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Abstract: In a design of a switched reluctance machine, there are a number of parameters that are
chosen empirically inside a certain interval, therefore to find an optimum geometry it is necessary to
determine how each parameter acts on the performance of the machine. This work presents a study on the
influence of geometric dimensions on the performance of the switched reluctance machine. The analysis
is done through finite element simulations based on the variation of one parameter while the others are
fixed. Graphical and numerical results of torque and magnetic flux are presented for a 6/4 three-phase
machine and an 8/6 four-phase machine. The study presented aims to provide consistent data on which
dimensions should be modified for specific applications, and thus to base choices made in the design and
optimization stage.

Keywords:  switched reluctance machine; design procedure; finite element simulations;
sensitivity analysis

1. Introduction

A switched reluctance machine (SRM) is a doubly salient electrical machine that cannot operate
without power electronic switches. Although it was introduced in 1838 [1], SRM was not usable before the
development of power electronics and components suitable for its control. SRM has several advantages,
such as high reliability, mechanical robustness, simple construction without windings or magnets on the
rotor, phase failure tolerance, low manufacturing cost, high torque density, high torque, among others [2,3].
The main disadvantages are the high torque ripple that is inherent in SRM and can cause high vibration
rates and acoustic noises; the need for a rotor position sensor; and high friction losses for high speeds.
Most of these drawbacks can be reduced by proper design, improved geometry and control methods.

Due to its characteristics, SRM is a strong candidate for numerous industrial, commercial, automotive,
domestic applications, among others. SRM’s ability to work with variable speeds, together with the
low cost and reliability of SRM, has made this a promising replacement for the induction machine for
application in wind power generation. The wide range of wind variation makes it necessary to use a
gearbox to adjust the speed of the induction machine. Thus, using the switched reluctance generator
would reduce costs and increase the efficiency of the wind power system. Some studies that research the
behavior of the switched reluctance generator in variable speed situations are presented in [4-7].

Additionally, SRM also gained ground in the development of electric and hybrid automotive vehicles.
The use of an electric generator connected to the wheel axis, or the generator installed inside the wheel [8],
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allows the generation of electric energy through the torque provided by the movement of the wheels, thus
the batteries can be recharged feeding the car electric system [8]. In [9] the application of a four-phase
SRM, of 50 kW power in hybrid electric vehicles is proposed.

The sensitivity analysis is a useful study for any motor designer, it is important to understand the need
for such a study in the context of a practical application. For every SRM drive system, there are several
design and geometrical parameters that impact the electrical drives performance differently. However,
in this study, we only consider the machine dimensions. Several analytical studies have been proposed for
SRM using sensitivity analysis techniques [10,11]. However, none of them have focused on the parametric
sensitivity analysis to determine the effect of the main parameters in the shape of output torque.

The main contributions of this paper include the following:

e  We describe our approach to geometric influence by analyzing the behavior of SRM output quantities
(flux linkage and torque) by finite element simulation for two motors, a three-phase 6/4 SRM and a
four-phase 8/6 SRM. This study encompasses the effect of eight dimensions on machine performance,
which are individually analyzed to determine its influence on the average torque value and saturation.

o  We present a novel perspective of evaluating the performance of SRM through constructing and
analyzing performance graphs, which help the designer to understand which geometric dimensions
should be modified for specific applications.

The main findings of this study are an important tool for the designer as it allows him to relate the
effects of geometric dimensions to analytical design equations through graphs.

The remainder of this paper is organized as follows. Section 2 of this paper presents considerations
about the SRM design and its formulation. The analysis will be developed for two machines, one SRM 6/4
three-phase, and other SRM 8/6 four-phase, these machines are presented in Section 2. Section 3 shows
the results obtained by finite element simulations in a graphical and quantitative way, and considerations
about these results. Finally, in Section 4, the conclusions are presented.

2. SRM Design Considerations

The general theory governing the design of an electrical machine includes studies in the fields of
electromagnetism, arrangement of the windings, the magnetic circuit behavior, inductance and resistance
of windings [12]. The process of designing an electric machine takes into account all these studies and
the empirical knowledge acquired over the years by designers and researchers. Designing a reluctance
machine is not a very complicated task, but several factors must be taken into account during design,
such as choosing appropriate values for flux density in the core, air gap, polar arcs. Bad choices can
compromise the performance of the SRM final.

