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Abstract—This paper presents the comparison results between two
new generator configurations. These generator units are namely a
field assisted switched reluctance generator (SRG) and a brushless dc
(BLDC) generator. No permanent magnets are used in either unit.
The field assisted SR generator consists of two magnetically dependent
stator and rotor sets (layers), where each stator set includes twelve
salient poles with windings wrapped around them, while the rotor
comprises of eight salient poles without any winding or permanent
magnet. There is a stationary reel, which has the field coil wrapped
around it and is placed between the two-stator sets. The BLDC
generator is also made up of two magnetically dependent stator and
rotor sets, but each stator set includes nine salient poles with windings
wrapped around them while, the rotor comprises of six salient poles
without any windings or permanent magnets. There is also a stationary
reel between the two layers to produce the magnetic field through the
motor assembly. This magnetic field travels through a guide to the
rotor then the stator and finally completes its path via the generator
housing. The generator phase windings for each layer are connect such
that all the stator poles in that set can have either north or south
pole configuration while the stator poles in the other layer have the
opposite pole arrangement. This type of connection can be used in
motoring mode as well. To evaluate the performance of the generators,
two types of analysis, namely, numerical technique and experimental
study have been utilized. In the numerical analysis, three dimensional
finite element analysis is employed, whereas in the experimental study,
proto-types have been built and tested.
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1. INTRODUCTION

Nowadays, various parameters such as variable load flexibility, high
reliability, low investment cost and maintenance, small transmission
loss leads to have more attention in the area of distributed power
generation systems. As a result of several researches to achieve this
purpose, well-developed technologies in the area of reluctance and
brushless dc generators have now evolved. Whereas, both generator
types offer a number of advantages and supply proportionate to
applications demands [1, 2].

Moreover, with the quick and wide development of the control
technologies and power electronic instruments, the brushless electric
machines are replacing with the brush electric machines, and also
mechanical switches are replaced with much faster and more reliable
solid state electronic switches [3–5]. Consequently, the switched
reluctance and brushless dc generators have been developed for various
shapes and sizes in different power ratings and used in industry [6, 7].

The reluctance machine has begun to realize its potential in
the new era of power electronics and computer-aided electromagnetic
design. The machine development has matured to the point
that its impact is now evident in the industry. The types
of reluctance machines available in the marketplace today are
primarily of the regular cylindrical geometry although the disc and
multi layer geometries have been proposed in limited use [8, 9].
SR Generator (SRG) is also an attractive solution for worldwide
increasing demands for electrical energy. It is low cost, fault
tolerant with a rugged structure and operates with high efficiency
over a wide speed range. The SRG have been utilized for some
applications like starter/generator for gas turbine of aircrafts [10, 11]
wind power generator [12, 13] and as an alternator for automotive
applications [14, 15]. These machines provide several advantages
including simplicity in construction, cooling, geometric versatility,
durability, and higher permissible rotor temperature.

The BLDC machines have gained popularity due to the
development of high flux density and reliable and permanent magnets.
BLDCMs are used in industries for different applications such
as, automotive, aerospace, home appliances, and many industrial
equipment and instrumentation [16, 17]. The construction of modern
BLDC machines is very similar to the ac machine, known as the
permanent magnet synchronous machine. Out of these, 3-phase
machines are the most popular and widely used. The stator of a
BLDCM consists of stacked steel laminations with windings placed
in the slots that are axially cut along the inner periphery or around
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stator salient poles. The rotor is made of permanent magnet and can
vary from two to eight pole pairs with alternate north (N) and south
(S) poles.

The standard BLDC generator lacks field control due to use of
permanent magnet in the rotor assembly. The output voltage can be
controlled by either variation in generator speed or use of some kind of
drive circuit to hold the output voltage at a desirable level for different
speeds. A standard SRG can only produce power during the decreasing
phase inductance profile which limits its output power production.

The new generators use a field assisted scheme to produce the
magnetic flux through the machine assembly. It also does not use any
kinds of brushes for the stationary field coil placed between the two
stator sets. The current flows into the coil by simply connecting the
field terminals to a dc voltage source, and it can be controlled easily to
produce the desired output voltage at almost any speed. The current
through the field can be reduced to zero in case of any malfunctioning
of the drive circuit in order to protect the generator load from high
voltage production at high speeds.

