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Chapter

Scaling Laws in Low-Speed
Switched Reluctance Machines
Pedro Lobato, Joaquim A. Dente and Armando J. Pires

Abstract

In low-speed applications, switched reluctance machine (SRM) design method-
ologies are generally driven by criteria related to the number of pole pair combina-
tions in the stator and rotor of regular machines. In this chapter, a set of scaling laws
are developed in order to compare magnetic topologies of regular and non-regular
machines. Through the introduction of constraints, the proposed methodology
integrates thermal and magnetic saturation phenomena. Within a selected set of
short flux-path topologies and using finite element analysis, it is possible to verify
which topology is the most appropriate. As an illustrative application, the chosen
topology—a modular one—is compared with a regular prototype of a switched
reluctance generator designed for a wind energy turbine by using a linear model in
conjunction with the scaling laws. The evaluation of the two topologies shows the
significant increase of power per unit of mass and lower losses of the modular
topology than the regular one. The application of scale model methodology is
extensive to the design of higher-speed machines. Valuing the dimensional and
similarity arguments, certain assumptions of the machine design gain a special
emphasis in this work, bringing the discussion of these machines to another
paradigm.

Keywords: machine design, scale model methodology, similarity laws,
low-speed energy converters, switched reluctance machine

1. Introduction

Over the last decades, various technical aspects such as design, modelling,
analysis, and control of switched reluctance machines (SRM), turned research
attention to further improvements in the machine operation. Topics of investiga-
tion, including control techniques, loss optimization, torque ripple, and acoustic
noise, illustrate the progress in knowledge of motoring mode operation.

The SRM behaves, intrinsically, as a variable speed drive that can be controlled,
according to the load, through the energizing and de-energizing moments of the
stator phases [1]. Robustness and simple construction (stator-concentrated wind-
ings only), control flexibility, and high tolerance over a high-speed range [2] are
attributes that qualify it even for the harshest environments [3]. Short flux-path
topologies make use of design techniques that facilitate maintenance and improve
the machine performance.

The motor operation of this machine has often been the target of research, in
detriment of the generator operation. The switched reluctance generator (SRG)
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research has been primarily focused on high-speed application design [4]. In these
cases, the magnetic topologies are generally of the regular type [5], with two poles
diametrically opposed in each stator winding phase and a minimum number of
rotor poles. The applications of the SRM as a SRG are in the fields of aerospace,
automotive, and wind energy [6].

Research work has been published, for more than a decade, on the application
of SRG to wind power systems. Despite the efforts and different possibilities of
designing the magnetic circuit of the SRG, regular topologies are usually presented
for this type of applications, with an appropriate combination of stator and rotor
poles [7]. The laws of scale, also called laws of similarity [8], formulated here, are
a useful tool to compare magnetic topologies. This proposed scale model methodol-
ogy allows to evaluate the effect of thermal phenomena and magnetic saturation of
the materials that constitute the electrical and magnetic circuits of the machine. The
scale relationships that are established between these circuits differ from topology
to topology, by the specific characteristics of these circuits and the relative position
they occupy in the structure of the machine.

Thus, in this work, dimensional and symmetry arguments are invoked in the
choice of magnetic topologies, leading the discussion about the SRG project to
another paradigm.

In the field of renewable energy conversion, high-torque and low-speed
machines have gained market space, namely, in wind power applications. The trend
towards offshore resource exploitation and consequently the increasing capacity of
wind turbines impose robust and reliable solutions, which are critical attributes
for wind generators, for an economically and environmentally sustainable opera-
tion. In this sense, gearboxes are a component of the system to be avoided in system
design, because of the high weight, cost, and unpredictable lifetime.

These are the main reasons that manufacturers in conjunction with research
teams have been pursuing direct drive wind energy systems, where the permanent
magnet synchronous generator (PMSG) stands out. However, the fluctuating cost
of the neodymium (NdFeB), constituting the magnets, has raised some reservations
on the consensus opinion about these generators [9]. In addition, harsh on-site
installation and operation conditions require special attention to thermal and
mechanical stresses; otherwise they will degauss and reduce overall system perfor-
mance [10]. At this delicate issue, the SRM presents itself as a simple, robust, and
cost-effective structure as it does not require permanent magnets or rotor windings.
Combined with control flexibility, high reliability, and fault tolerance, it makes this
machine attractive for direct drive energy converters (Figure 1).