In the design of machines, there are a considerable number of free parameters. The task of finding
an ideal solution becomes extremely complicated unless the number of these parameters is somewhat
limited [12]. Often, machine design includes the selection of table-based parameters that provide empirical
data on asynchronous, synchronous, direct current and double-salient machines. These tables provide a
range of empirically defined values of flux and current density, for example, for various machine types
that can be applied in the preliminary design phase [12]. This situation is repeated for SRM, and several of
its parameters are selected in a range of values defined empirically by previous studies.

The SRM design is apparently similar to the design of traditional machines but diverges in several
points due to the unique features of SRM. Some features, in fact, simplify the design, such as the
absence of coils in the rotor, absence of brushes, empty space between the stator and rotor poles favor
ventilation. However, other characteristics such as excessive saturation for some rotor positions, inductance
nonlinearity, torque pulsation, negative torque production and the difficulty of modeling SRM make this a
delicate process.
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SRM performance analysis requires the dimensions of the rotor and stator blades, details of the
windings, number of poles and polar arcs [3]. Therefore, an approximate sizing works as a starting point
for SRM analysis in order to obtain an improved final design.

2.1. Revisit the Selection of SRM Dimensions

Figure 1 shows all the dimensions that must be determined for the construction of an SRM, where
Bs is the polar arc of the stator; j; is the polar arc of the rotor; s is the width of the stator pole; [, is the
width of the rotor pole; ¢s is the stator yoke thickness; ¢, is the rotor yoke thickness; hs is the height of
the stator pole; hp, is the height of the rotor pole; Dy, is the diameter of the shaft; D; is the inner diameter;
D, is the outer diameter; g is the length of the air gap.

Figure 1. Dimensions in an switched reluctance machine (SRM).

The starting point for designing a machine is to obtain the SRM power output equation, this process
is presented by [3] and from the output equation is determined the inner diameter of the machine.

Py

3
o %L-k«kd-kl~k2~B-As-N”’ g

where P is the power developed, k;, the relationship with the length of the core L, k. the efficiency, k; the
duty cycle, k1 a constant equal to 712/120 , k; is the ratio between the inductance values in the misaligned
and aligned position, B the flux density, As is the specific electric loading and N;; the rotor speed in rpm.
The length of the core is determined as a multiple of the inner diameter, as shown in Equation (2).
The value of k; is decided by the nature of the motor application and space limitation. For non-servo
applications, the interval for kj, is given by Equation (3), and for servo applications in Equation (4).

L=ky-D; 2)
025 <ky <07 3)
1.0 < k; <3.0 (4)

The outer diameter, as well as the core length, is determined as a multiple of the inner diameter.
Typically, the internal diameter is 0.4 a 0.7 times the value of the outer diameter [1]. Equation (5) shows
this relationship.

D;
= _t 5
o, (5)

04 <kp, <07 (6)

Dy
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For switched reluctance machines, the air gap must be as small as possible to achieve a high average
torque, high ratio between the inductance in the aligned and misaligned positions, with small rotor
volumes. For [3] the air gap value should be chosen according to the size of the machine, for small
machines, with power less than 1.0 hp, the air gap should vary between 0.18 and 0.25 mm, and machines
with power above 1.0 hp may have air gaps from 0.3 to 0.5 mm. For other authors, the air gap length
should be selected to be about 0.5% to 1% of the rotor diameter [12].

The width of rotor and stator poles are determined by the polar arcs and by the value of inner
diameter. Thus, the stator and rotor pole widths may be computed respectively through Equations (7)
and (8).

lps = D; - sin <’st> )
lpy = (Dj —2g) - sin (,32r> : ®)

The stator yoke thickness should be large enough to support half the flux density passing through the
stator pole. Therefore, the yoke thickness of the stator must be at least half the stator pole width. However,
to improve robustness and minimize vibration and noise an additional factor should be considered. Thus,
the value of the stator yoke thickness should be in the range:

lps > €5 > 0.5 Lps. ©)

It is recommended to choose values greater than the minimum for c;. Already the rotor yoke does not
need to be as thick as the stator yoke thickness and neither has to be equal to the minimum value, which is
equal to the minimum value of the stator yoke thickness. The rotor yoke thickness in terms of the stator
pole width can be set in the range given below:

0.5lps < ¢ < 0.75 Lys. (10)

Given the values of the outer and inner diameter and the stator yoke thickness, we can calculate the
stator pole height value from Equation (11).

