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OBJECTIVES 

Electrification  of  road  vehicles  is  one  of  the most  consistent  initiatives  to  achieve  a  clean, 

environmentally friendly and efficient transport system. The choice of the electric machine for 

the  powertrain  is  an  important  consideration,  nowadays  tilted  towards  permanent magnet 

synchronous machines. However, rare earth permanent magnet supply drawbacks open up new 

prospects for other types of machines, such as switched reluctance machines. The Workshop 

aims  to  be  a meeting  point  for  groups  that  are  currently working  on  the  development  of 

Switched Reluctance Motor drives (SRMD) and an opportunity to establish future collaborations. 

The Workshop  consists  of  two  parts.  In  the  first  part,  in  the morning,  participants,  all  by 

invitation,  will  present  new  types  of  switched  reluctance  machines  for  electric  traction 

applications. In the second part, in the afternoon, all participants will discuss what aspects slow 

down the application of SRMD for electric traction and their possible solutions. 

PROGRAM 

9:30.‐ Welcome and opening ceremony. F. Vilà, Director EPSEVG 

9:45.‐ Presentation of the Workshop: SRM an alternative for E‐Traction. P.Andrada (GAECE‐UPC, 
Spain) 

10.‐ PM Materials and Processes for Soft Magnetic Applications. M.J. Dougan (AMES, S.A, Spain) 

10:30.‐ Modular Switched Reluctance Machines to be Used in Automotive Applications. Loránd 
Szabó (Technical University of Cluj‐Napoca, Romania) 
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11‐11:30.‐ Coffee break 
 
11:30.‐   Torque Control Strategy  for an Axial Flux Switched Reluctance Machine. A. Egea, G. 
Ugalde, J. Poza.  (Mondragon University, Spain) 
 
12.‐ In‐Wheel Axial‐Flux SRM Drive for Light Electric Vehicles. P.Andrada, B.Blanqué, E.Martínez, 
J.I.Perat, J.A. Sánchez, M.Torrent (GAECE‐UPC, Spain) 
 
12:30.‐ A Novel Topology of High‐Speed SRM for High‐Performance Traction Applications. F. J 
Márquez Fernández (Lund University, Sweden), M.D. McCullock (University of Oxford, UK), J.H. 
J. Potgieter (Dyson Ltd., UK), A. G. Fraser (McLaren Automotive LTD, UK) 

 
13: 15:30.‐  Lunch 

 
15:30‐ 16:30.‐ Round table I.  

What is slowing down the application of SRMD for road vehicle electrification? 
 

16:30‐17:30.‐ Round table II.  

Where should research and development focus to boost application of SRMD to E‐traction? 

17. 30.‐ Conclusions 

18.‐ Closure and farewell ceremony 

 

 

 

 

 

CONTACT 
Chair: Pere Andrada, pere.andrada@upc.edu, tel:+34 93 8967732; genwebv4.upc.edu/gaece/es 
Address: EPSEVG, Departament d’Enginyeria Elèctrica, Víctor Balaguer 1, 08800 Barcelona, Spain. 
 

This workshop is supported by Spanish Ministry of Economy and Competitiveness (DPI 2014-57086-R). 
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I. INTRODUCTION

Electrification of road vehicles is one of the most consistent 
initiatives to achieve a clean, environmentally friendly and 
efficient transport system. The choice of the electric machine 
for the powertrain is an important consideration, nowadays 
tilted towards permanent magnet synchronous machines. 
However, rare earth permanent magnet supply drawbacks open 
up new prospects for other types of machines, such as switched 
reluctance machines (SRM). This Workshop, Switched 
reluctance motor drives an alternative for E-traction, aims to 
deepen into the potential of SRM for electric traction, to be a 
meeting point for groups that are currently working on the 
development of SRM drives and an opportunity to establish 
future collaborations. The Workshop consists of two parts. In 
the first part, participants will present papers about issues 
related with switched reluctance machines for electric traction 
applications. In the second part, they will discuss what aspects 
slow down the application of SRM drives for electric traction 
and their possible solutions. 

The sales of hybrid electric vehicles (HEVs) and battery 

electric vehicles (BEVs) have reached significant levels 

worldwide and are expected to grow even more in the coming 

years [1].  In order to further boost this growth, technological 

improvements and cost reductions have to be done not only in 

the electric storage system, mainly batteries, but also in the 

electric propulsion system, traction drives. Right now most of 

the traction drives for HEVs and BEVs are permanent magnet 

synchronous motor (PMSM) drives due to their high power and 

torque density, wide speed range and high efficiency. The main 
drawback of the PMSM drives is the use of rare earth 

permanent magnets. Although rare earth elements are not very 

scarce, some circumstances as:  

 The 50% of reserves are located in China.

 China, in addition, controls most of the world

production of rare earth permanent magnets.

 The growing demand of permanent magnet for the

green industries (wind generation, electric

vehicles,...).

 The experience of past turbulences (2011) in the

price of the permanent magnets.

These reasons advise to reduce the weight of permanent 
magnet into the electric machines or even to dispense of it. 
Thus, nowadays, there is a great interest in the development of 
magnet-less electric drives; the most relevant drives in this 
category are: induction motor (IM) drives, synchronous 
reluctance motor (SyncRM) drives and SRM drives [3-6]. 

II. SRM DRIVES

This Workshop is devoted, exclusively, to one of these 
candidates of magnet-less drives the SRM drives. From the 
point of view of electromechanical conversion, SRM is a 
doubly salient pole device with single excitation that usually 
works strongly saturated [7]. The rotary SRM can be classified 
according their airgap flux direction as radial, axial and 
transverse flux machine. In radial flux SRM the air gap flux is 
mainly in the radial direction relative to the axis of rotation. 
This type of SRM, usually have a cylindrical shape with a 
stator and a rotor that can be internal, the most common 
disposition, or outer. In axial flux SRM the air gap flux is 
mostly parallel to the axis of rotation. The stator and rotor are 
parallel plates arranged perpendicular to the axis of rotation. In 
transverse flux SRM the air gap flux is tangentially, transverse, 
to the axis of rotation [8]. In all cases, torque is produced by 
the tendency of its rotor to move to a position where the 
inductance of the excited phase winding is maximized, i.e. to 
reach the alignment of stator and rotor poles. Therefore, a 
power converter with solid-state switches is needed to generate 
the right sequence of phase commutations for which it is 
required to known the position of the rotor. In variable speed 
applications, the SRM operates in one of the following three 
control modes: current mode, voltage mode and single pulse 
mode.  Generally the SRM is controlled in the low speed range 
by current control maintaining current within a given hysteresis 
band or by voltage control using PWM. At high speeds single 
pulse control is used adapting the conduction period and the 
current waveform to the speed and torque requirements.  
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Despite SRM drives present drawbacks such as: large 
number of connections, phase-leg power modules developed 
for inverters cannot be used in SRM’s power converters, high 
torque ripple and acoustic noise, they have advantages like: 
torque-speed characteristic matches very well to the needs of 
electric vehicle traction and simple and robust construction.  

III. SRM FOR ELECTRIC TRACTION

A. Early achievements 

SRM has always been related to electric traction. The first 

documented switched reluctance motors appeared in the 

period 1837-1840, and one of their earliest applications (as in 

Robert Davidson’s design) was powering a locomotive on a 

section of the railway between Glasgow and Edinburgh [7]. 

However, the rapid development of D.C. motors in the second 

half of the 19th century eclipsed switched reluctance motors. 

The appearance of solid state controlled switches started to 

renew interest in switched reluctance motors, but the modern 

era of SRM did not begin until the late 70s of the last century 

thanks to a research project on battery powered electric 
vehicles carried out by the Universities of Leeds and 

Nottingham and sponsored by Chloride Technical Ltd. 

[9],[10]. Later, due to the renewed interest in electric vehicles 

at the end of the last century and at the beginning of the 

current, several important automobile manufacturers Toyota 

[11], Daimler-Chrysler [12-13], Volkswagen [15], General 

Motors [16] and a research agency CSIRO developed radial-

flux switched reluctance motors as drive trains for their 

prototype electric cars [16]. Although some of these initiatives 

were successfully proved in test vehicles, they were not used 

in commercial cars. Nevertheless, at that time the commercial 

electric motorcycle, EMB-LECTRA [17], with a two phase 
variable reluctance motor was launched and four 400 kW 

SRM were used as traction motors in LeTourneau L-1350 

electric wheel loader [18]. In the last years there has been 

great concern in research and development of SRM, especially 

of radial and axial flux (transverse flux due to its cumbersome 

structure has deserved little attention), for electric traction 

applications. The main trends of this research and 

development are reported below.  

B. Radial Flux SRM 

Great efforts are being made to try to improve the power 

and torque density of SRM to match the values of PMSM [19-

23]. One attempt is to maintain the conventional structure of 

the SRM and use special soft magnetic materials with high 

performance [24]. Others are based on the consideration of 

constructive structures that tend to increase the inductance in 

the position of alignment and reduce it in the non-alignment 
position. Among these, stand out the SRM with segmented 

rotor with which good results have been obtained [25-28]. 

Also interesting are the structures with segmented stator of 

which several variants have been presented [29-33]. Recently, 

alternative proposals have been made such as SRM double 

stator [34] or double rotor [35] that aim to achieve very 

promising results. Another option is the multistack or 

multilayer SRM [36] in which each phase of the machine is 

wounded in independent parallel salient pole stators and the 

rotors corresponding at each stator are shifted between them a 

determined angle. Some of these proposals, in order to 

facilitate the construction of the machine and increase its fault 

tolerance, are modular i.e., built with independent common 
parts that are then assembled to form the complete machine 

[37]. The presentation of Land Rover, at the 2013 Geneva 

Motor Show, of a range of new Defender electric vehicles 

powered by SRM units, developed and built by Nidec SR 

Drives Ltd was an event that opened great expectations on the 

application of SRM drives for electric traction [38]. 

C. Axial Flux SRM 

Some studies carried out in axial flux SRM, demonstrate 

that with this type of machine is possible to obtain higher 

torque density than in radial flux switched reluctance 

machines. These better features of the axial flux SRM are due 

to the increase of the air-gap area, which depend on the 

diameter of the machine, whereas in the radial type machine 

air-gap area depend on the machine length. Although, 

Unnewher and Koch reported a first variable reluctance axial 

flux motor, as early as 1973 [39], it was not until recently that 

some authors have made important contributions to the 
development of axial-flux SRM. Arihara et al. have presented 

the basic design methodology for the axial counterpart of the 

classic radial flux SRM [40]. Murakami et al, have studied the 

optimization of an axial-flux 18/12 SRM [41]. Labak et al. 

have proposed a novel multiphase pancake shaped SRM with 

a stator composed of a series of C-cores, each with an 

individual wound coil, perpendicularly disposed to a rotor 

made with aluminum in which a suitable number of cubes, the 

rotor poles, of high permeability material have been added. In 

this machine, the torque production is due to the tendency of 

any of these cubes to align with the two poles of an energized 

C-core [42]. Madahvan et al. have contributed to the 
development to the axial counterpart of rotor segmented SRM 

in a machine with two rotors and a stator with a toroidal type 

winding [43]. Bo et al [44] designed an axial field SRM with 

single teeth stator and segmental rotor. Recently, Potgieter et 

al. [45] have released a high-speed rotor segmental two-phase 

axial-flux SRM. Andrada et al. have presented a new axial 

flux-switched reluctance machine with a particular distribution 

of stator and rotor poles that results in short flux paths without 

flux reversal proposing two different types of rotors, one 

conventional [46] and the other segmented [47]. In some of 

the contributions cited above the manufacturing problems of 
these machines have been exposed and the use of soft 

magnetic composites materials has been proposed for building 

their magnetic circuit. 

After this presentation, where a brief description of the 

SRM drives and a review of their application as a powertrain 

has been provided, the Workshop starts with a paper that 

emphasizes the importance of the soft magnetic powder 

metallurgical materials in the development of new types of 

electric machines, Powder Metallurgical Materials and 

Processes for Soft Magnetic Applications. The following 
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paper, Modular Switched Reluctance Machines to be Used 

in Automotive Applications, is a survey of the main 

achievements in the field of modular SRM, including hybrid 

reluctance machines, focused in electric traction applications. 

In the paper, Torque Control Strategy for an Axial Flux 

Switched Reluctance Machine, reflects the work done to 
design a torque control strategy for an axial flux SRM. Then, 

in the next paper, In-Wheel Axial-Flux SRM Drive for 

Light Electric Vehicles, an axial-flux SRM with short flux 

paths and without flux reversal able to work in the range of 

low speeds with high torque values is presented. In the next 

paper, A Novel Topology of High-Speed SRM for High-

Performance Traction Applications presents a novel SRM 

concept featuring a 2-phase axial flux topology with a 

segmented stator and twin segment rotors for high-speed 

operation with values of power density in the range of 7 

kW/kg. Finally the paper, Are SRM a Real Alternative for 

EV Powertrain?, gathers the most relevant of the issues 
discussed in the round tables of the Workshop. 
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Abstract—For many designers of electrical machines, the 

term “soft magnetic materials” automatically means laminated 

electrical sheet. This is unfortunate, since for many applications, 

particularly at low frequencies, laminated sheet is rarely the best 

material choice. Soft magnetic powder materials are available to 

satisfy the needs of virtually any application imaginable, from 

plain iron, giving good induction for DC applications, to ultra-

high permeability nickel irons. The use of these materials brings 

with it all the attendant advantages of powder metallurgical (PM) 

production: low cost, tight tolerances, complicated forms, and 

minimal material waste. For high frequency applications, a range 

of soft magnetic composite materials or SMCs are available 

which can provide magnetic performance comparable to or 

surpassing that of laminated sheets, while at the same time 

allowing much greater freedom to the designer due to their 

isotropic nature, which permits the implementation of 

complicated 3D flux paths. This paper presents a review of the 

available powder-based soft magnetic materials, together with 

typical applications and a consideration of some of the factors 

which must be taken into account when producing powder-based 
components for magnetic applications. 

Keywords—soft magnetic materials, powder metallurgy, sinter, 

SMC, dielectromagnetic 

I.  INTRODUCTION

Powder metallurgy or PM is well established as a technique 

for the production of soft magnetic components for 

electromagnetic applications. To avoid confusion it should be 

noted that the abbreviation PM is used throughout this paper 
to mean Powder Metallurgy, and not Permanent Magnet. The 

term soft in relation to magnetism refers to materials which are 

easily magnetised under the influence of an external 

magnetising field, and which give up their magnetisation when 

the external field is removed. These materials are principally 

the ferromagnetic elements iron, nickel and cobalt and their 

alloys. Unlike hard magnetic materials, or permanent magnets, 

which retain their magnetisation in the absence of an external 

field and are used as sources of magnetic flux, soft magnetic 

materials are used as guides and amplifiers of magnetic flux. 

They act as a conduit in magnetic circuits allowing electrical 

signal to be converted to movement, as in the case of motors 

or actuators, or movement to be converted to electrical signal, 

as in the case of sensors. The complicated geometries required 

to form magnetic circuits are well suited for PM production by 

pressing and sintering. 

If the applied field is then reduced to zero, the induction will 

not reduce along the same path; the magnetisation curve 

shows hysteresis. In an unmagnetised sample of ferromagnetic 

material which has not been subjected to an external field, the 

magnetic moments of the atoms are subdivided into magnetic 
domains of opposing orientation which cancel each other out, 

leaving no overall net magnetisation. As the unmagnetised 

sample is subjected to an increasing applied field, these 

magnetic domains rearrange themselves, with domains which 

are approximately aligned with the external field growing at 

the expense of domains which are aligned against the applied 

field. This happens by the movement of the domain walls 

separating the differently aligned regions. Imperfections in the 

crystalline structure of the material such as vacancies, 

dislocations, inclusions, second-phase precipitates, or grain 

boundaries represent an obstacle to the free movement of these 
domain walls which requires additional energy to be 

overcome. It is this which leads to hysteresis when the 

external field is removed. When the external field is reduced 

to zero, a certain net magnetisation will remain, known as the 

remanent induction or Br. Additional energy must be 

expended, in the form of an external field in the opposite 

direction to the original magnetising field, in order to reduce 

the magnetisation of the sample to zero. The magnitude of this 

field is given the nomenclature Hc, and is referred to as the 

coercive force or coercivity of the material. The higher the 

permeability of a material, the easier it is to magnetise. The 

lower the coercive force, the easier it is to demagnetise. The 
hysteresis loop is completed by increasing the applied 

negative field to once again reach saturation, and then 

reversing the cycle. The area under the loop gives the energy 

expended per cycle to change the magnetisation of the 
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material. Multiplied by the frequency of magnetisation, this 

gives the hysteresis losses, measured in Wkg-1. 

