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INTRODUCTION

SWITCHED reluctance motors (SRMs) provide many structural advantages, such as rigidity, 
brushless, less maintenance, low cost, etc. Furthermore, since the rotor of the SRM does not generate 
significant heat, the motor is easy to cool thereby allowing the SRM to be employed in high-temperature 
and harsh operating environments. All these merits of the SRM have caused it to draw great attention 
from industry and researchers as an alternative among other electrical machines in the applications of 
hybrid electric vehicles, windmill generators, household appliances, and aircraft. Due to the effects of 
saturation, hysteresis, and the double saliency of the machine construction, the SRM magnetic 
characteristics are of high nonlinearity and are difficult to model. The magnetic characteristics of an 
SRM can be taken into account by appropriate modeling of the nonlinear flux-current-angle 
characteristics in one phase of the machine. The machine model may then be described by

Where     is flux linkage, i is phase current and    is rotor position.
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Abstract

We present a lookup table based model for switched reluctance motors (SRMs). The model uses 
four coefficients, which are rotor position dependent and calculated from the flux-current-angle data 
using curve fitting. The four coefficients are further represented with sixth degree polynomials, which 
can be calculated effectively with Qin Jiushao's method. Simulated results show that the magnetic 
characteristics calculated with our model agree well with the original flux-current-angle data. Also a 
method is proposed to produce optimal switching angles, based on a non-linear inductance model of low 
inductance region for switched reluctance motor (SRM). The optimal turn-on angle is derived from the 
non-linear model and electrical equation of SRM while optimal turn-off angle is derived from the turn-on 
angle. The proposed method has more accuracy than the conventional analytical method and improves 
the efficiency of the drive. Simulation results demonstrate the validity and effectiveness of the proposed 
method. 
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Analytical models can be derived either from the machine geometry and magnetic theory directly or 
from the previously obtained        data using numerical methods. For the analytical models 
development, one of the popularly used methods is to fit the previously obtained           data with 
analytical equations.

 In this paper, a simple model by fitting the previously obtained        data with analytical 
equations is presented. The electromagnetic torque, which is denoted by            further calculated from 
the proposed            . The validity of this model has been verified through simulation and the results 
show that the proposed method is effective and accurate.
          A large number of methods for optimising turn-on angle and turn-off angle have been presented 
during past years, which can be approximately classified as following: artificial intelligence method, 
self-tuning method and analytical method.
          In the following two papers, artificial intelligence method is applied. To maximise the torque per 
ampere at all operating points, [3] presents a control strategy which is based on neural network taking 
reference current and speed as inputs and turn-on angle and turn-off angle as outputs. In [4], the turn-on 
angle and turn-off angle are optimised by an adaptive neuro-fuzzy controller which combines the expert 
knowledge of the fuzzy inference system and the learning capability of neural networks.

Self-tuning method is more widely discussed. Torrey and Lang [5] present an algorithm to 
determine the optimal turn-on angle and turn-off angle, which is based on the determination of local 
optimum at each operating point for each possible number of chops in the current waveform. In [6], the 
duty rate of the applied DC voltage is varied in order to obtain the desired speed quickly, and then the 
turn-on angle is varied step by step to minimise the energy consumption when operating in a steady-
state. A new approach to the automatic control of the turn-on angle is presented to increase the maximum 
torque per ampere in [7], where a closed-loop control algorithm is designed to adjust turn-on angle 
which ensures that the first peak of the phase current occurs at the angle where the rotor poles begin to 
overlap the stator poles. The method requires comparing the phase current with the reference current and 
also needs a shaft encoder to detect the position of the first peak of the phase current continuously. Based 
on the previous work in [7, 8] it adds automatic control of the turn-off angle to maximise system 
efficiency. The relationship between speed, reference current and optimised turn-off angle are obtained 
through experiment. Then, curve fitting is applied to deduce the formula of the optimised turn-off angle. 
However, it needs to traverse all the possible turn-off angles.
      
