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Abstract: A switched reluctance motor has a very simple structure which becomes its key signature
and leads to various advantages. However, because of its double saliency and switching principle,
the motor is also known to have a relatively high torque ripple, and this hinders its use as a high-
performance drive. In this paper, a method to reduce torque ripple while maintaining average
torque is introduced. Two elements are used to achieve this, namely, a non-uniform air-gap on the
rotor-pole face and one hole in each non-uniform region, which maintains the saturation level of the
air-gap. This approach preserves the mechanical simplicity of the motor and is easy to implement.
Simulations and experiments were performed to verify the effectiveness of the proposed design.

Keywords: switched reluctance motor; rotor design; non-uniform air-gap; rotor hole; torque ripple

1. Introduction

A switched reluctance motor (SRM) is known for its simple and robust mechanical
structure. The motor consists only of stator and rotor steel laminations and its windings are
wound around the stator pole in a concentrated manner. The simplicity of SRM is its main
point of attraction, making it a promising candidate for a wide range of applications ranging
from household appliances to automotives, including heavy industrial use [1-3]. Moreover,
with the absence of permanent magnets in general, SRM is also gaining popularity as a
potential alternative to permanent magnet machines [4].

As a doubly salient, singly-excited machine with non-linear magnetic characteristics,
SRM inherently produces a relatively high torque ripple, compared to other AC machines
with rounded cores [5,6]. Extensive research has been performed over the years to solve
this problem. Generally, the effort to reduce the torque ripple in SRM can be divided into
two approaches, which are the design and control approaches. The study in [7] briefly
summarizes some torque ripple minimization strategies that can be adopted. One of the
most popular approaches is to use a torque sharing function where the phase torques can
be controlled independently to follow a certain shape. Even simply changing the turn of
on and off angles can reduce torque ripple [8]. This is because SRM generates only an
electromagnetic torque which depends on the excitation angle according to rotor position.
However, control methods can only go so far as to compensate the torque ripple which is
mainly caused by the design.

From the design perspective, various geometries of stator and rotor cores have been
developed to solve the problem. A study in [9] compared stacked core SRMs with conven-
tional ones. Winding configuration, converter topologies, and some control strategies are
also discussed. It has been reported that a multi-stack structure produces lower torque
ripple [10,11]. Its concept is to create a more circular air-gap, which is why it is effective
to reduce the torque ripple. Other methods that use a similar concept are to implement a
wide pole arc to increase the positive torque area, as presented in [12], and skewed poles to
provide continuous rotor pull as found in [13]. Creating a notch or a cut to the side of the
rotor pole is also reported to reduce the torque ripple [14]. A flux barrier can also be used
in the rotor since it alters the way the flux crosses the air-gap [15]. By modifying the way
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the flux flows in the motor, the torque can be shaped accordingly. As the name suggests,
the flux barrier disturbs the flow of the flux by creating a cavity in each rotor pole-like
a wall through which the flux cannot pass. A simpler version is the air-gap window, in
which a rectangular hole is cut in each rotor pole as introduced in [16]. It is stated that
the height of the window does not have a strong influence on torque, compared to the
width. The reason is apparent, by blocking the flux path through use of the hole, the flux is
forced to go around it, and passes only the solid core part which can reshape the torque
profile. Furthermore, optimization algorithms can be added to find the best shape and
placement of the holes as done in [17] using computer-aided design and finite element
method (FEM) programs.

The most popular method to reduce torque ripple in SRM, however, is using the non-
uniform air-gap to affect the flux crossing the air-gap. In [18], the rotor tips on the sides are
chamfered to create a smooth torque profile, instead of a sudden increase when the stator
starts to overlap with the rotor pole. Other methods include a sloping rotor pole with a
face and jagged-tooth tip. In [19], a stepped rotor is used for a 2-phase SRM, dividing the
rotor pole area into two with different air-gap lengths. In [20], a much smoother approach
is adopted by using a slope that changes the air-gap length gradually. The non-uniform
air-gap can then be combined with other design topologies such as in [21], where the stator
pole face is cut with a curve shape and pole shoes are added to the rotor pole.

