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Abstract—The main objective of this paper is to present a 

modular hybrid reluctance motor (MHRM) for high-torque drive 

systems. The main dimensions and parameters of the structure 

are presented. In order to obtain the main characteristics of the 

proposed HRM, 2-D finite element analysis (FEA) is adopted. 

The flux distributions at the aligned and unaligned positions, flux 

linkage, and static torque curves of the proposed topology are 

provided. In addition, the magnetic circuit model (MCM) of the 

proposed motor is derived, the reluctances of the machine are 

calculated, and the static characteristics obtained from the MCM 

are compared with those of FEA. The results are indicative of the 

fact that there is a good agreement between the results of the 

FEA and MCM. Finally, it is shown that the proposed HRM 

produces higher torque than the conventional SRM. 

Keywords—Finite Elelment Analysis (FEA), Magnetic circuit 

model (MCM), Modular hybrid reluctance motor (MHRM). 

I.  INTRODUCTION 

Switched Reluctance motor (SRM) is a doubly salient 

machine which has been widely applied for many industrial 

applications, especially electric vehicles. This is due to its 

distinguished advantages such as simple and robust structure, 

having no permanent magnets or windings on the rotor 

structure, inherent fault-tolerance, lower manufacturing cost, 

and high-speed capability [1-6]. However, the drawbacks of 

the SRM such as high torque ripple and low torque density 

limit its applications.  

In recent years, many researchers have worked on different 

methods to improve SRM characteristics. These methods 

include, modification in the rotor and stator structures of the 

conventional switched reluctance motors, novel control 

techniques, and novel structures such as modular forms, 

double channel configurations, double rotor and stator 

structures, and etc. 
One effective way to improve the applied characteristics of 

the SRMs is to apply permanent magnets (PMs) in the stator. 
This structure is called hybrid reluctance motor (HRM). In [7], 
a novel single-phase hybrid switched reluctance motor for 
low-power low-cost applications is proposed. The proposed 
structure is composed of a four-pole conventional rotor, a 
different type of stator with two permanent magnet poles and 
four reluctance poles, and six PMs place in the stator. The 
results show that the proposed structure is competitive to a 3-
phase PM machine and the starting torque is enhanced up to 

150%. In [8], a novel 3-phase modular hybrid reluctance 
motor is presented. The stator has three independent 
electromagnets, while the rotor has a five-pole conventional 
form. The permanent magnets are placed between the poles of 
each electromagnet. The proposed HRM has a significant 
increase in torque density and in spite of having PMs in its 
structure, presents no cogging torque. This feature is one of 
the most important merits of the proposed HRM. In [9], a 
novel stator design of HRM is analyzed and manufactured. 
The stator consists of six A-shaped modules. In this topology, 
the permanent magnets are implanted in the stator yoke to 
provide additional magnetic flux sources for enhancing its 
operating performance. 

This paper presents an improved four-phase 16/14 high-
torque modular hybrid reluctance motor. The stator is 
composed of eight modules and the permanent magnets are 
placed between the adjacent poles of each module. This work 
is based on the work of Szabo on the switched reluctance 
motors [10]. This paper is organized as follows. Section II 
introduces the structure of the proposed HRM. In section III, 
the static performance of the HRM is presented based on finite 
element analysis (FEA). Section IV, develops the magnetic 
circuit model (MCM) of the HRM at the aligned and 
unaligned positions. In section V, the performance of the 
HRM is compared with the basic SRM and the merits of the 
proposed motor are listed. Finally, a brief conclusion is 
provided in Section VI.  

II. MACHINE TOPOLOGY 

Fig. 1 shows the cross sectional view of the proposed 
HRM. As it can be seen, the stator is composed of eight two-
pole modules and there is a flux barrier between two adjacent 
modules.  The coils are of concentrated type and wound 
around the modules. The motor consists of four phases, as 
shown in Fig. 1. The permanent magnets are placed between 
the adjacent poles of each module. Hence, there are eight PMs 
in the stator. 

On the other hand, the rotor is in the form of a 
conventional structure, which is composed of fourteen salient 
poles. It has to be mentioned that the permanent magnet 
material is NdFeB with grade N42. 

There are four windings in the machine, each winding is 
composed of four coils wound on the yoke of two opposite 
modules, and the four coils are connected in series. Since the 
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Fig. 1.  Cross section of the proposed HRM. 

