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 Abstract – This paper presents a design methodology based on scale models for low speed 

Switched Reluctance Generators (SRG). This work is motivated by the application of SRG 

to direct-drive wind turbines and other low speed renewable energy systems. In direct 

drive energy converters considerable simplifications result from the elimination of the gear 

box which has generally been used to interface a slowly rotating shaft with the generator 

shaft. The comparison and evaluation of magnetic structures plays an important role in the 

SRG design. General design methodologies are usually oriented towards the evaluation of 

stator/rotor poles combinations for regular switched reluctance machines. Besides covering 

that feature, the formulation of scale laws proposed is also suitable to compare other SRG 

topologies distinguished by different characteristics of electric and magnetic circuits and 

their own relative position. In addition, this methodology can be extended to other physical 

phenomena like thermal changes and magnetic saturation by introducing some constraints. 

The running example compares a modular short flux-path topology versus a low speed 

20kW prototype SRG 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 volume and lower losses. 

 Keywords – Scale Models Methodology, Similarity Laws, Low Speed Energy Converters, 

Switched Reluctance Generator, SRG Design. 

 

NOMENCLATURE 

 

�� Area of the material surface exposed for cooling purposes. � Magnetic flux density.  � Machine core length. �� Equivalent heat transfer coefficient.  � Magnetic field.  � Instantaneous phase current. � Peak amplitude of fundamental harmonic of phase current. 
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�	
� RMS current. � Current density. 

  � Characteristic linear dimension. 

 �
�, ��� Characteristic linear dimension of copper and iron, respectively. � Phase inductance. ��, �� Aligned and unaligned inductance. 

  � Number of phases. 

�� Modular machine. 

��∗  Modular machine after rescaling. 
	�� Standard machine (reference). � Number of turns per stator pole. 

  �	 Number of rotor poles. � Electromagnetic power. �� Copper  losses.  ��∗ Copper losses after rescaling. ��� Relative copper losses.  ���∗  Relative copper losses after rescaling. �� Rated power.  �����  Rated power under saturation constraint.  ��∆����  Rated power under temperature constraint. ��∗  Rated power after rescaling.  

     	 , 	!  Inner and outer radius (defined in Fig. 4). 

  		 Radius to rotor pole tips(defined in Fig. 6A). 	" Air gap radius.   � Surface linked to a closed contour line around the magnetic circuit. # Maximum electromagnetic torque. #� Instantaneous electromagnetic torque.   〈#�〉 Average electromagnetic torque. � Phase voltage. & Peak amplitude of fundamental harmonic of phase voltage. ' Volume.  '(� Output dc-link voltage. ') Air gap volume. *
 Magnetic coenergy. *) Magnetic energy confined to the air gap. *�
�,*��� Copper and iron weight. + Absolute coordinate linked to the fixed inertial frame (defined in Fig. 6A). ,�, ,	 Stator and rotor pole arcs, respetively. - Closed contour line around the magnetic circuit. ) Air gap length. ) , )!	 Minimum and maximum air gap lenght (defined in Fig. 6A). ∆� Temperature variation.  / Rotor position (mechanical angle). /01, /022 Turn-on and turn-off rotor position (commutation), respectively. /� Angle at which phase current extinguishes. 34 Permeability of free space. 5 Electrical conductivity in a conductor material. 6	 Rotor pole pitch. 7 Phase flux-linkage. 8 Rotor angular speed.  82 Angular frequency of the flux in the stator poles. 

 

1.  INTRODUCTION 

Several aspects regarding the switched reluctance (SR) drives development have been a 

subject of research and further improvements for some decades and also in the recent past [1-5]. 

For example, the control techniques, loss optimization, torque ripple and acoustic noise 

illustrate the progress in knowledge regarding SR machines. The operation of the SR generator 

(SRG) has also deserved some attention, although not as much as the operation of the motor [6-
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10]. The SRG research work has been mainly directed at the automotive, aerospace and wind 

energy domains [11-17]. 

Previous and older treatments of SRG have focused on the design of high-speed SRG (see 

[18] and the references cited therein), which mainly rely on the regular magnetic structures [19] 

of two opposing stator poles per phase and a minimal number of rotor poles.  