In this paper, the comparison results of a new brushless
DC generator, with a switched reluctance generator in their new
configurations have been studied. These generators are good
candidates for hybrid vehicles applications and wind energy conversion
systems in low voltage applications. The proposed generators are
constructed with two layers and a field assisted unit. The design and
optimization of the machines for comparative study was performed
with the aid of a three dimensional finite element magnetic field
package.

This paper is organized as follows: Section 2 briefly explains the
double layer machines design and calculated geometrical parameters
in both of them. The three dimensional finite element results of
the generators electromagnetic profiles are obtained and compared in
Section 3. Section 4 contains the discussion about generated voltage
in machines and Section 5 includes the physical assembly of the
two machines as well as the experimental results obtained from the
new dual layer switched reluctance and brushless dc generators, and
followed by conclusions in Section 6.

2. THE DESIGN FEATURES OF PROPOSED DUAL
LAYER MACHINES

In design procedure of the generators, for achieving maximum output
voltage as well as power for a certain machine volume, a new
construction in their geometries are considered. The generator
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configurations for brushless dc and switched reluctance units are
modified and designed based on having double layers of the stator/rotor
and a stationary field assisted coil placed between them. These
modifications caused significant improvements in both generator units
which makes them distinct from other types of generators. These
configurations consist of two layers and a field coil which produce
South Pole in one layer and the North Pole in the other layer. In
addition, due to existence of a field assisted coil between the two layers
an independent field is produced in the generator units, which can
produce higher output power than a standard self excited generator.
The design details are briefly explained below.

2.1. Dual Layer dc Generatr (DLDCG)

The brushless generator consists of two magnetically dependent stator
and rotor layers (sets), where each stator set includes nine salient poles
with windings wrapped around them while, the rotor comprises of six
salient poles. Every stator and rotor pole arc is about 30◦. The two
layers are exactly symmetrical with respect to a plane perpendicular
to the middle of the generator shaft. This is a three phase generator,
therefore, three coil windings from one layer is connected in series with
the other three coil windings in the other layer. These coils together
make one of the generator phases.

There is a stationary reel, which has the field coils wrapped around
it and is placed between the two-stator sets. This reel has a rotating
cylindrical core, which guides the magnetic field. The magnetic flux
produced by the coils travels through the guide and the shaft to the
rotor and then to the stator poles, and finally closes itself through
the generator housing. Therefore, one set of the rotor poles has
magnetically North Pole while the other set is magnetically South Pole
configuration. In this generator, the magnetic field has been induced
to the rotor without using any brushes to inject the current into the
field winding.

In order to get a better view of the generator configurations, the
complete generator assembly without coils winding is shown in Fig. 1.

The proposed DLDC generator dimensions are listed in Table 1.

2.2. Dual Layer Switched Reluctance Generator (DLSRG)

The switched reluctance generator consists of two magnetically
dependent stator and rotor layers, where each stator set includes twelve
salient poles with windings wrapped around them while, the rotor
comprises of eight salient poles. Every stator and rotor pole arcs are
14◦ and 16◦, respectively. The two layers are exactly symmetrical with
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2nd layer of stator 
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Figure 1. The DLDC generator; (a) different parts, (b) complete
assembly (without coil windings).

Table 1. DLDC generator dimensions.

Parameter Value
Stator core outer diameter 78 mm
Stator core inner diameter 68 mm
Rotor core outer diameter 35.5 mm

Length of air gap 0.25mm
Shaft diameter 15mm
Rotor pole arc 30◦

Stator pole arc 30◦

Number of turns per stator pole 120
Number of turns in assistant field 300

respect to a plane perpendicular to the middle of the generator shaft.
This is a three phase generator, therefore, four coil windings from one
layer is connected in series with the other four coil windings in the other
layer. The coil windings in each layer are such that the stator poles gain
either North or South Pole configuration for the generator mode. In
the machine operation each layer can operate independently, in series
or parallel with each other. In another words, each layer consist of a
twelve by eight cylindrical switched reluctance generator configuration
sharing common shaft and can be connected to each other in three
possible ways. There is a stationary reel, which has the field coils
wrapped around it and is placed between the two-stator sets. This reel
has a rotating cylindrical core, which guides the magnetic field. The
magnetic flux produced by the coils travels through the guide and the
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generator shaft to the rotor and then to the stator poles, and finally
closes itself through the generator housing. Therefore, one set of rotor
poles is magnetically north and the other set is magnetically south. In
this generator, the magnetic field has been induced in the rotor without
using any brushes to inject current in to the field winding.