The remainder of this chapter is organized as follows: Section 2 examines some
design issues and proposes similarity laws for a SRG design methodology. Section 3

Figure 1.
Schematic representation of a SRG applied to a direct drive wind energy converter (the stator structure is shown
without the coils, for an easier understanding).
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discusses the features of short-flux path magnetic topologies, using finite element
analysis, and a linear field-based model is proposed. Section 4 presents results from
the comparison of a modular short-flux path topology, with a 20 kW regular SRG
prototype operating at a rated speed in the region of 100 rpm, for use in a direct
drive wind turbine [11]. Finally, Section 5 offers some conclusions and points out
some impacts of the scale model methodology in the design procedure.

The work presented in this chapter introduces a simple and already known
dimensional similarity-based methodology, built however on another paradigm,
ready to be used as a design tool for estimation of SRG characteristics and
comparison of SRM topologies.

2. Formulation of similarity laws

The SRM design flexibility is consistent with a large number of poles, and there
are various magnetic topologies that can support low-speed applications. In spite of
that diversity of feasible topologies, there are some intrinsic constraints affecting
their dimensions and performance. The characterization and differentiation of
constraints are considered priorities in order to adopt a suitable methodology to
help in the selection of the magnetic topology and geometry for each application.
A constraint can be distinguished by its nature, physical and material. Since the
operation of the SRM is sustained by the magnetic field, a first type of constraints
can be a result of the physical phenomena involved in the electromagnetic conver-
sion. A second type of constraints emerges from the domain of the material
properties, depending on the limits of insulators and magnetic materials used. As
examples, the practical constraint of fixing the flux density results from the satura-
tion limit inherent to the magnetic material, or fixing the temperature limits
prevents premature deterioration of insulators and the shortening of the equipment
lifetime. Additionally, variables such as power, losses, and weight should be taken
into consideration as they also play an important role in the machine design and
construction. The estimation of certain characteristics of the machine can be
facilitated by the relationship between these variables. Models based on similarity
laws were chosen, bearing in mind a machine design oriented towards a change
of scale.

2.1 Rated power and losses

In the machines based on magnetic field properties, the displacement current
term in Maxwell’s equations can be neglected, taking into account the frequencies
and sizes involved. By neglecting this term, Maxwell’s equations will be in the
magneto-quasi-static form. There is a physical constraint due to the electromagnetic
linkage of electrical and magnetic circuits in both cases, the motoring and the
generating mode operations. This linkage is represented in Eq. (1), where an
implicit relationship of characteristic dimensions for each type of circuit is also
shown:

rot H= J (1)

Considering a change of scale in the construction-oriented machine design,
Eq. (1) can be written in the form of (2), where l represents a characteristic linear
dimension:

B∝ Jl (2)
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This proportional relationship highlights that magnetic circuits, excited by
a current, impose a scale factor in their linear dimensions, which is echoed in the
relationship B=J. Therefore, by modifying that characteristic linear dimension,
important changes of performance and machine features can be achieved.

Other variables, like power, losses, and material weight, are also critical in the
machine design. So, it is important to find the scale relationships involving some of
the mentioned variables and the machine dimensions, with the purpose of compar-
ing and predicting certain SRG dimensional characteristics and parameters, based
on scale models.

For that aim, the understanding of the energy conversion principles of the SRM
is a first step and can be easily described using the generating mode operation,
represented in Figure 2.

Neglecting saturation phenomena at this point, Figure 2 shows the profiles of
idealized inductance L, phase flux-linkage ψ, phase current i, and voltage u for a
SRG for single-pulse operation, where VS is the dc-link voltage and La and Lna are,
respectively, the aligned and unaligned inductances. In a regular SRM, with NR

rotor poles, those waveforms are periodic in τR, which is the rotor pole pitch
(2π=NR). During the excitation period, from the rotor position θon toθ off, energy is
stored in the machine magnetic field, with the current supplied by the electrical
source. After commutation, at θoff, the excitation energy is returned to the source,
and simultaneously, the energy provided by the prime mover is converted to
electrical energy.

At θe, all the flux from excitation period is extinguish, and no more electrical
energy is returned to the source. Neglecting the losses, the output energy over
each stroke exceeds the excitation energy by the mechanical energy supplied.

Figure 2.
Idealized inductance profile and waveforms of a single-pulse controlled SRG.
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The SRM can operate continuously as a generator, if the electrical output
energy exceeds the excitation energy, i.e., maintaining the excitation period so
that the bulk of the winding conduction period comes after the aligned position
(dL/dθ < 0). It is considered that the SRG can operate in single-pulse mode,
at all speeds, which results in low switching losses.