The SR machine is inherently a variable speed drive that can be easily controlled and matched 

to its load by controlling the instants of energizing and de-energizing the stator phases [20]. 

Furthermore, robustness and simple construction (only concentrated coils on the stator), control 

flexibility, high power density, high fault tolerance and good efficiency in a wide speed range 

[21-22], make this machine suitable for direct drive energy converters and attractive for harsh 

environmental applications [23-26]. 

Over the last decades more research efforts have been carried out regarding the use of SRG in 

direct drive wind energy systems. Though there are different magnetic circuit topologies, SRG 

design methodologies generally aim to choose the number of stator and rotor poles for regular 

topologies [27-28]. The formulation of similarity (or scale) laws [29] proposed in this paper 

provides the tools to compare other SRG topologies differentiated by diverse characteristics of 

electric and magnetic circuits and their own relative position. In addition, the use of this scale 

models methodology makes it easy to incorporate in the system analysis other physical 

phenomena, such as thermal effect and magnetic saturation, by introducing some constraints. 

Thus, this work underlines dimensional and similarity arguments that extend previous 

discussions about SRG design into a more general context. 

This work is motivated by the application of SRG to direct-drive wind turbines and other low 

speed renewable energy systems. Direct drive energy converters benefit greatly from the 

elimination of the gearbox, which has traditionally been used to interface a slowly prime mover 

shaft with the generator shaft. In fact the gearbox is a considerable cost component that reduces 

the system reliability and its overall efficiency. Moreover, the actual trend of exploiting the 

offshore wind resources makes robustness and reliability vital to the economic operation of 

wind turbines in that specific environment. 

In this paper the scale models methodology is applied to the SRG design by evaluating and 

comparing a modular short-flux path topology with a 20kW regular SRG prototype operating at 

a rated speed in the region of 100 rpm for use in a direct drive wind turbine [30]. To achieve that 

objective, together with the dimensional analysis, a field-based model is developed and a 

rescaling operation is performed. 

This paper introduces a simple and already known dimensional similarity-based methodology 

ready to be used as a design tool for topologies comparison and discussion on SRG constructive 

paradigms. 
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2.  SCALE MODELS METHODOLOGY FOR SRG 

 

2.1  Energy Conversion  

A classic 4-phase regular topology with 8 stator poles and 6 rotor poles (8/6) is shown in 

Fig.1-A, where βr and βs represent the rotor and stator pole arcs. 

Neglecting saturation phenomena at this point, Fig. 1-B shows the idealized inductance	
�, phase flux-linkage 7 , phase current 	�   and voltage 	� profiles of a SRG for single-pulse 

operation where VS is the dc-link voltage and La , Lu are the aligned inductance and the 

unaligned inductance respectively.  In a regular SR machine with ��  rotor poles those 

waveforms are periodic in τR , that is the rotor pole-pitch (!9/��). 

During the excitation period, from θon toθoff , current flows from the supply and energy is 

stored in the machine magnetic field. After commutation, at θoff, the excitation energy is 

returned to the supply while the energy provided by the prime mover, is converted into electrical 

energy.  

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Fig. 1 –  A. Cross-section of a regular four-phase 8/6 SR topology.  

B. Idealized inductance profile and waveforms of a single-pulse controlled SRG. 
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At θe all the flux from excitation period has been extinguished and no more electrical energy 

is returned to the supply. If losses are neglected then the output energy, over each stroke, 

exceeds the excitation energy by the mechanical energy supplied.  

The SR machine is capable of operating continuously as a generator if the electrical output 

energy exceeds the excitation energy, i.e., by keeping the excitation period so that the bulk of 

the winding conduction period comes after the aligned position (dL/dθ <0). The SRG can be 

operated in single pulse mode over a wide speed range , which results in low switching losses 

[21]. 

 

2.2  Scale Laws and Design Considerations  

In regards to SR machines design, there are a multiplicity of feasible topologies differentiated 

by the properties of the electrical and magnetic circuits and their relative location. However, in 

spite of that diversity, there are intrinsic constraints related to those machines which affect their 

dimensions and performance. Similarly to other conventional electromechanical rotating 

systems, the SRG operation is sustained by the magnetic field. The electromagnetic linkage of 

electrical and magnetic circuits is by itself a constraint. That linkage, between magnetic field 

intensity � and current density �, is well represented by Ampère´s law in integral form: 

 

; �.(� = > �. (�
�-

 
 

(1) 

 

Characteristic dimensions of electrical and magnetic circuits are implicit in Ampère´s law. 

