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 الخلاصة
يعرثش ٍحشك اىَعاٗقح الاّرقاىئ اىَرغيشج راخ اىرغزيح اىَرقطعح ٍْافساً ق٘ياً فٚ اىعذيذ ٍِ  اىرطثيقاخ ٗرىل لاُ اىَحشك 

ىٔ ذشمية تسيظ ٗيرَيز تاىصلاتٔ اىشذيذٓ ٗذنيفح اىرصْيع ىٔ اقو. يقذً ٕزا اىثحث ذحييلاً ٍعَيياً ذفصييياً لاداء ٍحشك اىَعاٗقح 

  6/4الاّرقاىيح اىَرغيشج راخ اىرغزيح اىَرقطعح ذحد ظشٗف اىرشغيو اىَرزّح ٗاىغيش ٍرزّح. ذٌ فٚ ٕزٓ اىذساسٔ اسرخذاً ٍحشك

ىثياُ ٍذٙ ذأثش ذشغييح عْذ فصو ٗجٔ ٗاحذ ٗمزىل فصو ٗجٖيِ. ٍِٗ اجو رىل قاً اىثاحث تاجشاء اىعذيذ ٍِ اىرجاسب حيث 

عْذ ٍ٘اضع ٍرعذدٓ ىيعض٘ اىذٗاس تاسرخذاً ٍصذس ذياس ٍسرَش ، ٗذعييِ اىعلاقح تيِ اىعزً اشرَيد عيٚ قياس اىََاّعح اىزاذيح 

ٗاىسشعح فٚ حاىح الاذزاُ ٗحاىح عذً الاذزاُ، ٗاىرحَيو الاسراذينٚ ىذائشج اىقيادج تالاضافح اىٚ ذسجيو الاداء اىذيْاٍينٚ 

ىَرصو عْذ سشعاخ عاىيح ٗاخشٙ ٍْخفضح. مَا ذٌ ىيَحشك ٍِ خلاه قياس ٍ٘جاخ اىرياس ٗاىجٖذ ٗاىفيض اىَغْاطيسٚ ا

ذسجيو شنو ٍ٘جح اىرياس ٗاىجٖذ ىيَْثع ىجَيع حالاخ اىرشغيو. مَا ذْاٗه اىثحث اىحاىح اىذساسيح ىرشغيو دائشج اىقيادٓ ىيَحشك 

 .(soft choppingتاسرخذاً ٍفراح ٗاحذ ىنو ٗاجٔ )
 

Abstract 

The simple construction, robust design, and low cost of the Switched Reluctance Motor (SRM) made it an 

attractive candidate for many applications. This paper presents the detailed performance of 6/4 SRM. This motor has 

been considered in order to explain the effect of balanced and unbalanced operation. For this respect, extensive 

experimental tests and results have been obtained. The carried tests have been classified into Measuring the self-

inductance using DC source at several rotor positions, Measuring the steady state balanced and unbalanced torque-

speed characteristics, Static loading (R, RL Loads), and recoding the detailed SRM dynamic performance in terms of 

terminal quantities (current, voltage and flux linkage) at low speeds and high speeds. Moreover, this paper presents 

the operation of the driving circuit with one switch for each phase which is known as soft chopping operation. This 

case study is included to declare the SRM performance during this mode of operation. 
 

Index Terms 
Experimental, SRM, IGBT, bridge converter.  

 

 

1. Introduction 
SRM drives have great potential in 

motion control applications, because of their 

outstanding characteristics, which enable high 

performance in harsh environments such as 

high temperature and dusty environment [1]- 

[3]. Its simple construction due to absence of 

magnets, rotor conductors and brushes make it 

an attractive alternative to AC and DC motors 

for general-purpose industrial drives, as well 

as for high performance automotive drives and 

other applications. The rotor is basically a 

piece of steel (laminations) shaped to form 

salient poles making it well-suited for high 

speed operation [3]-[5]. The SRM promises a 

reliable and low-cost variable-speed drive and 

will undoubtedly take the place of many drives 
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now using the cage induction and DC 

commutator machines in the short future [3]. 