For a better illustration of the proposed generator configurations,
the complete assembly without coils winding is presented in Fig. 2.

The DLSR generator specifications calculated for the study is
shown in Table 2.

It must be pointed out that the machines have different diameters
but they have the same volume and the same amount of iron in
stators and rotors are used. This is note worthy to mention that
these generators can operate in two modes of operation namely; filed

(a) 
 

(b)

2nd layer of stator 

Machine housing

1st layer of stator 

1st layer of rotor 

2nd layer of rotor 

 Field core 

Figure 2. The DLSR generator; (a) different parts, (b) complete
assembly (without coil windings).

Table 2. DLSR generator dimensions.

Parameter Value
Stator core outer diameter 72 mm
Stator core inner diameter 62 mm
Rotor core outer diameter 41.5 mm

Length of air gap 0.25mm
Shaft diameter 15mm
Rotor pole arc 16◦

Stator pole arc 14◦

Number of turns per stator pole 100
Number of turns in assistant field 300
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assisted mode and self excited mode. In this study field assisted mode
is considered for the comparative study in this paper. Two types of
analysis namely numerical and experimental have been performed.

3. COMPARISON OF ELECTROMAGNETIC
PROPERTIES

To properly evaluate the generator design and performance, a reliable
model is required [18–20]. Finite element analysis (FEA) is being
used to determine the magnetic field distribution in and around the
generator [21, 22]. In order to present the operation of the generator
and to determine the main profiles and parameters at different
positions of the rotor, the field solutions are obtained. The three
dimensional field analysis has been performed using a Magnet CAD
package [23] to consider the end effects and axial fringing fields effect
for simulating reliable model which is based on the T -Ω technique.

In the finite element analysis, second order triangular elements
with dense meshes at places where the variation of fields are greater
have been used.

In this analysis, the usual assumptions such as the magnetic field
outside of an air box in which the generator is placed, is considered
to be zero. The comparison results for 9/6 DLDCG and 12/8 DLSRG
including magnetic flux density, flux-linkages, terminal inductance per
phase, mutual inductances and produced voltage for various excitation
in one complete rotor rotation are obtained and discussed below.

3.1. Magnetic Flux Density

The design of the generator becomes complicated due to complex
geometry and material saturation. Moreover an accurate knowledge
of the flux distribution inside the generator for different excitation
currents and rotor positions are essential for the prediction of generator
performance. These generators can be highly saturated under normal
operating conditions. Fig. 3 shows the magnetic flux density arrows
for fully-aligned case when the generators operates in the field assisted
mode, which produce north pole in one layer and south pole in the
opposite layer. Hence for proper operation of the generator, the
two layers should be working simultaneously. The field current is
considered to be at 0.5 A for this study.

As shown in Fig. 3, the majority of flux distribution is
concentrated in aligned stator and corresponding rotor poles. The
amplitude of magnetic flux densities in aligned stator poles is 0.95 and
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1.42 Tesla for DLDCG and DLSRG, respectively. These values show
the DLSR generator operates in nonlinear or saturation region.

(a) (b)

Figure 3. The magnetic flux density for fully-aligned cases in: (a)
DLDCG, (b) DLSRG.

(a)
(b)

(c)

Figure 4. The magnetic flux density for half-aligned cases in DLDCG:
(a) without stators and housing, (b) without housing, (c) complete
assembly.
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The plots of magnetic flux density for the generators in half-
aligned case for different generators parts are shown in Fig. 4 and
Fig. 5.

Figures 4 and 5 show the aligned corner of rotor and stator poles
are in saturation and maximum magnetic flux density is about 1.02
Tesla in reluctance generator. Also, the maximum magnetic flux
density in dc generator is about 0.95 Tesla at some small local points on
the very tip of the stator pole. For assessing the generators operation,
the assisted field is excited under different current amplitudes (If ) in
both of machines. Maximum flux density in stator pole for various
current excitations in fully alignment (Bfa) and half alignment (Bha)
positions are listed in Table 3.

