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Abstract 

  

This paper presents the effect of change the switching angles values on the operation of switched reluctance motor 

(SRM) at no-load in aircraft applications.  Turn-on θon and turn-off θoff, angles are the two switching angles that play a 

major role in deciding whether SRM develops positive or negative, high or low electromagnetic torque.  These switching 

angles are considered as the main excitation parameters in SRM performance and also they support the most efficient 

operation through producing high value of total torque per ampere. The SRM, converter, and control system are modeled 

in Simulink model to demonstrate the drive system operation using MATLAB/SIMULINK software package.  The 

simulated performance of SRM drive system is presented to analyze the effect of different switching angles on no-load 

performance of speed, current and torque.  An optimum of turn-on and turn-off angles that ensures stable at no-load 

operation is recommended. 

 

Keywords: SRM, switching/firing angles, turn-on, turn-off, advance turn-on, retard turn-off, comparator  

 

 

1. Introduction 

 
1
 The torque of SRM is produced in pulsating form due to 

the discrete nature of torque production mechanism. The 

SRM stator phases are independently controlled and the 

total electromagnetic torque is the sum of the torques 

generated by each of the machine phases. Torque 

pulsations are stronger at the commutation intervals 

because the two adjacent phases produce additive torques. 

Therefore, the switching angle control or field orientation 

control can be used to control the SRM drive system. This 

control strategy is based on controlling the values of the 

turn-on angle, the turn-off angle, and the interval between 

these angles known as the dwell angle (Kiran Srivastava, 

et al, 2011). Using this control strategy will minimize the 

torque ripple and maximize the machine efficiency and 

also maximize the ratio of the average torque to RMS 

phase current (Kiran Srivastava, et al, 2011), (Yilmaz 

Sozer, et al, 2003). So, the angle control strategy is used to 

control the dwell angle and input voltage instantaneously 

in order to obtain precise speed control with high 

efficiency. In the real control system, control of the 

switching angles can be realized by simple feedback 

circuit using detecting position sensor on the motor shaft. 

The feedback signal which is proportional to the phase 

detector is used to regulate the instantaneous applied 

voltage (Jin-Woo Ahn, 2011). 

                                                           
*Corresponding author Emad S. Abdel-Aliem is working as Ass. 

Lecturer; Maged N. F. Nashed as Assoc. Professor; Samia M. 

Mahmoud as Lecturer and Mohsen Z. El-Sherif as Professor 

As the motor speed increases, the back-emf becomes 

significant. It is necessary to advance the turn-on angle or 

late/retard the turn-off angle in order to reach the reference 

current before the poles overlap. To build up the current 

effectively with a voltage source, an advance switching is 

needed before the machine poles meet, the turn-on angle is 

advanced so that the phase current reach its reference 

value on the angle at which the poles start to overlap (Jin-

Woo Ahn, 2011), (Catalin and Ronnie, 2011), (Mademlis 

and Kioskeridis, 2003).  

 One reason of obtaining torque ripple in SRM drive is 

the negative torque due to the tail current. The output 

torque of a machine phase is changed by the inductance 

slope. If the phase current is extended to the opposite 

torque region, the current produces the opposite torque. In 

the high speed condition, the phase current is not 

extinguished in the same torque region, and the extended 

tail current produces negative torque. The turn-off angle 

for smooth operation is selected at the rotor position that 

stator and rotor pole corners complete overlap. When the 

turn-off angle is controlled to remove the tail current, 

negative torque can be removed. If the turn-off angle is 

retarded to reduce the tail current, the effective torque 

region is much increased with high efficiency and high 

output torque per ampere (Jin-Woo Ahn, 2011), 

(Mademlis and Kioskeridis, 2003), (Dong-Hee, et al, 

2011).  