SRM drive applications include Electric 

vehicles [6]-[7], Aerospace [8], Robotics [9], 

Variable speed and servo-type applications 

[2], [10], Renewable Energy System [11], 

Household appliances [1], [12]. Recentelly 

SRM has been used in many applications 

like :fuel pump, throttle control, oil pump, 

anti-lock bracking system (ABS), lawnmower, 

automatic doors in buildings and vehicles, and 

fans [13]. 

Torque and speed control applications of 

the SRM requires a rotor position information 

with reasonabl resolution and high degree of 

accuracy. Rotor position sensing unit is an 

integral part of the SRM drives control [14]. 

The drive circuit and the machine itself is 

considered as one integrated system, one part 

of such a system can’t be separately designed 

without considering the other part.  

This paper is organized as follows: 

Section II describes the SRM mathematical 

equations. Section III includes the SRM 

magnetic circuit structure and its driving 

circuit. Section IV describes the experimental 

tests, while the discussion of the experimental 

results is illustrated in section V. Section VI 

gives the conclusions drawn from this 

research. Section VII contains the appendix. 
 

2. Srm mathematical model 
II. 1. Mathematical Equations  

The SRM mathematical model is 

described by the following set of equations 

neglecting the mutual inductances.  
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The electrical power input to the motor is: 
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where the symbols  ,        ,   ,  ,  ,   ,   

and    are the voltage, current, resistance, flux 

linkage, speed, induced voltage, self-

inductance, phase torque, rotor angle, stored 

magnetic field energy respectively [1]-[3].  
 

II. 2. SRM Equivalent Circuit 
From equation (7), the equivalent circuit 

of the SRM can be considered as shown in 

Fig.1. The switching frequency (   ) for the 

switch SW can be calculated as a function of 

motor mechanical speed n (rpm) by equation 

(12). 
 

 

Fig. 1: SRM Equivalent Circuit. 
 

      
 

  
                                                (12) 

where    is the number of rotor poles. 
 

3. Experimental SRM 

Prototype 
III. 1. SRM Magnetic Circuit 

Configuration  
The basic dimensions of the 6/4 SRM is 

given in the appendix. The SRM magnetic 

circuit structure and main geometry 

configurations are shown in Fig.2.  

Figure.2 shows 6 stator poles; each pole 

is wounded with a concentrated winding. The 

six windings compose three independent 

phases. Each phase can be either connected in 
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series or parallel of two opposite poles 

windings. Moreover, this magnetic circuit is 

equipped with nine search coils. Three search 

coils are wounded on the stator yoke and 

known as Y1-1’, Y2-2’, and Y3-3’; while the 

remaining search coils are wound to measure 

the stator pole flux linkage (termed as P1-1’, 

P2-2’, P2-2’, P4-4’, P5-5’, and P6-6’).  
 

 

Fig. 2:SRM Magnetic Circuit Configuration. 
 

Also, Fig.2 shows the position sensors 

which are termed PS1, PS2 and PS3. 

Moreover, this figure illustrates the unaligned 

position of phase A (θ=0 mech
o
). At this 

position sensor PS3 outputs high indicating the 

right position for phase A excitation to rotate 

the motor in anticlockwise direction. After 30 

mech
o 

, sensor PS1 outputs high indicating the 

right position for phase B excitation. After 

another 30 mech
o 

, sensor PS2 outputs high 

indicating the right position for phase C 

excitation. This procedure is repeated every 

90
o
 of rotor position [15]. The phase 

conduction sequence can be as following: 

Phase A               
Phase B              
Phase C              

 

III. 2. SRM driving system  
Fiqure.3 illustrates the complete block 

diagram for the SRM drive system. This figure 

shows that the driving circuit consists of speed 

controller, hysteresis current controller, IGBT 

converter circuit, filters and encoder. 

The input of the speed controller is the 

error of the speed signal which they are the 

difference of the reference speed and the 

actual signal measured by the tachogenerator. 

However, the hysteresis current controller 

regulates the motor current according to the 

commanded value especially at low speed 

operation. On the other hand, the IGBT 

converter circuit is explained below.  
 

 

Fig. 3: a complete block diagram of SRM drives 

system (Closed-loop speed-control). 
 