Torque production in SRM can be described by using the mathematical formula below.
T, is the electromagnetic torque produced at each phase excitation, iy, is the excited phase
current, L, and 6 are phase inductance and rotor position. It is clear that torque generation
depends on the current magnitude, regardless of direction, and the change of inductance
according to rotor position.

T, = Lp 9L )
©T 2P dp

Figure 1 shows the torque generation principle of SRM, corresponding to (1). A static
analysis refers to the condition where the direct current flows to each phase, as presented in
Figure 1a. On the other hand, the phases are switched on and off in the dynamic analysis,
similar to the actual operation. Figure 1b shows this excitation and the related angle
parameters. In a static analysis, the switching operation and current rising/falling time are
not considered. Moreover, the rectangular shape can only be achieved by implementing a
hysteresis current control that limits the maximum value. Unless the motor is designed
to operate at its rated condition with hysteresis control, analyzing the electromagnetic
characteristic from the dynamic perspective will produce more accurate results.
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Figure 1. Ideal SRM torque characteristics: (a) Static; (b) Dynamic.

In this paper, the non-uniform air-gap on the rotor side is combined with the hole-
windowing approach to reduce the torque ripple of a 3-phase 12/8 SRM. A similar method
was introduced in [22], where two holes are cut into each rotor pole to make up for the
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lower saturation level due to the larger air-gap. The rough positioning of the holes is
mentioned in [22], but the effect of each hole parameter such as hole diameter, the position
from the pole face and side, are not explained. Furthermore, only a static analysis was
performed, in which the current was assumed to be constant. Instead of using two holes,
the proposed design in this paper uses only one, which simplifies the design process. Each
hole parameter is carefully observed to find the optimum placement. This paper focuses
on the dynamic analysis to obtain a more precise torque-ripple characteristic. Skewed and
multi-stack methods are effective, but they increase mechanical complexity significantly.

The main contribution of this paper is as follows. First, the study offers a method
to reduce torque ripple while maintaining average torque, a very simple approach that
can be performed by future researchers as a base to further improve the performance of
SRM. Second, the study presents an analysis on how the combination of a non-uniform
air-gap and the hole works, so that the design principle in this paper can be applied to other
designs as well. Finally, a dynamic analysis whereby the phase switching is performed is
preferred in this paper instead of the static analysis. Torque ripple is caused by excitation
and thus dynamic torque profiles have to be considered for a more accurate result. The key
strategy is to keep the design simple, which comprises the most important aspect of SRM
since it affects the manufacturing cost.

2. Conventional and Non-Uniform Air-Gap Rotors
2.1. Conventional Rotor

The structure of a conventional 3-phase 12/8 SRM is shown in Figure 2. The circum-
ference of the stator and rotor pole faces are both uniform and thus the air-gap length
between them is constant during alignment. This feature is usually preserved to ensure the
bidirectional rotating capability of the motor. B, denotes the rotor pole arc. It is customary
to set B, to be wider than that of the stator or vice versa to obtain a sufficient torque, but
this varies depending on application. Overall, the structure of SRM is very simple since the
components involved are only a concentrated type of winding wound around each stator
pole, one stator core, and one rotor core, as can be seen in the figure.

- | 7 ) . . .

-9
A N
inlS

Figure 2. Conventional 12/8 SRM.

The SRM used in this paper was initially designed to act as an actuator of a shift-by-
wire or for the automatic transmission in vehicles. The specifications are presented below
in Table 1.
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Table 1. Design Specifications.

Parameters Value
Stator outer diameter [mm)] 72
Stack length [mm] 18
DC-link voltage [V] 12
Output speed [RPM] 1800
Output torque [Nm] 0.24
Maximum current [A] 30

The electromagnetic profile of this conventional model is shown in Figure 3. The
switching angles have been adjusted to satisfy the required output. The actual phase
current is not a constant DC value, and thus the torque is also not constant. The average
torque is calculated to be 0.24 Nm and the torque ripple is 114.4%. The calculation for
torque ripple is as follows,
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Figure 3. Characteristics of a conventional 12/8 SRM.

