
Journal of Engineering Science and Technology 
EURECA 2014 Special Issue April (2015) 1 - 14 
© School of Engineering, Taylor’s University 
 

1 

DESIGN EVALUATIONS OF THE NOVEL DOUBLE ROTOR 
SWITCHED RELUCTANCE MACHINE 

ARAVIND CV
1,
*, REYNOLD HARIYADI

1
, A.JAGADEESWARAN

2
 

1School of Engineering, Taylor’s University, Taylor's Lakeside Campus,                          

No. 1 Jalan Taylor's, 47500, Subang Jaya, Selangor DE, Malaysia 
2Sona SPEED, Salem, India 

*Corresponding Author: aravindcv@ieee.org 

 

 

 

 

 

 

 

 

 

 

Abstract 

The need of magnet-less machine for industrial applications are increasing, and 

one of the most common magnet-less machine is switched reluctance machine. 

Switched reluctance machine utilises the basic concept of attraction and 

repulsion principle, and together with the air-gap reduction an improvement in 

the production of the torque generation is separated earlier. The concept of dual 

air-gap to improve the torque density of the switched reluctance machine is 

attempted by researchers in recent times. The concept of dual air-gap shows a 

high starting torque density in the machine which allows an early steady state in 

the machine performance compared to the conventional machine. As the 

drawback, the dual air-gap machine is not able to produce higher torque average 

and drags is presence for industrial application. Therefore, a novel through 

modification of magnetic circuit of the dual air-gap in double rotor switched 

reluctance machine is proposed. In this paper, a comparison in terms of motor 

torque constant square density between three machines of conventional 

switched reluctance machine (SRM), double rotor switched reluctance machine 

(DRSRM), and the proposed dual air-gap machine is presented. The results 

shows that there is an improvement in the average torque by 13% compare to 

the SRM and 39% compare to the DRSRM. The proposed dual air-gap 

machine, it is also showing an improvement in motor constant square density by 

37% and 114% of SRM and DRSRM, respectively. 

Keywords: Dual air-gap, Double rotor, Switched reluctance, Motor constant,  

                  Square density, Torque generation. 

 

 

1.  Introduction 

The first machine around 1830s with the based concept of electromagnet was 

reluctance machine. The reluctance machine has certain novel features and its  
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Nomenclatures 

ℓ𝑔1, ℓ𝑔1 Length of air-gap, m 

𝑅𝑔1, 𝑅𝑔2 Radius of air-gap, m 

hc Height of the coil, m 

lr Length of the rotor flux, m 

lrc Length of the rotor core, m 

lg Length of the air gap, m 

nc Number of coil turn 

ncnett Nett coil turns 

wc Width of the coil, m 

𝐴𝑠 Area of stator pole, m
2
 

Asp Area of stator pole base, m
2
 

𝐴𝑦 Area of yoke surface, m
2
 

Art Area of rotor tooth, m
2
 

AR Net area of rotor , m
2
 

Arc Area of rotor core, m
2
 

Ag Area of the air gap, m
2
 

𝐴𝑠 Area of stator pole, m
2
 

Ast Area of stator pole tooth, m
2
 

Bav Specific magnetic loading, wb/m
2
 

Br Rotor magnetic flux density, wb/m
2
 

Bs Stator magnetic flux density, wb/m
2
 

𝐶𝑠𝑦 Stator back iron thickness, m 

𝐶𝑟𝑦 Rotor back iron thickness, m 

Cy Net yoke back iron, Tesla 

𝐶0 Output coefficient 

Dsh Shaft diameter, m 

D External diameter, m 

Do Exterior diameter, m 

Hg Magnetic flux intensity, At/m 

Iz Current in the coil, A 

L Stack length, m 

Ns Synchronous speed, rpm 

Pd Developed power, syn-watts 

Q Generator capability 

Rg Reluctance in the air gap, At/wb 

Ws Width of the stator, m 

Z Total number of coils 
 

Greek Symbols 

𝔎𝑔1 Reluctance in the air-gap1 

𝔎𝑔2 Reluctance in the air-gap 2 

∅𝑟  Flux in the rotor, wb 

𝜇0 Permeability of free space, H/m 

𝜇𝑟 Relative Permeability, H/m 

𝜂𝑚 Machine efficiency 

reinvention has brought new possibility due to the inexpensive and high power 

switching devices [1]. It has a simple structure in comparison to the induction or 