TABLE I 
THE MAIN DIMENSIONS AND PARAMETERS OF THE HRM 

Parameter, unit Symbol Value 

Air-gap length, mm 𝑔 0.5 

Stack length, mm 𝑙𝑎 50 

Height of the coils, mm ℎ𝑐𝑜𝑖𝑙 19 

Height of the stator module, mm ℎ𝑚 35 

Width of the stator yoke, mm ℎ𝑗𝑠 11 

Stator outer diameter, mm 𝐷𝑀 248.5 

Height of the rotor pole, mm ℎ𝑟𝑝 26 

Width of the rotor yoke, mm ℎ𝑗𝑟 11 

Length of the flux barrier, mm 𝑙𝐷 11 

Stator pole width, mm 𝑏𝑠𝑝 13 

Rotor pole width, mm 𝑏𝑟𝑝 13 

Length of the PM, mm 𝑙𝑃𝑀 19 

Width of the PM, mm 𝑏𝑃𝑀 6 

 

 

Fig. 2.  Flux lines of the HRM at (a) unaligned and (b) aligned position. 

 

Fig. 3.  Flux densitiy of the HRM at (a) unaligned and (b) aligned position. 

coils are operating independently, the proposed HRM is a 
fault-tolerant machine.  

The main dimensions and parameters of the proposed 
HRM are listed in Table I. These parameters will be used in 
section IV to derive the reluctances of the magnetic circuit 
model.  

III. SIMULATION RESULTS 

A. Flux Distributions 

In order to obtain the main operating characteristics of the 
HRM, FEA is adopted. The flux lines of the proposed HRM at 
the aligned and unaligned positions are illustrated in Fig. 2 
when phase D is excited. As it can be seen, the flux of the PM 
in each module is added to the flux generated by the coils. 

Hence, there is an enhanced flux flowing through the air-gap. 
Accordingly, the produced torque will be increased. On the 
other hand, when one phase of the motor is energized, the flux 
of the PM in the other three phases will close itself through the 
stator back iron. Therefore, the proposed HRM presents 
negligible cogging torque. This is one of the merits of the 
proposed HRM. 

One problem which can deteriorate the performance of the 
HRM is demagnetization of the PMs at the unaligned position. 
Fig. 3 shows the flux densities distributions of the HRM at the 
unaligned and aligned positions. As it can be observed from 
Fig. 3(a), the PMs operate under a normal condition and are 
not demagnetized when a reasonable loading is applied. 

B. Static Torque Curves 

The static torque curves of the HRM are obtained for six 
different currents (1A to 6A), as shown in Fig. 4. The number 
of turns per each module is set to be 220 in this study. Fig. 4 is 
indicative of the fact that the effect of PM becomes more and 
more significant when the value of the phase current increases. 

Fig. 5 shows the maximum and average torque of the 
proposed HRM for different current values. The difference 
between the maximum and average torque is not very high 
because of the presence of the PMs. 

The interaction between PMs flux and rotor poles leads to 
the evolution of a torque named the cogging torque. In order 
to obtain the cogging torque, none of the phases are excited. 
Fig. 6 shows the cogging torque of the HRM. As it can be 
seen, the average value of the cogging torque is approximately 
zero and the instantaneous value fluctuates between 3 and -5 



 

Fig. 4.  Static torque curves of the proposed HRM for different current 
values. 

 

Fig. 5.  Maximum and average torque curves of the HRM for different 

currents. 

 

Fig. 6.  Cogging torque characteristics of the proposed HRM. 

mNm which can be neglected. Hence, the proposed HRM 
presents zero cogging torque.  

IV. MAGNETIC CIRCUIT MODEL 

The magnetic circuit model of the proposed HRM is 
developed for the aligned and unaligned positions based on 
[11]. The main parameters are listed in Table I.  

A. Magnetic Circuit Model at the Unaligned Position 

The approximated flux flow pattern of the HRM at the 
unaligned position is shown in Fig. 7(a) and the details of the 
fringing flux are shown in Fig. 7(c). Fig. 8(a) shows the 
magnetic circuit model of the HRM at the unaligned position. 
According to the flux lines, the reluctances of the iron parts 
can be calculated as the following equations. 
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Where,    ,    ,    , and     are the reluctances of the 
stator yoke, stator pole, rotor yoke, and rotor pole, 
respectively. The leakage reluctances of the stator back-iron, 
denoted by     and     can be obtained as (5) and (6), 
respectively.  
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The reluctance of the rotor pole-tip,     , and the reluctance 
of the PM, can be determined as (7) and (8), respectively. 