Considering that the self-tuning method has potential

complication when being implemented, the analytical method is also widely used in 
optimisation control because of its simplicity of structure in application. The conventional model is also 
applied to deduce formulae of turn-on angle and turn-off angle in [9]. However, the maximum 
inductance used in the formulae differs greatly in different phase current conditions, leading to a 
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decreased accuracy on optimal turn-on angle and turn-off angle. As discussed in [10], an initial turn-on 
angle is given by the conventional analytical method. Within a certain range around the initial value, an 
experiment is conducted to find a set of angles with the highest efficiency. The conventional analytical 
method based on the linear inductance model starts to break down as back electromotive force (EMF) 
voltage becomes prominent especially at high speed.

This paper proposes an improved analytical method to provide analytical formulae to calculate 
the optimal turn-on angle and turn-off angle which can be applied both at low speed and high speed. The 
method is based on a non-linear model of inductance only in the low inductance region. The optimal 
turn-on angle makes the first peak phase current reach reference current when the rotor reaches a 
position where the rotor poles begin to overlap the stator poles. The optimal turn-off angle ensures that 
phase current decays to zero before the motor reaches the negative torque region. The efficiencies are 
improved with the proposed method. Simulation results demonstrate the validity and effectiveness of 
the proposed method.              
                    .
MODEL DEVELOPMENT

A.Flux Linkage-Current Relation

It can be seen from Fig. 1 that saturation is one of the most important properties of the         curves, 
especially at the aligned position. Due to the inherent property of the exponential function, both the 
models in [11] and [12] are difficult to capture the severe curvature of the          curve at the aligned 
position. In this paper, we model the          curve for each rotor position as

Where f  and f  are phase current i dependent variables. It is obvious that both  f  and f  should exhibit the 1 2 1 2

saturation property when i is greater than the threshold saturated current. In this work, both f  and f1 2

are defined in the form of Gaussian function

Where á  , á  , á  and á  are constant coefficients for a given rotor position.1 2 3 4
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Substituting (3) and (4) into (2) yields     

The coefficients a  , a  , a  and a can be calculated through the              data using numerical curve 1 2 3 4 

fitting. In this work, all these coefficients are represented by sixth degree polynomials.

                                                                                                  (6)

Where C is the jth coefficient in the polynomial representing ámj  m

Now for a given rotor position è and phase current ß the corresponding flux linkage ø can be calculated 
with (5) and (6).

B. Torque Production

The electromagnetic torque of phase j can be determined according to

Substituting (5) into (7) yields

where the derivative terms        (j=1,2,3,4) can be derived from (7), and erf(x)  is the error function 
which is defined by
 

Note that erf(x) is nonintegrable. To solve this problem, weused the hyperbolic tangent function 
tanh(kx) to approximate erf(x) well with the coefficient k very close to 1.2027825. 

C .Low inductance region

The objectives of the proposed method can be explained through the relationship between the 
idealised inductance and the typical idealised phase current waveform for a 12/8 SRM as shown in Fig. 
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0 0  
3. The electrical period is 45 and the unaligned angle è is defined as -22.5 .whereas the aligned angle èu á

0  is 0
The maximum power is produced when the first peak current occurs at the angle marked è in 0 

Fig. 3, namely that maximum torque per ampere occurs as the rotor poles begin to overlap the stator 
poles. Therefore the phase winding must be turned on before  ? to make sure that the first peak current is 0 

at reference current Iref when the rotor reaches  è0.

The low-inductance region is defined as the angular interval over which the rotor poles do not 
overlap the stator poles, as shown in Fig. 3 from the unaligned angle è  to è In order to find the optimal u á 

turn-on angle, the process of phase current rising from zero to Iref needs to be analysed.
        Fig. 4 shows the influence on phase current in the case of the actual and idealised phase inductance. 
As is depicted, the linear inductance model using idealised phase inductance, assumes that the 
inductance remains unchanged in the low-inductance region and ignores the relationship between 
inductance and rotor position, neglecting the back EMF voltage. Actually, in the low-inductance region, 
the inductance is not constant and its non-linearity has a significant influenceon the actual phase current 
waveform, leaving the turn-on angle è different from that of the ideal condition. In the actual on 

inductance condition, considering the back EMF, the turn-on angle calculated is advanced. For the 
different turn-on angles, the values of phase currents' first peaks differ a lot         in high speed operation 
and that the positions of phase currents' first peaks differ a lot       in low speed operation.