The production of sintered soft magnetic parts is broadly 

similar to the production of sintered structural steel parts. High 

densities favour high induction. Except in the low field region 

of the B-H curve, induction varies linearly with density. Other 

factors being equal (type of iron powder, sintering conditions, 

process route), an increase in density of 0.1gcm-3 gives an 

increase in induction of 0.05T (figure 2). 

High permeability and low coercive force are favoured by 

high purity powders, a large grain size, and very low oxygen, 

nitrogen, and carbon levels. In the sintering of structural parts, 

fast cooling rates are advantageous to refine microstructure 

and increase strength. In the sintering of soft magnetic 

components on the other hand, slow cooling rates are favoured 

in order to promote grain growth. Optimum results are 

obtained by sintering at high temperature (>1250ºC) in a pure 
dry hydrogen atmosphere in order to avoid nitrogen pick-up, 

encourage grain growth, and produce smaller, more rounded 

pores to minimise the generation of internal demagnetising 

fields. Particular care must be exercised in the dewaxing phase 

in order to avoid carbon contamination. 

If soft magnetic parts are submitted to finishing operations 

which leave residual stresses such as sizing, machining, or 

tumbling, then a stress-relieving anneal will be required to 

restore the permeability and coercive force to their as-sintered 

values. The coercive force is also an important parameter for 

the quality control of soft magnetic parts,  since unlike the 
permeability it can be measured directly from a finished 

component. 

II. CONVENTIONAL SOFT MAGNETIC MATERIALS

A. Pure Fe 

In the world of PM parts production, where we are constantly 

looking for more sophisticated alloying systems to obtain 

higher strengths in structural components, plain iron might 

seem to be too simple a material to be of much interest. In 

fact, due to its very high level of induction, it is an extremely 

important  material for soft magnetic applications. The 

excellent compressibility of pure iron makes it easy to reach 

high densities, its dimensional stability on sintering makes 

tight tolerances achievable, and it has the lowest cost of the 

PM soft magnetic materials. 

Material
Density 
gcm-3

Coercive 

Force  
Am-1

Saturation 

Induction 
BS Teslas

µMAX
UTS 
MPa

Elongation %
Rockwell 

Hardness

Pure Iron 7.2 150 1.8 3000 220 10 56F

7.6 80 2.05 6000 250 30 50F

Table 1: Magnetic and mechanical properties of sintered pure iron.

Table 1 shows the properties typically obtainable from pure 

iron at different densities. The values shown at a density of 

7.2gcm-3 were obtained after sintering at 1120ºC, while those 

shown at 7.6gcm-3 were obtained after sintering at 1250ºC. 

Figure 1: Hysteresis loop for a ferromagnetic material

Figure 2: The variation of induction with density for pure iron samples 

sintered at 1120ºC

Vilanova i la Geltrú, Spain. February 2, 2018 12



 

 

For many years the most typical examples of sintered pure 

iron parts were the toothed reluctor rings (also known as tone 

rings) used in automotive anti-lock braking systems. These 

ABS rings were produced in many sizes and designs (figure 

3), but all operated on the same principle (figure 4). Attached 

to axles or driveshafts, they allow the rotation of the wheels to 

be monitored, with the movement of the teeth past an 

inductive sensor causing fluctuations in a magnetic field 
which generates an alternating voltage from  the sensor coil. 

The frequency of the output signal is related to the wheel 

speed and the number of teeth on the sensor ring. If the 

alternating signal ceases, it indicates that the wheel is no 

longer rotating. 

 

 

Although this is a robust system mounted in millions of 

vehicles, it has the disadvantage that not only the frequency 

but also the amplitude of the output signal decreases with the 

rotational speed of the sensor ring, and below vehicle speeds 

of a few km/h it is too low to be read. For this reason in recent 

years antilock braking systems have moved away from using 

passive sensors and toothed rings to active sensor 

arrangements which are more reliable at low speeds. However, 

the same principles are used in other kinds of toothed and 

slotted sensor disks. The use of an asymmetric profile allows 

not only speed of rotation but also position to be measured 
using inductive or Hall-effect sensors. This kind of part is used 

in camshaft position sensors such as those shown in figure 5. 

 

The use of pure iron sintered parts is not restricted to 

automotive applications. Figure 6 shows pure iron components 

forming part of an electromagnetic disk brake used in home 

automation systems for the opening and closing of blinds and 

sun awnings. 

 

B. Phosphorous Iron 

Pure iron, for all its magnetic virtues, is a material with 

insufficient strength and hardness for many applications. 

 

Carbon cannot be added to increase the strength of iron 

without adversely affecting its soft magnetic properties, 

increasing its coercivity to the point where it effectively 

becomes a permanent magnet. In fact the use of the terms soft 

and hard to classify to the magnetic behaviour of a material 

originally derive from the observation that hard carbon steel 
retained magnetisation to a much greater extent than soft 

malleable iron. 

 

 

Figure 3: Toothed sensor rings produced from sintered iron for antilock 

braking systems. 

 

Figure 4: Operating principle of an ABS sensor ring 

 

Figure 5: A variety of target wheels produced from sintered iron used 
in camshaft position sensors 
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Fortunately phosphorous, which is the next most potent ferrite 

strengthening element after carbon, can be added to iron to 
increase strength and hardness without any loss of magnetic 

properties. In fact, phosphorus iron will generally show lower 

coercive force and higher permeability than pure iron at the 

same density. This is because the phosphorus is a ferrite-

stabiliser, and allows partial alpha-phase sintering, leading to 

much larger ferrite grain size,  an effect which is particularly 

noticeable in phosphorous iron sintered at high temperature as 

shown in figure 7. A large grain size favours the free 

movement of magnetic domain walls.  

 

 

Table 2 lists sample properties for the most commonly used 

composition; iron alloyed with 0.45% phosphorous. This 

composition is a popular choice due to its dimensional 

stability when sintered at 1120ºC. The values at a density of 

7.2gcm-3 were obtained from samples sintered at 1120ºC, 
while the samples at a density of 7.6gcm-3 were sintered at 

1250ºC. The increase in permeability due to increased grain 

size after high temperature sintering is clear. 

 

Material Density 
gcm-3 

Coercive 
Force  
Am-1 

Saturation 
Induction 
BS Teslas 

µMAX UTS 
MPa Elongation % 

Rockwell 

Hardness 

Fe   –   
0.45% P 

7.2 106 1.8 400 350 14 63B 

7.6 44 2 10900 500 20 68B 

Table 2: Magnetic and mechanical properties of sintered phosphorous iron. 
 

 

The combination of magnetic and mechanical properties of 

Fe-P has led it to be widely used in the production of 

components for linear actuators such as  flux washers, pole 

plates, and housings which are often crimp-fitted. These linear 
actuators are used in fuel injectors or in solenoids which 

increasingly are replacing vacuum or mechanically activated 

devices. 

 

 

Figure 8 shows a flux tube and pole piece which form part of a 

solenoid for a module used to provide electrohydraulic control 

of automatic and dual-clutch transmissions. Several such 

solenoids are used in each module. 

 

C. Silicon Iron 

 

Iron alloyed with 3wt% of silicon has a higher hardness than 

phosphorous iron, and can be used for applications requiring 

increased resistance to wear or impact such as the plungers or 

armatures in linear actuators. However the main benefit of the 

alloying of iron with silicon is the resultant increase in 

resistivity, by a factor of four relative to pure iron, which 

allows magnetic properties to be maintained in applications 

where the frequency of magnetisation-demagnetisation is 

higher than a few hertz.  

 
Sintered silicon iron parts are prepared from a pure iron base 

powder mixed with a ferro-silicon master alloy. As well as 

reducing the compressibility relative to pure iron or iron-

phosphorous, this makes high temperature sintering (above 

1250ºC) an absolute requirement, both in order to achieve 

homogenisation of the composition as well as to promote the 

large grain size required for optimum permeability and 

coercive force. Best results are obtained by sintering in a pure 

Figure 7: The ferrite grain size in pure iron and phosphorous iron after high 

temperature sintering 

Figure 8: Flux tube and pole piece from a solenoid, produced from sintered 

Fe-P  

 

Figure 6: Pure iron parts used in an electromagnetic disk brake in a 
home automation system 
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hydrogen atmosphere. Table 3 lists the properties achieveable 

in Fe-3%Si at two density levels. 

 

Material Density 
gcm

-3 
Coercive 

Force  Am
-

1 
Saturation 

Induction BS 
Teslas 

µMAX 
Resistivity 

µΩcm 
UTS 
MPa Elongation % Rockwell 

Hardness 

Fe – 3% 
Si 

7.3 64 1.8 8000 50 400 15 70B 

7.5 48 1.9 9500 48 410 17 79B 

Table 3: Magnetic and mechanical properties of sintered silicon iron. 
 

Figure 9 shows a variety of parts produced from sintered 

silicon iron. The parts labelled “1” and “2” are, respectively, 

an armature and stator ring used in electronically-controlled 

unit injectors for heavy-duty diesel engines of the sort used in 
lorries, buses, or marine applications. Both of these parts are 

produced at a density of 7.4 gcm-3. 

 

 

At  an even higher density of 7.5gcm-3,  3% silicon iron is 

currently finding application as the material for the pole pieces 

in the metering pumps for AdBlue which are being used in 

selective catalytic reduction (SCR) systems being introduced 

in passenger vehicles to allow them to comply with Euro VI 
NOx emission levels. 

 

D. Nickel Iron 

The nickel-irons, often referred to as Permalloys, are the 

family of soft magnetic materials with the highest 

permeabilities and lowest coercive forces. An alloy with 
80%Ni can give a permeability of around 75000, with a 

coercive force as low as 2Am-1, though this comes at the 

expense of a very low saturation induction in comparison with 

pure Fe. Fe-50%Ni combines a relatively high maximum 

induction with very high permeability and low coercive force, 

and is the most widely-used of the sintered nickel irons. Table 

4 lists the properties obtainable for 50% and 80% nickel-irons: 

in both cases these values are obtained sintering at 

temperatures above 1250ºC in a dry hydrogen atmosphere. 

 

 
 

 

 

Material Density 
gcm-3 

Coercive 
Force  
Am-1 

Saturation 
Induction 
BS Teslas 

µMAX UTS 
MPa Elongation % 

Rockwell 

Hardness 

Fe – 50% Ni 7.9 – 
8.05 5 - 16 1.6 

25000 
- 

30000 
420 18 64 

Fe – 80% Ni 8.5 2 0.8 74900 440 20 68 

Table 4: Magnetic and mechanical properties of sintered nickel irons. 
 

 

Figure 10 shows a comparison of the B-H curves of Fe-50%Ni 

and Fe-0.45%P at low values of applied field. The nickel iron 

sample had a density of 7.9gcm-3, while the Fe-0.45%P had a 

density of 7.6gcm-3 (similar proportions of their respective full 

densities).While the phosphorous iron has a much higher 

saturation induction, at applied fields of up to 100Am-1 it is 

the nickel iron which has the higher induction. To achieve an 

induction of 0.46T in the nickel iron requires only one quarter 

of the applied field required in the phosphorous iron. This 

makes nickel-iron an excellent choice for low current drain 
applications, such as battery-powered valves and switching 

systems. 

 

Figure 11 shows a selection of parts produced from sintered 

nickel iron. The parts labelled 1 and 2 are the closure plate and 

core from a high-speed pneumatic valve. Banks of such valves 

are used in automated sorters for foodstuffs such as peas or 

rice. The product to be sorted falls in a continuous stream past 

artificial vision cameras, and when contaminants or out-of-

specification items are detected, the valves are triggered to 

cause a jet of compressed air to remove the unwanted  
item from the product stream. Because of the very high 

throughput of such machines, the opening and closing times of 

the valve are of paramount importance. A few miliseconds' 

delay in opening the valve and the contaminant would not be 

rejected, while any lag in closing the valve would lead to 

rejection of good product. To achieve such rapid opening and 

closing, very high permeability and very low coercive force 

are needed, and the core and closure plate are therefore 

 

Figure 9: Parts for linear actuators produced from sintered silicon iron 

 

Figure 10: DC B-H Curves for sintered Fe-50%Ni and sintered Fe-

0.45%P 

Vilanova i la Geltrú, Spain. February 2, 2018 15



 

produced from Fe-50%Ni, with a density above 7.95 gcm-3, 

sintered at high temperature in a dry hydrogen atmosphere. No 

other material could give the required performance. 

 

 

Nickel iron is a high value material: Fe-50%Ni can cost 

between ten and fifteen times as much as pure iron. This 

makes the net-shape PM process a particularly attractive 
production route, even for fairly simple shapes, through the 

avoidance or minimisation of material waste.  

 

It should be mentioned that the permeability and coercive 

force of the nickel irons are extremely sensitive to cold work, 

and even fairly small amounts of deformation can cause the 

coercive force to increase by one or even two orders of 

magnitude. Particular care must be taken in part handling and 

assembly, and if finish machining operations are required, 

they must be followed by high-temperature annealing. 

 

E. Cobalt Iron 

The value of cobalt-iron alloys lies not in their permeability, 

but rather in extraordinarily high values of saturation 

magnetisation, the highest of the soft magnetic materials. An 

alloy of iron with 35% Cobalt can give a saturation induction 

of more than 2.4T, but an alloy of Fe-50%Co, known as 
Permendur, is generally preferred due to offering improved 

permeability with only a slightly lower value of saturation 

magnetisation. 

 

Material Density 
gcm-3 

Coercive 
Force  

Am-1 

Saturation 
Induction 

BS Teslas 
µMAX UTS 

MPa Elongation % 
Rockwell 

Hardness 

Fe-50% Co >7.95 150-180 2.35 3000 - 
4000 200-400 <1 - 2 85B 

Table 5: Magnetic and mechanical properties of sintered cobalt iron. 
 

Table 5 shows properties typically obtained in sintered Fe-

50%Co. The ranges of values depend on a final annealing 

treatment, which can be varied to favour magnetic or 

mechanical properties. 

 
Figure 12 shows B-H curves for samples of Fe-50%Co and 

pure iron. The pure iron sample was pressed, high-temperature 

sintered, and sized to a density of 7.71gcm-3, followed by full 

annealing. The cobalt iron sample was pressed and sintered to 

a density of 7.98gcm-3. At an applied field of 5.9kAm-1, the 

cobalt iron shows an induction of 2.22 T, nearly 0.4T higher 

than the pure iron. Magnetic force varies with the square of 

flux density, hence this difference in induction could give 
almost a 50% increase in force. It is for this reason that cobalt 

iron is the material of choice for applications such as pole 

pieces for electromagnets, beam guide systems for electron 

microscopes, and high-efficiency motors and generators, 

which require either the maximum possible force, or the 

minimum possible size of component to produce a given 

force. 

 

 

A further advantage of cobalt-iron is its high Curie point, the 

temperature at which thermal agitation overcomes 

ferromagnetism. A Fe-50%Co alloy has a Curie temperature 

of around 950ºC, compared with 770ºC for pure iron. This 

allows cobalt iron to maintain its magnetic properties will little 

degradation up to temperatures around 500ºC, making it the 

only choice of material for applications with high working 
temperatures such as the cores of ultra-compact motors where 

space constraints do not allow for adequate cooling. 

 

PM might be considered to be an under-exploited production 

route for cobalt iron. Even more so than nickel iron, cobalt 

iron is a high value material, costing up to 50 times the price 

of pure iron. It is also notoriously difficult to machine, earning 

it the nickname “crackalloy” among machinists. This increases 

the value of a net-shape forming process, avoiding wasted 

material and avoiding or minimising slow and difficult 

machining operations. 
 

III. SOFT MAGNETIC MATERIALS FOR HIGH 

FREQUENCY APPLICATIONS 

 

The materials described thus far are suitable primarily for 

applications under conditions of static magnetisation, or when 

the magnetisation-demagnetisation cycle occurs at a frequency 

of no more than a few Hertz. When the frequency of the 

magnetisation/demagnetisation cycle is increased beyond this, 

Figure 11: A selection of parts produced from sintered nickel iron 

Figure 12: DC B-H curves for sintered pure iron and sintered cobalt iron 
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the properties of conventional sintered soft magnetic materials 

show a rapid  deterioration. 

 

Figure 13 shows a sequence of B-H curves measured from a 

sample of sintered iron at frequencies from 0.1 to 1000Hz. 

Above 1Hz, the permeability and maximum induction show a 
significant fall-off. 

 

 

This fall off is due to the generation of eddy or Foucault 

currents in the iron sample. 

According to Faraday's law, a variation in the intensity of a 

magnetic field generates a voltage or electromotive force 

which is proportional to the rate of change of the flux density. 

In an electrically conductive medium, such as a soft magnetic 

iron, this will cause loops of current to flow. The more rapid 

the change in the magnetic field, the greater the amount of 

energy which will be dissipated in the form of resistive 

heating of the iron part. The eddy currents will themselves 
induce a secondary  magnetic field which opposes the change. 