Dy —D; —2c

hs 5 , (1)
The height of the rotor pole can be determined in the same way, and is defined by:
D; —2¢— Dy, —2
By = —L S8 Teh T S0 (12)

2

The number of turns (NT) per phase of the SRM can be calculated in terms of the magnetic field
strength in the air gap (Hy), the peak current (I,) and the air gap length, see Equation (13)

NT=28.g -8B

= = ) 13
L, I, mo (13)

If J; it is the maximum current density allowed in a coil and g othe number of phases, the conductor
section is calculated as:

(14)
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The values of the polar arcs of the stator and the rotor are chosen to guarantee the proper starting
of the machine and to shape the motor torque profile [3]. These requirements are inserted into the SRM
project by offering a lower and upper limit for the values of the polar arcs. In order to guarantee the
proper starting of the machine and to prevent the occurrence of parasitic currents due to the magnetic flux
dispersion effect, the rotor polar arc must be larger than the polar arc of the stator [3,13].

Br = Bs. (15)

Krishnan in [3] showed that the minimum value for polar arcs is set according to the number of poles

of the machine by Equation (16).
4r

Ns N, r ’
The angle between the corners of the adjacent rotor poles must be greater than the polar arc of the
stator or there will be an overlap of the stator and rotor poles in the non-aligned position [14]. This implies

min[Bs] = (16)

that the minimum inductance value will be greater, reducing the difference between the maximum and
minimum values, which leads to a reduction in the torque value. This relation is presented in Equation (17).

2*7: — Br > Bs. (17)

The conditions presented in Equations (15)—(17) can be represented graphically in a triangle of
possibilities. It is necessary that the values of the polar arcs of the machine are in this triangle [14]. Figure 2
shows the triangle of possibilities for a SRM 6/4 and a SRM 8/6. For example, for a, SRM 8/6, if s = 20°
s020° < B, < 40°.

Al

80 A%
- B+ B.=90° ]
60 60 |
. (@l - B+ B.=60°
40 - 40 )
_ A B - <
B.=p _
20 B.=P 20 A B
" ] 0 B.= P,
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10 50 90 10 50 90
(@) (b)

Figure 2. Feasible pole arcs for the stator and rotor poles of an (a) 6/4 SRM three-phase (b) 8/6 SRM
four-phase.

2.2. Simulated Motors

From the design procedures of the SRM shown in Section 2.1, it can be seen that there are a number
of free parameters and, moreover, a large part of the machine dimensions are chosen by a given range
empirically. Thus, to find an optimal geometry it is necessary to determine how each parameter acts on the
performance of the machine and thus to base the choices of a design for a given application. The analysis
will be supported by data obtained from two exploratory SRM.

The behavior of the SRM output quantities (flux linkage and torque) is analyzed by finite element
simulation for two motors, one three phases 6/4 SRM and four phases 8/6 SRM. The 8/6 SRM is studied
as it was designed in [15], the 6/4 SRM is adapted from the previous one, changing only the number of
poles and value of the polar arcs.
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Figures 3 and 4 show the stator and rotor blades of these machines with some dimensions indicated
in mm. The rated power of the SRM is 2.2 kW (3 hp) and the rated current is 10 A. Under these conditions,
the average torque developed by 6/4 SRM is 3.3 N - m and 5 N - m by 8/6 SRM. Figures 5-8 show the
three-dimensional curve of inductance and torque in relation to the rotor position and current for 6/4 SRM
and 8/6 SRM.

| 34.5_1315
%05

22| |12.45

91.1
~ 160 -

Figure 3. The 6/4 SRM stator and rotor blades.

| Lo
1.345_13115|

~———905—~

L o1
160

Figure 4. The 8/6 SRM stator and rotor blades.

Inductance (H)

0 40 1
Rotor position (%) 20 407 o 5 1 Current (A)

Figure 5. The 6/4 SRM inductance profile.
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Figure 6. The 6/4 SRM torque profile.
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Figure 7. The 8/6 SRM inductance profile.
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Figure 8. The 8/6 SRM torque profile.
3. Analysis of the Influence of Geometrical Dimensions

This section aims to analyze the influence of each geometric dimension on SRM performance. For this,
graphical and numerical results obtained through finite element simulations will be presented. This study
will allow, in addition to the understanding of the influence of the parameters in the performance,
the reduction of parameters and simplification of the modeling, also reducing its computational cost.