The next thing that can be observed is the flux distribution of the motor. Figure 4
shows the flux density of the conventional 12/8 SRM. Only one pole set is analyzed since
the others will follow a similar fashion. The arrow on Figure 4a marks the rotating direction
and the circles, which show the point of interest where the stator and rotor pole start to
overlap, as presented in Figure 4b. This is also the point at which the torque reaches its
maximum value. In Figure 4c the phase current is shown to be turned off. Unless there
is a slightly higher flux density at the tip edges, the rest of the overlapping faces have a
uniform density level, because the air-gap length at that region is constant. The scale is set
to 0 to 1.8 T since the saturated level of the core is 1.8 T based on the material datasheet.
Since the phase self-inductance profile is symmetrical, rotation in the reversed direction
will also show identical characteristics.
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(b)

Figure 4. Flux density of conventional 12/8 SRM: (a) Overall motor; (b) Start of overlap re-gion;
(c) Turn-off point.

2.2. Non-Uniform Air-Gap

It is well-known that energy conversion occurs in the air-gap. Therefore, to modify the
torque through design, changing the pole-tip shape is a commonly used method, especially
in SRMs. Creating a non-uniform air-gap by cutting either the stator or rotor pole edges is
a popular design method. In this paper, a smooth arc-shaped cutting for the rotor pole is
selected. To preserve the bidirectional rotating capability, as this is a requirement of SBW
application, the non-uniform part is mirrored for each pole pair, as shown in Figure 5 below.
Bnon and B,,,; are non-uniform and uniform arcs of the rotor pole. lo1 and l¢; are air-gap
lengths of the uniform and non-uniform parts. Additionally, l> is measured from the
rotor pole face based on I¢; and therefore the total length for non-uniform region becomes
l¢1 + Igo. There are four rotor pole pairs in a 12/8 SRM. Therefore, there are each four cuts
in the same direction according to the rotating direction of the motor. More details on this
approach are available in [22].

Figure 5. Non-uniform air-gap, mirrored rotor cut.

FEA simulation is performed to observe the torque characteristics of each model. The
result are shown in Figure 6. The static analysis is presented in detail in [22]. Taking only
one dynamic torque waveform, it can be observed that instead of a ‘sudden’ increase of
torque as such in the case of the conventional one, due to a sudden change of air-gap when
the rotor aligns with the stator, a much smoother waveform can be observed in non-uniform
types which reduces the peak torque. It would seem that the average torque should be
lower, but a wider positive torque area can be obtained, resulting in a higher output torque.



Machines 2021, 9, 348 6 of 14

The numerical comparison is presented in Table 2 in unit ratio to the conventional model.
The I¢ value of 0.15 mm is selected in this study in accordance with [22].

——— Conv.

0.05 mm B
0.10mm

0.15mm

Torque [Nm]

3 1y

0 | | 1 1 I
0 25 5 75 10 125 15
Rotor Position [deg]

Figure 6. Torque characteristics of conventional and non-uniform models.

Table 2. Comparison of Torque Parameters.

l;» Value of Non-Uniform Models
Parameters Conventional

0.05 0.10 0.15 0.20 0.25

Average 1.00 1.00 1.02 1.02 1.03 1.03
torque

Torque 1.00 0.92 0.87 0.83 0.79 0.77
ripple

Figure 7 shows the flux density of the non-uniform model. For one pole pair, the
non-uniform part is mirrored. Thus, if one side meets the stator with a larger air-gap, the
other side is aligned, starting from the smaller one. This in turn preserves the bidirectional
nature of the motor. However, as the main point of this study, Figure 7b,c only highlight the
effect of non-uniformity of the air-gap. Comparing Figures 4b and 7b, the saturation level
at the pole tips is found to be much lower in the non-uniform model. The same result can
be obtained when comparing Figures 4c and 7c. The non-uniform region generates a lower
flux density in the air-gap, but allows more fringing flux in the surrounding area, which
explains the wider torque area and the increase in average torque output, since torque can
be measured by the extent to which the flux crosses the air-gap to reach the other side of

the pole.
(b

)
(a) (c)

Figure 7. Flux density of non-uniform rotor 12/8 SRM (Iz; = 0.15 mm): (a) Overall motor; (b) Start
of overlap region; (c) Turn-off point.
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3. Proposed Rotor with Non-Uniform Air-Gap and One-Hole
3.1. Design of Proposed Rotor