The overall effect is observed as a severe decline in the 

permeability of the material as the frequency of magnetisation 

increases.  

 

The losses due to eddy current formation are given by 

equation 1, where K is a constant, f is the frequency of the 

magnetising cycle, B is the maximum induction attained, d is 

the smallest dimension of the material perpendicular to the 

magnetic field, and ρ is the electrical resistivity of the 
material. 

 

ρ

B²f²d²K
=Pe  (1) 

 
The increased electrical resistivity of iron alloyed with silicon 

mitigates the problem of eddy current formation to a certain 

extent, and Fe-3%Si can be used at frequencies up to a few 

tens of hertz. The resistivity could be increased still further by 

increasing the amount of silicon beyond 3wt%, but in practice 

the resultant loss of compressibility and increase in fragility 

makes this impractical, and since the eddy current losses 

increase with the square of the frequency of magnetisation, an 

increase in the resistivity alone is not sufficient. 

 

The traditional method of restricting eddy current losses is to 
reduce the value of d in equation (1) by using a laminated 

stack of thin sheets of silicon steel separated by an electrically 

insulating varnish. In this way d may be reduced from tens of 

milimetres to 0.5mm or less. Since the eddy current losses are 

proportional to the square of this parameter, such a reduction 

in d has a significant limiting effect. 

 

In the world of PM materials, the alternative to the laminated 

stack is the Soft Magnetic Composite or SMC. Here it is the 

iron powder grains which are separated from each other by an 

electrically insulating layer, either in the form of a phenolic or 

silicone resin, or in the form of an oxide or phosphate coating 
of the powder. In this way the parameter d is reduced still 

further, down to the size of the powder grain, typically from 

20 – 120µm. In comparison with laminated stacks, SMC 

materials offer a greater resistance to eddy current formation, 

as well as presenting designers with the advantage of magnetic 

properties which are isotropic, rather than being confined to 

two dimensions as in the case of laminates. This opens up the 

possibility of producing transverse or axial flux motors, which 

would be impossible or prohibitively expensive to fabricate 

from conventional laminated sheet. The possibility of 

producing complicated 3D flux paths has been exploited to 
good effect in the production of high torque claw pole motors 

using SMC materials [1], amongst other noteworthy examples. 

 

SMCs are a special class of PM material, as they are not 

sintered. Sintering at conventional temperatures would break 

down the insulating barrier between iron particles, and hence 

these materials are subjected to a curing treatment at a much 

lower temperature, typically up to 500ºC. As a consequence, 

these materials have much lower mechanical strength than 

conventional sintered materials, with a TRS of 140 MPa 

representing the upper limit of what is currently achievable. A 

further consequence of the low curing temperature is that there 
is no effective stress relief for the cold work done during the 

compacting process. This means that the coercive forces of 

these materials are relatively high, and their permeabilities are 

relatively low in comparison with conventional sintered irons. 

In practice, however, this is not a problem at the working 

frequencies for which these materials are designed. Figure 14 

shows the maximum permeability of a sintered pure iron and a 

soft magnetic composite material (Somaloy 500 made by 

Höganäs AB) at different magnetising frequencies. Although 

the permeability of the SMC material is much lower than that 

of the sintered iron at low frequencies, it remains constant as 
the frequency is increased, while that of the sintered iron drops 

off sharply. At frequencies above 100Hz, the permeability of 

the SMC material is higher. 

Figure 13: B-H curves for sintered pure iron at different magnetising 

frequencies 
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In recent  years the number of grades of SMC materials 
available has proliferated, with variations to the base powder 

grain size and the type and quantity of insulator allowing the 

properties of the material to be targeted to specific types of 

application. SMC grades are now available which permit 

curing at temperatures high enough to give effective stress 

relief, which allows maximum permeabilities of up to 1000 to 

be achieved. Raising the permeability much beyond this level 

is limited by the insulating layers within the material forming 

a distributed air gap. Improved pressing lubricants and the use 

of warm compaction allow high densities (>7.5gcm-3) to be 

achieved in order to maximise induction. Other grades have 
insulating systems which allow them to operate at frequencies 

of tens or hundreds of kHz. Table 7 shows the ranges of 

properties available from currently available SMC materials. 

 

SMCs are increasingly being chosen for the production of high 

efficiency motors, ignition cores [2], transformers, chokes, 

sensors, or fuel injector cores. Figure 15 shows components 

from two types of PM soft magnetic material which form part 

of a variable stiffness engine mount. The part on the left is an 

orifice plate fabricated from Fe-0.45%P while the part on the 

right is a core plate produced from an SMC material. By 

varying the magnetic field in the core plate, the viscosity of a 
magnetorheological fluid is altered, and hence its resistance to 

passing through the slots in the orifice plate. This system is 

used in the Porsche 911 GT3 to improve handling dynamics 

by holding the motor rigidly during hard cornering, while 

maintaining driver comfort during more relaxed driving. 
 

Property Typical values 

µMAX 300 - 1000 

Bmax at 10kAm-1 (T) 1.32 – 1.63 

TRS (MPa) 30 - 140 

Losses at 1T, 400Hz (W/kg) 32 - 63 

Resistivity (µΩ.m) 70 -  22200 

Table 7: Ranges of properties obtainable in different SMC materials 

 

 

IV. CONCLUSIONS 

 

In the automotive sector the number of opportunities for 

electro-magnetic components in transmission, braking, 

steering and emission control systems is steadily increasing 

and, with the advantages of net-shape production and the great 

range of soft magnetic materials available in powder form, the 

PM sector is well-placed to take advantage of this. 
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Abstract—In the last decades industry, including also that of 
electrical machines and drives, was pushed near to its limits by 
the high market demands and fierce competition. As a response 
to the demanding challenges, improvements were made both in 
the design and manufacturing of electrical machines and drives. 
One of the introduced advanced technological solutions was the 
modular construction. This approach enables on a hand easier 
and higher productivity manufacturing, and on the other hand 
fast repairing in exploitation. Switched reluctance machines 
(SRMs) are very well fitted for modular construction, since the 
magnetic insulation of the phases is a basic design requirement. 
The paper is a survey of the main achievements in the field of 
modular electrical machines, (especially SRMs), setting the focus 
on the machines designed to be used in automotive applications. 

Keywords—automotive applications, fault tolerance, 
modularization, segmentation 

I. INTRODUCTION 

Upon the definition of the modularity, different parts of a 
system comprise of smaller subdivisions (modules), which can 
be designed and manufactured separately, and only later 
connected together to work as a sole unit [1]. Modular systems 
can be designed to enable flexible substantiation of the 
components, which permit variations of the same product. 
Their design must be performed upon common set of rules [2]. 
Usually a modification performed within a module do not 
require also changes of the entire system [3]. This approach is 
frequently used in high technology products, as vehicles, 
electronics, computer systems, software, machineries, etc. 

There are three broad fields in industry where the 
modularity can be employed [4]: 

 in design, by means of a modular architecture, when
conception starts from the functional elements, and
finalizes via the interfacing of assemblies at the physical
components of the entire system;

 in use, when the consumer decomposes the final
product having in his mind to satisfy his need for an
ease of use and for individuality of the product;

 in production, where modularity is twofold. The product
itself can be built up of modules. And also the
manufacturing process can be organized in a modular
way, when the components are assembled off-line by a
small and simple series of tasks, and then put together
later on a main assembly line. This manufacturing
approach is very closely connected with mass
production [5].

In the case of electrical machines (EMs), which are not so 
complex and flexible systems as the cars for example, the 
modular design means that its main parts (the stator and the 
rotor) can have a segmental construction. This design not only 
enables easy manufacturing and maintenance, but assures in 
several cases also a high fault tolerance of the EMs [6].  

The "modular motor" concept originally came out as a 
response to increasing safety and reliability requirements for 
the EMs. First time it was used in 1977 when a modular motor 
was patented by C.R. Carlson Jr. and M.J. Hillyer [7]. 

II. MODULAR DESIGN AND FAULT TOLERANCE

The modular design and fault tolerance are two very close 
concepts. An electromechanical system is fault tolerant (FT) if 
after any failure it can still work, even if at lower 
performances. Fault tolerance and high reliability can be 
achieved by using high quality components, by applying 
specific designs and control strategies, and by incorporating 
redundancy in the system. FT electromechanical systems are 
used in safety and operationally critical applications, where 
loss of life, injuries, environmental disasters or huge financial 
losses must be totally avoided (aeronautics, aerospace, 
automotive, medical, defense, power plants, etc.) [8].  

Redundancy means that the system mirrors it's all 
operations, meaning that every operation is performed on two 
or more duplicate systems, in a way as if one fails, the other 
can take its role and keep the system work [9]. Redundancy can 

This paper was supported by the project "Advanced technologies for
intelligent urban electric vehicles – URBIVEL - Contract no. 11/01.09.2016", 
project co-funded from the European Regional Development Fund through the
Competitiveness Operational Program 2014-2020. 
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be assured in the simplest way by applying modular 
construction. In this case the system is a combination of series 
and parallel modules. Basically, redundancy of EMs can be 
solved by placing multiple machines on the same shaft 
(assuring the so-called parallel redundancy). This approach can 
be useful also for the best power fitting of the coupled 
machines in exploitation: when higher power is required, an 
extra segment (machine module) can be started. It should be 
mentioned, that this approach is the most rudimental FT 
solution, since the system complexity and costs are high. 
Furthermore, redundancy may not be a good FT increase 
solution in the case of applications which have severe space 
and/or mass restrictions [10].  

Critical
load

Module 1 Module 2

R
o

to
r 

1
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Fig. 1 Multiple modular motor drive with redundancy [10] 

Upon another FT increase approach, multiple-phase 
modular EMs can to be applied. In such case, an independent 
phase can be considered as a single module. The operation of 
each module must have minimal impact upon the others. So, if 
a module is failing, the others can continue to still operate 
unaffected. This approach can be extended to both the machine 
and the power converter [11], [12].  

Based on a remarkable idea of N.R. Brown the EM and 
power converter modules are integrated together to increase the 
compactness and easy reparability of the machine-converter 
assembly. The so-called integrated modular motor drive 
(IMMD) concept can be seen in Fig. 2 [13] 

Stator module
iron core

Concentrated 
coil

Rotor

Shaft

Modular
drive unit

Fig. 2 The integrated modular motor drive (IMMD) concept [13] 

The main FT requirements are inherently met only in 
switched reluctance machines (SRMs), since their phases are 
only lowly magnetically coupled, and they are supplied from 
independent half-bridges. Therefore, when highly FT machines 
has to be developed, the classical SRM must be the starting 
point [14]. 

III. ORIGINS OF MODULAR ELECTRICAL MACHINES

DEVELOPED AT TECHNICAL UNIVERSITY OF CLUJ 

The history of building modular EMs is very hard to study 
due to the deficient access the greatest part of papers published 
before the 1980's. Therefore, in the section the focus will be set 
on the modular EMs developed at the Technical University of 
Cluj (Romania). In a part of these studies also the author was 
involved. 

A typical EM which can be built only from modules is the 
hybrid linear stepper motor (HLSM), shown in Fig. 3 [15].  

Fig. 3 Hybrid linear stepper motor [16] 

The HLSM fundamentally is a variable reluctance (VR) 
permanent magnet (PM) excited synchronous motor. It 
comprises of a mover (also called forcer) and a stationary 
platen. The platen is a passive equidistant toothed steel bar. 
The mover is made up of two U-shaped iron cores, having 
round their yoke concentrated coils. The legs (poles) of the 
modules are toothed, having the same tooth pitch as the platen. 
Between the two modules a PM is placed. The four poles of the 
motor are spaced in quadrature, in a way as at a time the teeth 
of a single mover pole can be aligned with the platen teeth. 
When one of the modules is supplied, the resulting magnetic 
flux tends to concentrate the PM flux in one pole of that 
module. The teeth of this pole will be aligned with the platen 
teeth due to the VR principle. By sequentially supplying with 
bipolar current pulses the two command coils, an incremental 
linear movement can be achieved in both directions [15], [16]. 

This basic structure of the HLSM was further developed by 
an innovative modular structure, which enabled a flexible 
construction of the HLSMs of any force and step length [17], 
[18]. The mover of the machine comprises of magnetically 
separated modules (like that given in Fig. 4), having a PM, two 
salient toothed poles and a coil. 

teethed
pole

command
coil

permanent
magnet

Fig. 4 A mover module [17] 

A simple three-phase HLSM variant built up from such 
modules is given in Fig. 5. As it can be seen, non-magnetic 
spacers are placed among the modules to assure the adequate 
relative shifting between them. 
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platen

command coil spacer permanent magnet

Fig. 5 A three-phase modular HLSM 

The VR principle based work of the motor is simple. If a 
module is inactive (its command coil is not supplied), the 
magnetic flux generated by the PM is crossing the core 
segment placed below the PM (see case 1 in Fig. 6). If the 
command coil is supplied (case 2), the module becomes active, 
since the flux of the PM is forced to pass through the air-gap 
and platen, and tangential traction force is generated. This will 
move the forcer one step further, in a position where the teeth 
of the module are aligned with those from the platen. By 
consecutively supplying the command coils of the motor, linear 
motion can be achieved [17], [18]. 

1 2 3
Φpm Φpm Φpm

Φc

Fig. 6 The working principle of the modular HLSM 

This constructional approach was further advanced for 
developing surface [19], and both rotational [20] and linear 
transverse flux motors (TFMs) [21]. 

IV. MODULAR ELECTRICAL MACHINES

OF DIFFERENT TYPES 

When modular construction of EMs comes in discussion, 
the segmentation of the wound stator core must be taken first 
into account. Here, only a few representative modular 
constructions will be given from the numerous construction 
variants cited in the literature. 

A. Modular Permanent Magnet Synchronous Machines 

A typical stator segmentation of a permanent magnet 
synchronous machine (PMSM) is given in Fig. 7 [22]. 

Fig. 7 PMSM stator modules with concentrated windings [22] 

The iron core is designed in a way as to minimize the scrap 
of laminated steel, and to obtain a design with large tooth width 
and small tooth tips. Three teeth with concentrated coils around 
them comprise a module. By using six such modules a 
three-phase 18-slot stator can be assembled, which can be used 
in a PMSM having a 16-pole rotor. This modular stator 
structure has diverse advantages, as that the concentrated 
windings are rigidly packed with a high slot fill factor. 
Supplementary, these windings have short end-coils, which 
makes these constructions superior to those with usual 
distributed windings, mainly in low-speed applications [22]. 

In several cases the EMs modules are, or must be made of 
soft magnetic composites (SMCs). SMCs comprise of isotropic 
iron powder particles embedded in an insulating film coating. 
The cores made of SMCs can be manufactured of any 
three-dimensional shape, and have very low losses [23]. 

An example for building the stator of a PMSM from SMC 
modules is given in Fig. 8 [24]. Since each module can be 
wounded separately with concentrated coils, the manufacturing 
is very simple. The modular construction approach also in this 
case enables high flexibility in phase number and control 
strategy selection. Due to the SMC technology, special pole 
shoe and yoke shape designs can be applied. Also, a very good 
air-gap space usage can be achieved, which can lead to an 
increase in torque generation, a basic requirement in 
automotive applications, too. 

Fig. 8 SMC made stator module of a PMSM [24] 

Another example for the segmented stator PMSM is that 
proposed by C. Tong. The stator comprises of modules having 
salient poles with concentrated coils, as it can be seen in Fig. 9. 
The fractional-slot coils are forming a four-phase 
alternate-teeth winding, which assures a very good thermal and 
physical isolation of the phases, an important issue in FT 
applications, like the automotive one [25].  

Stator module

Inset permanent
magnets

Concentrated
coil

Rotor
iron core

Fig. 9 Modular stator PMSM [25] 

The segmentation of the PM EMs to improve their FT can 
be performed also on the axial direction [26].  
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B. Transverse Flux Electrical Machines 

TFMs are EMs which can be built up only modularly and 
almost all the cases only of SMCs. They are among the newest 
EMs developed. Their main distinctive feature is the transverse 
direction flux path and the homopolar magnetomotive force 
(mmf) produced by a ring type coil, in which the current flows 
in parallel to the rotating direction of the machine. In the 
air-gap of the TFM the mmf is modulated by a specific pattern 
of stator poles to interact with a heteropolar pattern of rotor 
poles, with or without PMs. The TFMs have some notable 
advantages, as their pole number can be increased (and their 
synchronous speed diminished) without reducing the mmf per 
pole, and they have greater power density than any classical 
EM [27].  