Assuming that the machine design is oriented towards a scale change, the equation (1) can be 

written in the form of (2) where � represents a characteristic linear dimension. 

 

� ∝ ��   (2) 

 

This proportional relationship underlines that current excited magnetic circuits impose a 

scale-factor in their linear dimensions, which is reflected in the relationship /�  .  Hence, 

significant changes of performance and machine features can be achieved by modifying that 

characteristic linear dimension. 

Other constraints such as power supplied, losses, efficiency and temperature also determine 

the machine design. The following subsections present the scale relationships involving some of 

the variables mentioned and the machine dimensions with the aim of comparing and predicting 

certain SRG dimensional characteristics and parameters based on scale models. 
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2.2.1 Rated power  

In order to attain the aim pursued, a regular SR machine will be considered, as shown in 

Fig.1-A. These classical topologies are characterized by the symmetry of both rotor and stator 

poles about their centre-lines and equally spaced around the rotor and stator, respectively. Each 

phase winding comprises two coils, wound on opposite poles. Once the winding consists of a 

number of electrically separate phases and the SRG behaves as a single-phase excited machine, 

a study per phase will be performed.  

SR machines designs, for operation at low speeds, usually point to a significant number of 

poles. This design orientation can be easily understood by focusing in the generator operation 

mode, illustrated in Fig.1-B. Neglecting the voltage drop in the winding resistance, the voltage 

equation for each phase can be represented as: 

 

� ≅ (7
(�  

  

(3) 

Both phase voltage � and flux-linkage  7 waveforms, can be approximated by a Fourier 

series comprising a fundamental component and a series of lower peak amplitudes harmonics.  

Neglecting harmonics of higher orders the previous relationship can be treated in terms of RMS 

values of the respective fundamental components as expressed by: 

 

& ∝ 82A   (4) 

 

where 82 is the angular frequency of the flux in the stator poles. 

On the other hand, the angular frequency of the flux in the stator poles is proportional to the 

angular velocity of the rotor 8 and is therefore given by : 

  

82 = �	8   (5) 

 

where �	 is the number of rotor poles.  

 

Revisiting the relationship indicated by (2) and, as the average electrical power related to one 

phase is proportional to the product of the voltage and phase current, a scale law of rated power 

for SR machines can be expressed by   

 

�� ∝ &� ∝ �	87�   (6) 
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Taking into account the representation of the phase current in terms of current density one 

may write the proportional relationship by introducing the scale factor �. Hence the rated power 

law of a m-phase SR machine is suitably expressed in the form of 

 

�� ∝ ��	8B��!C(��!) ∝ ��	8���F   (7) 

 

It should be noted that the criteria of selecting a greater or smaller number of variables to be 

explicit in the scale laws depend only on the characteristics and parameters considered relevant 

for the proposed comparison of topologies. For instance, the number of rotor poles is a 

significant parameter in evaluating low speed SRG designs since B is limited by magnetic 

saturation of the iron and J should be kept under certain limits due to copper losses and the 

preservation of the insulating material. Therefore a compromise involving the number of poles, 

dimensions related either with the magnetic circuit as electrical circuit and phase current is 

required. For that purpose particular design details of SR topologies related with the magnetic 

circuit drawing 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.  

  

2.2.2 Losses 

The Joule losses in a conductor material of volume ' and electrical conductivity 5 is given by  

 

 

�� = > �!
5'
	('		   (8) 

 

Considering the overall losses due to Joule effect related with the electric circuit of each 

phase, the proportional relationship of copper losses of a m-phase SR machine is therefore 

expressed by 

 

�� ∝ ��!�G 

 

  (9) 

The prediction of SGR magnetic losses is not trivial due to the fact that different parts of the 

iron core are not subjected to the same frequency of magnetic flux. At a constant rotor speed, 

the period and form of the flux waveforms in the core differ from part to part. A detailed study 

presented in [19] on the flux harmonic spectra in different parts of the iron core also contributes 

towards understanding the SR machine noise. In addition, the fact that this machine operates in 
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varying levels of saturation further complicates the estimation of iron core losses. Although, in 

general the mutual flux can be neglected in SR machines [31] the analysis complexity grows as 

the number of phases increases.  

