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Abstract - Variable reluctance motors have been increasingly
used as an alternative for variable speed drives in many
industrial applications, due to many advantages like it's
construction simplicity, robustness, and low cost. For low power
applications, the single-phase variable reluctance motors stands
out because the simplicity of the drive contributes to the cost
reduction of the machine. This paper presents a design
methodology for single-phase variable reluctance motors and a
way to survey of ideal profiles of inductance and torque
produced by the motor through computational simulation using
finite element methods. The simulation is performed for various
currents in order to determine the maximum motor operating
current through the analysis from the saturation of magnetic
materials. In addition, an analysis is made on the influence and
importance of rotor and stator polar arcs in the design of
reluctance motors based on its driving system. The prototype
has been designed to replace a single-phase induction motor
with 0.18 kW and has four poles on stator and rotor, the
nominal power is 0.125 kW and can deliver up 0.30 kW when
operated with the maximum allowed current.

Keywords - Variable reluctance motors, finite-element method,
design procedure, inductances, magnetic saturation.

1. Introduction

The use of a Variable Reluctance Motor (VRM) in
industrial applications has increased considerably,
especially in variable speed applications, it happened due
to the technological development of systems and devices
that allowed an efficient control, enabling the use of VRM
rather than other electric machines.

The VRM are robust, reliable, has simple and cheap
construction, making them ideal for electric traction
applications and other solutions like drives, ventilation,
pumps, high-speed applications. Its main disadvantages are
the discontinuous torque and torque ripple, which can
cause audible noise and vibration [2].

The VRM is a doubly salient motor that consists of a fixed
part, the stator with excitation windings and a movable
part, the magnetic rotor. The torque is produced solely by
the tendency of its movable part to move to the position in
which the inductance of the exciting winding is
maximized, that is, the motor poles. The rotating part, the
rotor, tends to align itself in order to produce a minimum
reluctance and thus the maximum flux density [2].

Figure 1 shows the drawing of radial cut in two
dimensions of a single-phase VRM with four stator poles
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and four poles in the rotor, this configuration is often
referred to as 4:4 VRM. Figure 2 shows the ideal
inductance profile, the current and ideal torque produced
by a motor with this configuration.

\\‘-\._‘___’/
Fig. 1. Cross section of a single-phase 4:4 VRM.
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Fig. 2. Inductance profile and positive torque generation in a
4:4 VRM.

The single-phase VRM is a particular type of VRM in
which the number of phases is reduced to unity and the
number of poles on the stator and rotor are equal, the
constructive characteristics are similar to other VRM, but
control of this motor is much simpler since it is necessary
to control only one phase.

The motor analysis by finite element methods allows,
from a computer simulation, to know the engine
behaviour before building a prototype. Thus, the designer
can get the motor parameters with satisfactory accuracy
and use them to optimize the design, and specify the
drive for a given application.

Section 2 of this paper presents a study on the influence
of the dimensions of polar arcs in motor design. The
design procedure for a single-phase VRM, with 4:4
configuration, design was shown in Section 3. The finite
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element simulation and analysis of results for the prototype
is given in section 4, together with the analysis of the
motor saturation. Section 5 contains the conclusions.

2. Influence of polar arcs in VRM design

The selection for the stator and rotor pole arcs are chosen
to ensure self-starting of the machine and for shaping the
torque profile. The minimum value of the polar arcs
depends on the motor topology, and can be calculated by
equation (1), presented in Section 3. The difference
between the values of stator and rotor pole arcs directly
influences the operation of the machine, the inductance
profile and drive. Many of the practical designs have rotor
pole arc slightly greater or almost equal to stator pole arc
in VRMs [2].