     
   

       

                                                                                 

    
   

       

                                                                                 

The fringing reluctances between the poles of the rotor and 

stator,     and    , as shown in Fig. 7(c), can be determined 

as follows. Since the calculation of the fringing permeance is 

more straightforward, we calculate    . We have, 
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Calculating (8), we can obtain: 
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Finally, the fringing reluctance,     can be obtained as 

    
 

   
 

 

     

 
 

      
    

  
 

                                              

Since,     and     are equal, we can obtain     as 

        
 

     

 
 

      
    

  
 

                                             

Applying the Kirchhoff’s voltage law, the system of equations 

for the unaligned position can be written as (15), where     is 

    (         )                                                              

B. Magnetic Circuit Model at the Aligned Position 

The estimated flux flow pattern at the aligned position is 
shown in Fig. 7(b). The magnetic circuit model at the aligned 
position is derived as shown in Fig. 8(b). The reluctances of 
the stator and rotor poles and yokes are the same as the 
unaligned position. Since, there are no fringing flux lines 



 
(a)   (b) 

Fig. 8.  Magnetic circuit model of the HRM. (a) Unaligned position. (b) 

Aligned position. 

between the poles of the stator and rotor, the reluctance of the 
air-gap can be obtained as   

   
 

       

                                                                                    

Again, by applying the Kirchhoff’s voltage law, the system of 

equations for the aligned position can be written as (16). 
Solving the systems of equations, (15) and (16), the 

magnetic fluxes and flux densities can be obtained for 
different parts of the proposed HRM. Once the flux linkage is 
calculated, the average static torque,     , can be obtained by 

     
   

  
                                                                                       

Where    , and    are the change in co-energy, and in the 
rotor position, respectively. Fig. 9 shows the flux linkage 
curves of the HRM obtained by the MCM and FEA. Because 
of the presence of the PMs, there are negative values in the 
flux linkage curves. The obtained results are indicative of the 
fact that there is a good agreement between the developed 
MCM and FEA. 

V. COMPARISON WITH SRM 

In order to well-clarify the superiority of the proposed 
HRM, a comparative study is done between the HRM and 
another SRM which is exactly the same as the HRM and only 
the PMs are removed from its structure.  

The comparison of the static torque characteristics is 
obtained and shown in Fig. 10. As it can be observed, under 
the same operating speed, dimensions and parameters, and the 
same phase current, say 6A, the proposed HRM produces 
higher torque. Under the phase current of 6A, the average 
torque of the HRM is 5.37Nm, while the average torque of the 
SRM is 4.7Nm. Therefore, the HRM produces higher average 
torque compared to the SRM. 

It is very important to mention that the operation of the 
proposed HRM becomes much superior when the value of the 
phase current increases. Because, the flux of the PMs prefers 
to path through the stator back-iron. When the current of on 
phase is not very high, the generated flux cannot overcome the 
flux of the PMs, and hence, the effect of the PMs is not 
significant. But, as the current increases, the generated flux in 
the poles of the stator becomes dominant and the flux of the 
PM is added to that of the coil. Hence, there is an augmented 
flux in the air-gaps which produces higher torque.  
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Fig. 7.  Flux flow patterns at (a) unaligned position, (b) aligned position, 

and (c) details of the unaligned position. 
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Fig. 9.  Flux linkage chracteristics obtained by MCM and FEA. 

On the other hand, there is a maximum allowable value for 
the phase current. This value must be determined with exact 
numerical analysis in a way that the permanent magnets do not 
become demagnetized. The numerical analysis shows that for 
the currents below 10A, the PMs are not demagnetized. As a 
result, there are not any obstacles in the normal operation of 
the HRM with nominal current values, say 6A. 

 

VI. CONCLUSIONS 

In this paper, a novel four phase HRM was proposed. The 

HRM consists of eight modules in the stator and 8 permanent 

magnets which are placed between the adjacent poles of each 

module. Finite element analysis (FEA) was adopted and the 

main static characteristics including the flux lines, static 

torque, and cogging torque were obtained. Then, the magnetic 

circuit model (MCM) of the HRM for the aligned and 

unaligned positions were derived and the system of equations 

solved to obtain the flux linkage of all phases. The comparison 

between the results of the MCM and FEA indicated that the 

developed MCM is precise enough to analyze the HRM. 

Finally, the operation of the HRM was compared with an 

SRM with the same dimensions and parameters. The results 

illustrated that the proposed HRM produces higher torque and 

higher average torque compared to the SRM with the same 

value of the phase current, while it produces a negligible 

cogging torque. Hence, the proposed HRM is a suitable 

alternative for use in high torque applications. 
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