However, due to lower thermal inertia of the copper compared with the iron and the practical 

temperature limits of insulators, the iron losses are less critical in terms of machine design and 

will not be included in this dimensional analysis. 

 

2.2.3 Saturation and temperature constraints 

The previous relationships are suitable to observe some physical effects and limitations as 

well as to know how scale laws handle these when applied in SRG design. Assuming a 

reference machine that is supposed to be properly designed, the other machines are similar scale 

models, in which the laws of proportionality should respect the material constraints as set out 

below. In order to exemplify that feature, a SRG characterized by a rated power, losses, 

maximum flux and current densities, were considered. These reference values are assumed as 

base values allowing the comparison with similar machines built in a different scale by using 

per-unit (p.u.) quantities. 

In the scale models methodology applied to electromagnetic devices there is one degree of 

freedom to select the variables B and J as both are interrelated by (2). Although the flux density 

is significantly different in diverse regions and instants, the saturation levels should be kept 

constant in all regions of the magnetic circuit. Therefore the practical limitation imposed by the 

magnetic saturation can be expressed in terms of scale laws by (10). Thereby, the rated power 

for the SRG assumes now the form of (11). 

 

� ∝ �
�  

 (10) 

 

����� ∝ ��	8�!�G  (11) 

 

At a certain stage of machine design the heating phenomena has to be considered. In effect 

the balance between the temperature increase and the proper temperature levels of insulating 

materials is critical for the machine lifetime. Under thermal stability conditions, for the reasons 

referred in subsection &2.2.2, it is assumed that the temperature variation ∆� is proportional to 

copper losses as indicated by (12). In this relationship the constant �� is an equivalent heat 

transfer coefficient for all heat exchanges and ��  is the cooling surface area of materials 

involved. 
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∆� ∝ ������ ∝
��!�G
�! ∝ �!�  (12) 

 

Once introduced the constraint of temperature as a criteria ∆� should be kept constant. The 

current density is expressed by (13) which points out the lower current density in larger 

machines. Thereby, the scale relationship indicated for rated power can be written simply by 

(14). 

 

� ∝  
√� 

 (13) 

 

��∆�	��� ∝ ��	8��I/!	 
 

 (14) 

At this point it is possible to verify that there is a scale gain in the efficiency of SR machines 

e.g. larger SRG present lower relative losses than smaller machines. That said, the copper losses 

are given by (15) in which it was assumed that the flux density is kept constant to make full use 

of the iron properties. The relationship (13) was also used to ensure that temperature doesn’t 

exceed the limit values of the isolating materials. 

 

��� = ���� ∝ ��!�G
��	8��I/! ∝

 
�	8��G/! 

 (15) 

 

So far this design methodology has been developed on a geometrical-scale factor basis having 

additional constraints to fix B and J densities. Larger machines are easily driven into saturation 

because the flux density can achieve high levels with lower relative current densities. In 

opposition to smaller machines design strategy, in larger machines the emphasis should be 

placed on the circuit magnetic dimension and the decrease of the relative dimension of the 

conductive material. These results suggest a mutation of scales, thereby benefiting from the 

behaviors of B and J with respect to the rated power. That mutation of scales is accomplished 

through two distinct scales, one for copper and another for iron. Thus, having in mind a better 

use of the conductive material and the core iron, two specific dimensions of each material will 

be used, �
� e ��� . Therefore the relationship (7) assumes the form of (16) and the relationship 

(2) is now written as (17). These two degrees of freedom correspond to an equal number of 

constraints in order to fix the flux and current densities. 

 

�� ∝ ��	8B����!C(��
�!)  (16) 
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���� ∝ ��
�!	 
 

 (17) 

The two degrees of freedom available are used to keep the density flux as well as the 

temperature variation constant. In such case the copper characteristic dimension plays a key role 

in limiting the temperature increase. The relationship (18) will now replace (13). 