synchronous machine. There are many applications which has been developed 
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through the basic understanding of switched reluctance machine such as, for 

elevator application [2], washing machine [3], and wind application [4]. 

In this present day, the need for switched reluctance machine is increasing, 

because of the skyrocketing price for rare earth magnets. Most researchers 

nowadays are trying to improve torque output capability in a wide range of speed 

operating system in which has the high fault tolerance capabilities [5-6]. The 

optimizations of the reluctance machine design for industrial applications are 

important. There are many different approached for the improvement of 

reluctance machine attempted by various researchers such as, it can be done by 

torque ripple minimization [7-8], current control [9], or structural and mechanical 

parameter optimization [10]. 

In order to produce an improvised switched reluctance machine design, using 

dual air-gap the guideline and presented in [11-13] is utilized. The switched 

reluctance machine which previously developed in [11-12] is evaluated. Also the 

previous SRM and DRSRM are designed and analyzed through numerical tool. It 

has been identified that the torque generation in conventional switched reluctance 

machine is depends on the air-gap distance between rotor and stator; and from the 

basic concept of reduction in the air-gap area, a double rotor switched reluctance 

machine [13] which has the dual air-gap magnetic circuit with modified magnetic 

circuit is introduced. The previous dual air-gap magnetic circuit shows that the 

torque generation characteristics in the machine performance has a high starting 

torque and it reaches its steady state much faster compare to the conventional 

switched reluctance machine. However, there is drawback in the previous double 

rotor switched reluctance machine designed, where the machine volume is much 

higher compare to the conventional machine and the torque produces is lower. 

Although there are some drawbacks, the dual air-gap magnetic circuit has open 

the possibility for switched reluctance machine to advance in the used of 

industrial applications. In this paper, a dual air-gap through a new magnetic 

circuit is proposed [14-15], a novel design of double rotor switched reluctance 

machine with a higher torque generating capability is introduced. In order to 

identify the performance of the proposed machine, finite element analysis is 

presented and motor constant square density is used as evaluation parameters of 

all the machines with same volume and size are being compared. From this 

analysis, it is shows significant changes the percentage improvement of the 

proposed machine compared to the previous machine designs. 

 

2.  Design Methodology  

2.1. Design Concepts 

2.1.1. Sizing of the machine 

As the operation of reluctance machine lies in the basic principle of attraction and 

repulsion. The torque generation capabilities of the reluctance machine is produce 

in the air-gap of the electromagnetic force. The generation of magnetic flux in 

Double Rotor Switched Reluctance Machine is given in the Eq. (1) as, 

 

𝑁𝐼 = 𝜙(𝔎𝑔1 + 𝔎𝑔2)  (1) 

 

where 𝜙 is the magnetic flux, 𝑁 is number of turns, 𝐼 is current, 𝔎𝑔1 and, 𝔎𝑔2 are 
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air-gap magnetic reluctance. The 𝔎𝑔1 of the dual air-gap magnetic design 𝔎𝑔1 is 

given in Eq. (2), 

 
 

𝔎𝑔1 =
ℓ𝑔1

𝜋𝜇𝑜𝑟𝑔1
2
 

(2) 

 

where ℓ𝑔1 is the length of the first air-gap, 𝜇𝑜 is the material permeability, and 𝑟𝑔1 

is the first air-gap radius. The 𝔎𝑔2  of the dual air-gap magnetic design 𝔎𝑔2  is 

given in Eq. (3), 

 

 

where ℓ𝑔2 is the length of the second air-gap, and 𝑟𝑔2 is the second air-gap radius. 