Positive torque production in a VRM happens in the
inductance growth interval, so the inductance is maximum
when the current must be extinguished to not have the
negative torque production. The ideal position for the
current turn-off is the position of maximum inductance,
but if stator and rotor pole arcs are equal is practically
impossible to remove the current in the exact position, so a
negative torque is produced until the current is completely
extinct, as shown in Fig. 3, which decreases the average
value of the torque. The solution to this is to remove the
current before the peak of the inductance, which also
decreases the average value of the torque once the
maximum current remained for a smaller range.
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Fig. 3. Effect of equal stator and rotor pole arcs on torque
generation. [2]

If the rotor polar arc is greater than the stator pole arc, the
inductance remains a time at his maximum value until start
the process of decreasing and misalignment of the poles.
This region is known as dead zone, where no torque is
produced even when there is current.

The advantage of having the motor operating in this
manner is that one can start the current in the dead zone of
minimum inductance and current extinction in the dead
zone of maximum inductance, so during the growth period
of the inductance the current is maximum and also the
torque output, this will increase the average torque.

Figure 4 shows the situations described above, the
influence of the polar arcs of the rotor and the stator in the
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motor inductance profile and production of torque as well
as the characteristics of the drive current.
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Fig. 4. Effect of pole arcs on torque generation for same peak

currents. (a) pr=ps; (b) pr > fs. [2]

Therefore, it is very advantageous to have the rotor polar
arc greater than the stator polar arc, in addition it can
avoid the production of negative torque, facilitate the
activation and increase the average value of the torque,
elimination of negative torque reduces the ripple and
hence the audible noise generation.

It is recommended that the polar arc of the rotor relative
to the stator polar arc should be limited to the range of
0.85 to 1.2, thus there is a variation of only 15% in the
value of the aligned inductance [2]. The prototype
developed in this work has the rotor polar arc 6% higher
than the stator polar arc, following the established
restriction.

3. Design Procedures

In general, the machine designs usually begins from the
output quantity (such as the output power) desired for the
system. Thus, this principle will be used in the motor
designed here.

Fig. 5 shows the dimensions that have to be calculated
for a single-phase VRM design.

Fig. 5. Dimensions in a single-phase VRM.

In Fig. 5:
ps = stator pole arc;
pr = rotor pole arc;
lps = stator pole width;
lor = rotor pole width;
Cs = stator back iron thickness;
¢r = rotor back iron thickness;
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hs = stator pole height;

hr = rotor pole height;

Dsh = rotor shaft diameter;

Di = stator inner diameter;

Do = stator outer diameter;

g = air gap.
To start the calculations, it is necessary to set some
guidelines, such as the number of poles of the rotor and
stator, the number of phases, the power output, rated
speed, rated current and the magnetic material to be used
in the construction of the stator and rotor.
The dimensioning presented below is for a single-phase
variable reluctance motor, 4:4, and all coils energized
simultaneously.

A. Determination of dimensions

The minimum value for the stator and rotor pole arc is
given by [2]:

. 4m
min (B, Br) = NN, @

Where:

Ns = number of stator poles;

Nr = number of rotor poles.
The rotor pole arc must be greater or equal to the stator,
and the ratio was recommended in Section 2.
The output equation for VRMs is given by:

Pd = kekdekZBASDiZLNTt (2)

Where:
P4 = power output;
ke = efficiency;
ﬁSNT
ky = o duty cycle;

k1= ,

120

0.65 <k, <0.75;
B = flux density;
25000 < A < 90000 = specific electric loading;
L = stator core length;
Nrt = rotor speed;
Torque can be obtained from equation (3) and by
definition of ki and can be expressed by:

T = kokyk, %BASDEL 3)

From equation (2) D; can be calculated and so the other
dimensions shown in Fig. 5. The stator inner diameter is
used to estimate the value of the outer diameter, D; is a
value between 0.4 to 0.7 times the Do. The other
dimensions are calculated as follows:

D, = % (0.4 <k <0.7); 4)
L =kD; (0.25 <k <0.7); ®)
l,s = Disen (%) ; (6)
l,» = D;sen (%) ; (7
Lys > €5 = 0.5, ; (8)
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hr it 9 > sh CT" (11)

The dimensioning of the coils is done in two stages, first
is calculated the number of turns of each coil and after
the conductor of the coil is determined. As shown by [3]:

2.9 B
NT=22 2 (12)
Ip Ho
L
P
a. =
‘ N, (13)
]c 7
Where:

NT = number of turns;

I, = peak current;

Uo = 4m. 1077 = vacuum permeability;
ac = cross section area of the conductor;
Je = current density.