To better clarify the issues related to the excitation of the SRG and to extract
energy from the phase winding, it is useful to look at the electrical equations
of an SRG phase as follows:

u ¼ dψ

dt
þ Ri (3)

Multiplying both members of Eq. (3) with the phase current, neglecting the
ohmic losses and assuming a non-saturated machine (ψ ¼ L θð Þi), the instantaneous
power is given as

ui ffi i
dψ

dt
ffi iL

di

dt
þ i2

dL

dθ
ω (4)

where ω is the angular speed of the rotor (ω ¼ dθ=dt).
The SRM energy converter can be represented as a lossless magnetic energy

storage system, with electrical and mechanical terminals, as shown in Figure 3. In
this type of system, the magnetic field serves as the coupling channel between the
electric and mechanical terminals. This kind of representation is valid in situations
where the loss aspects can be separated from the storage aspects and is also useful in
generating mode operation, where the average torque is negative.

For the lossless magnetic energy storage system, the instantaneous power flow in
the system can be expressed by

ui ¼ dWm

dt
þ Teω (5)

whereWm is the stored energy in the magnetic field expressed by (6) and Te

is the electromagnetic torque. For a linear system, the magnetic energyWm and
coenergy Wc are numerically equal. Thus, the time rate of the magnetic energy
change is given by (7), and Te can be obtained from the coenergy as indicated in (8):

Wm ¼ 1

2
Li2 (6)

dWm

dt
¼ iL

di

dt
þ 1

2
i2
dL

dθ
ω (7)

Figure 3.
Schematic magnetic field-based SRM energy converter.
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Te ¼
∂Wc

∂θ
¼ 1

2
i2
dL

dθ
(8)

After replacing Te in Eq. (5), comparing it with Eq. (4) allows to conclude that
less than half of the electrical power involved in the system is converted from the
mechanical power of the prime mover. In fact, part of it is being stored in the
magnetic field. It should be noted that this conclusion has been established in terms
of instantaneous power and for a non-saturated machine. However, for scaling
design, based on similarity laws, the average power and the torque are considered
fundamental. The average power ph i is given by (9), where the rotor angular speed
is considered constant. Both current and phase inductance can be written as
functions of the rotor position and the maximum values, I and La, respectively, as
represented in Eqs. (10) and (11). Multiplying these functions, the phase flux-
linkage is represented by (12). Thus the average power per phase, expressed in (9),

is transformed in by (13), in such way that the integral
Ð τr
0 ξ2θð Þ

dχ θð Þ
dθ dθ should result in

a constant value.

ph i ¼ uih i ¼ Teh iω (9)

i ¼ I � ξ θð Þ (10)

L ¼ La � χ θð Þ (11)

ψ ¼ Li ¼ LaI � ξ θð Þχ θð Þ (12)

ph i ¼ ω

2τr

ðτr

0
i2
dL

dθ
dθ ¼ ω

2τR
I2La

ðτr

0
ξ2θð Þ

dχ θð Þ
dθ

dθ (13)

Considering the dimensional analysis, the similarity laws for ψ, I, and La can be
expressed by (14), (15), and (16), where the scale factor naturally takes place.
Having in mind Eq. (13), a proportional relationship for ph i can be written as (17):

ψ ∝Bl2 (14)

I∝ Jl2 (15)

La ∝
ψ

I
∝

B

J
(16)

ph i∝NRω Jl2
� �2 B

J
∝NRωBJl

4 (17)

Considering an m-phase SRM, and in terms of similarity laws, the rated power
can be expressed by (18)

P∝mNRωJBl
4 (18)

Identical similarity laws can be written for motor mode since the physical fun-
damental concepts are similar. It should also be highlighted that the criteria of
selecting the number of variables, greater or smaller, to be explicit in the scale laws,
depend only on the parameters and characteristics considered relevant for the
comparison of topologies that is proposed. For instance, the number of rotor poles is
a significant parameter in evaluating low-speed SRG designs, since J should be kept
under certain limits due to copper losses and the preservation of the insulating
material and B is limited by magnetic saturation of the iron. The influence of the
commutation of phases on the torque, for this dimensional analysis, was neglected.
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In fact, assuming similar levels of saturation (of B), it is assured that the
abovementioned comparison of topologies, in relative terms, is valid. Therefore, a
compromise involving the number of poles, the dimensions related with both the
magnetic and electrical circuits, and the phase current is required. For that purpose,
particular design details of SRM topologies related with the magnetic circuit draw-
ing and the windings location will be investigated, in order to increase the available
inner space of the machine, taking advantage of an improved air circulation. These
aspects will be addressed in Section 3.