 This paper introduces phase current advance and phase 

current retard via changing the value of switching angles 

of SRM for obtaining most precise operation at no-load. 
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2. Components of SRM drive system 

 

The basic elements of the SRM drive system are shown in 

Fig. 1. These elements are DC voltage source, asymmetric 

DC-DC converter, 3-ph 6/4 SRM, position sensor, and 

comparator. The DC voltage source has a value of U = 

220V. The asymmetric converter as mentioned in (Samia, 

et al, 2013) is a power supply unit that follows the 

commands of the comparator to energize each phase of the 

motor at the appropriate times. It is required to activate 

and commutate the motor phases. Therefore, it does not 

only deliver energy to an electronic device from an 

electrical outlet, it also regulates the current to meet 

specific device requirements and should have the ability of 

regulation to provide increasing or decreasing of phase 

current. The SRM parameters are shown in Appendix A. 

The position sensor detects the rotor position because 

phase excitation pulses need to be properly synchronized 

to the rising region of the inductance profile for motoring 

operation. The comparator regulates the motor 

performance via comparing the measured rotor position θ, 

switching turn-on angle θon, and switching turn-off angle 

θoff (Ahmed Abdel-Hafez, 2012), (Keunsoo Ha, 2008), 

(Torsten, 2008). Where, the comparator can be 

implemented experimentally using a programmed 

computer connected to a controller that follows the 

commands of the simulated program in this computer 

(Wenzhe Lu, 2005). 

 
 

Fig. 1 Three-ph 6/4 SRM drive system 
 

The switching/firing angles have a major role in the SRM 

operation. They develop a positive or negative, a low or 

high electromagnetic torque for the SRM and also are 

function of the motor speed and change with acceleration, 

so the driver requires a sophisticated and complex digital 

controller which named as a switching angle controller 

that is considered as the main part of the comparator 

(Hamid Ehsan, 2004). The firing angles may not be 

synchronized with their respective positions without using 

the switching angle comparator. It is seen that the role of 

the switching angle controller is to regulate the angles at 

which excitation of phases is achieved, and so allowing 

the rotor to continuously rotate, producing torque in 

accordance with the load being applied. The torque 

transition from one phase to the other is also dependent 

upon the controller. By using the correct firing angles, 

these torque transitions are implemented smoothly, 

resulting in a smooth operation of the motor. 

The optimum performance of SRM depends upon the 

appropriate amount of the currents relative to rotor 

position. At controlling the motor; as the current passes 

through one phase, the torque is generated by the tendency 

of the rotor to align with the excited stator pole. The 

direction of the torque generated is a function of the rotor 

position with respect to the energized phase, and is 

independent of the direction of current flowing through the 

phase winding. Continuous torque can be produced by 

synchronizing each phase’s excitation with the rotor 

position. The amount of current flowing through motor 

windings is controlled by switching on and off the motor 

phases by the power electronic switches of the DC-DC 

converter. 

 

3. Simulink model of SRM drive system  

 

The firing angles are changes by means of software to 

obtain the best values for these angles. The Simulink block 

control diagram at using switching angle control for 3-ph 

6/4 SRM is shown in Fig. 2. The simulation program uses 

MATLAB/SIMULINK software package. The data 

required for this motor in the following block control 

diagram obtained from Appendix (A). The simulation 

results obtained at no-load of the motor. As shown in Fig. 

2, the motor characteristics that obtained versus rotor 

position are phase inductance, phase current, total torque, 

and motor speed. Also, average characteristics will be 

obtained for make easy comparison between phase 

advance and phase retard. 

 
Fig. 2 Simulink model using angle control for 3-ph 6/4 

SRM at no-load 
 

4. Advance switching turn-on angle  
 

The principle of increasing advance of the turn-on angle 

(i.e, decrease value of the turn-on angle) is to increase the 

average motor total current as shown in Fig. 3. This figure 

shows the steady state (after one plus one-fourth complete 

cycle, i.e 490
o
) phase current at using constant turn-on 

angle θon= 40
o
 and constant turn-off angle θoff= 70

o
. An 

advance for turn-on angle by 2
o
 is used. For example, the 

phase current IA has three cases: the case of solid line; the 

phase has no advance where the rotor position is 490
o
 

means that θon= 40
o
, the case of dashed line; the phase has 

advance by 2
o
 where the rotor position is 488

o
 means that 

θon= 38
o
, and the case of doted line; the phase has advance 

by 4
o
 where the rotor position is 486

o
 means that θon= 36

o
. 