Due to the absence of permanent magnets in SRM, the motor completely relies on
electromagnetic torque production. Therefore, the air-gap length plays an important role
in determining the density of flux transfer between stator and rotor. However, as shown
in the previous section, the flux density at the non-uniform region is lower than that of
the conventional type. To compensate for the reduced density, it is necessary to increase
the saturation for the non-uniform area. In this paper, a simple hole, drilled in the rotor,
is proposed to redirect and focus the flux to create higher saturation and thereby increase
torque. Figure 8 shows the proposed structure and the corresponding parameters. There
are three design parameters corresponding to the hole. First is dj, which is the depth
calculated from the non-uniform tip to the top edge of the hole. The next is 8, which
represents the hole position along the non-uniform arc, calculated from the center of 3,
to the hole center. Finally, 7, denotes the hole radius. In this section, iteration simulation
is performed to find the effect of these three parameters. The location of the hole is also
mirrored for each pole pair, according to the non-uniform area side.

e T
e !
| it B —1
o
05—
il I
! T |

Figure 8. Proposed rotor with one-hole in the non-uniform area.

3.2. Simulation Results of Proposed Rotor

The results of iteration are shown in Figures 9 and 10 below. Specifically, Figure 9
focuses on the torque characteristic whereas Figure 10 focuses on the effect on magnetic
saturation and the resulting core loss of the rotor only. Figure 9a,c,e present the average
torque output when dj, is set to 0.05, 0.30, and 0.55 mm, respectively, while Figure 9b,d f
present the corresponding torque ripple. The scale for the same figure category is the same,
and thus the trend can be roughly observed from just the color gradient.

By analyzing the result in Figure 9, the effect of placing the hole in the non-uniform
area of torque can be observed, and is as follows:

e  When the hole is located too deep (large d;,) from the rotor-pole face, it has little effect.
The change in the other two parameters at this point is unnoticeable.

e  The same is applicable for r;,. A greater value of r;, produces a more noticeable change.
However, this still depends on dj,.

e  Asfor B, the effect is more noticeable when it is closer to the side tip (larger ), this
too depends on d,.

e Itcan be supposed that the hole does not affect the average torque by a wide range.
The variance of maximum and minimum values from the three sets of figures is less
than 3% of the rated torque of 0.24 Nm.

e Torque ripple, however, shows a slightly higher variance of 4.2%.
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Figure 10 consists of the same structure as Figure 9, in which Figure 10a,c,e represent
the rotor core loss when dj, is set to 0.05, 0.30, and 0.55 mm, respectively, and Figure 10b,d,f
are the corresponding maximum magnetic saturations, obtained at the turn off point.
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Figure 9. Torque characteristic with varying d,, p; and rj,: (a) Average torque (d;, = 0.05mm); (b) Torque ripple
(dy, = 0.05 mm); (c) Average torque (dj, = 0.30 mm); (d) Torque ripple (d;, = 0.30 mm); (e) Average torque (dj, = 0.55 mm);

(f) Torque ripple (dj, = 0.55 mm).
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Figure 10. Magnetic characteristic with varying dj,, B and r,: (a) Rotor core loss (dj, = 0.05 mm); (b) Rotor satu-
ration (d;, = 0.05 mm); (c) Rotor core loss (d;, = 0.30 mm); (d) Rotor saturation (d;, = 0.30 mm); (e) Rotor core loss
(dj, = 0.55 mm); (f) Rotor saturation (dj, = 0.55 mm).

For the same switching frequency, a higher average flux density will generate a higher
loss. Therefore, the core loss here can also represent the average flux density. Again, dj,
is the most determinant factor. For the same dj, and f§;, increasing r;, leads to a higher
loss, although the variance is very slight. As explained before, the saturation point of the
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core material is 1.8 T, and thus, choosing a design value of below and/or close to 1.8 T
is preferred. Thus, although a small d), affects the torque to a greater degree, the core is
over-saturated. Moreover, the mechanical structure at this position will be much weaker
and may lead to breakage during operation, which is dangerous.