The computational simulation was carried out using the finite element method. The data were
obtained using FEMM, which is a free software downloaded from www.femm.info. Each changed
dimension will take three values in accordance with the intervals indicated in the design stage, a minimum,
a average and a maximum value. FEMM utilizes adaptive mesh refinement which improves the
convergence of important post-processed quantities like force, torque, and energy. Figures 9 and 10
show the mesh generated by FEMM for SRM 6/4 and SRM 8/6, respectively. For certain dimensions that
are function of other dimensions, such as the stator yoke thickness (cs), the rotor yoke thickness (c¢;) and
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the outer diameter (D), the graphics will be presented as a function of the indicated range. To evaluate the
influence of each individual parameter, the other motor parameters are kept fixed. The magnetic saturation
of the motor was analyzed through the absolute value of B (flux density at T) at two SRM points, where the
highest values of B in the machine are observed. These points are presented in Figures 11 and 12.

1.835e+000 : >1.931e+000
1.7382+000 : 1.835+000
1.642e+000 : 1.738¢+000
[ 1.545e+000 : 1.642e+000
[=] 1.448e+000 : 1.545e+000
[ 1.352e+000 : 1.448e+000
[ 1.255e+000 : 1.352e+000
[ 1.159e+000 : 1.255e+000

[—3.863e-001 : 4.828e-001
[ 2.897e-001 : 3.863e-001
[ 1.931e-001 : 2.897e-001
[ 9.657€-002 : 1.931e-001
[ <1.075e-005 : 9.657e-002
Density Plot: [B], Tesla

Figure 11. The 6/4 SRM points location of the B collection.
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1.833e+000 : >1.930e+000
1.737e+000 : 1.833e+000
1.640e+000 : 1.737e+000
1.544e+000 : 1.640e+000
1.447e+000 : 1.544e+000
1.351e+000 : 1.447e+000
1.254e+000 : 1.351e+000
1.158e+000 : 1.254e+000
1.061e+000 : 1.158e+000
9.649e-001 : 1.061e+000
8.684e-001 : 9.649€-001
7.719e-001 : 8.684e-001
6.754e-001 : 7.719e-001
5.789e-001 : 6.754€-001
4.824€-001 : 5.789e-001
3.860e-001 : 4.824e-001
2.895€-001 : 3.860e-001
1.930e-001 : 2.895e-001
9.649e-002 : 1.930e-001
<2.648e-006 : 9.649e-002

Density Plot: |B], Tesla

Figure 12. The 8/6 SRM points location of the B collection.

3.1. Stator Polar Arc
For this analysis, all dimensions of the machines are maintained and the stator polar arcs assume the

minimum, average and maximum values defined in the design step. Through the triangle of possibilities
presented in Figure 2, the range of choice for the polar arcs of the stator are:
(18)

30° < BY/* < 45°
(19)

15° < p8/6 < 30°.

Figure 13 shows the flux linkage and torque graphs for the positive half-cycle of a SRM phase and
Table 1 the average torque and B values for 6/4 and 8/6 SRM.

SRM 6/4 SRM 8/6
4 =isaa 4 g S
T S I 7 NG
y ", ! / N\
3 ,‘ ! AN 3 1 / N N,
€ o N = [ AR
z L N z rod \
o2 P N 2 ! i N\
S ] NN > U I B IS
=3 Iy | =—-—-8=30 NI <3 1] i B=15 1N
S "y ) N S p N
=y A Ry R VA =y ) Il == -p-205 W\
Ay o \ J o P\
S/ | ——p=4s ‘A s | ——B=30 \
® s v P “\
o z 2" N 0 z-— RS
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30

Rotor position (°)

0.3
025 —
o el
Y 5
(0] @ 0.
g g
Sois e
£ =
x 041 x
= =
w w
0.05 -
0 0
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30
Rotor position (2)

Rotor position (2)

Figure 13. Influence of B, variation on torque and flux linkage of 6/4 and 8/6 SRM.

Table 1. Results of the B; variation.

6/4 SRM 8/6 SRM
Variable
Bs =30° Bs=37.5° By =45 Ps=15° Ps=225° Ps=30°
Average torque (N - m) 3.280 3.367 3.360 3.956 4.966 5.029
By (T) 1.935 1.936 1.940 1.720 1.966 1.965
|B2| (T) 2.772 2.790 2.795 2.421 2.776 2.797
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From the graphs shown in Figure 13, it can be observed that the increase of the polar arc of the stator
causes an increase on the value of flux in the unaligned position, due to the greater overlap area with the
rotor pole and the reduction on fringing magnetic flux.