The magnetic circuit used in the dual air-gap of the double rotor switched 

reluctance machine is designed from the Eq. (1) – Eq.(3) are presented in Fig.1. 

 

 

Fig. 1.Equivalent Machine Magnetic Circuit. 

The structural dimension of the proposed dual air-gap switched reluctance 

machine for dual air-gap machine design of the proposed double rotor switched 

reluctance machine is presented in Fig 2 

Outer Rotor

Coil

Inner Rotor

Shaft

Stator

 

Fig. 2.Proposed Double Rotor Switched Reluctance Machine. 

𝔎𝑔2 =
ℓ𝑔2

𝜋𝜇𝑜𝑟𝑔2
2
 

(3) 

𝔎𝑔2 

𝔎𝑔1 

ɸ 𝑁𝐼 
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2.1.2. Stator design 

The design of the stator polefor this machine is shown in Fig. 2.The area of the 

pole (𝐴𝑠) is found using Eq.(4). 

 

𝐴𝑠 =  
𝐷

2
𝐿𝐴𝑠𝑡 

 

(4) 

The area of the middle pole(𝐴𝑠𝑝) is found using Eq.(5)- Eq.(7). 

 

𝐴𝑠𝑝 = 𝑊𝑠𝐿  (5) 

𝐴𝑠𝑡 =  𝐴𝑠 + 𝐴𝑠𝑝 (6) 

∅𝑠 =  𝐴𝑠𝑡𝐵𝑠 (7) 

Therefore the net flux (∅𝑦) present in the yoke is found using Eq.(8). 

∅𝑦 =  
∅𝑠

2
=  

𝐴𝑠𝑡𝐵𝑠

2
 

 

(8) 

Assume that the flux density of the yoke (∅𝑦)equals to half the flux density of 

the stator (∅𝑠), the flux density is shown in Eq.(9) -Eq.(11). 

 

∅𝑦 =  𝐴𝑦𝐵𝑦 (9) 

∅𝑦 =  
𝐴𝑦𝐵𝑠

2
 

 

(10) 

𝐴𝑠𝑡 =  𝐴𝑦 (11) 

 

The thickness of the stator back iron (𝐶𝑠𝑦) is found using Eq.(12)- Eq.(13). 

𝐶𝑠𝑦 =  
𝐴𝑦

𝐿
 

 

(12) 

The width of the stator is found using Eq.(13): 

𝑊𝑠 =  𝐿 × 0.7 (13) 

2.1.3. Rotor design 

The outer rotor and inner rotor back iron thickness are implanted on the basic 

principle and operating flux density. The ideal back iron thickness range of value 

in outer rotor can be obtain if some conditions are taken into consideration during 

the machine design such as, the air-gap inter-polar is getting larger, the 

inductance between aligned and unaligned position gives a high ratio value; and 

the shorter the rotor poles, it could help to reduce the vibration in the machine 

performance. Based on the design consideration above, the range design value in 

back iron thickness of the outer rotor 𝑏𝑜𝑟𝑦 is presented in Eq.(14). 
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0.25𝜔𝑠𝑝 < 𝑏𝑜𝑟𝑦 < 0.5𝜔𝑠𝑝 (14) 

The outer rotor pole height ℎ𝑜𝑟  is presented in Eq.(15). 

 

ℎ𝑜𝑟 = [
𝐷𝑖𝑠 − 2(ℓ𝑜𝑔 + ℓ𝑖𝑔) − 𝐷𝑠ℎ − 2𝑏𝑜𝑟𝑦 − 2𝑏𝑖𝑟𝑦

2
] 

(15) 

where ℓ𝑜𝑔 is the outer air-gap length between outer stator and outer rotor, ℓ𝑖𝑔 is 

the inner air-gap length between inner rotor and inner stator. The outer rotor 

middle pole height ℎ𝑜𝑟𝑚is in Eq.(16) 

 