Due to their complex structure, numerous variants, with and 
without PMs, were proposed in the literature [28]. Their 
direct-driven variants seem to be very suitable for electrical 
traction applications [29], [30], [31]. Here, in Fig. 10 only two 
structures are presented.  

a) reluctance type TFM b) flux concentrating PM TFM

Fig. 10 Two modular TFM variants [31] 

In Fig. 10a a reluctance type TFM with passive rotor and an 
armature winding of the stator is given. An example of the 
more typical PM TFMs is shown in Fig. 10b. It is of flux 
concentrated PM type, and it comprises of two series connected 
ring-shape coils per phase. To match the direction of the 
armature flux with the PM magnetic flux, the two coils are 
connected in series in a way as to have their generated flux 
added. In the figures, the two pole pitch segments (modules) 
for both variants are zoomed, to be more easily distinguished. 

C. Modular Flux Switching Permanent Magnet Machines 

The flux switching (FS) PM machine is also a newcomer 
among the EMs. This VR machine comprises of U-shaped iron 
core modules disjointed by PMs, alternatively magnetized on 
the circumferential direction, as it can be seen in Fig. 11. The 
concentrated stator coils are wound around one leg of adjacent 
modules and the PM placed between them [32], [33]. The FS 
machine has the advantages of the robustness and of having 
both mmf sources (the armature windings and the PMs) on its 
stator. Despite the low torque production area in the air-gap 
worthy of to its double saliency, it can achieve high torque 
densities due to its very good magnetic flux concentration 
capability. In addition, it has a passive salient poles robust rotor 
[32]. 

U-shape module
Armature coil

Rotor

Permanent
magnet

Fig. 11 Flux switching PM machine [33] 

Designing the FS machine it in a multi-phase FT variant, it 
can be successfully used in diverse safety-critical applications, 
among them also in automotive ones [34]. 

Unfortunately, the high flux concentration and power 
density of the FS PM machines is accompanied by significant 
iron core losses. These losses can be reduced without 
significant output torque decrease by segmenting also its rotor, 
as it can be seen in Fig. 12. The rotor modules are lamination 
stacks separated by flux barriers, made of low permeability 
material. [35]. 

Fig. 12 Segmented rotor FS PM machine [35] 

The effect of the segmented rotor on the magnetic field 
distribution in the machine can be seen in Fig. 13. In the 
second case, the flux lines are a little bit shorter, and better flux 
concentration is achieved beside the decrease of rotor iron core 
volume. 

a) conventional rotor b) segmented rotor 

Fig. 13 Magnetic flux distribution in FS PM machines [35] 

In a similar way also the flux reversal (FR) PM machines 
can be built up with segmented stators [36]. 
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V. MODULAR SWITCHED RELUCTANCE MACHINES 

The simplicity of the SRMs makes them easily to be 
constructed in modular versions. They can have segmented 
stator, rotor or both armatures. By iron core segmentation the 
magnetic flux in the modules can be increased, resulting in 
higher torque. Moreover, the flux paths are shorter, leading to 
less iron core losses. The main challenge for designing such 
machines is the way as to join the modules for keeping the high 
robustness of the classical construction SRMs. 

A. Modular Stator Variants 

In case of modular-stator type SRMs, the stator is usually 
made of several modular C-shaped or E-shaped electrical steel 
laminated segments. 

C. Lee made significant efforts to reduce by 20% both the 
copper and iron requirements of a two-phase SRM by applying 
E-shaped stator iron core modules (see Fig. 14) [37].  

Fig. 14 Two supplying sequences of the modular two-phased SRM [37] 

These have three poles, two at the ends, having 
concentrated coil wounded around, and a center one with 
double cross section, having no windings. The two modules 
can be joined together either by prefabricated plastic molding, 
or by a sleeve-type fixture. This construction enables a very 
good usage of the iron core, since the middle pole is passed 
thru all the time by the magnetic flux, as it can be seen in the 
two supplying sequences given in Fig. 14 [37]. 

The above presented structure was improved by 
H. Eskandari et al. by increasing the number of stator modules 
from 2 to 3 (as it can be seen in Fig. 15), mainly to increase the 
developed torque and the mechanical strength of the stator, and 
also to reduce its vibrations, a critical issue in automotive [38].  

Joint

E-shaped iron
core module

Fig. 15 Improved 9/12 poles modular two-phased SRM [38] 

The segmented stator SRM can be built up also with 
external rotor. The variant proposed in [39] has 6, basically 
E-shaped stator iron core modules, each with four poles, and a 
solid 22 poles outer rotor (as it can be seen in Fig. 16). It was 
demonstrated in the paper, that this SRM, designed for hybrid 
electrical car applications, can produce over 20% higher torque 
as its classical SRM counterpart.   

Outer rotor core

Stator E-shaped core

Fig. 16 Outer rotor segmented stator SRM topology [39] 

A segmented stator SRM was developed also at the 
Technical University of Cluj (Romania) by M. Ruba [40], [41]. 
The four-phase machine shown in Fig. 17 has 16 stator and 14 
rotor poles. 

Fig. 17 The segmented stator SRM [40] 

The stator is built up of 8 U-shaped iron core modules, as 
that in Fig. 18. The coil is wound round the yoke. Two adjacent 
modules are separated by a non-magnetic spacer. These both 
assure the adequate shift of the modules, and a good magnetic 
separation. The rotor is a usual salient pole passive one. 

command coil

non-magnetic
spacer

U-shaped
iron core

Fig. 18 A stator module of the SRM given Fig. 17 

The main advantages of this SRM developed for 
automotive applications are the easy and cheap manufacturing, 
high FT [42], less iron losses and the opportunity of a fast 
replacement of a damaged module in case of a coil failure. 
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B. Segmental Rotor Concepts 

In early designs of SRMs, segmented rotor variants were 
taken from synchronous reluctance motors (SyncRels), where 
the developments were focused on the rotor magnetic circuit 
[43]. There were attempts to use axially laminated anisotropic 
(ALA) rotors also in the case of SRMs [44], [45]. The rotor 
comprised of axial laminations of different sizes interleaved 
with nonmagnetic material sheets, as shown in Fig. 19. 

Fig. 19 Axially laminated anisotropic segmented rotor 

Upon a newer approach, the rotor of the SRM was built up 
of iron core segments. This structure, given in Fig. 20, was 
patented by G.E. Horst for a two-phase unidirectional SRM 
[46]. The main advantage of this SRM variant is, as it is 
depicted in the patent description, its greater torque density. 

Fig. 20 The iron cores of a segmental rotor SRM [46] 

A newer, three-phase bidirectional SRM variant was 
proposed by D.C. Mecrow (shown in Fig. 21). The 8 rotor 
modules are attached on a steel shaft, made of non-magnetic 
steel, to disable the pass of the magnetic flux between the 
modules. The rotor segments require both circumferential 
location and retention against axial and radial forces, which is a 
common shortcoming of the segmental rotor constructions 
[47]. 

Fig. 21 Segmented rotor SRM [47] 

This 12/8 poles SRM variant, as most of the modular rotor 
variants, has an important advantage over the classical salient 
pole design, that the flux path through the rotor is shorter. Any 
magnetic flux path only encloses a single stator slot, as it can 
be seen in Fig. 22.  

a) aligned position b) unaligned position 

Fig. 22 Flux lines in the segmental rotor SRM [47] 

In [47] the authors compared the SRM given in Fig. 21 
with both the axially laminated and the usual salient pole 
design. It was shown that higher torque per unit magnetic 
loading can be produced with it due to the better magnetic 
utilization. When one phase is supplied by unipolar current, 8 
of the 12 stator poles are active (as compared with 4 in the case 
of classical SRM). Hence the motor carries much more 
magnetic flux, and more torque is generated.  

Axial flux SRMs were developed also with segmented 
rotor. In one of such machines the inner stator has poles on 
both faces and the axis of the toroidal windings are on the 
radial direction. The machine is closed on its both ends by two 
segmented rotors [48].  

Rotor segment

Stator core

Retaining disk

Coil

Fig. 23 Modular axial flux SRM [48] 

Upon another approach, the rotor segments of the axial flux 
SRM are fully inserted inside the non-magnetic material, thus 
enabling the possibility of high speed application. A simple 
such SRM with a single stator is proposed in [49]. Other axial 
flux SRM variants were developed also for automotive traction 
[50] and more electric aircraft applications [51]. 
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C. Doubly Segmented Construction 

A doubly segmented SRM was proposed by M. Diko (see it 
in Fig. 24) [52]. Its stator comprises of E-shaped modules with 
a concentrated coil on their yoke, like that given in Fig. 18. The 
rotor has segments as the SRM in Fig. 21.  

Coil
Stator
yoke

Stator
pole

Rotor
segment

Fig. 24 Doubly segmented SRM [52] 

The three-phase machine has a 12/8 poles structure. It is 
water-cooled by means of a spiral, and is proposed to be used 
in an electric mini truck. The main nameplate data of the SRM 
are: 20 kW rated power, 5.000 r/min rated speed, 300 V dc link 
voltage, and 250 A maximum current. The SRM has very short 
magnetic flux paths and increased FT. 

In [53] X. Xue proposed an axial flux SRM segmented on 
both armatures, having a yokeless rotor (see it in Fig. 25). Its 
stator is built up of 8 C-shaped module, each having two coils. 
The 10 rotor poles are connected to the shaft by simple support 
branch. Thus, the rotor had low mass and inertia. Hence, the 
SRM is well suited for applications requiring good dynamic 
behavior, as wind turbine generators or automotive 
applications.  

stator
iron core flux

path coils

rotor
pole

rotor
support shaft

Fig. 25 Doubly segmented yokeless rotor SRM [53] 

A. Labak proposed a similar axial flux SRM with modules 
on both its stator and rotor. The stator comprises of 16 
C-shaped iron core modules, each having a concentrated 
winding on it. The active parts of the rotor are the so-called 
cubes, embedded in an Al disc having the shaft in its middle, as 
it can be seen in Fig. 26. Due to its optimized flux paths, the 
machine has high efficiency, and thus it is proposed for 
electrical vehicle powertrain applications [54]. 

stator iron
corecoil

rotor
cube

rotor
disc

shaft

Fig. 26 The pancake-shaped doubly modular SRM [54] 

A very compact in-wheel axial-flux segmented SRM was 
proposed by P. Andrada (see Fig. 27) [55].  

Structural disk

Stator pole Rotor segment

Coil

Shaft

Fig. 27 The in-wheel segmented rotor axial SRM [55] 

As it can be seen, the stator is made of wedge-shaped iron 
core modules having concentrated coils wound round them. 
The segments are kept together by a nonmagnetic structural 
disk. The stator is sandwiched by two specially segmented 
rotors, also placed on nonmagnetic support plates. The iron 
core segments are made of SMC. The SRM has very short 
magnetic flux paths without flux reversal. It was particularly 
developed to direct drive light scooters or motorcycles.  

An axial flux doubly segmented SRM was also developed 
by Z. Pan [56]. Each of the 12 C-shaped stator modules, placed 
directly on the housing, have two together connected coils. The 
rotor comprises of 8 equally shifted active segment, as it can be 
seen in Fig.  28. The highly compact machine has good 
efficiency due to the low iron and copper losses. 

a) stator b) rotor

Fig. 28 Doubly segmented axial SRM developed by Z. Pan [56]  

Researchers at University of Oxford developed a 
two-phase, axial flux, high speed SRM with modular stator and 
twin segmented rotor [57]. The stator modules are of 
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wedge-shape, and each one has wound round a concentrated 
coil. The segmental rotor is given in Fig. 29.  

Nonmagnetic
speceholder

Iron core
segment

Fig. 29 The rotor of the high-speed axial flux doubly segmented SRM [57] 

All its iron core segments are made of SMC. The machine 
can achieve 20,000 r/min and its power density is 7 kW/kg. It 
was designed for a hybrid-electrical sport car traction 
application. 

More complicated, having more iron core, but probably 
more robust is the SRM variant proposed by W. Ding in [58]. 
The axial flux doubly segmented SRM is a further 
development of the SRM presented in [59], which had simpler 
E-shaped stator iron core modules. The proposed SRM has 6 
E-shaped stator segments, each with 2 concentrated coils 
wound on its yoke. The rotor is also segmented in a similar 
way as the stator, as the poles cross section concerns (the 
middle pole has double cross section area as those at the ends). 
In the paper, the proposed SRM was compared with a classical 
construction SRM and with a similar axial flux segmented 
stator variant, but having non-segmented rotor. All of them had 
the same external diameter and axial length. The proposed 
variant had the lowest iron mass, the highest torque, and the 
greatest power and torque densities [58]. Therefore, it can be a 
very good competitor for the EMs used in automotive 
applications. 

Coils
Stator
module

Rotor
module

Shaft

Stator
modules

Rotor
module

Fig. 30 The axial flux doubly segmented SRM [58] 

This machine, as also that proposed in [59], can be 
extended on the axial direction by adding more poles or 
modules to fit the SRM to any power requirement. 

The doubly modular construction approach was also 
applied for linear SRMs. Several motor modules, which can 
generate identical traction forces, can be coupled together to 
achieve the force requirement imposed of different applications 

[60], [61]. Such linear SRMs are well fitted for ropeless 
elevator drive applications, bit they can be used also in some 
car appliances [62]. 

D. Multilayer SRMs 

Upon another approach, the segmentation of the SRM is 
performed on the axial direction. Such construction was firstly 
proposed by Afjei [63]. The multilayer SRM comprised of 3 
magnetically independent modules (phases, or so-called 
layers), which are like a standalone classical SRM. A particular 
feature of the modules is that they have identical number of 
poles (8) on both armatures and all their coils form a phase of 
the machine. The rotor modules are shifted by 15º relatively to 
the neighbored modules (as it can be seen in Fig. 31). 

Layer 1 Layer 2 Layer 3

Fig. 31 The iron cores of the three-layer SRM 

Placing each phase of the SRM on separate layer, larger 
phase advancements can be achieved since the flux paths 
corresponding to each phase are totally independent. This 
enables a faster phase current build-up, which is very important 
in high speed automotive applications. Supplementary, higher 
torque can be obtained as compared with a same sized classical 
12/8 poles SRM [63]. 

Upon this multilayer concept, SRMs having low torque 
ripple can be constructed. In [64] a 3-phase, 7-layer SRM is 
proposed. All the 6-poles stator layers are placed un-shifted, 
and has 6 concentrated coils. The seven 4-poles rotor layers are 
shifted by 12.7º. At the same time three layers are active 
(having supplied coils). The torque ripple is reduced due the 
same effect as in the case of skewed rotor EMs [65], [66].  

Fig. 32 The 7 layers SRM [64] 

As described in a US patent proposal, also the axial flux 
SRM can be built in a multi-layer variant, as shown in Fig. 33 
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[67]. This modular construction enables a very good adaption 
of the machine to the torque requirements of various 
applications. 

Fig. 33 Multilayer modular axial flux SRM [67] 

E. Permanent Magnet Boosted Modular SRMs 

In the literature, there are proposals to improve the 
performances of SRMs by inserting PMs, mainly in their 
stators.  

One of the simplest ways to perform this was by replacing 
the non-magnetic spacers from the modular SRM given in 
Fig. 18 with ceramic PMs, as shown in Fig. 34. 

permanent magnets

coiliron core

Fig. 34 The PM placements and magnetizations [68] 

As it can be seen, the PMs are magnetized alternatively, the 
magnetization direction being perpendicular to their face in 
contact with the poles of the stator segment. Upon the study of 
this modular SRM, it was concluded, that the developed mean 
torque is greater by near 27% as in the case of the SRM 
considered as starting point. Unfortunately, also the torque 
ripples intensified with near 25% [68]. 

Modules containing both coils and PMs, as those given in 
Fig. 4, were applied also for a hybrid SRM by P. Andrada [69] 
and later by W. Ding [70]. 

The 12/8-pole, three-phase, modular stator hybrid excited 
SRM with 6 U-shaped stator modules, having a PM placed 
between the two poles of a stator segment is given in Fig. 35. 
The working principle is like that described by means of Fig. 6. 

stator
module

permanent 
magnets

Fig. 35 The modular stator hybrid excited SRM [70] 

The above detailed topologies, beside increased FT, have 
higher efficiency and can be rated at higher power than 
conventional SRMs of the same size. A major advantage of 
these machines is the lack of cogging torque due to the 
placement of the PMs, an important requirement also in 
automotive applications [69]. 

An interesting bearingless segmental stator VR PM motor 
is proposed in [71]. The machine, only by its stator coils, can 
assure both the contactless levitation and the rotation of the 
rotor. The stator comprises of 4 E-shaped magnetic iron cores, 
each having a concentrated coil wound round its middle pole. 
The disc shape rotor has 8 buried, and alternatively radially 
magnetized PMs. The 3 of the 6 degrees of freedom of the 
rotor can be controlled via the reluctance forces generated by 
the four coils. The main advantage of this motor is that the 
radial forces generated by dc currents are not depending on the 
rotor angle and in consequence a decoupled generation of 
motor torque is possible. 