 

� ∝ 	  
J�
� 

 

 (18) 

As the weight of the materials is proportional to the cube of the respective specific 

dimensions, the relationships (19) and (20) are considered representative of the copper and iron 

weights of the modules set, *���		and *�
�		. Figure 2 highlights that, in relative terms, the 

copper weight decreases with the rated power and the iron weight is directly proportional to the 

rated power. 

 

*���		 ∝	��	 
 

 (19) 

*�
�		 ∝		��!/G  (20) 

 

 

 

 

 

 

 

 

 

 

 

 

 

To fix both the variation of temperature and the flux density consist of not allowing the 

magnetic saturation and temperature materials limits to be exceeded. It is under these constraints 

that the scale relationship (21), reporting Joule losses at SR system is formulated. Fig. 3 shows 

Fig. 2 –   Relative weights of iron and copper keeping flux density  

and temperature increase both constant. 
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that the relative losses increase as rated power decreases. That increase is steeper for lower rated 

powers. 

  

��� ∝ ��KL/M  (21) 

 

In spite of the temperature constraint, it is observed that, the scale gain effect persists for 

larger SR machines rather than smaller machines due to lower relative losses in the former case. 

In effect the relative copper losses are smaller for larger machines and they are higher for 

smaller machines due to current density that assume, in relative terms, smaller values in large 

SR machines as shown in Fig.3. In fact, the adopted scale criteria have shown an increase in 

current density which in turn causes higher copper losses. This increase of copper losses is not 

balanced by the flux density decrease.  

The dimensional analysis performed so far makes it possible to predict that efficiency tends to 

increase in large SR machines 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.  SRG DESIGN 

 

3.1 Short flux-path topology  

According to the scale criteria thus far, the previous evaluation of the copper weight and 

copper losses, clearly support the preference for larger machines over smaller machines. The 

selection of a magnetic structure that takes into account a shorter flux-path may reduce the 

magnetomotive force (MMF) absorbed in the iron core. A long flux-path of the regular SRG is 

Fig. 3 –   Relative copper losses with temperature increase 

 and density flux both constant. 
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illustrated in Fig.4-A and an example of a short flux-path is shown in Fig.4-B highlighting the 

flux closing between two adjacent rotor poles [32]. In order to compare the flux-path length 

���,�2 of a short-flux path (SFP) topology with the length of the regular machine ���, an exterior 

radius 	! similar to both topologies is assumed. The circular arc length of the shaft contour is 

neglected for simplicity of analysis. Using the scale laws the effect on copper losses and weight 

can be evaluated in relative terms. The relationship of the flux paths is approached by (22). 

 

���,�2��� ≅
9�(	 + 	!) + !(	! − 	 )

9	! + !	!  

 (22) 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4 –  A. Long flux-path for a regular topology (m = 4; NR=6). 

B. Short flux-path for a SPF topology (m = 4; N’R=14) with stator modules  

separated by non-magnetic spacers. 
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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 	  given by R2=3R1. Both are four phase 

machines (m’=m=4) and the SFC topology has a higher number of rotor poles compared with 

the reference machine, N’R=14. Taking into account the above assumptions, the ratio of flux-

path lengths 	���,�2 ���⁄  is approximately 1/2.  

The magnetic structure that was chosen is a modular SFP topology constituted by eight stator 

modules separated by non-magnetic 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. High fault 

tolerance, easy maintenance and simplicity of manufacturing are also favorable arguments to 

choose this SFP topology [33].  

The laws related to differentiated scales for copper and iron provide the means to track the 

course of the copper losses and the material weight 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 (22) and the 

copper losses by (23). 

���� ∝ �
�G/! (22) 

�� ∝ ��!�
�G ∝ ��
�! ∝ �(����)F/G     (23) 

 

The copper losses depend upon the flux-path length on the core as indicated by (23). 

Observing the behaviors represented in Fig. 5-A and 5-B it is further noted the decrease of the 

copper weight as well as the iron weight of the modular topology when compared to the 

reference topology. In the SFP case, the relative weight of copper is higher than the weight of 

iron up to approximately a rated power equal to 3PN. Above that value the iron weight is 

predominant .  

 

Fig. 5 – Relative weight (A) and losses (B) for SFP topology based on the regular 8/6 SRG. 
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The decrease of copper losses at a large power range suggest a rescaling operation i.e. a 

reduction of the dimensions of the SFP machine with respect to the regular machine, 

considering identical rated power. For that purpose, scale laws and a simple model based on 

field theory will be used. 