ℎ𝑜𝑟𝑚 = 2𝜋 (𝑟𝑜𝑟𝑚𝑠

𝜃𝑢𝑜𝑟

360
− (𝑟𝑜𝑟𝑖𝑠 + ℎ𝑜𝑟)

𝜃𝑚𝑜𝑟

360
) −

𝜃𝑜𝑟𝑚

360
 

(16) 

where 𝜃𝑜𝑟𝑚 is the outer rotor middle angle. The ideal back iron thickness range of 

value in inner rotor is having similar design consideration with the outer rotor. In 

the inner rotor design, the range design value for back iron thickness of the inner 

rotor 𝑏𝑖𝑟𝑦 is given in Eq.(17). 

 

0.2𝜔𝑠𝑝 < 𝑏𝑖𝑟𝑦 < 0.4𝜔𝑠𝑝 (17) 

The inner rotor pole height ℎ𝑖𝑟  is presented in Eq.(18). 

ℎ𝑖𝑟 = [
𝐷𝑖𝑠 − 2ℓ𝑖𝑔 − 𝐷𝑠ℎ − 2𝑏𝑖𝑟𝑦

2
] 

(18) 

The inner rotor middle lower height ℎ𝑖𝑟𝑚𝑙  is presented in Eq.(19). 

ℎ𝑖𝑟𝑚𝑙 = 2𝜋(𝑟𝑖𝑟𝑚𝑠 + ℎ𝑖𝑟)
𝜃𝑖𝑟𝑚𝑙

360
 

(19) 

where 𝜃𝑖𝑟𝑚𝑙  is the inner rotor middle lower angle. The inner rotor middle upper 

height is presented in Eq.(20). 

ℎ𝑖𝑟𝑚𝑢 = 2𝜋(𝑟𝑖𝑟𝑚𝑠 + ℎ𝑖𝑟 + ℎ𝑖𝑟𝑚𝑙)
𝜃𝑖𝑟𝑚𝑢

360
 

(20) 

where 𝜃𝑖𝑟𝑚𝑢  is the inner rotor middle upper angle. 

 

2.1.4. Yoke design 

The mean path lengths for different parts are found using Eq.(21) – Eq.(22). 

 

𝑙𝑟 =  ℎ𝑟 +  
𝐶𝑦

2
 

 

(21) 

𝑙𝑟𝑐 = (𝜋) (
𝐷𝑜

2
−  

𝐶𝑦

2
) 

 

(22) 

The flux density present in the air gap is found using Eq.(23). 
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𝐵𝑔 =  
𝐴𝑠𝐵𝑠

𝐴𝑔

 
 

(23) 

The magnetic field intensity present in the air gap is found using Eq.(24). 

 

𝐻𝑔 =  
𝐵𝑔

4𝜋 × 10−7
 

(24) 

2.1.5. Shaft Design 

In a machine, the shaft is responsible for transmitting power from one rotating 

part of the machine to another rotating part of the machine. The shaft also acts as 

a support structure for the rotating parts of a machine like the rotor and the 

permanent magnets in this case. The diameter of the shaft is designed using Eq. 

(25). 

 

𝐷𝑠ℎ = (0.55)(
𝑃𝑑

𝜔
)

1

3 

 

 

(25) 

2.1.6. Winding design 

The dimensions of the coil are chosen based on the Imperial Standard Wire Gauge 

(SWG) where 21 SWG has 0.813mm diameter. The area of winding (𝐴1,2) around 

the stator slot is presented in Eq.(26). 

𝐴1,2 = 𝜋(𝑟1,2)2
𝜃1,2

360∘
 

(26) 

where the parts of the area winding is 𝐴, 𝑟 is the radius, 𝜃 is the angle of the 

winding. The total area winding per pole (𝐴𝑐𝑎)is presented in Eq.(27). 

 

𝐴𝑐𝑎 = 𝐴1 − 𝐴2 (27) 

The area cross section of the coil (𝐴𝑐𝑜𝑖𝑙)is presented in Eq.(28). 