E-core 
stator module

Permanent
magnet

Ψpm

Coil

Ψcoil

Rotor
iron core

Fig. 36 Bearingless modular PM motor [71] 
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Abstract—This paper reflects the work done to design a 
torque control strategy for an axial flux switched 
reluctance machine. The general electrical model is first 
presented but as the switched reluctance machine behaves 
nonlinearly1 a (three-dimensional) finite element method 
characterization is performed, so the nonlinearity may be 
considered. Once the machine is characterized in FEM a 
Simulink model is developed where a torque control 
strategy is proposed. Then, both the machine and the 
control are experimentally tested. The control setting, and 
the obtained real performance results are also presented 
in this document. Finally, the most outstanding 
conclusions about the control strategy are captured. Main 
difficulties encountered during the implementation of the 
control strategy are also collected. 

Keywords—Switched reluctance, Axial flux, FEM 3D, Electric 

Vehicle, Torque control. 

I.  INTRODUCTION 

In the transition towards a new era of low-carbon society 
and climate resilient economy, one of the European Union’s 
key policy objectives for the upcoming decades is cutting 
60% of CO2 emissions from transport, where fossil fuel 
dependence is around 96%. Electric vehicles (EV) are 
considered to be the most plausible alternative to fossil fuel-
based road transport. There is a source of uncertainty related 
to the availability of reliable and diversified supply of metals 
to produce the necessary permanent magnets (PM) to assure 
high efficiency and high-power density electrical motors. The 
shift from a fossil fuel dependence scenario to a permanent-
magnet dependence scenario (even more critical as they can 
only be found under single source monopolies) could limit 
significantly the large-scale introduction of EVs as PM based 
motors could not be supplied in adequate volumes at a 
competitive cost. 

The research leading to these results has received funding from the 
European Union Seventh Framework Programme [FP7/2007-2013] under 
grant agreement n° 605429. 

In this context, the development of high efficiency motors 
using magnet-free motor designs is crucial. A promising 
option for this new generation of electric motors could be 
reluctance technology: this kind of motors stands out for its 
wide constant power capability, reliability and security. 
However, it has been left out of the first line up to now due to 
its lower power density when compared to PM motors. 

On the other hand, the use of axial-flux configurations has 
proved recently in PM motors that power density can be 
increased in a relatively cost-effective way. 

VENUS European project Consortium is working in a 
design that combines both approaches, reluctance motors in 
axial-flux configuration, Axial Flux Switched Reluctance 
Motor (AFSR). The topology selected was first presented by 
Labak [1,[2] and the designed motor for VENUS project will 
be constructed and integrated in an electric vehicle in the 
future. 

Even if some authors proposed different analytical models 
for switched reluctance machines [[3[4], the intrinsic 
nonlinearity of this type of machines makes use of finite 
element almost unavoidable [5[6]. Once the machine is 
characterized by FEM tools may be simulated using Matlab 
Simulink [7[8]. 

The SRM machines by nature present a quite high torque 
ripple bringing a challenge for the definition of the control 
strategy in applications where this ripple may be critical. 
Different strategies have been proposed in the literature. For 
example, Dong-Hee Lee [9] presents an extended work about 
SRM control while Husain [10], gives a general view of SRM 
machine torque ripple minimization. Peter [11] and Lee [12] 
also give some notes for reduction of the torque ripple. 

The torque control strategy for the designed machine is 
presented in this work. This control is separated in two 
different actions, one for low speed operation and the other 
for higher speed operation. The aim of using two different 
actions is to improve the driving experience but reducing the 
computational load of the control board. 
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a) b) 

Fig.1: a)Rotor and stator arrangement by using axial-flux 

configuration and b) rotor detail 

II. AXIAL-FLUX SWITCHED RELUCTANT MOTOR MODEL 

A. Axial-Flux Switched Reluctant Motor 

Fig.1 shows the geometry of the AFSRM used in this 
work. The motor comprises a rotor disc carrying 8 rotor poles 
and 12 stator coil assemblies placed on the periphery of the 
rotor disc. 

B. Electrical Equations 

Usually a simplified model of the SRM motor is used, as 
assuming the non-linearity of the inductance is not so easy 
analytically. The main electrical equation of a SRM machine 
is the one described in (1) expression.  

(1) 

The voltage in each phase (V) is the sum of the voltage 
drop in the phase resistance Rph and the flux linkage 
derivative as a function of the position and the current. Due to 
the non-linearity of the inductance a simple mathematical 
expression cannot describe the current trajectory. Therefore, 
the flux linkage derivative can be split into two terms: 

(2) 

The first term in (2) assumes the current time derivative 
and the inductance which is a function of the position and the 
current: 

(3) 

The second term in (2) is also known as the back emf. 
This emf is a function of the rotational speed, the current and 
the inductance change: 

(4) 

So, expression (1) can be rewritten as follows: 

(5) 

Equation (5) shows clearly that a mathematical model of a 

SRM machine is not easy to develop. The evolution of the 

current is not an easy task to describe and neither the 

inductance value, as it is dependent of the current and the 

position. 

C. Torque Production 

In case of a linear machine, the inductance value has a 
trapezoidal shape as shown in Fig.2. Depending on the 
current activation moment the machine may work at motoring 
or regeneration. Ideally, the current is established 
instantaneously. If the current is activated while the 
inductance is increasing, so when the rotor pole is getting 
closer to the stator pole, the generated torque is positive. On 
contrary, when the rotor pole is moving from aligned to 
unaligned position the torque is negative. 

This figure makes clear the importance of the current 
activation time. The maximum torque per phase is obtained if 
the current is activated just when the inductance starts 
increasing (unaligned position) and deactivated at maximum 
value of inductance (aligned position). In any other case the 
average torque will be decreased. If the current activation 
time is shorter the torque will decrease, while if it is longer 
negative torque will be produced. This all shows the 
importance of switching on and switching off the current at 
the right moment. 

In case of a linear SRM machine, the torque can be 

expressed as: 

(6) 

This expression is only valid with a linear inductance. A 
general expression valid also in case of a non-linear 
inductance is when the electromagnetic torque is obtained 
from the coenergy, W´: 

(7) 

0
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0
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Generator
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Fig.2: Inductance and torque profile [Peter 2013] 
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Fig.3: Energy and co-energy 

The co-energy is the integration of the flux linkage along 
the current: 

(8) 

In Fig.3 the energy and coenergy concept is explained in a 
graphical way. The shown flux linkage follows a non-linear 
behavior, which results in a higher mechanical energy than 
the energy storage in the inductance. In case of a linear 
inductance (flux linkage) both energies are equal making the 
expression (7) valid. 

D. Non-Linear model 

At the proposed SRM model the input of the machine is 
the stator voltage, while the outputs are the torque, position 
and speed. Integrating the input voltage, the flux in each 
phase is obtained. Having this flux and the rotor position it is 
possible to get the instantaneous current in each phase from 
tables calibrated previously with FEM simulation, analytical 
model or experimental result. A torque characteristic as 
function of the current and the rotor position must be also 
obtained. The electromagnetic torque is the input of the 
mechanical model from where the mechanical torque, speed 
and position are obtained. 

In this project, the non-linear model is implemented in 
Matlab /Simulink. The electromagnetic model is based in a 
torque and current map. FEM-3D simulations are needed to 
get these torque vs. current and position and current vs. flux 
and position maps. Then including this maps in the 

electromagnetic model shown in Fig.5 it is possible to have a 
SRM machine model assuming the non-linearity. 

The modularity of this motor topology makes phases to be 
magnetically decoupled, thus motor performance can be 
extrapolated from the analysis of one pole pair and 
considering the number of active phases and poles. As the 
motor has three-phases, only one of them should be 
simultaneously active to generate torque in one direction. 
With 12 stator poles in the motor, there are 4 poles per phase. 
Therefore, motor parameters (torque, losses, etc.) are 4 times 
higher than in one pole. 

FEM-3D simulations get accurate curves of switched 
reluctance motor’s characteristic (flux vs. current, and torque 
vs. position). In these FEM-3D magneto static simulations a 
unique C-core together with three rotor poles is simulated. 
Three rotor poles are simulated so the influence of the 
adjacent poles in the flux lines can be considered. The coil in 
the C-core is fed with different current levels and a movement 
from 0º to 45º is performed to take a complete torque cycle. 
From these simulations torque (Fig.4) and flux linkage curves 
are obtained so then dynamic simulations may be performed 
in Matlab Simulink software. 
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Fig.4: Torque vs. Current and position curves (Each curve 

corresponds to a current level, starting at 0A and reaching 910A) 

Fig.5: SRM Matlab-Simulink model 
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III. TORQUE CONTROL STRATEGY

The general view of the system is shown in Fig. 6. The 
control is based on two main loops, the current and torque 
loops. 

The current loop gives gate signals to the converter 
considering the current consign, the actual current and the 
activation/deactivation angles. A simple on/off control proves 
to be sufficient for the current loop. 

The torque control generates the signals for the current 
control depending on the rotational speed, the torque consigns 
and the torque estimator. The proposed torque control strategy 
includes a direct torque control for higher speeds and a PI 
control for the lower speeds as shown in Fig. 7. The direct 
torque control is based in a previous characterization of the 
machine to get a characteristic function which gives the current 
consign depending on the speed and the torque consign. This 
control will give a constant current consign with which a main 
torque equal to the consign torque will be generated. However, 
the torque ripple is not controlled this way, and it could be 
quite dangerous when starting the vehicle in a slope. Due to the 
ripple a negative momentary negative torque may occur 
making the vehicle move in reverse direction. To avoid this 
problem along with uncomfortable vibrations a PI controller 
may be use at low speeds. The PI controller generates a current 
consign from the error between the torque consign and the real 
torque. As a torque sensor is not used the actual torque must be 
estimated using a torque estimator. This estimator is obtained 
when characterizing the machine. The torque is represented as 
a function of the currents and the position (Fig.4). 
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Fig. 6: Controlled SRM flow diagram 
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Fig. 7: Torque control strategy diagram 

As explained before due to the impossibility to set the 
current instantaneously the dynamic performance of the 
AFSRM varies from the static one. 

In static mode or with ideal square form current the 
maximum torque is obtained when the phase is activated from 
22.5º to 45º. However, the current needs some time to be 
established. The activation and deactivation signals must be 
given in advance, so the maximum possible torque is given. In 
Table I and Table II the optimal activation and deactivation 
angles are shown. As it can be deduced the higher the speed 
and the current are, more critical this phenomenon is. In Fig. 8 
the maximum torque the machine gives depending on the speed 
and the current is shown. The torque generated by the machine 
is reduced markedly with increasing speed. 

TABLE I:Phase Activation Angle depending on the speed and 
current 

A\rpm 0 1000 2000 3000 4000 5000 6000 7000 

50 22,5 22,0 21,6 21,1 20,6 20,2 19,7 19,2 

150 22,5 21,0 19,5 18,0 16,5 15,0 13,5 12,0 

250 22,5 19,9 17,3 14,6 12,0 12,0 12,0 12,0 

350 22,5 19,5 16,5 13,5 12,0 12,0 12,0 12,0 

450 22,5 19,0 15,5 12,0 12,0 12,0 12,0 12,0 

TABLE II: PHASE DEACTIVATION ANGLE DEPENDING ON THE SPEED 

AND CURRENT

A\rpm 0 1000 2000 3000 4000 5000 6000 7000 

50 45,0 44,2 43,4 42,6 41,8 41,0 40,2 39,4 

150 45,0 43,2 41,4 39,6 37,8 36,0 36,0 36,0 

250 45,0 42,8 40,5 38,3 36,0 36,0 36,0 36,0 

350 45,0 42,4 39,9 37,3 36,0 36,0 36,0 36,0 

450 45,0 42,0 39,0 36,0 36,0 36,0 36,0 36,0 

Fig. 8: Dynamic torque performance 

Vilanova i la Geltrú, Spain.February 2, 2018 34



Workshop on SRM drives an alternative for E-traction 

IV. MACHINE PERFORMANCE

A. Simulations 

To check the validity of the proposed method by 
simulations the machine is rotated at between 0 and 20 rpm 
speed as defined in Fig. 9 while a constant torque consign of 
48Nm is set. When the rotational speed is less than 10 rpm a PI 
torque control is performed, while over this threshold the direct 
torque control is working obtaining the torque evolution shown 
in Fig. 10. It is easily noticeable how the torque ripple of 
±10Nm is eliminated when using the PI controller. This 
happens because the current consign is changing all the time 
when the PI is activated, while a constant current consign is 
generated with the direct torque controller as may be seen in 
Fig. 11. 

The PI controller presents better performance in terms of 
torque ripple minimization and even following the torque 
consign. However, this is very dependent on the current 
reading sample time capability and the needs of the control 
board. Furthermore, using a PI controller the torque capability 
is reduced. So, the combination of control methods proposed in 
this work is considered a good option, where accuracy, 
behavior and computational speed are combined. 
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Fig. 11: Three phase current waves 

B. Test Bench 

Fig. 12: Test Bench 

After simulation, and once having the motor prototype 
experimental tests were carried on in the test bench shown in 
Fig. 12. First stall or static characteristic of the machine was 
obtained supplying the machine with a DC current supply. 
Then dynamic tests were done so both the machine dynamic 
performance and the control strategy were validated. 

Fig. 13 shows the experimental test points of the Torque Vs 
current static characteristic of the VENUS motor. Due to the 
power limits of the DC current supply equipment, the 
maximum testing current level has been stablished at 130A.  

Fig. 13: Experimental points of Torque VS current static characteristic 
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(Phase maximum current 130 Adc) 

Fig. 14: Resulting currents of each phase for the case of 100 A 

controlled at both control modes, Overlapping and none overlapping 

Fig. 15: Torque @100A, Overlapping and none overlapping 

The first task to obtain the best dynamic performance of the 
machine is to compute turn ON/OFF angles at each current and 
speed working point. The main objective is to get the 
maximum torque possible at each current and speed reference 
point. It is also necessary to validate that the dynamic evolution 
of the phase currents is good. This is a key point to assure that 
the maximum peaks values do not go above the protection 
limits. 

The optimization has been done for the two operation mode 
strategies, Fig. 14 and Fig. 15: 

1. No overlapping Strategy: The phase currents do not have a
common area of constant current value at top setpoint 
level. 

2. Overlapping Strategy: The phase currents have a common
area of constant current value at top set point level. 

The optimization of the ON/OFF angles is based in an 
iterative process, for each strategy (overlapping and no 
overlapping) and speed and current level: 
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Tem=0.6pu & 4000rpm) 

1. The control is test with the theoretical ON/OFF values
obtained from the simulations of the control design task. 

2. An iterative adjustment of the ON/OFF angles is done
around the initial values searching the maximum torque 
value per ampere. 

3. The current waveform is checked. In case of high currents
peaks, these angles are discarded going back to point 2. 

Next, some examples of the current shape with the 
optimized points for the non-overlapping strategy are shown in 
Fig. 16 and Fig. 17. For the overlapping strategy similar 
dynamic performances are obtained. 

Once the on/off angles are optimized and the PI controller 
is set for low speeds, the dynamic performance of the machine 
is obtained as shown in Table 3. At low speed / low torque 
demand the system is able to give the desired torque but, at 
higher speeds and torque demand the given torque is reduced 
as predicted.  
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TABLE 3: MEASURED TORQUE (PU) AT DIFFERENT TORQUE 

REFERENCE SET-POINTS 

%\rpm 100 1000 2000 3000 4000 

20 0.21 0.21 0.20 0.20 0.2 

60 0.62 0.61 0.61 0.6 0.6 

100 1 0.98 0.90 0.78 0.6 

V. CONCLUSIONS 

The results of the proposed torque control strategy which 
combines a torque feedback control for low speeds and a direct 
current consign generator for higher speeds show its validity. 

At lower speeds where torque ripple may be critical, mostly 
when accelerating from zero speed a prominent ripple can lead 
to an uncomfortable driving experience due to vibrations. Even 
more critical may be when starting in a slope; the vehicle may 
go in reverse direction due to a negative torque caused by the 
ripple. This all is avoided as shown in the results using a PI 
control at low speeds. 

At higher speeds the ripple vibration is not so noticeable by 
the vehicle occupants as the inertia may absorb it, so a direct 
current consign generation show to be enough.  

The main difficulty of this control is that the 
characterization of the electrical machine will define the 
effectivity of the control. However, his work has shown that 
obtaining the torque and inductance characteristic of the 
machine is an easy task, leading to a proper control. 