2.2 Multi-machine topology

Regarding to SRM design, there is a high number of feasible topologies, which
are differentiated by the properties of the electrical and magnetic circuits, and their
relative location. A possible SRG topology for an energy converter can include a
series of n-SRM assembled on a common axis. The mono-axial multi-machine
topology presents a higher fault tolerance and a simpler maintenance, compared
with a monolithic SRM.

The previous relationships, applied in SRG design, are suitable to observe certain
limitations and some effects of the scale laws. The methodology will be applied
considering a SRG that is characterized by the rated power, the copper and iron
losses, the maximum value of flux and the current densities, the temperature, and
the efficiency. These values are assumed as reference values, allowing the compar-
ison with similar machines, but built in a different scale.

In the methodology of scale models, applied to an electromagnetic device, there
is one freedom degree to select the variables B and J as both are interconnected by
(2). The saturation levels should be kept constant in all regions of the magnetic
circuit, although the flux density is significantly different depending on the regions
and instants. Therefore, the practical limitation imposed by the saturation of the
magnetic materials can be expressed, in terms of scale laws, by (19):

J ∝
B

l
(19)

According to scale laws, it is possible to compare the relative losses of a hypo-
thetical SRG topology, composed of a set of nmachines assembled in the same shaft,
with a similar monolithic SRG, even though much larger but with the same rated
power of the previous one. Assuming a constant rotor speed and equal number of
phases and rotor poles of both topologies, the scale law for rated power PN can be
rewritten simply by

PN ∝B2l3 (20)

For one SRM module of the multi-machine topology, the rated power can be
expressed by

Pm ∝B2
ml

3
m ∝B2l3m (21)

where B and Bm are the flux densities, considered equal once both topologies use
the same core material, and lm is a linear dimension of the multi-modular topology.
However, this multi-modular topology is characterized by the total rated power
shared by n SRM modules as follows:

Pm ¼ PN

n
(22)

7

Scaling Laws in Low-Speed Switched Reluctance Machines
DOI: http://dx.doi.org/10.5772/intechopen.91436



Moreover, for comparison purposes of topologies, one searches a relation that
involves linear dimensions of both topologies and number of modules. Using (20),
(21), and (22), a scale law can be expressed by

lm
l
∝

1

n

� �1=3

(23)

This result states, as expected, that as the number of modules is higher, smaller
will be the relative linear dimension. Using the previous proportionality law, a
relationship that allows the comparison of the relative copper losses in both topolo-
gies can be established:

PJmT

PJ
∝

nmJm
2lm

3

mJ2l3
∝ n

lm
l

� �

∝ n2=3 (24)

Using (23) and (24) the scale law concerning the relative copper losses can be
expressed by (25) and represented in Figure 4, with the condition of having a
constant flux density:

pJr ∝
PJmT

PN
∝ n2=3P

�2=3
N (25)

So, regarding copper losses, it is possible to conclude about a scale gain for larger
monolithic SRM, rather than a modular system composed by SRM units. However,
the multi-machine topology could be elected for certain applications where other
aspects are a priority like fault tolerance, low cost, and easy maintenance.

2.2.1 Constraint imposed by temperature

In the machine design, at some stage, the heating phenomena have to be con-
sidered. In effect, the compromise settled the temperature increase, and the proper
temperature levels of insulating materials are critical in the machine lifetime. In
order to obtain a scale law, under the thermal stability conditions, it is assumed that
the temperature variation ∆ϑ can be expressed by (26). It is introduced he as the

Figure 4.
Relative copper losses for scale models of SRM considering magnetic saturation constraint.
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equivalent heat transfer coefficient for all heat exchanges between a fluid and a
solid, where AS is the area of the boundary surface of the material:

∆ϑ∝
PJ

heAS
∝

mJ2l3

l2
∝ J2l (26)

Once the constraint of temperature as an influential criterion for comparison
purposes is introduced, the current density is expressed by (27), which points out
the lower current density in larger machines:

J ∝
1
ffiffi

l
p (27)