As a summary, the hole parameter selection is mainly based on torque ripple. Average
torque is observed to make sure that it is not reduced significantly. Conditions for the hole
location is that it must not create over-saturation, which can occur if the hole is too close
to the pole tip or surface, or if the radius is too large. Furthermore, it has to be inside the
non-uniform section, since its role is to compensate for the reduced saturation as a result of
the larger air gap. Based on these considerations, the selected values for dj, B, and ry, are
0.30 mm, 7 degrees, and 0.35 mm, as marked with red stars in both Figures 9 and 10.

The numerical comparison for torque is shown below in Table 3. Graphically, the
torque comparison is shown in Figure 11. The non-uniform air-gap is responsible for a
reduction in the peak torque and provides a smoother change of torque during rising and
falling, based on the peak value. The peak is reduced, but the positive torque area after this
point increases, which results in a slightly higher torque output. Then, by adding the hole,
the average torque remains the same, but the torque ripple is reduced. This is caused by a
reduced peak but also a slightly steeper slope during rising as well as a slower decrease.

Table 3. Comparison of Torque Parameters.

Parameters Conventional Non-Uniform Proposed
Average torque [Nm] 0.24 0.25 0.25
Torque ripple [%] 114.39 95.04 92.97
045 T T T T
sanseas CoONV,
04 L ‘;".'_ - = = Non. Uni ]

Proposed

Torque [Nm]

01 | -

005 L[ ]

0 1 | 1 1 1
0 25 5 75 10 125 15

Rotor Position [deg]

Figure 11. Final torque comparison.

The flux density of the proposed structure is shown in Figure 12. Compared to the
non-uniform model in Figure 7, the non-uniform area has a higher density in the proposed
SRM. However, when the hole area already fully overlaps the stator pole, it can be seen that
the top area immediately above the hole to the pole face has a slightly reduced density. This
is because flux has to travel around the hole to cross the air-gap. A solution to this problem,
so as to optimize the core area so that uniform density can be eliminated, is optimizing the
shape of the hole. However, it is not in the scope of this paper.
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(b)

(@) (©)

Figure 12. Flux density of proposed 12/8 SRM: (a) Overall motor; (b) Start of overlap region;
(c) Turn-off point.

4. Experimental Results

The 12/8 SRM was manufactured to verify the effectiveness of the proposed design.
Since a comparison between conventional and the non-uniform rotors, combined with
two holes, is already presented in [22], in this paper, the hole effect is solely observed.
Two rotors were manufactured, the non-uniform without holes and the proposed model
(with hole). Figure 13 shows the prototype stator and rotors.

(a) (b) (c)

Figure 13. Manufactured motor: (a) Stator; (b) Non-uniform rotor; (c) Proposed rotor.

Figure 14 shows the experimental setup. An electronic clutch was used to provide the
load to the motor. The torque sensor was connected to a torque indicator that displays the
load torque. However, the value that can be obtained from the sensor is only the mean
torque level and the sensor itself is insufficient to obtain an accurate waveform. Therefore,
the experimental torque ripple is predicted using the resulting current waveform.

Test bed

Converter

Figure 14. Experimental setup.
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Figure 15 shows the experimental result at the rated condition at 1800 RPM and
0.24 Nm. Considering the SBW application of the motor, the control used here is a simple
single-pulse method. This means there is no need to control the PWM for the power
switches since they simply turn on and off at the set angles. First, it can be observed that
the peak current of the proposed model is lower by around 2 A. However, since the peak
is lower, the dwell angle, as was previously illustrated in Figure 1, must be widened to
obtain the same current RMS value. The turn on and off angles were adjusted to achieve
the speed requirement of 1800 RPM. Because of single pulse control, the phase current at
the rated condition was not a constant DC value, which means dynamic electromagnetic
analysis is more beneficial compared to the static analysis.

Speed Speed

Phase Current

Phase Voltage

Lusm[rumu L1500[RPM1
OIRPM) O[RPM]

Phase Current

10(4] "WW
[ . ol

10(v] Phase Voltage ’—mw]
e —
: [ £ b r J r‘J v Lom
i | o Loy
L L |

1 Time [ms]
Time [ms] 10 0 ime [ms| 10

(a) (b)

Figure 15. Experimental result at rated condition: (a) Non-uniform rotor; (b) Proposed.