The optimal on/off switching angles calculated in 
simulation give a good reference for the experimental setting of 
the actual optimal switching points. However, these points 
must be slightly changed so the torque per ampere ratio is 
maximized. 
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Abstract— Revenues from global sales of light electric vehicles 

are expected to grow from $ 9.3 billion in 2017 to $ 23.9 billion in 

2025. In order to boost this growth electric drives with better 

features and lower costs have to be developed. This paper 

presents a new in-wheel axial-flux switched reluctance motor 

with double rotor and a particular disposition of the stator and 

rotor poles that provides short flux path without flux reversal. 

The magnetic active parts of the stator and the rotor are built 

using soft magnetic composites. The motor is fed from batteries 

trough a on purpose designed electronic power controller.  

Simulation of the whole drive, using Matlab-Simulink coupled 

with the results of the three dimensional finite analysis of the 

motor is carried out. Simulation results prove that the proposed 

in-wheel axial-flux switched reluctance motor drive is adequate 
for the propulsion of electric light vehicles. 

Keywords—switched reluctance machines, axial flux machines, 
soft magnetic composites, electric drives, electric light vehicles. 

I  INTRODUCTION 

Light electric vehicles (LEV) are electric vehicles, tricycles 
or quadricycles, with a limited speed and load capacity (for 
instance, in the USA 25 mph and 3000 lb.) and two-wheeled 
electric vehicles such as motorcycles and scooters. Light 
electric vehicles contribute to improving mobility and reducing 
the emission of polluting and greenhouse gases, circumstances 
desired both by government authorities and by citizens. Given 
their size, they can be parked in small spaces and help reduce 
traffic congestion; in addition, these vehicles are generally 
more affordable than cars. As a result of these advantages, they 
currently lead global sales of electric vehicles. The global 
market for light electric vehicles is expected to grow from 9.3 
trillion dollars in 2017 to 23.9 trillion dollars in 2025. China 
and especially other countries in Asia (Indonesia, Vietnam, 
Japan and India) are the markets where the highest growth is 
expected [1]. In Europe and the USA the growth will be more 
moderate and will depend on the appearance of more attractive 
models and political decisions tending to restrict the use of 
internal combustion vehicles. These vehicles are powered by 
an electric drive (including motor + electronic power converter 
+ control) of a power comprised between 2-10 kW, through a 

battery pack (Pb-Acid, Li-Ion) of voltages between 48 and 100 
V. There are two different types of electric drives for LEVs: 
direct drives, in which the motors are located inside the wheel 
or wheels (in-wheel motor or hub motors) and drives with a 
mechanical transmission (gears, toothed belts or chains) 
between the motor shaft and the wheel [2]. Despite in-wheel 
motor drives have some drawbacks such as the increase of 
unsprung mass that deteriorates ride comfort they have some 
advantages such as avoiding mechanical transmission and 
leaving more useful space in the vehicle.  

 
Nowadays, the most usual in-wheel motors are brushless 

d.c. motors or permanent magnet synchronous motors with 
external rotor. Nevertheless, switched reluctance motors due to 
the absence of permanent magnets and rugged construction are 
a promising alternative. Usually the rotary switched reluctance 
machines (SRM) are radial flux machines where the air gap 
flux is mainly in the radial direction relative to the axis of 
rotation. This type of SRM, usually have a cylindrical shape 
with a stator and a rotor that can be internal, the most common 
disposition, or external. A less usual rotary switched reluctance 
machine is the axial flux SRM in which the air gap flux is 
mostly parallel to the axis of rotation. The stator and rotor are 
in parallel plates arranged perpendicular to the axis of rotation.  
Some studies carried out in axial flux switched reluctance 
motors; demonstrate that with this type of machine is possible 
to obtain higher torque density than in radial flux switched 
reluctance machines. These better features of the axial flux 
switched reluctance machine are due to the increase of the air-
gap area, which depend on the diameter of the machine, 
whereas in the radial type machine air-gap area depends on the 
machine length. Although, a first axial-flux variable reluctance 
motor was reported by Unnewher and Koch, as early as 1973 
[3], recently, some authors have made important contributions 
to the development of axial-flux switched reluctance machines. 
Arihara et al. have presented the basic design methodology for 
the axial counterpart of the classic rotary SRM [4]. Murakami 
et al, have studied the optimization of an axial-flux 18/12 SRM 
[5]. Madhavan el al. have contributed to development of the 

axial counterpart of rotor segment SRM in a machine with two 

rotor and a stator with a toroidal type winding [6]. Labek et. al. 
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have proposed a novel multiphase pancake shaped SRM with 

a stator composed of a series of C-cores, each with an 

individual wound coil, perpendicularly disposed to a rotor 

made with aluminium in which a suitable number of cubes, the 

rotor poles, of high permeability material have been added. In 

this machine, the torque production is due to the tendency of 
any of these cubes to align with the two poles of an energized 

C-core [7]. Some authors have exposed the manufacturing 

problems of these machines and proposed to use different 

materials for building its magnetic circuit as grain oriented 

electrical steel, Ma et al. [8]; soft magnetic composite, 

Kellerer et al. [9]; sintered lamellar soft magnetic composite, 

Lambert et al. [10].  This paper presents a summary of the 

work developed by the authors [11, 12]   about a new axial 

flux-switched reluctance machine (AFSRM), with a particular 

distribution of stator and rotor poles that results in short flux 

paths without flux reversal, specially intended for the 

propulsion of LEVs. 

II     DESCRIPTION OF THE PROPOSED AFSRM 

A. Basic considerations 

 

  In this paper a novel axial-flux SRM (AFSRM) with a 

stator sandwiched by two rotors has been designed for LEVs, 

this machine is a particular case for a three phase with 

multiplicity equal two of the family of axial-flux SRM 

presented in [12]. In Fig, 1 a schematic view of the proposed 

AFSRM is shown. The stator and the rotors are disposed in 

parallel planes that are perpendicular to the rotation axis. Each 

rotor is separated of the stator by an air-gap.  Both rotors are 
formed by a number of poles, NR, that are all joined, on the 

opposite side of the air-gap, by means of an annular flat piece. 

The rotor poles and the annular flat piece are made of 

ferromagnetic material. The stator is formed by a number of 

poles, NS, protruding at both ends and with the same length of 

a structural disk nailed to a hollow shaft. The cross section of 

a stator pole is triangular but could be of other shapes. The 

poles are made of ferromagnetic material and the structural 

disk of a nonmagnetic material. 

 

 
 

Fig.1 Schematic view of AFSRM 

 

 

Two coils are wound in both opposite ends of the stator 

poles and are connected in series. A group of two stator poles, 

with their corresponding coils and connected between them in 

such a way that results in a single flux loop, which is closed 

through two rotors poles is called a double electromagnet, Z. 

The number of poles and therefore the number of double 
electromagnets will be given according to the number of 

phases of the machine, m, by the following relationships: 

 

𝑍 = 𝑘 𝑚   (1) 

 

Where, k, is an integer denominated multiplicity, that is the 

number of working stator pole pairs. In the case of k >1 the 

phase windings are obtained by connecting in a proper way 

the k different double electromagnets of each phase. In any 

case the terminals of the phase windings are led out of the 

machine through the hollow shaft. 
 

The number of stator poles, NS, in consequence is given 

by:  

 

                  (2) 

 

Both rotors have a number of rotor poles, NR, that have to 

accomplish the following rule:  

 

                         𝑁𝑅 = 𝑘 (2 𝑚 − 1)   (3) 
 

The angle, γ, between the axes of two consecutive double 

electromagnets in the stator is given by: 

 

                               (4)

 
And the angle, α, between two rotor poles is equal to: 

 

             (5)

 
Therefore the angle, δ, between the axes of the stator poles 

of two consecutive double electromagnets is:  

 

  (6) 

 

In Fig. 2 the disposition of the aforementioned angles (α, γ 

and δ) in the stator and rotor is depicted. 
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Fig. 2 Disposition of the double electromagnets in the proposed AFSRM, up 

stator, down rotor 

 

Fig 3 shows the flux path when a current flows through the 

coils of a double electromagnet. The flux lines link the stator 

poles of both sides with the poles of the two rotors forcing the 

alignment of these poles in any case there is flux reversal. 

 
 

 
Fig. 3 View of the flux path in one double electromagnet 

 

B. Magnetic material considerations 

 
The construction of the magnetic circuit of the proposed 

AFSRM is difficult to make using silicon iron laminations. 

The magnetic parts of the stator and the rotors of this machine 

were made of SMC (Soft Magnetic Composites) [13-15]. 

SMC are iron powder particles separated with an electrically 

insulated layer. SMC offer: unique combination of magnetic 

saturation and low eddy current losses, 3D-flux carrying 

capability and cost efficient production of 3D-net shaped 

component by the powder metallurgy process.  

 

However, SMC has low induction of saturation and higher 

specific losses than the silicon iron steels commonly used in 
high-performance electric machines, for instance M250-35A. 

Two different SMC materials were considered: first Somaloy 

P, material specially intended for prototypes and SMC 700 3 

P. In Fig. 4 the B-H curves of both SMC materials are 

compared with the B-H curve of M235-35 A and table II 

shows the values of iron losses at different frequencies of 

these materials.  From this comparison it follows that both 

types of SMC have lower magnetic properties than silicon iron 

M235-35 nevertheless the use of magnetic short circuits 

without flux reversal as has been described before, can 

minimize these problems greatly because the iron losses are 
roughly proportional to the length of the magnetic flux loop. 

 
Fig 4 Comparison of manufacturer’s B-H curves between M250-35 A and two 

types of SMC: Somaloy P and Somaloy 700 3P 

TABLE I.  CORE LOSSES OF THE MAGNETIC MATERIAL CONSIDERED 

Core losses (W/kg) M235-35A Somaloy P Somaloy 700 3P 

1.5T, @ 50/60 Hz 2,35 11/13 10/12 

1.5T, @ 200 Hz 19.6 45 43 

 

C. Description of the prototype of AFSRM 

 

A prototype of this in-wheel AFSRM with natural cooling 

was designed with the goal to be able to propel a direct 

traction, without transmission, light electric scooter with 

wheels of 13´´. A maximum torque of 170 Nm is required 

between 0 to 20 km/h (~220 rpm) and a constant power of 4 
kW between 20 km/h (~220 rpm) to 80 km/h (~900 rpm). Due 

to the machine has to be placed inside a wheel of 13’’ the 

maximum external dimensions are a diameter of the motor 

frame of 308 mm and an axial length of 116 mm. The machine 

is powered through a power controller of a battery of 48/72 V. 

The prototype, a three phase AFSRM with multiplicity two, 

has the values of the Table II according equations (1-6), in Fig 

5 an exploded view of it is shown. 

 
 

 

Fig.5 Exploded view of the prototype AFSRM 
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TABLE II         CONFIGURATION OF THE AFSRM PROPTOTYPE 

k m Z NS NR α(
o
) γ(

o
) δ(

o
) 

2 3 6 12 10 36 60 24 

 

For constructive reasons, as can be observed in Fig. 5, the 

stator poles were made of SMC and inserted into the 

supporting disk, in red in the Fig. 5. Otherwise, the rotor poles 

and the annular flat piece are a set made of NR parts of SMC 

and glued to both covers of the machine.  The covers and the 
supporting ring are made of aluminum. In Fig. 6 photographs 

of the stator pole and the rotor pole pieces are shown. For the 

winding of the AFSRM prototype, two different alternatives 

both using insulation of thermal class 180ºC, were considered. 

First opposite double electromagnets are connected in series, 

Fig. 7, with Nc turns per coil each conductor with two wires in 

parallel of diameter d. Second opposite double electromagnets 

are connected in parallel, Fig. 8, with 2Nc turns per coil each 

conductor with a single wire of diameter d. Finally, in order to 

facilitate the construction of the winding the second 

alternative was chosen each coil with 32 turns, and instead of 
round wire, rectangular wire was used (2 x 2.39 mm2). This 

solution results in a very low skin factor since the maximum 

expected frequency of the currents in the machine is 200 Hz 

(corresponding to a maximum speed of 1200 rpm) and, in 

addition, provides a filling factor of 56.4%. In Fig. 9 a 

photograph of the stator with the stator poles inserted into the 

supporting disk and with the disposition of two adjacent pre-

wounded coils can be seen. The measured total phase 

resistance (20ºC) of the winding, including 2 m of output 

cable (AWG7), was of 60 mΩ.  

 

 
 

 
 

 

 
 

 

Fig 6 Stator pole (up) and rotor pole pieces (down) made of SMC 

 
 

 
 

Fig 7 Schematic drawing of one phase of the AFSRM showing the coils 

arrangement and the series connection of the double electromagnets 

diametrically opposed  

 

 

 
 

Fig 8 Schematic drawing of one phase of the AFSRM showing the coils 

arrangement and the parallel connection of the double electromagnets 

diametrically opposed. 

 

 

 
 

 

Fig. 9 Stator showing the inserted pole pieces and the disposition of two 

adjacent coils 

 

 
Before completing the winding, it is advisable, given the 

cooling conditions of the prototype, to evaluate the heating of 

the coils. Four sensors of temperature were disposed in the 

coils forming one double electromagnet, half phase, as shown 

in Fig. 10. The coils were crossed by a square waveform of 

current resulting different values of current density the 

temperature rise versus time of the hottest sensor T2 for those 

values of current density are recorded in Fig.11. A 

thermogram, Fig.12, of the coils taken with an infrared camera 

shows the homogeneous distribution of temperature of the 

coils. From the obtained results can be stated that the machine 

can withstand a current density of 6.28 A/mm2 for 15 minutes; 
maintain a current density of 5.23 A/mm2 for more than 30 

minutes and work continuously for a current density of 4.18 

A/mm2.  

I A A 

I A A 
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A view of the complete stator, including winding, and the 

two covers showing the glued rotor pole pieces can be seen in 

fig.13. 
 

 
 

Fig.10  Disposition of temperature sensors 

 

 
 

Fig.11 Temperature rise vs time for different values of current density 

 

 

 
 

 

Fig.12 Thermogram of the coils that forms a double electromagnet for a 

current density 6.28 A/mm
2
 (after seven minutes) cursor 109.5ºC cursor 2 

109.7ºC 

 

 
 

Fig. 13 Stator and the two covers, showing in the middle cover the SMC rotor 

pieces mounted 

 

III     ELECTROMAGNETIC ANALYSIS OF THE AFSRM 

 

The electromagnetic analysis of the prototype of AFSRM 

was performed using the well-known 3D finite element 

package, Flux 3D [12,16]. The study considered the use of 

Somaloy P and Somaloy 700 3P as magnetic material for the 
stator poles and rotor pieces. A map of the flux densities of the 

AFSRM prototype, omitting the aluminum frame and covers, 

for the aligned position and a current of 100 A can be seen in 

Fig.14.  As results of this electromagnetic analysis in Fig.15 

the magnetization curves for the aligned and unaligned 

position are depicted and in Fig. 16 static torque curves are 

shown. From these results is clear that better performances can 

be obtained using Somaloy 700 3P, therefore this was the 

material used in the construction of prototype. For practical 

and economic reasons the stator pole and rotor pole pieces of 

the AFSRM prototype were manufactured by tooling pre-

fabricated blanks of Somaloy 700 3P instead of by sintering. 
 

 

 

 

Fig.14 Map of flux densities of the prototype of AFSRM for the aligned 
position for a current of 100 A 
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Fig.15 Magnetization curves in the aligned (0º) and unaligned (18º) position 

the prototype of AFSRM using Somaloy P and Somaloy 700 3P 

 

 
 

Fig. 16  Static torque curves for the prototype of AFSRM using Somaloy P 

and Somaloy 700 3P 
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Fig. 17  Block diagram of the prototype of  AFSRM drive 

IV SIMULATION OF THE AFSRM DRIVE 

 
A block diagram of the whole drive, including the battery, 

the power converter, the control and the prototype of AFSRM 
is shown in Fig. 17. The battery (LiFePo4, LFP) is of 72 V. The 
power converter is an asymmetric or classic converter for SRM 

specially designed to power SRM for LEVs. As a first option 
of control, the hysteresis control with variable turn-on and turn-
off angles is used for the lower range of speeds and single 
pulse with variable turn-on and turn-off angles for upper values 
of speed. The model of simulation is implemented in Matlab-
Simulink using the results of the finite element analysis of the 
prototype of AFSRM. The Simulink block diagram of the 
axial-flux SRM drive is shown in Fig. 18. The simulation 
results allow obtaining the waveforms of the electrical 
magnitudes of the drive, as well as the internal electromagnetic 
torque. Thus, in Fig. 19 the waveforms of phase voltage, phase 
current, bus current and total torque for an average torque of 
120 Nm at 300 rpm with hysteresis control and a turn-on angle 
of ϑON = - 5º and a turn-off angle of ϑOFF = 15º are shown. In 
Fig 20 the same waveforms for an average torque of 40 Nm at 
900 rpm with single pulse control and a turn-on angle of ϑON = 
-8.5º and a turn-off angle of ϑOFF = 10º are represented.  
Therefore, with this model is possible to predict the behavior of 
the whole drive for the intended application. Thus, as it can be 
seen in Fig. 21 the proposed drive is able to work inside the 
torque-speed envelope required for the E-scooter that has to 
propel. 