Then, when we see deeply, the phases current increases as 

the turn-on angle is advanced further, also, the motor total 

current increases (but more increase of current is 
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undesirable) to produce increase in the average total 

torque as shown in Fig. 4 and Fig. 5 respectively. 

 

 
 

Fig. 3 Instantaneous motor phases current versus rotor 

position for advance turn-on 
 

As shown in Fig. 3, the phase current increases with 

increasing the advance turn-on, but, the limit of increasing 

for phase current is possible for the current drawn by the 

motor from the source to be not greater than maximum 

allowable current. This maximum allowable current is 

about 1.25 of the rated source current. 

 

 
 

Fig. 4 Instantaneous source current versus rotor position 

for advance turn-on 
 

 

 

Fig. 5 Motor total torque versus rotor position for advance 

turn-on 

 

5. Retard switching turn-off angle  

 

On the other hand, the principle of increasing delay or 

retard the turn-off angle (i.e, increase value of the turn-off 

angle) is to increase the commutation period between 

switching angles for increasing the average motor total 

torque as shown in Fig. 6. This figure shows the steady 

state (after one plus one-fourth complete cycle, i.e 480
o
) 

phase current has constant turn-on angle θon= 40
o
 and 

constant turn-off angle θoff= 70
o
. A retard for turn-off 

angle by 2
o
 is used. For example, the phase current IA has 

three cases: the case of solid line; the phase has no delay 

where the rotor position is 520
o
 means that θoff= 70

o
, the 

case of dashed line; the phase has delay by 2
o
 where the 

rotor position is 522
o
 means that θoff= 72

o
, and the case of 

doted line; the phase has delay by 4
o
 where the rotor 

position is 524
o
 means that θoff= 74

o
. Then, when we see 

deeply, the phases current increases as the turn-off angle is 

delayed or retard, also, the motor total current increases 

(but more increase of current is undesirable) to produce 

increase in the average total torque as shown in Fig. 7 and 

Fig. 8 respectively. As shown in Fig. 6; the phase current 

increases with increasing the retard or delay the turn-off 

angle. We must note that there is allowable range for 

change the value of turn-on and turn-off angles, unless, the 

motor operation not responds to this change. 

 

 
 

Fig. 6 Instantaneous motor phases current versus rotor 

position for retard turn-off 
 

 
 

Fig. 7 Instantaneous source current versus rotor position 

for retard turn-off 
 

 
 

Fig. 8 Motor total torque versus rotor position for retard 

turn-off 

 

6. Average motor characteristics  

 

In this part the advance turn-on and the retard turn-off for 

motor phases current will be studied to show that which/all 

of them is preferred to obtain better torque per ampere and 

more efficient operation. 
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6.1 Average characteristics for advance turn-on 

 

As shown in Fig. 9; at constant turn-off angle (say θoff= 

70
o
), as the switching turn-on angle decreases, the average 

source current increases. Also as shown in Fig. 10; at 

constant turn-off angle (say θoff= 70
o
) as the switching 

turn-on angle decreases, the average total torque increases. 

In other words, for constant turn-off angle; the average 

source current or average total torque increases as the 

advance of the turn-on angle increases. 

 One of the main important characteristics of SRM is 

the variation of the total torque per ampere with respect to 

the change in the switching turn-on angle. We obtained 

from Fig. 9 and Fig. 10 that more advancing of turn-on 

angle produces large increase in the average source current 

and small increase in the average total torque, so, this will 

lead to decrease in the average total torque per ampere as 

shown in Fig. 11. Also, as shown in Fig. 12, increasing 

advance of θon leads to increases of the motor speed. 

 

 
 

Fig. 9 Average source current versus rotor position for 

advance turn-on 

 
 

 
 

Fig. 10 Average total torque versus rotor position for 

advance turn-on 

 
 

 

 
 

Fig. 11 Average total torque per ampere versus rotor 

position for advance turn-on 
 

 
 

Fig. 12 Motor speed versus rotor position for advance 

turn-on 

 

6.2 Average characteristics for retard turn-off 

 

As appeared in Fig. 13; for constant turn-on angle (say 

θon= 40
o
), as the firing turn-off angle increases, the 

average source current increases. This means that average 

source current increases as retard of the turn-off angle 

increases. Also the average total torque increases as retard 

of the turn-off angle increases, as shown in Fig. 14. 

