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Abstract. This paper is about hybrid reluctance
machines, in which the stator or fixed part has a
combination of U-shaped electromagnets with permanents
magnets placed between their arms while the moving part is
simply a structure with salient poles. They can be designed
to build different types of rotary or linear electric motors
and generators with outstanding performances. In this
paper, first, the principle of operation of these machines is
explained. Then different types of hybrid reluctance
machines using this particular structural configuration are
described showing their potential based on simulations and
experimental results.
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1. Introduction

Hybrid reluctance machines are an alternative to meet the
objectives of modern drives as high efficiency and high
torque mass ratio. They can be also an interesting option in
some applications of distributed generation. They combine
the best of switched reluctance machines (simplicity
constructive of the rotor) with the best of the brushless DC
motors and/or the synchronous permanent magnet machines
(high torque/power density) [1-2].

This paper deals with hybrid reluctance machines, which
are based on the combination of some previously known
technical contributions as:

e The use of short magnetic circuits in the stator
phases, being magnetically isolated between them,
which had already been used in switched
reluctance motors [3-4].

e The use of electromagnets with permanent
magnets which were first reported by Garron [5]
and then by Bailey et al. [6] in their magnetic
polarized device.

Up to date very little has been published on the utilization
of these contributions to the HRMs except Rolando Avila
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that proposed a multilayer or multistack hybrid reluctance
motor based on the use of the electromagnet with
permanent magnets [7] and Nakamura et al. that studied a
novel switched reluctance motor with the magnets placed
between the stator poles tips [8].

The operating principle of the electromagnet with
permanent magnet is shown in Fig. 1. The electromagnet
is U-shaped with a magnet placed between the extremes of
their arms. When no current flows through the coil the flux
created by the magnet is closed through the yoke of the U
core and does not cross the air gap as it is seen in Fig. 1A.
But, when a current flows through the coil the flux of the
magnet is added to the flux generated by the action of the
coil, see Fig. 1 B, which originates an electromagnetic
attraction force superior to that produced by a U core
without the permanent magnet. Obviously, the permanent
magnet has to be magnetized in such a way that its flux
adds to the flux created by the energized coils.
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Fig. 1. Electromagnet with permanent magnet. (A) Flux
distribution without current through the coil. (B) Flux
distribution with current through the coil.

The stator or fixed part of hybrid reluctance machines,
motors and generators, can be built using the combination
of several electromagnets with permanent magnets while
the moving part is a simple structure with salient poles.
Thus different types of hybrid reluctance machines can be
constructed [9]:

=  Single-layer rotary hybrid reluctance machines,
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with the phases in a single layer in the same plane.
=  Multilayer or multistack rotary hybrid reluctance
machines, with the phases arranged in different
parallel planes.
=  Linear hybrid reluctance machines.

The hybrid reluctance machine has to be controlled, in
any case, by an electronic power converter in which the
switching sequence of the phases is generated according to
the rotor position determined by a speed-position transducer
or estimated by means of the voltages and currents of the
motor. Usually, the electronic power converter is an
asymmetric half bridge, as those used by switched
reluctance motor drive; see Fig. 2. It is controlled using
PWM or hysteresis control for low speed and single pulse
control for high speeds.

Source,
AC

Fig. 2. Electronic power converter, asymmetric half bridge.

2. Single Layer Rotary Hybrid Reluctance
Machines

A. Single layer rotary hybrid reluctance motor

In single layer rotary hybrid reluctance motor the stator
consists of N, electromagnets with permanent magnets,
each one or combinations of such (with k multiplicity)
constitute one phase of the motor where m is the number of
phases. The rotor is formed by Nr salient poles. The stator,
with Ng poles, has to be designed in such a way that for each
phase there is a position of alignment of the stator poles with
the rotor poles and the electromagnets with permanent
magnets have to be placed according to Fig. 4. Therefore,
the following rules have to be considered:

N, =k-m (1)
No=2-k-m(Q)
Ne=k-(2m—-1)(3)

The angle, y, between two consecutive electromagnets
with permanent magnets is given by:

360°
= 4
=N ) “4)
And the angle, a, between two rotor poles is equal to:
o 360 5)
N R

Therefore the angle, 5, between the stator poles of two
consecutive electromagnets with permanent magnets is:

o= 360Ny —(kem) o

S=y-
4 k-m-Ng
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Fig. 3. Disposition of the electromagnets with permanent
magnets in the single layer rotary hybrid reluctance machine.