 

 

 

 

 

 

 

 

Fig.18 Matlab-Simulik block diagram of the whole AFSRM drive with detail 

of the Simulink model of the AFSRM. 
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Fig.19.- Waveforms of phase voltage, phase current, bus current and total 

torque  for an average torque of 120 Nm at 300 rpm 

 

 

 

 

Fig 20 Waveforms of phase voltage, phase current, bus current and total 

torque for an average torque of 40 Nm at 900 rpm 

 

 

Fig. 21 Comparison between the expected values of torque-speed envelope 

(dotted line) with the simulated values with 72 V of battery voltage using 

Somaloy 700 3P (markers in red) 

V    CONCLUSIONS 

 
In this paper a new in-wheel axial-flux switched reluctance 

motor, AFSRM, drive, specially intended for the propulsion of 

light electrical vehicles, is presented. This motor is constituted 

by a stator sandwiched by two rotors. The particular 

arrangement of the stator and rotor poles gives rise to short 

flux paths without flux reversal. Due to the difficult to 

manufactures the magnetic circuit using laminated silicon iron 

it was made of soft magnetic composites. The complete 

electromagnetic analysis of the prototype is performed using 

3D-FEA. The simulation of the whole drive, taking into 

account the AFSRM, the power converter and the control 

strategies is implemented in Matlab-Simulink using the results 
obtained from the electromagnetic analysis. Simulations show 

that the performances of the drive, match pretty well the 

requirements of the LEVs. 

 

ACKNOWLEDGMENT  

 

Authors would like to thanks AMES S.A. for providing the 

SMC pieces and specially Dr. Mark Dougan Chief 

Metallurgist, Dept. of R&D AMES S.A. and Dr. José Antonio 

Calero R&D Manager of AMES S.A. for their support. 

 
 

REFERENCES 

 
[1] Navigant Research. Executive Summary: “Light Electric vehicles, Low 

speed/Neihborrhood EVs, Electrical Motorcycles, and Electric Scooters: 

Global Market Analysis and Forecasts”. Published 1Q 2017. 

[2] Y. Tang, J. J. H. Paulides, I. J. M. Besselink, F. Gardner, E. A. 

Lomonova. “Indirect Drive In-Wheel System for HEV/EV Traction”. 

EVS27 Barcelona, Spain, November 17 - 20, 2013 

[3] L. E. Unnewehr and W.H. Koch. “An axial air-gap reluctance motor for 

variable speed applications,” January/February 1974, IEEE Transactions 

on Power Apparatus and Systems. 

[4] Arihara and K. Akatsu.”Basic properties of an axial-type switched 

reluctance motor”. IEEE Transactions on Industry Applications, Vol 49, 

No 1, January/February 2013. 

[5] Murakami, H. Goto, O. Ichinokura. “A study about optimum stator pole 

design of axial-gap switched reluctance motor”. ICEM 2014, 2-5 

September Berlin. 

[6] R. Madhavan, B.G. Fernandes. “Axial flux segmented SRM with a 

higher number of rotor segments for electric vehicle”. IEEE 

Transactions on Energy Conversion, Vol. 28, No 1, March 2013. 

[7] Labak, N.C. Kar. “Designing and prototyping a novel five-phase 

pancake-shaped axial flux SRM for electric vehicle application through 

dynamic FEA incorporating flux-tube modeling”. IEEE Transactions on 

Industry Applications, Vol. 49, No 3, May/June 2013. 

[8] Ma, R. Qu, J. Li. “Optimal design of an axial flux switched reluctance 

motor with grain oriented electrical steel”. 18th International Conference 

on Electrical Machines and Systems (ICEMs), 25-28 October 2015, 

Pattaya City, Thailand 2015. 

[9] T. Kellerer, O. Radler, T. Sattel, S. Purfürst. “Axial type switched 

reluctance motor of soft magnetic composite”. Innovative Small Drives 

and Micro-Motor Systems, 19-20 September 2013, Nuremberg, 

Germany. 

[10] T. Lambert, M. Biglarbegian, S. Mahmud. “A novel approach to the 

design of axial-flux switched reluctance motors”. Machines 2015, 3, 27-

54; doi: 10:10.3390/machines3010027. 

Vilanova i la Geltrú, Spain. February 2, 2018 45



[11] P. Andrada, E. Martínez, B. Blanqué, M. Torrent, J.I. Perat, J.A. 

Sánchez. “New axial-flux switched reluctance motor for E-scooter”. 

ESARS ITEC Toulouse, 2-4 November 2016. 

[12] P. Andrada, E.Martínez, M.Torrent, B.Blanqué. “Electromagnetic 

evaluation of an in-wheel double rotor axial-flux switched reluctance 

motor for electric traction” REPQJ. Vol 1, No15, April 2017.pp.  671-

675. DOI.org/10.24084/repqj15.428. 

[13] A.Kringe, A.Boglietti, A.Cavagnino, S.Sprague. “Soft magnetic material 

status and trends in electric machines”. IEEE transactions on industrial 

electronics, Vol 64, No 3, March 2017, pp 2404-2414. 

[14] A.Schoppa, P.Delarbe. “Soft magnetic powder composites and potential 

applications in modern electric machines and devices. IEEE transactions 

on Magnetics, Vol 50, No 4, April 2014, pp 

[15] M.J.Dougan. “An introduction to powder metallurgy soft magnetic 

components: materials and applications”. Powder Metallurgy Review, 

Autumn/Fall 2015, pp 41-49. 
[16] Flux 12.2. Altair 2017. 

 

 

 

 

 

Pere Andrada (M’91) was born in Barcelona (Spain) in 1957. 

He received the M.Sc. and the PhD. degrees in Industrial 
Engineering from the Universitat Politècnica de Catalunya 

(UPC), Barcelona, Spain, in 1980 and 1990 respectively. In 

1980 he joined the Department of Electrical Engineering, 

Universitat Politècnica de Catalunya UPC, where he is 

currently Associate Professor in the Escola Politècnica 

Superior d’Enginyeria de Vilanova i la Geltrú (EPSVG). He is 

member of the Electronically Commutated Drive Group 

(GAECE). His teaching activities and research interests 

include design, modelling and control of electrical machines 

and drives. 

 
Balduí Blanqué was born in Reus (Tarragona, Spain) in 1970. 

He received the B.S. degree in Telecommunications, the M.S. 

degree in Telecommunications, and the Ph.D. degree from the 

Universitat Politècnica de Catalunya (UPC), in Barcelona, 

Spain, in 1996, 1999, and 2007, respectively. Since 1996, he 

has been with the Department of Electrical Engineering, 

Universitat Politècnica de Catalunya (UPC), where he is 

currently Associate Professor in the Escola Politècnica 

Superior d’Enginyeria de Vilanova i la Geltrú (EPSVG). He is 

member of the Electronically Commutated Drives Group 

(GAECE). His teaching activities cover digital design and 
electronics applications and his research interests include 

modelling, simulation and control of electrical machines and 

drives. 

 

 

 

 

 

 

 

 

 
 

 

Eusebi Martínez was born in Barcelona (Spain) in 1960. He 

received the Engineer degree in Industrial Engineering from 

Universitat Politècnica de Catalunya in 1984. He is currently 

an Assistant Professor, in the Department of Electrical 

Engineering, Universitat Politècnica de Catalunya, in the 

Escola Politècnica Superior d’Enginyeria de Vilanova i la 
Geltrú (EPSVG). He is member of the Electronically 

Commutated Drives Group (GAECE). His teaching activities 

and research interests include design and finite element 

analysis of electrical machines. 

 

José I. Perat  was born in Tamarite de Litera (Huesca, Spain), 

in 1965. He received the B.Sc., M.Sc. and PhD. degrees in 

Industrial Engineering from the Universitat Politècnica de 

Catalunya (UPC), in 1989, 1998 and 2006 respectively. He is 

currently an Associate Professor in the Department of 

Electrical Engineering, Universitat Politècnica de Catalunya, 

in the Escola Politècnica Superior d’Enginyeria de Vilanova i 
la Geltrú (EPSVG). He is member of the Electronically 

Commutated Drives Group (GAECE). His teaching activities 

and research interests include power electronics and control of 

electric machines and drives. 

 

José A. Sánchez was born in Vilanova i la Geltrú (Barcelona, 

Spain), in 1953. He received the B.Sc., M.Sc. degrees in 

Industrial Engineering from the Universitat Politècnica de 

Catalunya (UPC), in 1976 and 1998 respectively. He is 

currently an Assistant Professor in the Department of 

Electrical Engineering, Universitat Politècnica de Catalunya, 
in the Escola Politècnica Superior d’Enginyeria de Vilanova i 

la Geltrú (EPSVG). He is member of the Electronically 

Commutated Drives Group (GAECE). His teaching activities 

and research interests include industrial automation and fault 

diagnostic techniques for electric machines and drives. 

 

Marcel Torrent was born in Menàrguens (Lleida, Spain) in 

1965. He received the B.Sc., M.Sc. and PhD. degrees in 

Industrial Engineering from the Universitat Politècnica de 

Catalunya (UPC), in 1988, 1997 and 2004 respectively. He is 

currently an Associate Professor in the Department of 

Electrical Engineering, Universitat Politècnica de Catalunya, 
in the Escola Politècnica Superior d’Enginyeria de Vilanova i 

la Geltrú (EPSVG). He is member of the Electronically 

Commutated Drives Group (GAECE). His teaching activities 

and research interests include design, modelling and testing of 

electric machines and drives. 

Vilanova i la Geltrú, Spain. February 2, 2018 46



Workshop on SRM drives an alternative for E-traction 

The work presented has been generously supported by Innovate UK, 

McLaren Automotive Limited and McLaren Applied Technologies Limited. 

A Novel Topology of High-Speed SRM for 

High-Performance Traction Applications 

Francisco J. Márquez-Fernández 

Div. Industrial Electrical Engineering and Automation 

LTH Faculty of Engineering, Lund University 

Lund, Sweden 

fran.marquez@iea.lth.se 

Johannes H. J. Potgieter 

Dyson Ltd. 

Malmesbury, UK 

Malcolm D. McCulloch 

Energy and Power Group 

Dept. of Engineering Science, University of Oxford 

Oxford, UK 

Alexander G. Fraser  

McLaren Automotive LTD 

Woking, UK 

Abstract — A novel topology of high-speed Switched 

Reluctance Machine (SRM) for high-performance traction 

applications is presented in this article. The target application, a 

Hybrid Electric Vehicle (HEV) in the sport segment poses very 

demanding specifications on the power and torque density of the 

electric traction machine. After evaluating multiple alternatives, 

the topology proposed is a 2-phase axial flux machine featuring 

both segmented twin rotors and a segmented stator core. 

Electromagnetic, thermal and mechanical models of the proposed 

topology are developed and subsequently integrated in an overall 

optimisation algorithm in order to find the optimal geometry for 

the application. Special focus is laid on the thermal management 

of the machine, due to the tough thermal conditions resulting 

from the high frequency, high current and highly saturated 

operation. Some experimental results are also included in order 

to validate the modelling and simulation results. 

Keywords—Switched Reluctance Machines; electrical traction 

machine; Hybrid Electric Vehicles; optimisation; thermal 

management 

I.  INTRODUCTION 

The following paper presents a summary of the work 
carried out by the authors within the project M2SRM at the 
Energy and Power Group, Department of Engineering Science, 
University of Oxford, UK, and McLaren Automotive Ltd, 
Woking, UK. The original publications as well as numerous 
supporting references can be found in [1 – 7]. 

Electric and Hybrid-Electric powertrains are becoming 
more and more common in the market and nowadays virtually 
all OEMs (Original Equipment Manufacturers or vehicle 
manufacturers) offer one or several of such models. The 
motivations for electrification differ across the different vehicle 
segments. While for small passenger cars the main motivation 
is the reduction in fuel consumption and emissions, in the 
higher performance vehicle class electric traction machines are 
used for their superior dynamic response and higher power 

density. High performance turbocharged combustion engines 
can suffer “turbo-lag” that drastically slows the response of the 
engine to step increases in torque demand, which can amount 
to whole seconds of delay at low rpm. In contrast, an electric 
drive provides comparatively instantaneous changes in torque. 
Combining both in a hybrid powertrain results in a vehicle with 
increased performance and driveability that is ultimately much 
more fun to drive. 

While the majority of the commercial EV and HEV 
solutions sport some form of PMSM (Permanent Magnet 
Synchronous Machine) mostly due to their higher power and 
torque density, PMSMs also bring in a number of 
disadvantages. Currently, over 80% of the rare earth material 
needed for the fabrication of the permanent magnets used in 
traction machines (neodymium and dysprosium mostly) is 
concentrated only in China. Therefore, the market price of 
these materials is somewhat volatile and a change in trade 
policy by the Chinese government could have a large impact in 
the supply chain of the EV and HEV industry. Moreover, in a 
PMSM the magnetising field cannot be switched off, hence so 
called field weakening currents need to be applied whenever 
the machine is operating above its base speed, even if no torque 
is being produced. This field weakening currents will originate 
losses in the windings, reducing the overall energy efficiency 
of the PMSM in such conditions.  

  SRMs (Switched Reluctance Machines) do not feature 
permanent magnets, which can be seen as an advantage for the 
aforementioned reasons, while retaining comparatively high 
torque and power density. The higher levels of noise and 
vibrations associated with SRM operation could be 
problematic, especially in a pure EV, but they are not 
considered a hinder in a hybrid sport application as the one in 
this study since the ICE (Internal Combustion Engine) will 
create much stronger noise and vibrations than the SRM. 
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In order to reduce cost and increase performance levels 
there is a large drive to increase the torque and power density 
of traction motors. By increasing the rotational speed the power 
density can be increased, although care must be taken to 
preserve the mechanical integrity of the rotating parts. In 
addition, the high speed needed for high power density together 
with the high pole count needed to keep the magnetic paths as 
short as possible while boosting the torque density result in 
high frequency operation, which leads to magnetic losses both 
in the iron core of the machine (iron losses) and in the copper 
windings (proximity losses). Besides, the lack of permanent 
magnets leads to higher current levels in order to produce the 
desired torque. For all these reasons, the thermal management 
of this kind of machines is not trivial, and it will determine to a 
large extent the success of any particular machine design.  

II. TOPOLOGY SELECTION AND DESCRIPTION 

A. Topology selection process 

In order to find the optimal topology for the application, an 
extensive design space was explored. All machine concepts 
considered in this process were permanent magnet free, and the 
aim was to maximise power and torque density. As a starting 
point for the project, the machine should preferably be multi-
rotor, since this was considered a good feature increasing both 
torque density and reliability. 

Fig. 1 shows some of the geometries analysed. 

 

Fig. 1: Some of the machine concepts analysed 

 

All the machines were simulated in 3D FE (Finite 
Elements) to obtain the basic electromagnetic characteristics, 
and those that seemed interesting were investigated further. 
The outcome of this selection process is the machine topology 
presented in the next section.  

B. Description of the SRM topology 

The selection process described in the previous section 
resulted in the following electrical machine topology: 2-phase, 
axial flux, segmented twin rotors, segmented stator SRM. The 
stator is formed of individual poles made of SMC (Soft 
Magnetic Composite) to achieve the complex geometric shapes 
and reduce magnetic losses. These poles are wound separately 
and then assembled together as shown in Fig. 2 for the first 
prototype. [4,5,7] 

 

Fig. 2: Stator of the first prototype machine [5] 

 

The stator coils are pre-wounded and impregnated in high 
thermal conductivity epoxy prior to assembly. Due to the 
specific requirements of the cooling concept - presented in a 
later section - the coils must be structurally solid and self-
supported when mounted on the stator poles. In addition, the 
high electrical frequency during operation requires the use of 
litz wire for the coils. Accounting for all of these, the 
manufacturing of the coils have proved to be significantly more 
challenging than initially expected. Fig. 3 shows a coil under 
manufacturing and a terminated coil. [5] 

 

Fig. 3: Manufacturing of a winding coil (left) and fully finished coil (right) [5] 

 

The twin-rotors are also segmented, consisting of triangular 
SMC poles mounted together in a structure that guarantees 
mechanical integrity at maximum rotational speed.  

A CAD (Computer Aided Design) model of the described 
SRM topology can be seen in Fig. 4, where only the active parts 
of the machine are shown. A list of the most relevant target 
specifications for the design of the SRM traction machine is 
presented in Table I. 