B. Prototype development

The prototype was dimensioned with the aim to replace a
single-phase induction motor with a permanent capacitor,
so the VRM designed must deliver the same conditions
required by the load. Table 1 shows the electrical
characteristics of the induction motor.

Table 1 — Electrical data of the induction motor.

PARAMETER VALUE
Input power (W) 184
Rated speed (rpm) 1700
Rated current (A) 3.2
Rated voltage (V) 220
Efficiency 0.55
Power factor 0.93
Number of poles 4
Output power (W) 94.1
Rated torque (N.m) 0.5287

Table 2 shows guidelines for the beginning
dimensioning of VRM.
Table 2: Preliminary features of VRM.

PARAMETER VALUE
Ns 4
Ny 4
Input power (W) 125
Rated speed (rpm) 1700
Rated current (A) 3.0
Peak current (A) 9.0
Torque (N.m) 0.7022
Air gap (mm) 0.25
Core material M19
Flux density (T) 1.75

First, it is calculated from equation (2) the value of the
inner diameter, and from it is calculate other dimensions.
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It was adopted a higher value than calculated, as a safety
margin.

Table 3 shows the dimensions calculated for the motor and
Figure 6 the rotor blades and stator with some dimensions.

Table 3: Motor details.

PARAMETER UNITS VALUE
B, degrees 45
By degrees 47.725
D; mm 55.5
Dy mm 111.00
L mm 38.85
Lys mm 21.24
Loy mm 22.25
Cs mm 12.75
Cr mm 12.75
hg mm 15.01
hy mm 7.25
Dgy, mm 15
NT units 78
a. mm 1.0348

A

©355.5

g

Fig. 6. Stator blades and the rotor of the designed VRM.

The determination of the conductor cross section is made
by approximating the calculated area with the conductors
manufactured, thus it is observed that the most appropriate
conductor is 17 AWG copper conductor, with 1.04 mm?2
cross section. Adopting a safety margin , the number of
turns per phase used in the machine will be 90 turns. For
the finite-element simulation, the coil should be
represented by the area filled by conductors, so using a
packing factor of 0.9, the area filled by the coil is 104
mm?2,

4. Computer simulation

The prototype will be examined in the light of the finite
element method, from a computer simulation using the
FEMM (Finite Element Method Magnetics), a complete
and easy to use software which makes it possible to obtain
numerous graphical and numerical results.

Parallel to FEMM the LuaEdit was used to program the
motor simulation, programming from importing the
dimensional drawing of the motor, made in AutoCad, up to
the rotor movement and the achievement of results.

The computer simulation is performed in order to make a
survey of inductance and torque profiles for different
values of current and rotor position and thus determine the
machine's saturation limit through the magnetization curve
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of the magnetic material and magnetic flux density
plotted by FEMM.

Therefore, the examined current interval is 1.0A to 15A,
in 0.5A intervals. For each current value the motor will
develop a quarter of cycle, start from the misaligned
position, pass through the aligned position and returns to
the misaligned position in next quadrant, covering 90
degrees. This means that will be held 2610 simulations
for each ratio of polar arcs, totalling 7830 simulations. So
we can evaluate the torque behaviour during inductance
growth and reduction.

Since the purpose of this work is to get the inductance
profile of the designed prototype an ideal situation will
be considered where the current applied is a square pulse
that is extinguished immediately, in order not to have the
negative torque production.

Next, will be presented results for different ratios of s
and fr.

A. ﬂrzﬂs

Figures 7 and 8 show the three-dimensional curves of
inductance versus current versus rotor position and two-
dimensional curve of torque versus rotor position for
different currents and equal pole arcs.