The simplest configuration of the three-phase single
layer hybrid reluctance motor with three electromagnets
and five pole rotor poles has been studied [10-11]. The
main parameters of the proposed motor are listed in Table
I, the nominal speed is fixed at 3000 rpm and the motor
embedded in a frame IEC 80. A perspective view of this
motor is shown in Fig. 4. Due to this particular
construction, which ensures a better use of materials, this
motor has in addition short magnetic circuits,
independence of phases what it means lower iron losses
and fault tolerance, and has no cogging torque.

Table 1. Main parameters of the proposed single layer
rotary hybrid reluctance machine.

Nr | Ns
1 3 3 6 5

k m Nr o Y )

120° | 48°

Fig. 4. Perspective view of the proposed single layer rotary
hybrid reluctance machine.
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Fig. 5. Photographs of the stator (A), of the rotor (B) and a
detail of the permanent and stator/rotor laminations of single
layer hybrid reluctance motor prototype.

The proposed hybrid reluctance motor has been built,
figures 5 A, 5 B, and 5 C show photographs of the stator,
rotor and details of the permanent magnet and of the
laminations of the stator and the rotor. The experimental
torque-speed characteristic is shown in Fig. 6. The
experimental  torque-speed  and  efficiency-speed
characteristics are depicted in Fig. 7, turn-on angle 8on = 4°
and turn off angle Oorr = 28°. It is important to note that
efficiency is the global efficiency (hybrid reluctance motor
efficiency multiplied by the efficiency of power electronic
converter). From the tests carried out the motor can be rated
at 1100 W and due to their efficiency levels can be classified
as an IE4 motor.
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Fig. 6. Experimental torque-speed characteristics for different

control strategies (SPC: single pulse control; HC: Hysteresis
control).
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Fig. 7. Torque-speed and efficiency speed characteristics
(single pulse control).

Despite these advantages due to the distribution of the
phase windings of the considered single layer rotary
hybrid reluctance motor, unilateral attractive forces
between stator and rotor appear producing vibrations and
magnetic noise. This can be avoided using single layer
three phase hybrid reluctance motors with two
electromagnets with permanent magnets per phase,
multiplicity k = 2, and ten rotor poles. The phases are
formed by two opposite electromagnets with permanent
magnets with the coils connected in series. The field lines
distribution in the aligned position of this motor
configuration with one phase excited is shown in Fig. 8, in
which the symmetrical disposition of the flux lines can be
clearly observed.

: ;'.t&:'-‘*‘Jv'cl :
Fig. 8. Field lines distribution in aligned position of a three
phase hybrid reluctance motor, multiplycity k = 2, with 6

electromagnets with permanet magnets and 10 rotor poles.

B. Single layer rotary hybrid reluctance generator

The single layer three phase machine, with three
electromagnets with magnets, 6 stator poles and 5 rotor
poles has been moved by a primary motor, a D.C. machine,
and has worked as a generator. Fig. 9 shows the equivalent
circuit per phase, Fig. 10 displays the simulation results
obtained using Matlab-Simulink and Fig. 11 shows the
experimental results.
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Fig. 9. Equivalent circuit per phase of the hybrid reluctance
generator 6/5.
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Fig. 10. Simulated waveforms of torque, phase current, bus
current and bus voltage and voltage for the single layer rotary
hybrid reluctance generator obtained using Matlab-Simulink .
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Fig. 11. Experimental results for single layer hybrid reluctance
generator showing the evolution of efficiency, power and
voltage at different speeds.
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3 Multilayer or Multistack Rotary Hybrid
Reluctance Machines