Therefore, the former scale relationship indicated for rated power (28), and the
relationship between linear dimensions (23), is replaced respectively by (28) and (29):

PN ∝mNRωl
4 (28)

lm
l
∝

1

n

� �1=4

(29)

Taking into account these two relationships and following the steps presented in
Subsection 2.2, the relative copper losses in such temperature conditions are ruled
by the scale laws (30) and (31). Figure 5A shows the behavior of those losses
considering the rated power of the reference machine and the number of modules:

PJmT

PJ
∝ n1=2 (30)

PJr ¼
PJmT

PN
∝ n1=2PN

�1=2 (31)

It is observed that the scale gain effect persists for larger monolithic SRM systems,
rather than multi-machine systems, despite the temperature constraint and due to
lower relative losses in the previous case. Indeed, the relative copper losses are smaller
for larger machines and higher for smaller machines due to the current density, which
assume, in relative terms, smaller values in large SRM, as shown in Figure 5B. This
dimensional analysis makes possible to forecast that the efficiency tends to increase in
large SRM systems and decrease in small ones. To counteract that trend in smaller
machines, it is considered a good practice to increase, in relative terms, the linear
dimension of the copper and decrease the dimension of the magnetic circuit.

From Figure 5B it can be inferred that for larger machines it is easy to drive into
saturation once the flux density can achieve higher levels. Unlike the smaller
machines design, in larger machines emphasis should be placed on the circuit
magnetic dimension combined with the decrease of the relative dimension of the
conductive material. These results suggest a split of scales, thereby benefiting from
the behaviors of B and J with regard to the rated power. That split of scales reflects
in practice by making use of two distinct scales, one for copper and another for iron.
Next steps of the scale analysis will follow in that direction.

2.2.2 Differentiated scales for copper and iron

Until now, the design study has been based on a geometrical scale factor with
additional constraints to fix B and J densities. It becomes clear, from the last results,
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that a degradation of the overall system efficiency, when the SRG is composed of
several SRM units, is expected. In fact, the adoption of the scale criteria has shown
an increase of modules current density, which in turn causes higher copper losses.
This increase of copper losses is not balanced by the flux density decrease.

Trying to improve the use of the conductive material and the core iron, it is of
interest to introduce a modification into the linear scales. This option is accom-
plished through a structural change, in which two specific dimensions of each
material will be used, lCu and lF. Therefore, the relationship (18) assumes the form
of (32), and the relationship (2) is rewritten as (33). These two degrees of freedom
correspond to an equal number of constraints in order to fix the flux and current
densities:

PN ∝mNRω BlF
2� �

JlCu
2� �

(32)

BlF ∝ JlCu
2 (33)

Taking as reference the regular monolithic machine, each SRM unit provides
only a part of the rated power and enables to infer a new relationship between the
relative dimensions of the SRM and the number of modules.

The two available degrees of freedom are used to keep the density flux, as well as
the temperature variation as a constant. In such case, the copper characteristic
dimension plays a key role in limiting the temperature increase. The relationship
(27) will be replaced by (34):

Figure 5.
(A) Relative copper losses for scale models of SRM considering temperature constraint. (B) Normalized current
density and flux density for scale models of SRM considering temperature constraint.
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J∝
1
ffiffiffiffiffiffiffi

lCu
p (34)

The materials weight is proportional to the cube of the respective specific
dimensions. So, the relationships (35) and (36) are considered representative of the
copper and iron weights of the modules set, WtFmT

and WtCumT
.

Observing Figure 6A it can be highlighted that the copper weight increases with
the number of modules and decreases with the rated power, in relative terms. The
iron weight is proportional directly to the rated power and is independent from the
number of SRM modules:

WtFmT
∝ PN (35)

WtCumT
∝ n1=3PN

2=3 (36)

The variation of temperature, within a restricted range, and the constant flux
density lies on preventing the limits of temperature and the materials magnetic
saturation to be exceeded. Under these constraints, the scale relationships reporting
Joule losses at the modular SRM system are formulated and thereby indicated by
(37) and (38). Observing Figure 6B it can be concluded that the relative losses
increase, as the number of modules increase. That increase is steeper for lower rated
powers:

PJmT ∝n5=9PN
4=9 (37)

PJr ∝n5=9PN
�5=9 (38)

3. Machine design

According to the scale criteria, the previous evaluation of the copper weight
and copper losses clearly support the preference for a monolithic topology, instead
of a multi-machine topology. The selection of a magnetic structure that considers
a shorter flux-path may reduce the magnetomotive force (MMF) absorbed in
the iron core.