The effective torque zone corresponds to the region in which the machine is capable of producing
effective torque. For an SRM this value is lower than the stator polar arc s but larger than the energy
conduction angle € [14]. The value of € can be calculated by Equation (20).

27
€= . (20)
N

Therefore, the larger the value of B the longer the period of production of positive torque,
consequently there is a significant change in the shape of the torque profile. For motors with more
than three phases, when phase overlaps occurs this value influences the total torque and the torque ripple.
For single and double phase SRM, the value of the stator polar arc will directly influence the value of the
average torque available for the load.

The results presented in Table 1 confirm the comments made, with the increase of S5 there is the
growth of average torque and B values. However, this growth is not linear, for the upper values of the
analyzed range the torque growth was very small. The shape of torque and flux linkage change as well.

Thus, the choice of the value of the polar arc of the stator must take into account the space between
poles, to accommodate the coils, the value of the developed average torque and the shape of the torque
profile, since the total torque of an SRM is the sum of the torques of its phases. Generally speaking the
shape of the torque/flux profile will influence the total torque and ripple value, being also fundamental
for the control of the machine.

3.2. Rotor Polar Arc

Since the value of s is fixed, the range for choosing the polar arc of the rotor is then determined
by the lower line of the possibilities triangle shown in Figure 2, presented as follows in Equations (21)
and (22).

30° < 8% < 60° 1)
225° < 8/6 < 37.5°, (22)

Figure 14 shows the flux linkage and torque plots for the positive half-cycle of a phase and Table 2 the
average torque and B values for each SRM.
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Figure 14. Influence of B, variation on torque and flux linkage of 6/4 and 8/6 SRM.

Table 2. Results of B, variation.

11 0f 19

6/4 SRM 8/6 SRM
Variable
Br=30° B, =45 P, =60° B, =225 B, =30° p,=37.5
Average torque (N - m) 3.160 3.538 3.200 4722 5.358 5.053
|B1] (T) 1.957 1.580 1.223 1.966 1.881 1.649
|Bo| (T) 2.781 2.343 2.061 2.712 2.649 2371

The graphs of Figure 14 show the same phenomenon presented in the variation of s, which is the
increase of the flux in the unaligned position with the increase of ,. In addition, it is observed that the
larger the difference between B, and s the larger the region where there is no torque production, which
causes the reduction of the average torque value. Thus, it is observed that for the studied machines it is
not interesting to have a very high value of §, since it results in a considerable region where there is no
torque production, see torque curve for 3, = 60° and B, = 37.5° for 6/4 and 8/6 SRM respectively. This is
reflected in the torque values presented in Table 2 when for high values of §, there is a reduction in the
value of the developed average torque and the reduction of B indicates a great reduction in the magnetic

saturation of the SRM.

3.3. Stator Yoke Thickness

The stator yoke must be chosen according to the width of the stator pole, which in turn is determined
by the polar arc of the stator. The range of choice for c; is given in Equation (9). Thus, the values chosen
for the stator yoke in this study are according to the constant that is multiplied by /s, and assume values
of 0.5, 0.75 and 1, both for 6/4 SRM and for 8/6 SRM.

Figure 15 shows the graphs of torque and flux linkage for the variation of c; and Table 3 the average

torque value and B values.
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SRM 6/4 SRM 8/6
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Figure 15. Influence of cs variation on torque and flux linkage of 6/4 and 8/6 SRM.

Table 3. Results of ¢ variation.

6/4 SRM 8/6 SRM
Variable
cs =05 ¢=075 ¢s=10 ¢=05 ¢s=0.75 ¢s=1.0
Average torque (N - m) 3.259 3.318 3.332 4.859 4974 4.994
By (T) 1.924 1.943 1.949 1.866 1.962 1.949
|B2| (T) 2.702 2.820 2.934 2.609 2.781 2.729

For the variation of the stator yoke, it is observed that there is a slight variation in the value of the
flux in the aligned position, and this also causes a small change in the torque profile. For 6/4 SRM, the
torque curve of ¢ = 0.75 and ¢; = 1 are very close, as are the values presented in Table 3. This behavior
repeats for 8/6 SRM, the curves and values are very close.