𝐴𝑐𝑜𝑖𝑙 = 𝜋𝑟𝑐𝑜𝑖𝑙
2 (28) 

The number of turns of the coil in each stator pole (𝑇𝑝ℎ)can be identified from 

the Eq.(29). 

𝑇𝑝ℎ = (
𝐴𝑐𝑎

𝐴𝑐𝑜𝑖𝑙

) × 60% 
(29) 

Figure 3 show the coil design used in this research and Fig. 4 shows the 

complete structure of the designed machine. 
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Fig. 3.  Coil Design. 
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Fig 4.  Complete Design. 

 

3.  Numerical Analysis 

3.1.  Finite Element Analysis (FEA) 
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In this research the finite element analysis of the machine design analysis uses 

industrial standard FEA tools [11-13]. The proposed machine magnetic flux 

characteristics are presented in Fig.5.The magnetic flux at different positions 

between the stator core and double rotor core are presented. In this condition, 

when the machine at aligned position, the magnetic flux produces at its 

maximum. As the rotor starts to move further away from the initial position at 0°, 

the magnetic flux is gradually decrease and at the same time the torque is starts to 

generate, and then when the rotors reaches its complete unaligned position the 

flux linkage is reached its minimum constant value. 

 

 

 
 

Fig. 5.Analysis for various Rotor position. 

 

3.2. Figures of Merit 

For comparison on the level of performance for conventional and proposed 

structure, the methods of calculation Motor Constant Square Density 𝐺 is used. 

This evaluation is very useful as it includes the torque, power, and volume of the 

machine designs. The Motor Constant Square Density 𝐺 is given as in Eq.(30). 

𝐺 =
(𝐾𝑚)2

𝑉
 (30) 

where 𝐾𝑚  is the machine constant in [𝑁𝑚/𝐴/𝑊−(1/2)], 𝑉 is the volume of the 

machine [𝑚3]. The machine constant can be further expressed as in Eq. (31). 

𝐾𝑚 =
𝐾𝑇

√𝑃
 (31) 

where 𝐾𝑇  is the torque constant [𝑁𝑚/𝐴] and 𝑃  is the input power to the coil 

winding [𝑊]. The torque constant is given as in Eq.(32). 

𝐾𝑇 =
𝑇𝑎𝑣𝑔

𝐼
 (32) 
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where 𝑇𝑎𝑣𝑔 is the fundamental torque [𝑁𝑚] and 𝐼 is the maximum current input to 

the machine [𝐴]. 

 

4.  Results and Discussions 

4.1.  Dynamic characteristics 

Dynamic characteristics are important for studying the state of the machine under 

the normal operating condition with load. In the dynamic characteristics 

experiment the excitation state is created based on the alternating conditions 

between opening and closing switches in accordance with the position of the 

rotor’s rotation. The torque waveform of dynamic characteristicas shown in Fig.6, 

when the voltage application width 𝜃𝑤  is 30 𝑑𝑒𝑔  with the changing voltage 

application 𝜃𝑠 starts −5 𝑑𝑒𝑔 , 0 𝑑𝑒𝑔 ,  and 5 𝑑𝑒𝑔 . The results shows that the 

changing application at −5 𝑑𝑒𝑔 in application width of30 𝑑𝑒𝑔, gives high torque 

generations compare to other changing voltage applications. From these 

experimental results it can be explained that the best voltage time changes for the 

circuit controller is 5 degree early within the 30 degree application ranges. 

 

90 105 120 135 150 165 180

Rotational Angle [Deg.]

 θs = -5 deg  θs = 0 deg  θs = 5 deg

-1.2

0.0

1.2

2.4

3.6

4.8

6.0

7.2

8.4

9.6

10.8

12.0

 
 

Fig.6.Torque Characteristics (𝜽𝒘: 𝟑𝟎 𝒅𝒆𝒈) 

 

4.2. Drive characteristics 

These types of machines require electronic control drive in order to operate at the 

operational condition. In the drive characteristics experiment the physical 

phenomena analysis of the magnetic circuit and drive circuit is created, where 

both is used to create a torque analysis model.  