Current (A)

Fig. 7. Inductance profile.
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Fig. 8. Torque profile.
B. £=1.065;

Figures 9 and 10 show the results for the g; value set in
the prototype design, which is 1.06 f.
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Fig. 10. Torque profile.

C. Bi=1.2p

Figures 11 and 12 show the three-dimensional curves of
inductance versus current versus rotor position and two-
dimensional curve of torque versus rotor position for
different currents and for the upper limit recommended for
Sr, which is 1.2 .
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Current (A}

Fig. 11. Inductance profile.
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5. Results Analysis

Different polar arc ratios, s and B, cause different pole
widths, which increases the polar cross section overall
area, leading to a decrease in the reluctance of the stator
pole sections, allowing a greater flux to flow in the
machine. This increases the torque while at the same time
increases the phase inductance. What can be seen in
Figure 13, which shows the inductance curve to different
ratios of polar arcs, for the same value of current (3.0A).

70 T T T T
: — : — 1

ss| L /1 .06
—L 112

B ..............

H)

Inductance {m

Rotor position {deg)
Fig. 13. Inductance profile for variation of rotor pole arc from
1 to 1.2 times the stator pole arc.

As shown in Figures 8, 10 and 12 the variation of the
widths on the rotor poles has very little effect on torque
shape characteristics, but having different pole arcs has
the benefit of reducing the effects of commutation torque
ripple to obtain an ideal and continuous torque as in other
machines [2]. The demand on the torque-smoothing
controller and hence on the current controllers is
minimized by this torque shaping [2].

Observing the inductance and torque profiles presented in
Section 4, it appears that for current values higher than
10A, the variation of inductance and torque is much
lower, indicating saturation of the magnetic material and
therefore a machine operating limit.

Figure 14 shows the flux density for aligned and
misaligned positions of the prototype, Figure 15 shows
the scale of colors for flux density B. Figure 16 shows the
magnetization curve, BxH, of the M19 steel used in rotor
and stator blades.
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Fig. 15. Scale of colors for the flux density B.
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Fig. 16. Magnetisation or BxH curve of M19 steel.

After evaluating the data presented above it is concluded
that the maximum peak current supported by the motor is
10A, limiting the peak current to that value we will have
the motor operating on knee of the BxH curve. The
operation on knee of the curve has two main advantages:
optimal use of conductor current capacity and decrease of
hysteresis losses due to non saturation of the magnetic
material, with consequent efficient use of the volume of
magnetic material that participates in defining the final
cost of the machine. Thus, it contributes to increasing the
machine efficiency and economic design.

Based on that value of current and base speed of 1700 rpm,
the design calculation yields an output power of 346W,
for an average torque 1.944 N.m.

6. Conclusions
The performance and features such as low production cost,

robustness and reliability, presented by the variable
reluctance motors are attractive to a wide range of size for
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many applications, whether industrial, automotive or
residential.

The range and convenience of control that they allow, as
fully reversible, provide very flexible torque/speed
characteristics merely controlling the current and the
switching angles, giving full 4-quadrant operation,
without increasing the complexity of drives [4]. Indeed,
all these features have contributed to the popularization
of the use of the variable reluctance motors.

The ripple effect on torque and the difficulty of control,
strong negatives points of VRM, can be reduced during
the design phase from the in-depth study of the influence
of the machine dimensions on its operation.

This paper is mainly intended to show the design
procedures, a way to survey inductance and torque curves
and the effects of polar arcs on forms of inductance and
torque, directly influencing the operation and motor drive
system. In recent times, efforts at current and hence
torque control are becoming predominant over
approaches using machine design [2]. A hybrid method
of both pole shaping and torque control using modern
techniques will enhance the VRM drive system
performance to suit almost all high performance
applications [2].

The results were obtained using a finite element
simulation which was performed for various currents.
This simulation allowed the evaluation of the machine
magnetic saturation, and set an operational limit for the
motor.
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