 

3.2 Field-based model for dimensional analysis 

Regarding electromagnetic rotating systems and within the scope of scale comparisons, it is 

advantageous to work with simple models that represent the distribution of the flux density and 

magnetic energy. Those field-based models, supported in real system dimensions, can be used 

to estimate torque and power relationships. Making use of scale laws, an evaluation of relevant 

topology characteristics and parameters is expected to be achieved. Thereby a model of a basic 

reluctance rotating system will be developed. The core is built with identical and isotopic 

material assuming magnetic linear behavior and very high magnetic permeability. 

In such SRG topologies characterized by operating into the saturation region, the idea of 

constructing field-based models assuming linearity of the magnetic circuit may seem 

contradictory. However, as the saturation effect is extended to both topologies, it is possible to 

compare the characteristics of two structurally different topologies (for instance, having a 

different number of poles) preserving certain dimensions of the magnetic circuit where the flux 

paths lie on. Therefore the stator exterior diameter, the air gap length 1δ  , the radius of the air 

gap gR  as well as the core length h , will be fixed and kept constant. 

Fig. 6-A shows part of a basic rotating reluctance system composed of two poles of equal 

dimensions one having the capability of movement (rotor pole) with respect to the other which 

is in a fixed position (stator pole). One of these poles is magnetized by a coil with N  turns  

carrying current i . Hence a torque is produced in order to reduce the reluctance of the magnetic 

circuit that constitutes the system, i.e. by varying the relative position of the poles.  

In order to determine the position of the rotor pole and the quantities involved in the system, 

two angular coordinates are sufficient: +, the absolute coordinate linked to the fixed inertial 

frame of reference and / the relative coordinate that indicates the position of the rotor pole 

(rotating frame of reference) with respect to the stator pole. The rotor and stator pole arcs, 

,		and ,� are approximately equal. It is also assumed that stator winding comprises another 

coil, wound on a pole diametrically opposed to the first one through which the flux-path closes 

by itself. Adding to the above mentioned assumptions, the fringing and leakage fields in the air 

gap will be neglected. 

Equation (1) applied to this reluctance system yields equation (24). Thus the flux density B  at 

the air gap and the magnetic energy stored in the system δW , are expressed by (25) and (26). 
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It should be noted that (26) includes the presence of two volumes of air gap δV  in the 

magnetic circuit. Regarding the air gap lengths it is assumed that 21 δδ <<  . In these terms, the 

electromagnetic torque eT  is given by the derivative of the coenergy CW  with respect to the 

rotor position (27) and the maximum torque is given by (28). The electromagnetic power in the 

generator regime as well as in the motor regime, shown in Fig.6-B, is calculated using the 

average torque eT  by (29). 
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Fig. 6 –  A. Schematic view of part (two poles) of a basic reluctance rotating system. 

B. Torque- position profile and operation regimes of the switched reluctance system. 
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4.  DESIGN STUDY RESULTS  

 

In this section, the scale laws methodology and the field models are used to compare the SFP 

topology represented in Fig.4-B with a 12/16 laboratory prototype (three-phase regular 

structure), built by M. A. Mueller for a direct drive wind turbine. Mueller elected this topology 

with 12 stator poles and 16 rotor poles based on torque density criteria [28]. However, the 

relevance of that work for this study lies on the similar parameters of the prototype that will 

support the scale comparison of topologies. In regards to these particular topologies to be 

compared, both magnetic circuits have four stator poles involved in the flux-path when one 

phase is excited. Identical air gap dimensions B), 	", �C		are assumed and an equal MMF per 

stator pole is imposed. Thereby equation (29) can be used. The modular SFP topology, presents 

a torque 56% higher than the regular machine. This added value lies in a greater number of 

phases (one more than the prototype) and in a larger section of rotor poles as observed in table I. 

 

 

 

 

 

 

 

 

 

 

 

The results in terms of power allow enough flexibility to perform a rescaling operation of the 

modular magnetic structure.  

