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     Abstract—The design preciseness, the material used in productivity plus the time are coming the most important 

factors in motor manufacturing. Consequently, the use of interior permanent magnet synchronous machines (IPM) in 

hybrid vehicle seemed to be the best demands. However, and due to the earth magnet materials increasing prices such as 

Dysprosium and Neodymium, automobile manufacturers have looked for alternatives. The switched reluctance machines 

(SRM), having a near performances especially high efficiency, is one of the best replacing candidates. Thus, many issues 

aimed to analyze its design and predicting its performance and characteristics. The Knowledge of flux linkage versus 

current profiles plays an important role in the prediction of switched reluctance motors performances. 

 
Index Terms—Switched Reluctance Machine, Finite Element Methods, Flux linkage, Static Torque. 

 

βs                 Stator pole arc(°);                         βr                  Rotor pole arc(°) 

R                   Phase resistance (Ω);                   I                    Current of phase A 

Lu                 Unaligned inductance (mH);       La                 Aligned inductance (mH) 

T                    Electromagnetic torque (Nm);    Nr                  Number of rotor poles 

Ns                  Number of stator poles;               Θ                    Rotor position (°) 

 -λ-Φ         Phase A flux-linkage;                  V                   Input Voltage of phase A 

W
\
                 Coenergy 

I. INTRODUCTION 

Recently the switched reluctance motor (SRM) is drawing an interesting attention over AC & DC  drives 

because of its several advantages such as like simplicity and robustness, its low inertia and high  torque, absence 

of rotor windings. The (SRM) contains a doubly salient synchronous motor with the no windings or magnets in 

its rotor. Because of its magnetic saturation and pole shapes, the inductance of SRM depends on both θ the rotor 

position and stator current. Therefore, Then, the flux linkage of one phase and the torque are respectively 

functions of the current i and of the angular position θ. Then, for the optimization of this machine, précising the 

magnetic characteristics is necessary. The increasing use of SRM has improved the control strategies based 

experimentally or numerically via the finite element method (FEM). The finite-element method is used to 

predict the performance of the SRM as a salient geometry of the stator and rotor and the nonlinear properties of 

the magnetic characteristics. As known, the finite element method has been a powerful tool to solve many 

complex and nonlinear magnetic problems especially for modeling machines. As first use, Dawson used the 

FEM on a 8/6 SRM to obtain such characteristics. There are many approaches such in  [1] to measure the flux 

linkage, such as finite-element analysis where the magnetization curve and the field distribution and torque for 

different values current and rotor position. 

 

A switched reluctance machine’s torque is produced by the tendency of rotor movement to the direction of 

maximum inductance excited winding value. Consequently, this type of machine [3] is always associated with 

an electronic driver. For different rotor positions ɵ and current, we will present the procedure of obtaining the 

characteristic of flux-linkage. 

 

This paper presents a procedure for modeling a 12/8 switched reluctance machine (as in [11]) oriented in hybrid 

vehicle application. The aims of the study contain the analysis of magnetic characteristics especially the flux 

linkage used in different methods: Finite Element Analysis (FEA) developed in [14] and Boundary Element 

Different Methods of Calculating Static 

Characteristics of Switched Reluctance Machine 

used for Alternator-Generator 
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Analysis (BEA). Thus, a prototype of a SRM was prepared using FEMM then simulated to explain through this 

paper a different and simple methods of calculating the static characteristics as torque, co energy and inductance 

using a computed flux-linkage. 

II. CHARACTERISTICS OF SWITCHED RELUCTANCE MACHINE 

Current pulses applied independently to each phase excite the switched reluctance machine. The current pulses 

are applied on precise rotor position and the motor creates torque in the direction of increasing inductance.  In 

Fig.1, we represent: the torque is positive when dL/dθ>0 from θ1 to θ2, and the SRM so it is the motoring 

mode:  

                  

Fig.1 Inductance vs. rotor position angle 

The use of SRM in Vehicle propulsion [13] due to its high density and efficiency and operation capability with a 

wide constant power region is still rise even its several disadvantages. The switched reluctance machine is 

characterized by a high starting torque and efficiency similar to a high-efficiency Interior Permanent machine.  