Therefore, the stator yoke has little influence on the flux linkage and torque produced by a SRM, so
from the point of view of the stator volume/mass and the results presented here it is interesting to have a
lower value of cs.

3.4. Rotor Yoke Thickness

The rotor yoke (c;) must be chosen within the range shown in Equation (10). However, as its influence
on vibration is known this parameter will be analyzed with a larger interval, the same as the stator yoke.
Following the same stator yoke pattern, the values analyzed were the same for both machines. Figure 16

shows the effects of ¢, variation on torque and flux linkage and Table 4 the average torque and B values at
which particular c,.
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Figure 16. Influence of ¢, variation on torque and flux linkage of 6/4 and 8/6 SRM.

Table 4. Results of ¢; variation.

6/4 SRM 8/6 SRM
Variable
¢, =05 ¢=075 ¢ =10 ¢ =05 ¢ =075 ¢ =10
Average torque (N - m) 3.214 3.446 3.387 4.577 4.995 5.309
B (T) 1.939 1.818 1650 1952 1.939 1.865
|B2| (T) 2.745 2.627 2.430 2.759 2.779 2.5955

13 of 19

From Figure 16 it can be observed that the rotor yoke thickness has significant influence on the shape
of torque profile and on the maximum value of the flux linkage and consequently on the value of the
average torque, as shown in Table 4. This means that with a higher rotor yoke thickness value a greater
amount of energy is transferred from the stator to the rotor and to the motor shaft, hence the significant
increase in torque.

Moreover, it is also observed that the variation of the rotor yoke had a more significant effect on the
8/6 SRM. According to the values presented in Table 4 there was an increase of approximately 9.13% in

the value of the average torque for ¢, = 0.75 in relation to ¢, = 0.5, while for 6/4 SRM this increase was
around 7.22%.

3.5. Inner Diameter

The inner diameter is one of the first dimensions determined for a SRM. In order to understand how
the D; affects the SRM performance, D; is gradually modified in £10%. Figure 17 shows the torque and
flux linkage in this conditions. Table 5 shows the average torque and B values.
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Figure 17. Influence of D; variation on torque and flux linkage of 6/4 and 8/6 SRM.

Table 5. Results of D; variation.

6/4 SRM 8/6 SRM
Variable
D;=8 D;=911 D;=1002 D;=82 D;=911 D;=100.2
Average torque (N - m) 3.109 3.280 3416 4.702 4.966 5.187
|By| (T) 1919 1.935 1.948 1.934 1.966 1.982
|B2| (T) 2.659 2772 2.798 2.694 2.776 2.683

It can be seen from Figure 17 that the value of the inner diameter interferes with the slope of the
growth curve of the flux linkage and, consequently, the maximum value reached by the torque, as evinced
by looking at Figure 17. In addition, it was noticed that there was not a significant difference between the
maximum and minimum values of the flux linkage , but still the average torque value changed about 5%,
this happens because the saturation/power developed by the machine also changed.

3.6. Outer Diameter

The outer diameter is determined as a multiple of the inner diameter, as shown in Equation (5).
The values of kp, adopted in this study will be 0.4, 0.55 and 0.7, typical values according to [1]. The effects
of the variation of Dy in the torque and flux linkage are presented in Figure 18 and the average torque and

B values is presented in Table 6.
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Figure 18. Influence of Dy variation on torque and flux linkage of 6/4 and 8/6 SRM.

Table 6. Results of Dy variation.

6/4 SRM 8/6 SRM
Variable
kp, =04 kp, =055 kp, =07 kp,=04 kp,=0.55 kp, =07
Average torque (N - m) 3.226 3.277 3.312 4.893 4.959 5.023
|B1| (T) 1.875 1.924 1.957 1.939 1.943 1.977
|B2| (T) 2.523 2.709 2.958 2.517 2.715 2.827

It is apparent from Figure 18 that the value of Dy has an effectively small influence on the flux linkage
and torque in the machines studied, this happens because the contact area between the stator and the rotor
has not been changed, so the Dy variation has effect only on flux scattering and magnetic saturation.

We observe from Table 6 a relative small variation in torque values for the variation of the external
diameter. However, it is a misconception to think that the smaller the outside diameter the better, because
the value of the outside diameter limits the variation of other parameters of the machine, mainly the
number of turns since the space destined to the windings is determined by the height of the pole of the
stator (hs), stator yoke (cs), stator polar arc (Bs) and by Dy.