 
 

 
 

Fig. 13 Average source current versus rotor position for 

retard turn-off 
 

 
 

Fig. 14 Average total torque versus rotor position for 

retard turn-off 
 
 
 

 
 

Fig. 15 Average torque per ampere versus rotor position 

for retard turn-off 
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As shown in Fig. 13 and Fig. 14; for constant turn-on 

angle (say θon= 40
o
), as retard of the turn-off angle 

increases, large increase in the average source current and 

small increase in the average total torque is produced, so, 

this will lead to decrease in the average total torque per 

ampere as presented in Fig. 15. Also, increasing retard of 

θoff leads to increases of the motor speed, as shown in Fig. 

16. 

 
 

 
 

Fig. 16 Average motor speed versus rotor position for 

retard turn-off 
 

 

In order to the motor phases respond to drawn current 

from source to drive the SRM, There is maximum 

allowable range of θon and θoff for 3-ph 6/4 SRM. The 

motor average characteristics for this range will be stored 

in the following tables from Table 1 through Table 4. 

These characteristics obtained at steady state speed by 

apply rated source voltage of 220V. 
 

6.3 Allowable range of advance turn-on & retard turn-off 
 

The average source current is shown in Table 1 at different 

values of turn-on and turn-off angles to obtain the 

optimum performance operation for the drive at no load; 

where the minimum limit and the maximum limit of 

switching angles presented in the Table. From Table 1; 

adjustment of the switching angles is presented in order to 

get a minimum average source current of 0.152A at turn-

on angle of 58
o
 and turn-off angle of 64

o
. But in Table 2; 

the maximum average total torque is 2.224Nm at turn-on 

angle of 32
o
 and turn-off angle of 78

o
, but this value of 

torque not present optimum machine performance because 

the optimum performance depends on getting maximum 

torque per ampere as in Table 3. The motor speed at all 

switching angles is presented in Table 4. 
 

Table 1 The average source current in (A) 

 

 

 

Table 2 The average total torque in (Nm) 
 

 
 

Table 3 The average total torque per ampere in (Nm/A) 
 

 
 

Table 4 The average motor speed in (rpm) 
 

 
 

 

Conclusions 
 

This paper presents the study on determination of a unique 

of turn-on and turn-off angles that gives optimum 

performance of the SRM during no-load starting.  At 

steady state, for constant turn-off angle, if the advance of 

the turn-on angle increases (i.e, decreasing value of θon), 

then the average source current, the average total torque 

and the average total torque per ampere are directly 

proportional to advance of turn-on angle.  The motor 

speed is directly proportional to advance of turn-on angle.  

And at steady state, for constant turn-on angle; if the retard 

of the turn-off angle increases (i.e, increasing value of 

θoff), then the average source current, the average total 

torque and the average total torque per ampere are directly 

proportional to retard of turn-off angle.  The motor speed 

is directly proportional to retard of turn-off angle 
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Appendix A: Motor Parameters 
 

Number of motor phases  : K   = 3 

Number of stator poles  : NS  = 6 

Number of rotor poles  : NR  = 4 

Stator pole arc (mech. deg.) : βS   = 40º 

Rotor pole arc (mech. deg.) : βR   = 45º 

DC voltage rating    : U   = 220 V 

Stator phase resistance  : R    = 17 Ω 

Aligned inductance   : Lal  = 0.605 H 

Unaligned inductance  : Lul  = 0.155 H 

Inertia constant    : J     = 0.0013 Kg.m
2
 

Viscous friction coefficient : B    = 0.0183 N.m.Sec
2
 

Rated speed     : nr   = 1000 rpm 

Rated phase current   : Ir    =  3 A 

Rated torque     : Te   = 1 Nm 

Rotor pole arc (mech. deg.) : θr   = 30º 
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