I. The IGBT Converter 
The most flexible and the most 

versatile four-quadrant SRM converter is the 

classic bridge converter, which requires two 

switches and two diodes per phase. The major 

advantage of this converter is its flexibility in 

current control. Each phase can be controlled 

in unindependent way which is very essential 

for very high speed operation. The motor 

phases are similarly connected. The 

asymmetric bridge converter for one phase is 

shown in Fig.4. The rating of each component 

is chosen to work safely. 

The bridge converter operates in three 

modes. When both switches Q1 and Q2 are 

closed, current flows from the source through 

the phase winding. When Q1 is open and Q2 is 

closed (soft chopping), the phase current 

freewheels through the phase winding, D2 and 

Q2. When both switches Q1 and Q2 are open 

(hard chopping), the current flows through the 

feedback diodes D1 and D2 against the supply 

voltage. The energy stored in the phase 
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winding inductance is returned to the dc 

source and the current quickly decays to zero.  
 

DC

supply

Q1

Q2

D2

C

D1

 

Fig.4: asymmetric converters for SRM with 

free-wheeling and regeneration capability. 
 

II. Experimental Tests And 

Results 
Several tests have been carried out on the 

SRM prototype to illustrate the detailed motor 

performance. The detailed performance has 

been investigated by carrying out the 

following tests. 

1.Measuring the self-inductance using DC 

source; 

2.Measuring the steady state balanced and 

unbalanced torque-speed characteristics; 

3.Static loading (R, RL Loads); and 

4.Recoding the detailed SRM dynamic 

performance. 

Figure.5 shows the tests that have been listed 

before. The following sections explain the 

testes carried out with their results. 
 

 

 

 

 

 

 

 

 

 

 

Fig.5: the experimental tests flowchart. 
 

1. Measuring The Self-Inductance 

Using DC Source  

The inductance can be measured with a 

pulsed DC voltage applied on the phase 

winding where the rotor is blocked in a certain 

position. Figure.6 shows the voltage and 

current waveforms registered with tested 

phase when the rotor is blocked at θ=45
o
 (the 

aligned position). According to the equivalent 

circuit shown in Fig.1 with    , the term   
  (   )

   
 can be calculated after the subtraction 

of the resistive voltage drop. The integration 

of this term gives the phase self-inductance 

according to equation (13). Repeating this 

procedure at different rotor positions several 

times can produce the inductance profile as 

illustrated in Fig.7.  

The inductance profile is plotted as a 

function of rotor position at various current 

values. Therefore, Fig.7 shows that the 

saturation levels are changed according to the 

current values.  

 (   )   
 (   )

   
                                          (13) 
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Fig.6: the pulsed voltage and current at 45

o
. 

 

Fig.7: the measured per phase inductance. 
 

2. Measuring The Steady State 

Balanced And Unbalanced Torque-Speed 

Characteristics 

Figure.8 illustrates the measured torque-

speed characteristics under balanced motor 

operation. The balanced operation curve has 

been divided into two sections which are 

considered as current controlled mode (at low 

speeds) and angle controlled mode (at high 

speeds). The torque in the low speed zone 

(    ) as a function of motor speed is fitted as 

illustrated by equation (14); while the torque 

in the high speed zone can be fitted as shown 

by equation (15).  
 

               
                

                                                               (14) 

               
                

                                                               (15) 
 

From these equations, the SRM 

behaviour can be classified as series 

characteristics where the speed is decreased 

rapidly with the increased load torque. From 

equation (14), the starting torque has been 

found to be 3.3339 (Nm). On the other hand, 

at no-load, the speed has been calculated to be 

5500 rpm. This value has been measured 

before the dynamic breaking is installed.  

Figure.9 shows the two unbalanced 

torque-speed characteristics for phase A 

disconnected as well as phases A and B 

disconnected. The fitted motor torque for the 

unbalanced motor operation with phase A 

disconnected is illustrated by equation (16). 

The motor torque with two phases 

disconnected is fitted as seen by equation (17). 
 

               
                

                                                                (16) 

                  
            

                                                  (17) 
 

The single phase operation for the SRM 

declares that a new phenomenon for such 

machine has occurred. The authors may 

consider the running operation with one single 

phase connected to the supply is due to the 

rotor saliency.  
 

 

Fig.8: T-n curve of the SRM. 