In multilayer rotary hybrid reluctance machines the
number of layers equals de number of phases. The number
of electromagnets with permanent magnets, Np, the
number of stator poles, Ns, and the number of rotor poles,
Nr have to meet the following rules:

N, = k-m (10)
Ny=2-k-m(1)
Ng = N, (12)

The stator poles and the rotor poles of the first layer
have a nil positional offset between them, but the poles of
the consecutive parallel layers have a positional offset, &,
according to:

3609
m-NR

(13)

S=

The angles vy, a,  are computed using the equations (4),
(5) and (6) respectively

In Fig.12 a perspective view of a multilayer hybrid
reluctance motor with 3 layer 6 stator poles 6 rotor poles
is shown.

A four phase 8 poles multilayer hybrid reluctance
motor which main parameters are listed in table III, has
been simulated. In Fig.13 a finite element simulation in the
aligned position is shown. In Fig.14 it can be seen the
Matlab-Simulink simulation of the complete drive
including motor, power electronic converter and control.
This motor can be rated 22 kW with efficiency above 93%.

Table III. Main parameters of the proposed HRM

k|{m]|Np|Ns|Ng| « Y ) Os

1141 4 8 8 | 45° | 90° | 45° | 11.25°

S\

TSRS

o

Fig. 12. Perspective view of a three phase 6 stator poles 6
rotor poles multilayer hybrid reluctance machine.
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Fig. 13. Distribution of the field lines (obtained by finite
elements) in aligned position of a four phase multilayer hybrid
reluctance motor.

Tensionenla fase [V]
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Fig. 14. Phase voltage, phase current, phase torque (blue), total
torque (red) and D,C, bus current waveforms. VD.C. bus
voltage 320 V, with firing angles: Bon=2°, Oorr =24°.

4. Linear Hybrid Reluctance Machine

In linear hybrid reluctance machines the U-shaped
electromagnets with permanent magnet are fixed while the
translator or mover is composed by salient poles. Fig. 15
shows the single side alternative and Fig. 16 the double-side
option that has the advantage that does not produce a net
normal force on the translator. A simple low cost two-phase
linear hybrid reluctance actuator able to produce linear
forces in the range of 200 to 300 N at a speed of 0.15 m/s,
Fig. 17, has been proposed [12]. Two phase actuator is a
good choice if, as in this case, has to start in predetermined
positions and force ripple is not a drawback, however a
three-phase actuator should be considered in any other
circumstance. Simulation of the hybrid reluctance actuator
considering the electromagnetic actuator, the electronic
power converter and the control is implemented using
Matlab-Simulink coupled with the results obtained of a
previous finite element analysis. Fig. 18 shows the
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waveforms of phase voltage, phase current, phase force,
total force and DC bus current for a regulated current of 5
A and a speed of 0.15 m/s. The turn-on position, xon= 0
mm, coincides with the non-aligned position of the poles
of the stator and the mover and a turn-off position, Xorr =
25 mm, in which the poles of the stator and the mover are
aligned.

Fig. 15. Single side linear hybrid reluctance machine.
44 ¢ i

Fig. 16. Double-sided linear hybrid machine.
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Fig. 17. View of the two phase linear hybrid reluctance
actuator.
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Fig. 18. Waveforms of phase voltage, phase current, force

and D.C. bus current at 0.15m/s.
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5. Conclusion

A new class of hybrid reluctance machine has been
presented. They are composed for a combination of U-
shaped electromagnets with permanents magnets placed
between their arms in the fixed part and with a structure with
salient poles in the moving part (without coils, permanent
magnets or bars). They can be designed to build different
types of rotary or linear electric motors and generators with
outstanding performances. In this paper have been
described different types of these hybrid reluctance
machines: single layer rotary motors rotor, the single layer
rotary generator, the multilayer rotary motor and the linear
motor. Simulations and experimental results have proved
the capabilities of this novel class of hybrid electric
machines.
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