Figure 6.
(A) Relative weights of iron and copper, keeping flux density and temperature increase both constant.
(B) Relative copper losses with temperature increase and density flux both constant.
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3.1 Short flux-path topology

Examples of a long flux-path of the regular SRG is presented in Figure 7A, and
of a short flux-path is presented in Figure 7B, highlighting the flux-path closing
between two adjacent rotor poles. In order to compare the flux-path length lFsf of

a short flux-path (SFP) topology with the length of the regular machine lF, an
external radius R2, similar for both topologies, is considered. The circular arc length
of the shaft contour is neglected, for simplicity of analysis. Using the scale laws, it
is possible to evaluate the effect on copper losses and weight, in relative terms.
The relationship of the flux-paths is given by (39):

lFsf
lF

ffi
π
m R1 þ R2ð Þ þ 2 R2 � R1ð Þ

πR2 þ 2R2
(39)

As inferred from the geometry of both topologies, in the short flux-path case,
it is considered a relationship between the exterior and interior radius R1 given by
R2 = 3R1. Both machines have four phases (m’ = m = 4), but the SFP topology has a
higher number of rotor poles than the reference machine, N’R = 14. With the above
assumptions, the ratio of flux-path lengths lFsf=lF is approximately 1/2.

Choosing a modular SFP topology, as a magnetic structure, with eight stator
modules separated by nonmagnetic spacers, part of the coil wound on the base of
each module is exposed, making the copper cooling process and the heat removal
more effective. Other favorable arguments to choose this SFP topology are the high
fault tolerance, the easy maintenance, and the simplicity of the manufacturing [12].

Figure 7.
(A) Long flux-path for a regular topology (m = 4; NR=6). (B) Short flux-path for a SFP topology (m = 4;
N’R=14) with stator modules separated by nonmagnetic spacers [1].
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The laws related to differentiated scales for copper and iron allow to track the
course of the copper losses of the SFP topology, with respect to the regular 8/6
topology. With a limited increase of temperature and a constant flux density, the
relationship between the iron and copper characteristic dimensions is expressed by
(40) and the copper losses by (41).

BlF ∝ lCu
3=2 (40)

PJ ∝mJ2lCu
3
∝mlCu

2
∝m BlFð Þ4=3 (41)

The copper losses depend on the length of the flux path, becoming lower in the
SFP topology. For identical rated power, the copper losses decrease, considering a
wide power range suggests a rescaling operation, i.e., a reduction of the dimensions
of the SFP machine compared to the dimensions of the regular machine. For that
purpose, together with scale laws, a lumped-parameters model based on field the-
ory will be developed. Previously, in order to build the lumped-parameters model as
simple as possible, a finite element analysis is used to evaluate some starting
hypothesis. In Figure 8B it can be seen that the mutual flux-linkage is very small
compared with the flux-linkage of each phase. Therefore, in a similar way to regular
topologies, the mutual flux-linkage between two phase windings of the SFP mag-
netic topology is negligible. The magnetic saturation has a significant effect in this
modular SFP topology, as can be seen in Figure 8A. However, a steep saturation can
also appear in regular machines as it is presented in [13].

3.2 Field-based model for dimensional analysis

Under the scope of scale comparisons and regarding electromagnetic rotating
systems, it is suitable to work with simple models representing the distribution of
the flux density and the magnetic energy. The torque and power relationships can
be estimated with those field-based models, which are supported in real system
dimensions. An evaluation of relevant topology characteristics and parameters is
expected to be achieved making use of scale laws. Thus, a model of a basic reluc-
tance rotating system will be developed. The core is built with identical and isotopic
material, assuming very high magnetic permeability and magnetic linear behavior.

The idea of constructing field-based models, assuming linearity of the magnetic
circuit, in such SRG topologies, which are characterized by operating into the

Figure 8.
(A) Flux-linkage characteristic for the SFP topology. (B) Mutual flux-linkage effect when SFP topology was
driven hard into saturation.
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saturation region, may seem contradictory. However, the saturation effect being
extended to both topologies, it is possible to compare the characteristics (e.g.,
having different numbers of poles), preserving certain dimensions of the magnetic
circuit where the flux paths lie on. Therefore, the stator external diameter; the air
gap length, δ1; the radius of the air gap, Rg; as well as the core length, L, will be fixed
and kept constant.