 

Fig.9: Unbalanced Torque-Speed Curve of the 

SRM. 
 

3. Static Loading Operation 

With step by step building of the drive 

system, the static loading is considered to 
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check the drive system isolatelly away from 

the motor. These types of tests have been 

carried out to monitor the three phases circuits. 

Fig.10 to Fig.12 show the experimental results 

that are obtained with static loading. In case of 

static R-Load, the supply current and supply 

voltage waveforms are shown in Fig.10. The 

supply voltage in R-load is nearly a pure DC 

waveform. The three phases’ currents are 

illustrated in Fig.11. The current is in phase 

with the voltage. At the instant of switching-

off, the current decays instantaneously to zero. 

On the other hand, the experimental results for 

static RL-loading are shown in Fig.12. The 

current lags the voltage by certain angle 

depending on the inductance value. At the 

instant of switching-off, the stored magnetic 

field energy in the winding will keep the 

current in the same direction until it is 

depleted. The voltage becomes negative until 

the phase current reaches zero. Fig.12(b) 

illustrates a transient overshoot on the phase 

voltage due to the switching on and off 

operation. This effect can be eliminated by 

allowing the supply voltage to accept the 

stored magnetic field energy (
 

 
    ). This 

elimination can be achieved by connection of 

capacitor bank in parallel with the terminal 

supply voltage.  

By comparing the current passing 

through R-load and RL-load, spikes on RL-

load current could be eliminated by using 

filters.  
 
 

 

 
 

 

 

 

(a) 

 

(b) 

Fig.10: the experimental results for static R-

loading. 

(a) Supply current, (b) supply voltage. 
 

 

(a) 

 

(b) 

 

(c) 

Fig.11: the three phases’ currents for static R-

loading. 
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(a) 

 
(b) 

 

(c) 

Fig.12: the experimental results for static RL-

loading. 

(a) Phase A current, (b) Phase A voltage, (c) supply 

voltage. 
 

4. The Detailed SRM Dynamic 

Performance 

This section includes the motor 

operation under balanced, unbalanced 

operations as well as the soft chopping 

technique. 

A. Balanced motor operation 

The detailed performance of the SRM is 

investigated in terms of recording the phases 

current, the supply current, the supply voltage, 

the phases voltage, the pole flux-linkage as 

well as the yoke flux-linkage waveforms. 

These waveforms are given for two speeds 

(high speed n1=4050 and low speed n2= 440 

rpm) as shown in T-n curve. Fig.8 shows the 

balanced speeds n1 and n2.  

At high speed of 4050 rpm, the back-

emf (e) in the motor phase windings is 

considered. It works against the supply voltage 

to reduce the current. The supply voltage and 

current waveforms are shown in Fig.13. The 

supply voltage has large oscillations. A 

capacitor bank has been connected in parallel 

with the source to reduce the voltage 

fluctuations. The applied voltage on each 

phase seems to be a single pulse as shown in 

Fig.14 (a). The peak value of phase current is 

about 2(A) as shown in Fig.14 (b). The flux-

linkgae waveform is well shaped as triangle as 

shown in Fig.14(c). 
 

 

 

(a) 

 
(b) 

Fig.13: the experimental results for balanced motor 

operation at high speed of n1=4050 rpm.  (a) Supply 

current, (b) Supply voltage. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig.14: the experimental results for balanced motor 

operation at high speed of n1=4050 rpm.  (a) Phase 

C voltage, (b) Phase C current, (c) Phase C flux, (d) 

yoke flux. 
 

At low speeds, the back-emf (e) is 

considered small compared to the supply 

voltage. Accordingly the drawn current will 

rise very rapidly to a serious value. The 

hysteresis current controller is employed to 

regulate the current to an accepted value. The 

maximum permissible current is limited to 

3.5(A) as shown in Fig.15 (a). The voltage is 

varying between positive and negative value 

as shown in Fig.15 (b) (hard chopping). The 

phase flux linkage is no more a triangle shape 

compared to the case of high speed as 

observed by Fig.15(c). The flux linkage in the 

stator yoke can be seen in Fig.15 (d).  
 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig.15: the experimental results for balanced motor 

operation Low speed of n2=440 rpm. (a) Phase C 

voltage, (b) Phase C current, (c) Phase C flux,  (d) 

yoke flux. 
 