     

Fig. 4: CAD model of the proposed SRM topology [4] 
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TABLE I.  MAIN DESIGN PARAMETERS FOR THE SRM 

Parameter Value 

Rated power 

Ra 

60 – 80 kW 

Maximum rotational speed 20 000 rpm 

Base rotational speed 10 000 rpm 

Maximum fundamental electrical frequency 4 kHz 

Maximum outer diameter 254 mm 

Maximum axial length 170 mm 

Decoupled deceleration > 10 000 rpm/s 

Rotor pole outer pressure limit < 125/353 MPa 

Maximum winding temperature 180 C 

Maximum SMC temperature 250 C 

Maximum coolant outlet temperature 125 C 

 

C. Cooling concept 

Due to the high current levels in the winding, high 

frequency and magnetic saturation during operation, the losses 

in the proposed SRM topology are very much distributed in 

both the coil and the stator and rotor poles [6]. For this reason, 

a cooling concept in which the temperatures of the winding 

coils and iron poles is decoupled is highly desirable. 

In order to do that, a liquid coolant, preferably water 

based, is circulated through cooling channels formed between 

the winding and the stator poles as shown in Fig. 5. In this way, 

the cooling effect will be approximately the same for both 

parts, and the only thermal coupling besides the coolant 

temperature is due to the plastic spacers used to mount the 

winding coils onto the iron cores. [3] 

 
Fig. 5: Cooling ducts between the winding coils and the stator poles [3] 

III. TOPOLOGY OPTIMISATION  

A. Optimisation process description 

In this section, a brief description of the optimisation of the 
selected SRM topology is presented. In this optimisation, FE 
electromagnetic analysis is coupled with a lumped parameter 
thermal model in order to evaluate the impact of the different 
design parameters in the performance of the machine. [2] 

For each machine geometry considered, after the 
initialisation of the main parameters the algorithm proceeds 
with the peak speed iteration, i.e. it finds the optimal number of 
turns for the stator coils such that at peak speed and full voltage 
the winding current is maximised without exceeding the 
maximum temperature threshold. In this iteration a transient 
thermal model considering only the thermal mass and 
excluding all cooling actions is used, ensuring that the peak 
power can be sustained for at least 10 seconds.  

 

Fig. 6: Optimisation process flow diagram [2] 

 

Then, the current is reduced to half of the current obtained 
in the peak speed iteration, the speed is set to base speed and 
the algorithm checks whether the current can be controlled to 
the specified value or a fixed pulse voltage excitation should be 
used. From this point, the algorithm iterates again in order to 
find the current level that can be sustained indefinitely without 
exceeding the thermal limits. In this case a steady state thermal 
model is used, taking into account the direct cooling of both 
winding coils and stator poles. 

Finally, the optimiser evaluates the objective function for 
the analysed geometry and checks if it corresponds to a 
minimum point, in which case the optimisation is finished. 
Otherwise, a new parameter set is proposed and the whole 
process described is repeated for the corresponding geometry. 

B. Electromagnetic modelling 

Both a 3D FE model and a 2D FE linearised model have 
been developed to evaluate the performance of the machine. 
During the optimisation process, the 2D model is used due to 
its lower computational cost. Once a good machine candidate is 
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identified, a more exhaustive FE simulation is conducted using 
the 3D model. [2,4] 

 

 

       

Fig. 7: 3D and 2D linearised FE models of the proposed SRM in the aligned 

(left) and unaligned (right) position [4] 

 

C. Coolant flow and thermal modelling 

In order to evaluate the temperature distribution inside the 
machine for the different loading cases, two models are 
created: a coolant flow model in order to estimate the coolant 
flow distribution, heat transfer coefficients and pressure drop in 
the cooling channels, and a thermal model to evaluate the 
temperature in different parts of the machine. Both models are 
lumped parameter models because of the need for fast 
execution. [3] 

The coolant flow model estimates the flow distribution in 
the different cooling paths by calculating the pressure drop 
based on the Darcy-Weisbach equation and experimental 
correlations for the different bends and fittings. 

The thermal model uses the convection coefficients 
calculated from the flow model, together with the losses 
obtained from the FE analysis in order to evaluate the 
temperature of the coils and the stator poles. The thermal 
model of the coil (shown in Fig. 8) models each turn 
individually with four nodes, and takes into account not only 
heat conduction along the wire, but also axial heat conduction 
between consecutive turns. [7] 

 

 

Fig. 8: Lumped parameter thermal model of a coil [7] 

 

IV. EXPERIMENTAL RESULTS 

The degree of novelty in the proposed topology resulted in a 

number of unexpected delays during manufacturing – 

particularly of the winding coils – and also during the testing 

phase that could not be addressed completely within the 

project time scope. For these reasons, only two types of tests 

were successfully carried out: thermal tests of purposely 

designed motorettes and static tests of the first version of the 

machine prototype. Some relevant experimental results are 

presented in this section. 

A. Thermal experiments 

In order to validate the performance of the proposed 
cooling approach and to calibrate the thermal models described 
before, a motorette comprising one stator tooth and one coil 
has been manufactured (see Fig. 9). [5,7] 

 Five miniaturised thermistors installed in different 
locations over the winding allow to characterise the 
temperature distribution in the coil. This motorette is placed in 
the test bench shown in Fig. 10, supplied by 5 kW DC power 
supply capable of delivering 25 V and 200 A. An electric pump 
circulates the coolant fluid (distilled water) through the circuit. 
The coolant flow as well as the inlet and outlet coolant 
temperatures are also recorded. 

Several experiments have been conducted in this setup. As 
an example Fig. 11 shows the logged results for a loading 
current of 180 A (equivalent to 30.5 A/mm2 current density in 
the winding). The temperatures measured by Thermistors 1 and 
5 do not follow the same trend as the others, remaining just 
above the coolant temperature. This implies that these two 
thermistors are actually glued to the coil surface in direct touch 
with the coolant.  

 

 
Fig. 9: Single core test motorette [5] 

 

 
Fig. 10: Thermistor location in a coil (left) and experimental setup (right) [5] 
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Fig. 11: Logged temperatures (top), coolant flow rate (middle) and coolant 

temperature increase (bottom) for 180 A [7] 

 

It can be seen that the coolant inlet temperature increases 

slowly during the experiments, superimposing a temperature 

offset to the winding temperatures logged. However, this 

variation is small and the coolant properties can be assumed 

constant in the temperature range measured. Steady state is 

reached when the temperature difference between the coil 

surface and the coolant remains stationary. The thermal 

experimental tests were also compared to the proposed thermal 

model, and the obtained results and discussion can be found in 

[5,7]. 

B. Static mechanical tests 

The built prototype was installed in a test-bench in the lab 
and static torque measurements are performed locking the rotor 
at certain predefined positions. 

The figures in this section show some of the measurement 
results obtained from these tests and their comparison to FE 
results when relevant. [4] 

 

Fig. 12: Experimental SRM on the test bench interfaced with a static 

adjustment mechanism [4] 

 

Fig. 13 to 15 show the FEA results obtained for the 

prototype SRM. Fig 13 shows the voltage and current of the 

machine when in operation. Fig. 14 shows the torque vs. 

electrical angle obtained if the machine is supplied with the 

voltage and current in Fig. 13. Fig. 15 shows the predicted 

torque and power as a function of motor speed. Peak speed is 

defined as 20 000 r/min and base speed as 10 000 r/min.  
Fig. 16 shows the static measured and FE-predicted torque 

versus position at a constant current of 30 A per inverter leg. 
Fig. 17 shows the measured static torque versus electrical angle 
for three different current values. Fig. 18 shows the measured 
average torque per electrical cycle versus the FE predicted 
torque. It should be noted that the results shown are not 
conclusive and more testing is required to provide a more 
indicative view on the performance of the new concept SRM. 

 

 

Fig. 13: Voltage and current vs. electrical angle for the SRM prototype (from 

FE simulations) [4] 

 

 

Fig. 14: Torque vs. electrical angle for one electrical period for the SRM 
prototype (from FE simulations) [4] 

 

 

Fig. 15: Peak and continuous torque and power vs. speed for the SRM 

prototype (from FE simulations) [4] 
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Fig. 16: Measured and predicted static torque waveforms at a fixed current of 

30 A [4] 

 

 
Fig. 17: Measured static torque waveforms at three different current values [4] 

 

 
Fig. 18: Measured and FE predicted average torque vs. current per coil of the 

experimental SRM [4] 

 

V. CONCLUSIONS 

This contribution to the Workshop on “SRM drives as an 

alternative for e-Traction” summarises the work done on a 

novel SRM concept, featuring a 2-phase axial flux topology, 

with a segmented stator and twin segmented rotors. The 

proposed topology is designed for high-speed operation, 

aiming for power density values in the range of 7 kW/kg. This 

extreme operation conditions motivate the development of a 

novel cooling concept, decoupling the temperatures of the 

winding and the stator poles.  

Mechanical and thermal models of the machine have been 

developed and integrated in an optimisation scheme. A 

prototype has also been built and tested. 

The design methodology has proven to be useful, and the 

optimiser with integrated mechanical and thermal models has 

provided meaningful results. 

The results from the experimental tests on the single-core 

motorettes show great potential for the cooling solution. 

However, a number of manufacturing problems in the full 

machine prototype impossible to solve in the available time 

for the project limited the number of tests significantly. The 

static tests conducted show good agreement at low current 

values, however, further testing would be required to 

understand the deviations as the current level increases. 
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I. INTRODUCTION

This paper is a summary of the debate that took place in the 

round tables:  

 What is slowing down the application of SRM drives

for road vehicle electrification?

 Where should research and development focus to
boost application of SRM drives to E-traction?

These round tables were the second part of the Workshop 

SRM an alternative for E-Traction held at the EPSEVG, on 

February 2, 2018. 

Nowadays, although most of the traction drives of electric 

and hybrid vehicles (EV/HEVs) are permanent magnet 

synchronous motor (PMSM) drives, many reasons related with 

the drawbacks of using permanent magnets, advise to consider 

magnet-less drives [1-4]. Among these drives are:  induction 

motor (IM) drives, synchronous reluctance motor (SyncRM) 

drives and switched reluctance (SRM) drives. 

Despite SRM drives having the following strengths to be a 

serious candidate for the powertrain of the EV/HEVs: 

 Simple construction

 Fault tolerant

 High efficiency and remarkable power and torque

densities

 Match very well the torque speed envelop required for

e-traction

and that recent studies have shown with consistent 

arguments their advantages comparatively to the others 

alternatives [5, 6], they continue to be just one more option for 

the propulsion of EV/HEVs, as evidenced by the fact that to 

date they are not used in any of the commercially available 

EV/HEVs (notwithstanding the frequent announcements of 
automakers on the utilization of SRMs in their next models of 

EV/HEVs). 

This paper, the compilation of the discussions of the 

aforementioned round tables, tries to find out what are the 

reasons that prevent SRM being a real alternative for E-traction 

and which are the most advisable research topics to reverse this 

situation. It, also, includes some concrete promotion actions for 

the SRMs to become a real alternative for the powertrain of 

EV/HEVs. 

II. REASONS THAT SLOW DOWN THE APPLICATION OF SRM

DRIVES IN EV DRIVES

A. Reasons concerning the SRM 

Although to a greater or lesser extent, it can be said that all 

electric motors have torque ripple and are noisy, in the SRM 
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this statement has become a stereotype. Great progress has 

been made in the research of the causes and in the search for 

solutions, both in the mechanical design and in the electronic 

control of the SRMs to reduce the torque ripple and mitigate 

the audible noise to acceptable levels [7-10]. Nevertheless, 

these advances seem not to be enough to meet the standards of 
automotive industry. 

As far as power density and efficiency are concerned, 

SRMs reach values slightly higher than induction motors and 

are below those attributed to synchronous motors with 

permanent magnets. However, the use of suitable magnetic 

materials in conventional SRMs, with very thin laminations 

(0.1 mm) and high content of silicon (6.5%) has allowed 

approaching the power density and performance of permanent 

magnet synchronous motors [11]. On the other hand, the 

utilization of constructive structures, generally modular, that 

tend to increase inductance in the aligned position and reduce 
it in the non-aligned position has helped to improve the 

performances of SRMs. Specifically, motors with segmented 

rotor [12], structures with segmented stator [13-16] and 

motors with double stator [17] or double rotor [18]. Axial flux 

SRMs are another alternative especially indicated for in-wheel 

direct drive motors but they are difficult to build using 

laminations and, therefore, require the use of materials such as 

SMC (soft magnetic composites) [19-25].  

The use of soft magnetic materials different from current 

silicon-iron laminations can improve the performance of SRM 
or can make possible its construction but greatly increases its 

cost. 

 SRMs structures that increase power and torque density, 

whether they be of radial or axial flux, clearly penalize the 

most relevant advantage of SRMs that is its constructive 

simplicity and robustness, circumstance which has a clear 

negative impact on costs. 

B. Reasons concerning to electronic power converter 

SRM needs an electronic power converter for its operation. 
There are several alternatives but all have the particularity that 

have to be unipolar converters since the torque is independent 

of the sign of the current [26]. Although some efforts have 

been done to use common inverters for A.C. machines (IM and 

PMSM), they are not entirely suitable for SRM drives [27-28]. 

Phase leg commercial modules, containing solid state power 

switches, can be used in the construction of power converters 

for SRM but twice as many modules as in an inverter for 

alternating current machines are required (i.e. only half of the 

components in each module is employed), implying a 

significantly higher cost for the electronic  power converter. 
Another drawback of SRM is that both ends of the phase 

windings have to be accessible unlike A.C. motors where one 

of the ends can be connected in star or delta. Designs of power 

trains for special purpose IM or PMSM can take advantage of 

the use of commercial power controllers (power converters 

with electronic control unit for traction applications). While in 

the market there are several commercial controllers for A.C. 

machines there is none for SRM. 

C. Others reasons 

There is still no standard for the powertrain of electric 

vehicles but PMSM and IM start with the advantage that they 

can adapt the technologies and production processes available 

in the industrial sector. In addition, nowadays, SRMs are little 

known among engineers working in automotive industry. 

Furthermore, in academia, little attention is dedicated to SRMs 
in the courses about electric drives. 

III. RESEARCH AND DEVELOPMENT TRENDS

In order to boost the application of SRM drives in 

EV/HEVs, research and development should focus in the 

following topics: 

A. Research on new soft magnetic materials 

Improvements in soft magnetic materials, both silicon-iron 
lamination and SMC, would make it possible to increase the 

power density and the efficiency of the SRM. In the case of 

silicon-iron lamination it would be desirable to obtain higher 

permeability values and lower iron losses at different 

frequencies, whilst avoiding the fragility of the material. In the 

case of SMC, the aim would be to achieve higher values of 

saturation flux density and lower iron losses at different 

frequencies, all that, with a higher mechanical strength [29]. 

Obviously, this research would also benefit other types of 

drives as PMSM and IM drives. 

B. Search for new topologies of SRM 

Despite, new topologies of SRM, both radial flux and axial 

flux, increase their constructive complexity they can contribute 

to improve the power and torque density of SRM drives. 

Therefore, it is necessary to continue investigating the most 

promising alternatives and keep on working to develop even 

better ones. 

C. Development of an electronic power converter/controller 

for SRM 

Nowadays, unlike PMSM and IM there is not any 

commercial controller in the market intended for switched 

reluctance motors for E-traction applications. The 

commercialization of a three-phase, universal electronic power 

converter/controller, which can be used for any type of three-

phase SRM, specially designed for EV/HEVs could potentially 

encourage competiveness and  promote new initiatives that 
facilitate the definitive launch of SRM as a powertrain for 

EV/HEVs. 
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D. Introduction of new control strategies to improve the 

behavior of SRM 

Research on new control strategies should not be ignored. 
Although great progress have been achieved, researchers must 
continue working to find new control strategies that can 
improve performance, reduce torque ripple and mitigate 
acoustic noise [30, 31] in order to be able to accomplish the 
demands of automotive industry. 

IV. PROMOTION ACTIONS

Besides promoting research and development in some 

topics of SRMs, a greater effort must be made to increase the 

reputation and knowledge about SRM drives, both in the 
industrial sector and in the automotive sector. For this, it would 

be necessary to undertake a neutral, objective comparison 

between different drives for a given application (say a given 

vehicle type and drive cycle) including as many aspects as 

possible (cost of the whole system, size, EMC, NVH, 

reliability, etc.). This comparative study will help 

understanding the real potential of SRM drives compared to the 

other alternatives, and in case it is favorable, will also help 

promoting them.  

In the University, SRM drives should have a more 

prominent role in the courses about electric machines and 
electric drives, which requires new ways to teach SRM drives 

[32] and that a greater number of lectures be devoted to them. 
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