A part of a basic rotating reluctance system is shown in Figure 9A. It is com-
posed of two poles of equal dimensions, one (rotor pole) having the capability of
movement with respect to the other (stator pole) which is in a fixed position. One of
these poles is confined to an area A and magnetized by a coil with current density J.
Thus, a torque will be produced in order to reduce the reluctance of the system
magnetic circuit, i.e., by varying the relative position of the poles.

Two angular coordinates are sufficient to determine the position of the rotor
pole and the quantities involved in the system. One is the absolute coordinate
associated to the inertial fixed referential, α. The other is the coordinate that
indicates the relative position of the rotor pole regarding the stator pole, θ. The pole
arcs of the rotor and the stator, βR and βS, respectively, are approximately equal. It
is also assumed that the stator winding comprises another coil, wound on a pole
diametrically opposed to the first one, through which the flux-path closes by itself.
A last assumption to mention is that the fringing and leakage fields in the air gap
will be neglected.

Applying Eq. (1) to this reluctance system yields Eq. (42). Thus, the flux den-
sity, B, at the air gap and the magnetic energy stored in the system, Wδ, are
expressed by (43) and (44).

H α,θð Þδ α,θð Þ ¼ JA (42)

B α,θð Þ ¼
μoJA

δ α,θð Þ
(43)

Figure 9.
(A) Schematic view of part (two poles) of a basic reluctance rotating system [1]. (B) Torque-position profile
and operation regimes of the switched reluctance system [1].
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Wδ ¼ 2

ð

Vδ

ð

B

0

H � dB0

0

@

1

AdV ¼
ð

Vδ

B2

μ0
dV (44)

It should be noted that (44) includes the presence of two volumes of air gap Vδ

in the magnetic circuit. Regarding the air gap lengths, it is assumed that δ1 ≪ δ2. In
these terms, the electromagnetic torque Te is given by the derivative of the mag-
netic coenergyWC with respect to the rotor position (45), and the maximum torque
is given by (46). The electromagnetic power, in the generator regime, as well as in
the motor regime, shown in Figure 9B, is calculated using the average torque Teh i
as presented in (47).

Te ¼
∂WC J, θð Þ

∂θ
¼ ∂Wδ J, θð Þ

∂θ
(45)

T ¼ μo JAð Þ2LRg
1

δ1
� 1

δ2

� �

ffi μo JAð Þ2LRg

δ1
(46)

P ¼ Teh iω ¼ m
βR

τR

μoA
2LRg

δ1

 !

ωJ2rms (47)

4. Design study results and discussion

The scale law methodology and the field models are used now to compare the
SFP topology, represented in Figure 10A, with a 12/16 laboratory prototype (three-
phase with regular structure), built by M. A. Mueller for a direct drive wind turbine
(Figure 10B). This topology, with 12 stator and 16 rotor poles, was elected based on
torque density criteria [11]. However, the only relevance of that work for the
present study lies on the similar parameters of the prototype that will support the
scale comparison of topologies. Both magnetic circuits have four stator poles
involved in the flux-path when one phase is excited. Identical air gap dimensions

and core length δ,Rg,L
� �

are assumed, and an equal MMF per stator pole is
imposed.

Figure 10.
(A) Modular SFP topology with identical airgap radius, Rg . (B) SRG prototype (three phases, 12/16).
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Thus, Eq. (48) can be used. Concerning the obtained results, the modular SFP
topology presents a torque 56% higher than the regular machine. This is an added
value that lies on a greater number of phases, m (one more than the prototype) and
a larger section of rotor poles, βR (pole arc of the rotor), as observed in Table 1,
where the rotor pole pitch is given by τR ¼ 2π

NR
.

The results, in terms of power, allow enough flexibility to perform a rescaling
operation of the modular magnetic structure.

Adopting differentiated scales and keeping constant the flux density and the
temperature variation, the rated power is expressed by the relationship (48). As
illustrated in the diagram of Figure 11, and keeping in mind a modular machine and

a standard one with equal power P0
N ¼ PN

� �

to the standard machine PNð Þ, the
proportion of power values presented in Table 1 enables to infer the following
rescaling relationships, (49) and (50):

PN ∝mNRωB
2lF

3 (48)

P0
N

PN
∝

m0NR
0

mNR

lF
0

lF

� �3

(49)

lF
0
∝

1

1, 56

mNR

m0NR
0

� �1=3

lF ∝0, 82 lF (50)

The rescaling operation shown in Figure 11 consists on the reduction for
identical rated power, in proportional terms, of the modular machine (MMOD)

m NR τR rad½ � βR rad½ � P (p.u)

Regular 12/16 prototype 3 16 π=8 π=24 1

SFP modular topology 4 14 π=7 π=18 1,56

Table 1.
Parameters of the compared topologies (the base power is peak power), m (number of phases), NR (number of
rotor poles), τR (rotor pole-pitch), βR (rotor pole-arc), P (rated power).

