequency input current ripple caused by the SRM operation.
However, a part of the low frequency input current ripple may
be decoupled by these input smoothing capacitors, which may
have led to the decrease in the input current ripple in the
experiment. On the other hand, the simulation result of the input
current ripple in Fig. 10 still contains the high frequency ripple
caused by the inverter switching, which may have led to the
increase in the input current ripple in the simulation.
Nonetheless, the experiment successfully revealed that the
proposed technique can successfully reduce the input current
and torque ripples with reduced effective value of the phase
current, which supports the effectiveness of the simultaneous
tuning of the rotor shape and the phase current waveform.

VI. CONCLUSIONS

The SRM is a promising motor for vehicular propulsion.
However, the SRM tends to suffer from large input current
ripple and large torque ripple, which are hindering application
of the vehicular propulsion. Although the recently-proposed
previous technique derived the phase current waveform that can
simultaneously eliminate the input current and torque ripples,
this phase current waveform tends to generate large copper loss
when applied to many commercially available SRMs. To solve
this problem, this paper proposed simultaneous tuning of the
rotor shape and the phase current waveform, which can
eliminate both of the input current and torque ripples with
minimum effective value of the phase current. The simulation



and the experiment confirmed elimination of these two ripples
with reduced effective value of the phase current compared with
this previous technique, supporting effectiveness of
simultaneous tuning of the rotor shape and the phase current
waveform for applying SRMs to vehicular propulsion.

Despite the effectiveness of the proposed method, the
proposed technique still exhibited larger effective value of the
phase current than the conventional square-shaped phase
current waveform. However, the tuning method of this paper
does not indicate the global optimization. Therefore, there may
remain the possibility of further reduction of the effective value
of the phase current by future improvement in the simultaneous
tuning method of the rotor shape and the phase current
waveform.
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