Fig. 3 Idealised phase inductance against rotor position with typical idealised phase current 
waveform showing different angles

Consequently, when analysing the process of phase current rising in the low-inductance region, 
non-linearity should be taken into account. In view of this, a non-linear model of the low-inductance 
region is required and there is no need to model the phase inductance of the whole region.

Fig. 5a shows the phase inductance against rotor position with different phase current. The 
influence of current on the inductance differs around è That is, phase current has a great impact on 0 

inductance after è whereas it has little influence on inductance before è as shown in Fig. 5b. In the low-0 0 

inductance region, the minimum value of dL/dè  is 3.7e-6, much larger than the maximum value of 
dL/di, 7.1e-8. This means the effect of current can be ignored in a low-inductance region. From the 
shape of phase inductance in the low-inductance region, the phase inductance changes exponentially 
with rotor position, so the relationship between inductance and position in the low-inductance region 
can be written as

where L is the inductance,è is the rotor position and a, b, c are parameters, which can be determined 
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through curve fitting. 

D. Defining the optimal turn-on angle

To optimise the turn-on angle which ensures the first peak of the phase current to occur at è the 0 

time during which the phase current changes from zero to peak at an assumed constant speed should be 
deduced first. Namely that, the relationship between current i and time t should be figured out first.
      The electrical equation of SRM can be described as follows

where Vs is the source voltage, R is the phase resistance, L represents the inductance, i denotes the phase 
current and ù is the rotor speed. The first term of (11) is the resistance drop, while the second term is the 
induced EMF voltage caused by variation of current, and the third term is the back EMF voltage caused 
by rotor position change.

Fig. 4 Actual and idealised inductance against rotor position with typical phase current 
waveform

In conventional analytical method, the turn-on angle è is given ason  

                                                                                                 (12)
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where Lmin is the minimum inductance, Iref is the reference current, è is decided by stator pole arc and 0 

rotor pole arc, which are parameters of SRM structure.
Equation (12) assumes that the inductance is constant within the low-inductance region [è  , è ] u 0

then the third term of (11), back EMF voltage, is zero and has been omitted. Therefore the conventional 
analytical method starts to break down as back-EMF voltage becomes prominent especially at high 
speed. With these facts, it is necessary to have a new formula taking back-EMF voltage into 
consideration.

Fig. 5 Inductance and effect of current rotor position
a Inductance against rotor position with different phase current
b Effect of current and rotor position on inductance in low-inductance region

  In order to deduce the new formula, (11) can be rewritten as follows

Solving the equation about I, yields

Where  ô 

Before the phase is turned on, the current is zero. Therefore I =0 One thing that must be pointed out is 0

that in this case

The resistance of the phase winding when compared with the rotor speed ù multiplied by change rate of 
inductance, it can be omitted.
      When rotor reaches è from è , the current reaches its peak as shown in Fig. 3. We can obtain the time 0 

between è and  è as follows0 
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Substituting (15)–(17) into (14)

So current function of time i(t) is converted into current function of angle i(è) substitute (10) into (18), è 
is the optimal turn-on angle and can be rewritten as

where i is the commanded phase current when the rotor reaches è Here, it is reference current Iref. The 0 

other parameters a, b, c are obtained in (10) through the curve fitting method.
        This formula considers back EMF, so it provides optimal turn-on angle over a wide speed range. 
Owing to its analytical nature, the proposed formula has fast constringency and there is no need of either 
continuously monitoring the position of the first peak of phase current or detecting other special 
parameters for feedback.