The switched reluctance motor used in this paper is a 12/8 three-phase SRM shown in Fig.2: 

 

 
 

 

 

   

     

   

 Fig.2 Structure of the 12/8 SRM 

The dimensions of the switched reluctance motor are next in TABLE 1 

TABLE .1 GEOMETRY OF SR MACHINE 12/8 

 SR machine Model 

Stator outer diameter 137(mm) 

Stator inner diameter 85(mm) 

Stator teeth length 22(mm) 

Rotor outer diameter 42.48(mm) 

Air gap (e) 0.325(mm) 

Number of turns (N) 12 

Stator pole arc(βs) 30(°) 

Rotor pole arc(βr) 45(°) 

Rotor teeth length 

(hdr) 

18.02(mm) 
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The SRM has been for long used only in starter motor of the airplane or the fuel pump due to its disadvantages 

mentioned. Though, recently and due to the development of power electronics, it becomes possible to control these 

disadvantages.  

 

There for, even with acoustic noise, torque ripple, special converter technology control etc[4].., many researchers 

have developed new methods of design throw  geometric modeling, finite analysis (FEA,BEA..) in order to 

optimize its performance and make the more and more suitable for the drive-train application especially in the 

hybrid vehicle.  

 

The Finite Element Method Magnetics (FEMM) is a programming language that can solve electromagnetic 

problems on 2D (two –dimensional planar). Thus, we can resolve linear and nonlinear magneto static, harmonic 

magnetic, linear electrostatic and steady state heat problems. The determination of magnetic characteristics 

facilitates the optimization and control of switched reluctance machine. 

 

       With successively exciting of phases, the rotor can step    around in any direction as desired. Then, the production 

of torque of the SRM depends upon the stator current magnitude regardless of the direction (motoring or 

generating):  

 The positive torque is produced (motoring) when current flows in a phase winding as the inductance of that 

phase winding are increasing  

 The negative torque (generating) contribution is produced if the current is reduced to zero before the inductance 

starts to decrease again (see Fig.1). 

 The inductance profile for on phase is shown in Fig.2. The different current excitation of the phases is 

synchronized with the inductance region for climbing positive (motoring) torque and with the decreasing inductance 

region (generating). 

       

III. FINITE ELEMENT ANALYSIS OF SRM 

Approximate inductance and the flux path calculation [14] provide a fast and suitable design of electric machine 

dimensions and windings. Several calculation methods have been developed for nonlinear magnetic properties of 

different geometric shapes. As the aim of this study, the switched reluctance machine represents more difficulties in 

generality and many design parameters with a high level of nonlinearity, and the dependence on power converter or 

control system design. 

A. The FEA 

Recently, the finite element analysis has become useful in the machine design stage where, the flux distribution may 

be computed in all the regions of the machine, with no geometric limitations or boundary conditions of several 

material properties. Thus, much useful detailed information has facilitated the range of analysis like noise and 

vibration issues. 

B. The BEA 

The nonlinear boundary element method is also another alternative way to modulate a machine design. Its principles 

and equation formulations have been well documented in [15-16]. The BEA, easier of processing and too  suitable for 

both design optimization and dynamic simulation,  allows a medium movement without meshing boundaries and a 

very smooth integral operations without even the unpredictable differentiation used in FEA. 

C. Finite Analysis of SRM (FEM) 

The finite element method can solve the governing differential equations in order to obtain the magnetic potentials 

that are minimizing the parameters to have optimized energy. 

For a two dimension (2-D) magneto static problem (FEMM is used here), the nonlinear Poisson’s equation is given 

by: 

 

                           

(γ ∂A/∂x)                     (1) 
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Where: 

 A : the vector potential;  γ : the magnetic relativity 

 J: the density of current; D2: the stator outer diameter  

 d2: the rotor bore diameter 

Performed to the model represented in Fig.3, a finite-element analysis using the FEMM: 

 

Fig. 4 Triangular Meshing of 12/8 SRM using FEMM (19737 nodes, 39182 elements) 

 

Fig. 5 Discretization of switched-reluctance motor for stator-rotor pole displacement of 18° 

D. Electromagnetic torque 

The electromagnetic torque of the SRM was computed from the rate of change of co energy with respect to angular 

displacement. Generally, the co energy is a function of the rotor position  and the current excitation i as follows:[15] 

 \

( ')0

'
, '

B

BV V

B
W i AJ dB dV


   

 
                              (2) 

Where: 
 B: the flux density (  

 µ: the permeability of the material used in the machine 

 V: the volume of the region of integration 

The electromagnetic torque is calculated with fixed current from the derivative of the co energy W’ shown in next 

equation: 

\dW
T

d


                                                                                             (3) 

IV. MATHEMATICAL SRM MODEL 

The doubly salient structure of a three-phase 12/8 pole used in this work shown in Fig. 2: every stator winding can 

be represented by an R-L circuit as shown with a fixed resistance (R) and inductance (L) : 

 



       

 

 

 

ISSN: 2319-5967 

 ISO 9001:2008 Certified 
  International Journal of Engineering Science and Innovative Technology (IJESIT) 