To verify the torque ripple of the proposed motor, simulations were performed based
on the experimental result. The current and torque were reconstructed in the software to
match the actual values, using the motor models from the previous sections’ analysis. The
result is shown in Figure 16, and it is in conformity with the simulation. The peak torque
of the proposed motor is slightly lower. The calculated torque ripple for the non-uniform
and proposed models is 94.9% and 93.2% which means the proposed model produces less
torque ripple by 1.7%, whereas the simulation result shows a reduction of 2%.

Torgue [Nm)
5oa ¥

P S S

Torque [Nm)

T
0L /\_\ 4
5 ]

o . ) . | | |
7 s F) v on ) 1

a . s s " 2 3 4 5 8 7 5 ) 10 " 12 13

Current [A]
Current [A]

Time [ms] T}mc [ms]
(a) (b)
Figure 16. Torque reconstruction based on experimental result: (a) Non-uniform rotor; (b) Proposed.

5. Discussions

This paper concerns torque-ripple reduction of SRM by adding a hole in each non-
uniform region in the rotor. The non-uniform arc and hole location is mirrored for each
pole pair, to maintain the symmetric property of the torque profile for bidirectional rotation.
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The key element here is to have a very simple, yet effective, design to lower the torque
ripple. As presented above, the non-uniform air-gap plays the greatest role in reducing
torque ripple. However, further reductions can be achieved by adding a hole to increase
the reduced saturation level at the pole surface of the non-uniform section. A simple
iteration method was performed to find the appropriate hole size and position. Intelligent
optimization algorithms can be used, but they are very time-consuming and were deemed
unnecessary in this study since only three parameters were considered. Furthermore, the
study focuses more on the investigation of each parameter in acting as the base principle
for further studies. Therefore, the proposed hole parameters were found to be appropriate
in the scope of this study.

The target application is the shift-by-wire actuator. The motor drives the parking
mechanism in automatic vehicles. The application requires that the actuator must shift com-
fortably, which is why torque ripple is considered to be one of the important performance
parameters. As shown in Table 1, the size of the motor is small. The behavior of the flux
and torque of SRM is the same regardless of size. However, whether the result of this study
is scalable (for larger applications) or not requires further investigation. Core saturation
levels may differ for each motor, according to the target application and the proposed idea
cannot be applied to SRMs operating in unsaturated regions. Small to medium size SRMs
might benefit from this study (most SRMs in home appliances or small automotive parts),
but large-size motors (in vehicle or aircraft engines) need to be studied further.

The hole shape was chosen to be circular to ensure the simplicity of the design. Other
hole shapes can be considered in future, according to the design goals. Adding the holes to
the rotor requires one additional step in the manufacturing process, which is the punching
process. Holes are punched into each lamination using a machine. Simple, small, circular
holes are easy to punch in. A cost difference was not observed for the prototypes either
with or without holes. However, there could be a slight price difference in mass production
because of the extra manufacturing step. Nevertheless, the overall cost is still expected to
be lower than for complicated designs such as skewed cores.

6. Conclusions

In this paper, a rotor structure of a 12/8 SRM, that adopts a non-uniform air-gap and
one hole near the tip for each pole, is presented. The analysis of motor characteristics is
based on the dynamic steady-state condition, in which the switching operation of SRM is
simulated. The non-uniform air-gap is shown to reduce the value of peak torque and extend
the positive torque area, leading to a slightly higher average torque value. Furthermore, the
hole was placed in the non-uniform section to compensate for the reduced flux. Each design
parameter, beginning with the non-uniform air-gap length, to the three hole parameters,
namely, depth, arc position, and radius are observed. Among these parameters, the depth
is of the utmost importance. Using the proposed structure, the simulation results show
that the average torque increases by 4% while torque ripple is reduced by 21.4% compared
to the conventional model. Experiments were performed to verify the proposed structure.
Compared to the non-uniform model, the proposed rotor topology generates a slightly
lower torque ripple of 93.2%. Nevertheless, the aim of this paper is to present a method by
which the flux that flows through the air-gap can be manipulated using a non-uniform pole
face with the addition of just one hole to reduce the torque ripple. The method is simple
and easy to implement. In the future, the hole shape can be optimized to maximize the flux
flow crossing the air-gap and to eliminate the reduced density area near the hole.
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