The circuit diagram which designed for this analysis contains a voltage source 

and an ON/OFF square wave voltage of three-phase switching is controlled 

depending on the timing settings. Fig. 7 shows that whether the iron loss is taken 
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into account or not, it shows no effect on the torque production because of the 

iron loss ratio to output is small.  

 

Rotation Speed [r/min]

0 600 1200 1800 2400

0

1

2

3

4

5
Iron loss not accounted for

Iron loss accounted for

 
Fig. 7.Speed torque characteristics.      

 

In the current characteristics experiment the physical phenomena analysis of 

the magnetic circuit is created using torque analysis model for the simulation of 

the circuit model from the coil drive circuit is as shown in Fig. 8. The analysis 

experiment results from the current characteristics are the magnetic flux for the 

current value of 3𝐴 at unaligned and aligned position is presented.It can be seen 

when the machine at unaligned position (a) the flux linkage around the machine is 

produces 0.6 − 0.8𝑇 and when the machine is at aligned position (b) the flux 

linkage around the stator is produces1.2 − 1.6𝑇. It can be explain that when the 

machine is at aligned position the magnetic resistance is dominant; as the machine 

is at unaligned positions the current is gradually increases and the magnetic flux 

gradually decreases. 

 

 
 

(a) unaligned (b) aligned 

Fig. 8.Magnetic flux intensity. 
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4.3.  Comparative evaluations 

Figure 9 shows the machine static characteristics of the proposed machine with 

better torque from all the improved version of the SRM. 

 

Rotation Angle [deg]

0 5 10 15 20 25 30 35 40 45
-10.0

-7.5

-5.0

-2.5

0.0

2.5

5.0

7.5

10.0

SRM DRSRM IDRSRM

 

Fig. 9.Static torque characteristics. 

Figure 10, the DRSRM shows that the machine design has the capabilities to 

reach steady state faster than the other two machines, moreover it has highest 

starting torque compare to the SRM and proposed machine. 
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Fig. 10.Static comparison characteristics. 



Design Evaluations of the Novel Double Rotor Switched Reluctance Machine       
13 

 
 
Journal of Engineering Science and Technology                Special Issue 4/2015 

As seen from the Table 1 the comparative evaluation using motor torque 

constant square density as evaluations parameter. The average torque of the 

proposed machine structure is gradually increased over the conventional switched 

reluctance machine and double rotor switched reluctance machine. In addition, 

the motor torque constant square density value of the proposed machine showing 

an increase by twice of the conventional machine. 

 

Table 1.Comparison on figures of merit. 

Figure of Merit SRM DRSRM IDRSRM 

𝐼 [𝐴] 5 5 5 

𝑉 [𝑚3] 2.13𝑒−3 2.20𝑒−3 1.99𝑒−3 

𝑇𝑎𝑣𝑔[𝑁𝑚] 3.85 3.13 4.36 

𝐾𝑡[𝑁𝑚 𝐴⁄ ] 0.77 0.63 0.87 

𝐾𝑚 [𝑁𝑚/𝐴/𝑊−(
1

2
)] 0.077 0.063 0.087 

𝐺 [𝑁𝑚2/𝐴2/𝑊/𝑚3] 27.87 17.84 38.20 

 

 

5.  Conclusions 

Dual magnetic circuit realization through double stator and double rotor are 

investigated these days. A double rotor system with dual magnetic circuit is 

realized of reluctance machines, a new double rotor switched reluctance machine. 

The proposed design is structured, simulated, and evaluated using the standard 

finite element analysis through motor constant square density. The investigation 

shows that a percentage improvement in the motor constant square density by 

37% in the comparison of SRM and 114% in the comparison of DRSRM and the 

improvement of the proposed IDRSRM. The average torque improved by 13% in 

comparison to the conventional SRM and 39% compared to that of the DRSRM. 
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