          Volume 3, Issue 5, September 2014 

243 

 

 
 

Fig 6. The SRM one phase model 

 The electrical equations governing the SRM behavior both is given by:[5] 

d ( ,i)
V Ri

dt

 
                                                                                     (4) 

Where: 

 

   V: the voltage measured in one phase 

   λ(i,θ) : the magnetic flux or said also the flux linkage given by the equation:  

                                                                                                                     (5) 

 L (i,θ) : the phase inductance 

Solving equation (5) leads to calculate the magnetic flux at varying rotor positions (θ) and current excitations of 

winding as given in equation (6) 

                                                                                                                       (6) 

The flux linkage magnetic characteristics at aligned and unaligned position of stator and rotor pole is represented in 

Fig 7 

:  

Fig 7. Ideal flux linkage [V-ri] (Wb) 

III. DIFFERENT METHOD OF CALCULATING STATIC CHARACTERISTICS 

A. Static torque 

The static torque characteristic can be predicted or measured in different ways. Thus, the technique chosen is so 

important for the simulation of the Switched Reluctance drive and its control strategy. 

Due to the nonlinearity [17], the (3) can be useful to calculate at a constant current I the characteristic of the torque 

versus the rotor position .This technique is called the Energy Conversation.( Fig 8.).Besides, the static torque can be 

directly measured using a set up. Thus, a Vibrometer fixed between the indexing head and the machine is recording 

the torque produced by one phase excited. Similar to the measurement of flux linkage, we have to repeat the same 

procedure for different rotor positions. Although, this technique still suffer from different problem such as: 

 Rotor movement: excited SRM can produce higher values of torque so the rotor must be controlled even when 

the current is changed. 

 The digital oscilloscope: the values of torque measured are directly recorded in a Digital Storage Oscilloscope 

.So, the equation (6) can be affected by the numerical integration according to the sampling time and the accuracy of 

the outcome. 

 Eddy current: when the current is rising the equipment of set up carry also parts of it that can change the data of 

flux-linkage 

 The value of the proper phase resistance: the measurement of R must be calculated suitably in order to avoid he 

drift of curve magnetization. 
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The characteristic of flux-linkage as in [18] can also be a method to predict the electromagnetic torque. The ideal 

curve is represented next in   Fig8: 
 

       
   

Fig 8.   Energy Conversion 

The electromagnetic torque under static simulation is given by the next equation: 

T*Δθ= area (1-4-3-2-1)-(area (0-2-3-0)-area (0-1-4-0)) 

Whereas Δθ is a changing position of rotor (θ2-θ1) 

Finally, the torque can be calculated as: 

 

∆ѡ'/Δθ                                                                 (7)                               

 

B. The  magnetization curve Ψ-i 

The flux linkage was represented in many publications [20], [21], [22], [23]…as a mathematical function depending of 

the current the rotor position θ and i. 

Having the curve (1) and (3) of aligned and unaligned position we can approximate the other curves (Fig. 9) 

 
 

Fig.9. Aligned and Unaligned magnetization curve 

The method applied in calculation was simply explained in [24] as: 

The unaligned flux can be approximated using the line (1) as: 

Φu=Lu*i                                                                    (8) 

For the currents i <is in the aligned position (curve2) the aligned flux is described as: 

Φa=La*i                                                                    (9) 

In the curve (2) in the aligned position and for the currents i>is the aligned flux is described as a parabolic 

function (curve3): 

 

                        (10) 
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Where:  

 La and Lu are the equivalent inductance for respectively the aligned and aligned positions 

 a, and  can be approximated using the gradient between the curve (2) and (3) as: 

                                         (11) 

                                                  (12) 

                                                (13) 

 

Where:   and  

Application: 

For two points M1 and M2 we have made the calculation of a, and  by fixing first Mi   closer to the corner 

area and the current ii: 

Point M1: 

a= 1.378e-4; ;  ;   

La=0.0668H : The aligned inductance is deduced from  TABLE2 : 

The flux at current i=50A  ; 

Finally:    0.3473 Wb 

Point M2: 

a= 1.44e-4; ;   ;  

La=0.0668H : The aligned inductance is deduced from  TABLE2 

The flux at current i=47A ;  

Finally:     0.215 Wb 

In another approaches developed in [25], [26] and [27] , the Ψ –i characteristic can be determinate using an 

analytical methods: 

 For low currents  (i<isat) the machine still unsaturated. Thus , the Ψ-i-characteristic is represented using a 

linear equation: 

                                      (14) 

 For high phase currents , the machine is strongly saturated the expression of the flu is given by: 

                                        (15) 