Adopting differentiated scales, keeping the flux density and the variation temperature 

constant, the rated power is expressed by the relationship (30). As illustrated in the diagram of 

Fig. 7 and having in mind a modular machine of equal power (��′ ) to the standard machine 

(��) , the proportion of power values presented in Table I enables to infer the following 

rescaling relationships (31) and (32). 
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SFP modular  

topology 
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1,56 

TABLE  I. Parameters of the compared topologies  
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(32) 

 

 

The rescaling operation shown in Fig. 7, consists of the reduction in proportional terms of the 

characteristic dimensions of the modular machine (MMOD) comparing to the standard machine 

(MREF) for identical rated power. After performing the rescaling operation, it is well-timed to 

establish relationships for both weight of iron *���∗  and the weight of copper *�
�∗ as well as to 

evaluate in relative terms the copper losses ���∗  . The iron weight and the copper weight of the 

modular topology are compared with the SRG prototype as indicated by (33) and (34). 

Fig. 7 – Schematic diagram of the rescaling operation for  

weight and losses comparison purposes. 
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*���∗ ∝ (���∗)G(���)G ∝ 4, LL	*��� 
(33) 

 

\]^_∗ ∝ (`^_∗)G(`^_)G \]^_ ∝ (`ab∗)!(`ab)! \]^_ ∝ 4, WI	\]^_ 
(34) 

 

In regards to the modular topology, the iron weight is approximately 55% of the standard 

topology, thus reducing the volume taken by the iron by 45%. In terms of copper weight 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 (35) and (36), even after the rescaling operation and the resultant reduction of the 

modular machine volume, the relative losses of both machines show the same proportionality. 

The rescaling operation is performed on an identical rated power basis. 

 

 

���∗��� =
��∗��∗����

∝ �∗(�
�∗)!
��
�! 	 ∝  	,														��∗ = �� 

 

(35) 

���∗ ∝	��� (36) 

 

Due to the general high altitude location of the wind turbines, whether onshore or offshore, 

the weight of the materials might be a decisive factor in choosing the equipment to be used as 

generator. Together with lesser weight comes lower cost of material and maintenance. 

Furthermore, higher fault tolerance is expected when the modular topology is selected. The heat 

removal and the temperature distributed within the machine benefit from the modular 

configuration and the winding location on the stator modules. In fact the heat transfer is at least 

as determining as the electromagnetic design and will be treated in a future work. 

Finally, good performance is preserved and it is not expected that the inclusion of iron losses 

in the previous calculations will degrade results in a significant way. 
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5.  CONCLUSIONS 

 

This paper has presented a SRG design methodology, based on scale models for low speed 

applications. This work is motivated by wind and other renewable energy systems which are 

characterized by a low rotational speed. General design methodologies are usually oriented 

towards the choice of stator/rotor poles combinations in regular topologies. Besides covering 

that feature, the scale methodology under consideration is able to compare different magnetic 

topologies, regular or non-regular, and also has the capability to incorporate thermal and 

magnetic saturation phenomena by introducing constraints. Therefore, this paper extends 

previous discussions of SRG design into a more general context. 

Based on the similarity laws and dimensional analysis, a SRG modular topology was selected 

and compared with a prototype rated at 20kW, 100rpm designed for a wind energy converter. 

The comparison results point out the significant gain of power per unit of volume and the 

reduction of losses of the modular topology over the prototype. The methodology proposed is 

also applicable to the design of low-speed SR motors and can be used over a wide speed range. 

This work is not intended to be a detailed design of a novel SRG neither an original 

methodology but rather indicative of the importance of the scale models formulation as an 

assistance tool for this machine design. Therefore, its application to different SR topologies 

clearly emphasizes some design details of magnetic structures that will enhance machine 

performance. Ultimately this work attempts to expand the discussion on SRG design for low 

speed applications, usually confined to regular topologies, in a broader context that includes 

other constructive paradigms, by changing electric and magnetic circuits and their own relative 

location. Moreover, it sets out a platform for further discussion. 

As a guideline, and not as an end, the comparison results achieved in this dimensional 

analysis indicate that additional work should be developed concerning a detailed design of the 

modular SFP topology. Taking into account real dimensions and material characteristics, a full 

scale machine design will make it possible to compare initial costs of the modular SFP SRG 

topology with classic generators using gearbox. 
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