Figure 11.
Schematic diagram of the rescaling operation for weight and loss comparison purposes [1].
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characteristic dimensions compared to the standard machine (MREF). After
rescaling, it is well-timed to establish relationships for both the weight of iron Wt ∗F
and the weight of copper Wt ∗Cu as well as to evaluate the copper losses P ∗

Jr , in

relative terms. The iron weight and the copper weight of the modular topology are
compared with the SRG prototype, as indicated by (51) and (52):

Wt ∗F ∝

lF
∗ð Þ3

lFð Þ3
t∝0, 55 WtF (51)

Wt ∗Cu ∝
lCu

∗ð Þ3

lCuð Þ3
WtCu ∝

lF
∗ð Þ2

lFð Þ2
WtCu ∝0,67WtCu (52)

Regarding the modular topology, the iron weight is approximately 55% when
compared to the standard topology, reducing the volume taken by the iron by 45%.
Concerning the relative weight of the copper, it allows a reduction of 33% in respect
to the regular 12/16 SRG.

In terms of specific power, expressed in W/Kg, it is predicted that there will be
an increase of power of 80% at the modular SRG per unit of iron mass, and an
increase of close to 50% per unit of copper mass, when compared to the standard
SRG. According to the relationships (53) and (54), the relative losses of both
machines show the same proportionality, even after the rescaling operation and the
resultant reduction of the volume of the modular machine. The rescaling operation
is performed on an identical rated power basis:

P ∗

Jr

PJr
¼

P ∗

J

P ∗

N

PJ

PN

∝

m ∗ lCu
∗ð Þ2

mlCu
2 ∝ 1, P ∗

N ¼ PN (53)

P ∗

Jr ∝PJr (54)

The weight of the materials is an important factor in choosing the equipment to
be used in a generator, due to the general high-altitude location of the wind tur-
bines, whether onshore or offshore. Also, the cost of material and maintenance
comes lower, together with lesser weight. Furthermore, when the modular
topology is selected, higher fault tolerance is expected. The heat removal and the
temperature distributed within the machine take benefit from the modular
configuration and the winding location on the stator modules. In fact, the
heat transfer is at least so relevant as the electromagnetic design and therefore will
be treated in a future work.

Finally, the good performance is preserved, and it is not expected that the
inclusion of iron losses in the previous calculations will degrade the results in
a significant way.

5. Conclusions

A comparative analysis based on scale models has been presented for low-speed
SRM. The comparison and evaluation of magnetic structures play an important role
in the SRM design. General design methodologies are usually oriented towards the
evaluation of stator/rotor poles combinations for regular SRM. Besides covering that
feature, the proposed formulation of scale laws is also suitable to compare other
SRM topologies, distinguished by different characteristics of electric and magnetic
circuits and their own relative location. As shown by the authors, this methodology
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can be extended to other physical phenomena, like thermal changes and magnetic
saturation, by introducing some constraints. The study performed in this paper
compares a modular short flux-path topology versus a low-speed 20kW prototype
SRG, at a rated speed in the region of 100 rpm, designed for a direct drive wind
turbine. The modular topology can optimize the efficiency and weight, taking
benefits from the significant gain of power per unit of mass and lower losses.

The comparison results achieved in this dimensional analysis indicate that addi-
tional work should be developed concerning a detailed design of the modular SFP
topology, and so, the work should be seen as a guideline, and not as an end.
Considering the real dimensions and the material characteristics, a full-scale
machine design will be able to compare initial costs of the modular SFP SRG
topology with classical generators, using gearbox.

This work should not be seen as attempting to address a detailed design of a
novel SRG, nor an original methodology, but rather highlight the usefulness and
effectiveness of the similarity law formulation, as an assistant tool for the machine
design. Furthermore, its application to regular and non-regular SRM topologies
clearly emphasizes some design details of magnetic structures in machine.
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