E. Defining the optimal turn-off angle

Fig. 6 shows that when phase winding is turned on, the phase voltage is positive and the flux-
linkage starts to rise up from zero, reaching the peak at è When the phase winding is turned off, the off 

phase voltage is negative and the fluxlinkage starts to fall down. When the current decays to zero, flux-
linkage decays to zero as well, so is the phase voltage. Flux-linkage is the integral of phase voltage for 
time

then the flux-linkage as Fig. 6 shows can be represented as

Where t is the flux-linkage's rising time and  t is its falling time.up down 

hence, iR can be omitted. Substitute (22) ,(23) ,(24) into (22) and it is easy to obtain:

In the equation above,è represents the very position where the phase current decays to zero. In order to z 

avoid negative torque and make sure that the phase current decays to zero before the aligned angle è was z  

set as èá 

8

    

               (19) 

                                    (20) 

         (21) 

                                          (22) 

                                                                 (23) 

Assume 
                                                                     (24) 

                                                   (25) 

 

So,                                                             (26)   
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Fig. 6 Flux-linkage against phase current in an electrical period

MODEL SIMULATION AND RESULTS

Matlab/Simulink was used to perform the simulations with the presented model. For ease of the 
dynamic simulation, the following assumptions are made:

i) dc-link voltage Vdc is constant;
ii) converter is ideal;
iii) mutual inductances, eddy current, and hysteresis effects
of the SRM are neglectable.

The simulation block diagram is shown in Fig. 7. The commutation logic generates gating pulses for the 
converter.  For the purpose of simulation, the phase current i needs to be solved according to flux linkage     
ø and rotor position è and thus we obtain the flux linkage-current-rotor position data. And also by using 
the torque expression given in equation (8)  the toque profile can be obtained. Thus the current and 
torque data obtained are used in developing the simulink model of the SRM.

Fig 7 Simulink Block Diagram of SRM
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Fig. 7 shows a block diagram of the SRM drive system using Matlab/Simulink. Turn-on angle 
controller using (19) makes Iref and rotor speed as inputs and è as output. Turn-off angle controller on  

using (26) makes è as input and è as output. on  off 

 

Fig.8   ø -ß-è characteristics of SRM simulink model with   Rotor position -22.5 deg (unaligned) 
to 0 deg (aligned).

Fig.9  T-ß-è characteristics of the SRM simulink model.

Fig.8 and Fig.9 shows the (ø-ß-è) and  (T-ß-è) characteristics of the developed simulink model.

Fig.10 and Fig.11 shows the simulated phase current  waveforms when the SRM runs with a speed 
of 1000r/m and 3200r/m.
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   Fig.10 simulated phase current for no-load operation at 1000r/m.

Fig.11 simulated phase current for no-load operation at 3200r/m.

Using the turn-on and turn-off angle controllers the optimal switching angles for the phase 
excitation are given. Fig.12 (a) and Fig.12 (b) show the simulated waveforms of the phase current versus 
rotor position using the proposed and conventional method respectively at low speed. we observe that in 
the proposed the first peak of the phase current is occurring at the position where the rotor and stator 
poles begin to overlap.

 (a)

(b)
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Fig.12 comparison of the current waveforms with the proposed and conventional method at 
1000 rev/min.

Fig.13 (a) and Fig.13 (b) show the simulated waveforms of the      phase current versus rotor 
position using the proposed and conventional method respectively at high speed.

(a)

(b)

Fig.13 comparison of the current waveforms with the proposed and conventional method at 
3200 rev/min.

IV.  CONCLUSIONS

This paper has presented a lookup table based SRM model. The validity of the model has been 
verified with the simulation results obtained compared with the experimental results given in the 
reference paper. Also a method that determines the optimal switching angles for SRM model is 
implemented using the turn-on and turn-off angle controllers.

The proposed method makes the first peak of the phase current at reference current when the 
rotor reaches the position where the rotor poles begin to overlap the stator poles resulting in higher 
torque and there by obtaining maximum power output. Comparisons of the conventional and proposed 
methods through simulations demonstrate the validity and effectiveness of the proposed method.  
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