The supply current crosses the zero line; 

this means that the current is flowing back to 

the dc supply. The supply voltage fluctuations 

are greater compared to the case of high speed 

operation as shown in Fig.16. 
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(a) 

 

(b) 

Fig.16: the experimental results for balanced motor 

operation Low speed of n2=440 rpm.  (a) Supply 

current, (b) Supply voltage 
 

B. Unbalanced motor operation 

Figure.17 and 18 show the experimental 

results of the motor under unbalanced 

operation. The motor can operate with one 

phase disconnected as shown in Fig.17 and 

even with two phases disconnected as seen by 

Fig.18. 

After the disconnection of phase A, the 

motor speed decreases from 3720 rpm at no-

load to 3220 rpm. The motor draws more 

current to regain its speed as shown in Fig.17 

(b,c).  

On the other side, with one phase 

excited (just only phase C is energized). The 

motor speed settles at 2290 rpm. The motor 

current is increased to one and half its original 

value as shown in Fig.18(c). 

It is concluded that the maximum 

current drawn by the motor during balanced 

operation, one phase disconnected, and two 

phases disconnected were 2(A), 2.3(A), and 

3(A) respectively. These current values have 

been recorded at speeds 3720 rpm, 3220 rpm, 

and 2290 rpm respectively. On the other hand, 

the corresponding pole flux linkages have 

been affected according to the currents. The 

flux linkage waveforms are also affected. 
 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig.17: the experimental results for unbalanced 

motor operation with phase A disconnected 

(B) phase A and B disconnected. (a) Phase A 

current, (b) Phase B current, (c) Phase C current, 

(d) Supply current. 

 
 



 

E: 38     M. Hamouda, A. R. A. Amin and E. Gouda 

 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig.18: the experimental results for unbalanced 

motor operation with phase A and B disconnected. 

(a) Phase A current,   (b) Phase B current, (c) Phase 

C current,   (d) Supply current. 
 

C. Soft chopping process 

Figure.19 shows some of the 

experimental results for hard and soft 

chopping process. The current is limited to a 

maximum value of 3.5(A) as shown in Fig.19 

(a). Soft chopping technique reduces the 

switching losses in power switching devices 

(IGBTs). The motor voltage changes between 

positive and zero (soft chopping) as seen in 

Fig.19 (b). The phase-flux linkage is nearly a 

triangle as illustrated in Fig.19(c). The yoke-

flus linkage is shown in Fig.19 (d). 
 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig.19: the experimental results soft chopping 

process at 1350 rpm with 1.25 Nm. (a) Phase 

current, (b) Phase voltage, (c) Phase flux-

linkage, (d) yoke flux-linkage. 
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III. Conclusion 
The detailed performance of the SRM 

has been investigated in terms of several tests. 

These tests have been carried out under 

balanced and unbalanced operation. From 

these tests, measuring the phase self-

inductance using DC source at different levels 

of current illustrates the saturation effect, the 

static loading has been illustrated in order to 

show the balance between the phases, The 

overshoot on the supply voltage waveform 

shows the importance of eliminating this 

phenomenon by connecting  parallel 

capacitors with the supply terminals, The 

torque-speed curve for balanced and 

unbalanced operation has been recorded, the 

detailed performance of the switched 

reluctance motor in terms of recording the 

phases current, supply current, supply voltage, 

phases voltages, pole flux linkage and yoke 

flux linkage waveforms have been recorded 

and discussed at high speeds and low speeds. 

Moreover, the soft chopping process has been 

carried out to illustrate the effect of 

eliminating one switch operation in the driving 

circuit. A new phenomenon has been declared 

when the SRM operates less than one phase 

excitation which may be related to the motor 

saliency. 
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Appendix 
Table i 

The machine dimensions in [mm]. 
 

Geometry parameter symbol Value 

Rated voltage              [V]       

Shaft radius           

Rotor core outer radius          

Rotor outside radius         

Stator outside radius          

Stator yoke width         

Air gap length         

Rotor pole arc angle   [°]       

stator pole arc angle   [°]       

Core length        

Turns per phase       

Phase resistance         [Ω]         

 