(a) (b)

(c)

Figure 5. The magnetic flux density for half-aligned cases in DLSRG:
(a) without stators and housing, (b) without housing, (c) complete
assembly.

Table 3. Maximum flux density in stator pole.

Machine Type DLDCG DLSRG
If (A) 0.25 0.5 0.75 0.25 0.5 0.75

Bfa (T) 0.40 0.79 0.99 0.71 1.02 1.09
Bha (T) 0.56 0.95 1.18 1.07 1.42 1.50
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As depicted in Table 3, with an increase in field current the
amplitude of flux densities in fully and half alignment rotor positions
are increased in both generators. On the other side, the flux density
of DLSRG in fully alignment has 43%, 22% and 9% higher amplitude
than DLDCG under 0.25, 0.5 and 0.75A field current, respectively. In
addition, these values go up to 47%, 33% and 21% when the machine
is in half alignment rotor position which causes more magnetic force
between rotor and stator poles. The differences between flux densities
in both machines are due to their geometries in terms of the number
of stator and rotor poles. Since the numbers of poles in fully aligned
position as well as the amount of overlapping in SR generator are more
than the dc generator, then the flux magnitude is higher in SRG. In
other words, complete aligned position in dc generator accompanied
by more mutual flux due to stator poles configuration compared to SR
generator. From another point of view, the higher flux amplitude of
reluctance generator can be disadvantageous when the asymmetrically
disturbance occurs because that leads the generator to face with more
noise and vibration.

3.2. Flux Linkage and Inductance

In this study, the analysis includes a 360 degree rotation of the rotor to
analyze the generators behaviors at the different rotor positions. Due
to symmetrical shape of the stator/rotor assembly, the rotor movement
from fully aligned to unaligned position is considered (phase A) for
evaluating the performance of the generators. Fig. 6 shows the flux
linkage for phase A in DLDCG that includes 6 series coils from two
stator assembly.

Figure 7 illustrates the flux linkage from phase A in DLSRG which
includes 8 series coils from two stator layers. The mutual inductance
has been defined as the ratio of each phase flux linkage to the exciting
current of the assisted field (Eq. (9)). Therefore, the variation of
mutual inductance is proportional to variation of flux linkage when
the current is considered to be constant.

L = λ(θ)/If (1)

As shown in Fig. 6 and Fig. 7, the amplitude of flux linkage as well
as the phase inductance will go up in both machines with raising the
field current. As shown in these figures, the maximum amplitude of
terminal inductance in DLSR generator is 1.9, 1.6 and 1.3 times higher
than those of inductance amplitude in DLDC generator, with 0.25, 0.5
and 0.75 A of field current, respectively.
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Figure 6. The flux linkage for
phase A in DLDCG.
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Figure 7. The flux linkage for
phase A in DLSRG.

4. COMPARISON OF VOLTAGE PRODUCTION

As seen from Fig. 1 and Fig. 2, the DLDCG has nine stator poles as well
as six rotor poles, while DLSRG has twelve stator poles as well as eight
rotor poles which will be engaged in the voltage production mechanism.
In this analysis the produced voltages in proposed generators are
obtained based on Faraday’s law of induction (Eq. (2)) which explains
that the induced voltage (V ), in the generator depends on the number
of turns (N) and the time derivative of magnetic flux. It is expressed
as follow,

V = −N
dϕ

dt
= −N

dϕ

dθ
· dθ

dt
= −N

dϕ

dθ
ω (2)

In order to estimate the shape of the generated voltage, the obtained
simulated flux linkage data are estimated by a fourth order equation.
The voltage produced in each coil is computed using Eq. (2). Coils
1,2,3 from 1st layer, and coils 4,5,6 from 2nd layer are in series and
they are belong to phase A then, the equivalent voltage is calculated
from summing the produced voltage in each individual coil for DLDCG.
The same procedure is applied for DLSRG, coils 1,2,3,4 from 1st layer,
and coils 5,6,7,8 from 2nd layer are in series and they belong to phase
A.

