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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. 
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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 
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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].  
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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] 
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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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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 

VIlanova i la Geltrú, Spain. February 2, 2018 26



[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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