Therefore, the choice of Dy must be based on the number of turns, the size of the housing used and
the location of installation.

3.7. Air Gap

The air gap length of an SRM must be determined according to its power range [3]. For simulated
SRMs, this value should be chosen from 0.3 mm to 0.5 mm. Thus, the air gap assumes the following values:
0.3 mm, 0.4 mm and 0.5 mm. The sensitivity of the torque and the flux linkage for the air gap variation is
shown in Figure 19 and the torque and B values is presented in Table 7.
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Figure 19. Influence of g variation on torque and flux linkage of 6/4 and 8/6 SRM.

Through the graphs shown in Figure 19 it is observed that the air gap value has a direct influence on
the maximum value reached by the torque, the smaller the air gap the greater the maximum value of torque
and average torque. This happens because the smaller the gap the lower its reluctance, that is, the lower
the resistance to magnetic flux flowing from stator to rotor, so the value of flux linkage increases. Hence,
the ratio of the flux in the aligned position to the unaligned position also increases and consequently the

torque value.

Table 7. Results of g variation.

6/4 SRM 8/6 SRM

Variable
g=03 g=04 g=05 g=03 g=04 g=05

Average torque (N -m)  3.322 2.895 2.509 5.024 4.338 3.732
By (T) 1935 1861 1775 1966 1883 1795
|Bz2| (T) 2.772 2.666 2.544 2.776 2.683 2.541

Table 7 shows the torque and B values for the air gap length variation. With a increase of 0.1 mm in
air gap, the average torque value reduces about 12.85% for 6,/4 SRM and 13.65% for 8/6 SRM. The air gap
value of a SRM should be the minimum allowed for its constructive characteristics.

3.8. Number of Turns

The number of turns of a coil of the SRM is determined by Equation (13) and takes into account the
value of the magnetic field strength in the air gap. Furthermore, it should be considered how much space
the coil will occupy to add an occupancy factor, to ensure that the turns will be well accommodated. If this
is done, it may be necessary to reduce the number of turns or to allow more turns to be inserted. Figure 20
shows the graphs of torque and flux linkage for a variation of £20% in the NT value and the torque and B

values is presented in Table 8.
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Figure 20. Influence of number of turns (NT) variation on torque and flux linkage of 6/4 and 8/6 SRM.

Table 8. Results of NT variation.

6/4 SRM 8/6 SRM
Variable
NT =50 NT =62 NT=74 NT=50 NT=62 NT=174
Average torque (N - m) 2.376 3.280 4.204 3.594 4.966 6.365
By (T) 1.865 1.940 1.978 1.897 1.966 2.002
|B2| (T) 2.652 2.772 2.853 2.663 2.776 2.855

From the presented graphs it is observed that the number of turns interferes both in the value of the
flux in the aligned and in the unaligned positions, but in different proportions. And this also influences the
average torque value, the 20% reduction in the number of turns caused a 27.6% reduction in the average
torque value for both 6/4 and 8/6 SRM. The increase of 20% increased by 28.17% the average torque value
for the two machines.

In terms of saturation we can see that the variation is small, the 20% increase in the number of turns
caused an increase of less than 3% in the value of B. So, if there are no limitations on the SRM electric
power supply and space to accommodate the coil, the number of turns can be changed to achieve the
desired torque value, for example.

4. Conclusions

At first, this work presented in detail the SRM design procedures, indicating the intervals of choice of
dimensions and how this choice is often made subjectively and empirically. So, this work was dedicated to
show the influence of dimensions on the performance of SRM through finite element simulations of two
machines, a 6/4 three-phase SRM and an 8/6 four-phase SRM.

Eight dimensions of these machines were varied according to their upper and lower limit presented
earlier. The results presented are the torque and flux linkage curve for a machine phase and the average
torque value obtained through finite element simulations by the FEMM software. It is observed that the
performance of the machine is sensitive to the variation of the dimensions, but in different proportions
and manners. For stator yoke and inner diameter, for example, there is a slight variation in value and
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torque curve. For other dimensions, the influence is significant and still happens differently for the 6/4
and 8/6 SRM, in the case of the rotor yoke.

The results presented by the influence analysis of the dimensions are important and can be used to
support decisions regarding the design, modeling and optimization of the switched reluctance machine in
general and in specific applications and are of great value for future studies.
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