 The parameters A,B and C are determinate using the machine geometry calculated in [25] as: 

                                                  (16) 

]                             (17) 

]                                   (18) 
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The flux in function of the current in linear and non linear zone is given by: 

                                           (19) 

          Whereas B and C vary with the rotor position (θ) linearly and the coefficients E and Isat are calculated as 

explained in [27] 

 

Fig. 10 Non-linear Ψ-i-characteristic in aligned position 

The characteristic in Fig.10 can also be calculated using the curve-fitting method. Thus, the data measured first in 

the curve are approximated as a polynomial function with high degree. The experiences approved that using the 

5
th

 or the 6
th

 degree leaded to perfect results in [27] (see Fig.11). This method requires FEM calculated data to 

achieve the fitting procedure. 

      

Fig.11 Curve fitting with a polynomial of 5th degree; measured data (Black) and calculated data (Green --) 

The Fig.11 shows a fitting of the green curve with a polynomial y function given by: 

 y = - 1.1e-010*x^{5} + 3.5e-008*x^{4} - 3.1e-006*x^{3} + 

      7.7e-005*x^{2} + 0.0022*x + 0.00073 

The Curve fitting with polynomial function is done easily with appropriate tools in MATLAB in this example. 

IV. SIMULATION AND RESULTS 

The SRM used in the simulation as presented in TABLE.1 has three phase, twelve stator poles and eight rotor 

poles (12/8 stator and rotor poles). Using FEMM we had developed a program treated in LUA language witch 

with fixed angle rotation of rotor can  give us data for (,i) to plot Fig.12.At the aligned and unaligned positions 

and through measurement and using different  methods explained in this paper we can calculate differently 

approximated data and draw Fig.9,Fig.10 and Fig.11. The instantaneous torque curves versus the rotor angel are 

shown in Fig.14 can be deduced from (7) or directly from simulating the machine under different current. . The 

flux response with rotor angel illustrated in Fig.13 (a) . Inductance is calculated in (8) and (9) by rotor flux 

linkage and stator current but next it can be obtained from direct simulation in Fig.13 (b) for different positions 

(aligned and unaligned) used as an alternator or generator. The results are all illustrated in Table.2. 
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mi_saveas('temp.fem') 

mi_setedimode('group') 

 for n=1,45 do  

for x=1.5,50 do  

               mi_modifycircprop('A',1,x+5) 

               print('current=',x+5) 

              mi_createmesh() 

               mi_analyze() 

               mi_loadsolution() 

               mo_groupselectblock(2) 

                   Z=mo_blockintegral(22) 

              print("0",Z,mo_getcircuitproperties("A")) 

          mi_selectgroup(1) 

          mi_moverotate(0,0,5) 

     mi_createmesh() 

          mi_analyze() 

         mi_loadsolution() 

         mo_groupselectblock(2) 

        Z=mo_blockintegral(22) 

          print(n,Z,mo_getcircuitproperties("A")) 

   end 

        mi_selectgroup(1) 

       mi_moverotate(0,0,45) 

               

       end 

TABLE.2 Simulated Flux Linkage Characteristics 

 

 

 

 

 

 

 

                                  

(a)                                                                            (b) 

Fig. 12 Characteristic of flux linkage for different currents 

(2D: a; 3D: b) 

I(A) La(aligned) Lu(unaligned)

1 0,003815082 0,001271351

2 0,007643671 0,002543374

3 0,011499358 0,003816455

4 0,015395591 0,005090943

5 0,019345191 0,006367173

6 0,023356967 0,00764517

7 0,027433174 0,008924946
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(a)                                                               (b) 

Fig. 13 flux (a) and inductance (b) in function of rotor position for different currents 

                               
(a)                                                                          (b) 

Fig. 14 Static Torque for different currents (2D: 3D: (b)) 

                                        
 

(a)                                                                                                                    (b)                                                                                                            

Fig. 15 The Co energy different currents (2D :(a)-3D:(b)) 

 

V. CONCLUSION 

An important requirement in simulating a switched reluctance machine is the knowledge of its flux-linkage 

characteristics. Thus, in this paper we have made a simulation for different rotor position in order to prepare the 

flu linkage curve and then use it to extract the other performance (static torque, inductance, co energy...).The 

Switched Reluctance Motor drive has excellent performance characteristics with variation in speed, phase 

current, number of stator and rotor poles. The results obtained are acceptable for the dynamic simulation of 

SRM using MATLAB©/SIMULINK. Thus, we can use the different values of λ(i,θ) to build a look up table 

useful in the command of the hole drive propulsion (SRM+ Converter+ batteries..) 
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