The terminal voltage belonging to phase A under different loads
are calculated in appropriate switching cycle and presented in Fig. 8
and Fig. 9 for dc and reluctance generators, respectively.

In these figures, the produced voltages in negative and positive
period are clearly shown. It is worth mentioning here that, the stator
and rotor cores are made of a non-oriented silicon steel lamination.
The magnetization curve is taken from manufacturer’s data sheet for
M-27 steel.
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Figure 8. The terminal voltage
for phase A in DLDCG.
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Figure 9. The terminal voltage
for phase A in DLSRG.

As seen from Fig. 8 the maximum amplitude of generated voltage
in DLDCG is 1.25, 2.5 and 3.5 volt under field currents of 0.25, 0.5
and 0.75 (A), respectively. On the other side, it is shown that, the
magnitude of produced voltage in phase A has 2 and 3 times higher
value when the field current has increased by factors of 2 and 3. It
means the percentage of increasing output voltage is proportional to
percentage variation of filed current (Eq. (3)).

∆V = ∆If (3)

Figure 9 shows the generated voltage waveform in DLSR generator
that has its maximum value at 4.5, 7.3 and 8.1 volts under different
mentioned field currents, respectively. The test condition for this
machine is similar to the dc generator. Moreover, it is observed that
the amount of produced voltage in phase A has 1.63 and 1.8 times
higher values when the field current has increased by factors of 2 and
3. On other hands, the percentage of increasing in output voltage is
not proportional to percentage variation of filed current such as the dc
machine. It has linear relation that can be expressed in the form of:

∆V = 0.1739∆If + 1.2869 (4)

Consequently, it can be concluded that the achieved terminal voltage
in reluctance generator is higher than that of the dc generator under
different loadings for the same conditions.

One of the major factors in obtaining different generated voltage
between the two generator models is due to the different number of
poles participating in voltage production. In SR generator eight poles
and in DC generator six poles are joined to produce output voltage in
one phase.
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5. EXPERIMENTAL VERIFICATION

The proposed generators have been fabricated and tested for
performance and functionality in the laboratory. Fig. 10 illustrates
the novel brushless dc and switched reluctance generators fabricated
in the laboratory.

The terminal voltage of the generators was obtained by the help
of a prime mover to turn the generator shaft at a constant speed.

The generated voltage for a field current of 0.5 A was measured.
The actual output voltages for two consecutive phases are also shown
in Fig. 11.

It was observed that the terminal voltage shows lower value than
computed which is expected (about 19%–24%), since, the silicon sheet
steel material used to build the generators is not quite what is used for
the numerical analysis.

(a) (b)

Figure 10. The actual generators; (a) DLDC, (b) DLSR.

(a) 1 volt/div (b) 2 volt/div

Figure 11. Output voltages for two consecutive phases from; (a)
DLDC, (b) DLSR generators.
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Figure 12. Output voltage vs. power (2500 rpm) from; (a) DLDC,
(b) DLSR generators.

Figure 11(a) clearly shows the harmonics in dc generator output
voltage which is due to slot harmonics as well as saturation in the
rotor/stator poles. Fig. 11(b) depicts saturation in the SRG output
voltage.

The speed of the motor is kept at 2500 rpm under different loads
for various field currents. The output power versus the rectified
output voltage is measured. The results of these tests are shown in
Figs. 12(a), (b) for DLDC and DLSR generators respectively. The
power curve fitting has been used for the data points.

6. CONCLUSION

In this paper, two new generator units were tested numerically and
experimentally and then some of the generator parameters are obtained
and compared. The experimental output voltage for SRG shows clearly
the effect of saturation on the waveform which has a high content of
third harmonics while the Brushless dc shows more tooth harmonics
due to variation of the airgap. The average power obtained from the
brushless dc generator for the same amount of field current magnitude
is 10% higher than that of SRG. Comparing the plots of output voltage
waveforms developed by the generator units, it can be seen that the
DLDCG show about 50% higher voltages (in maximum value) than
SRG. Since no permanent magnet is used in either of the generator
units then they are very rugged and durable and have the potential to
be used in very harsh environments. The output voltage magnitudes
from the generator units are easily controlled by controlling the field
current. The comparative study on the above two machines shows the
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DLSR machine has better electromagnetic property and the DLDC
machine has better mechanical behavior.
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