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ABSTRACT 

Although various excitation current waveforms are possible, there 
is only an ideal one which maximizes the output torque of a 
switched reluctance motor(SRM). This paper presents an analytical 
and experimental study to characterize this ideal current waveform 
for a multiphase machine. Throughout this study the commutation 
process is analyzed and an ideal commutation angle is obtained for 
each running condition. A simple procedure is given to predict 
this angle and incorporated in a larger computer progr* to study 
its relation with the motor speed and its interactie with the 
drive performance. The analytical results are verified 
experimentally on a five-phase SRM. 

1. INTRODUCTION 

Switched reluctance motors (SRMs) have been seriously considered 
as a promising competitor to inverter driven induction motors. The 
extremely simple and rugged construction of both the motor and its. 
electronic power converter are among many potential advantages of 
this new machine[l]. In its basic form, a SRM consists of a singly 
excited, doubly salient structure of steel laminations fed with 
a switched dc pulses through an electronic power converter in a 
closed loop configuration. A rotor position sensor is essiential 
to generate the converter drive signals and commutate phase 
excitation pulses[2]. 

Being a salient pole machine, the phase inductance of a SFiM varies 
between a minimum and a maximum value at unaligned and aligned 
axes respectively. For its motor operation, each phase current 
pulse has to be switched-on, at some point before the riszng . '  

inductanceand it has to be decreased to zero before decreasing! 
the inductance[3].Figure(l) shows a typical phase current pulse i 

along with an ideal phase inductance profile. This pulse can be; ,. 
divided into three main subsequent periods namely; rising angle 

. . 



Or I commutation angle Bc and fall angle Of. These angles can be 
adjusted to many different values but there is always an ideal 
value for each one which maximizes the output torque. 

In spite of the revival interest of SRMs, a little work has been 
reported, in literature, about their excitation current waveform 
and its interaction with the machine performance. One of these 
early studies is the work of Ray et a1[2] in which the current 
waveform is used to optimize the performance/cost ratio for three 
and four phase SRM. The torque per rms excitation current is used 
to characterise an optimum current waveform with different mark- 
.space ratios for a 3-phase 12/8 machine, Finch et a1[4]. A 
mathematjcal model for this waveform is'developed for stationary 
rotor[5] and rotating machine[6], to find out its rate of change 
and peak value for both conditions. In these studies phase current 
waveform is always analyzed without a direct relation to poles or 
gap geometries. In[3] poles geometry and phase inductance 
parameters at both extreme rotor positions are used to find out 
the power converter rating for certain machine parameters. Most 
of the former studies considered either a three or four phase 
machine with no restrictions on their power converters and phase 
currents were always treated independently. It is not always true 
that the excitation current waveform can be analyzed irrespective 
of the power converter circuit type. With a multiphase machine, 
where it becomes necessary to reduce the total number of converter 
switching devices[7], the waveform is highly converter-dependant. 
An accurate analysis of this waveform should take into account the 
power converter type and its restrictions on the commutation 
process. 

In the present study the phase current waveform of a multiphase 
SRM fed with a compact power converter circuit is analyzed. The 
detailed description of this circuit is found in[9]. On its basis, 
it is always possible to build-up a unipolar converter with a 
number of switches equals the number of phases plus one. 4 single 
switch is usually shared by two phases and 'consequently it has to 
serve their switching requiremen'ts. A general section of this 
converter is shown in figure(2). 

The purpose of this paper is to lay out the ideal specifications 
of the excitation current waveform for a multiphase SRM which 
maximizes its average torque.   his waveform is mainly specified 
'by its rise, commutation and fall angles and their coincidence 
with the inductance profile for each phase. An analytical study 
is given and experimentally verified on a five-phase SRM. 

2. ANALYSIS OF EXCITATION PULSES: 

A general waveform of the applied voltage across the phase winding 
for each current pulse under chopping is shown in figure(3). The 
current waveform is also shown on the same figure. The existence 
of some periods depends on the motor speed and machine physical 
dimensions. 

For motor -operation of a switched reluctance machine, each. phase 
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has to be switched-on at some point before the rising inductance. 
'At very low speed, the back.emf would not be sufficient to limit 
the current and itwill rapidly increase. This current:should be 
modulated and maintained at certain level within winding'rating. 
By increasing the motor speed there is a base .speed, . wb at which 
'the back emf would be sufficient to maintain a flat-.topped cunrent 
without any chopping[3]. The base speed for a gi~en.~urrent can 
be obtained from the flux linkage current characteristicsofi the 
machine. The trajectory of one current-flux linkage pulse is.shown 
in Fig.(4). Along AB flux linkage rises from to lax by the 
movement of one rotor pole from full unaligned to full aligned 
,position at constant phase current of magnitude I. Since the 
unaligned characteristics are usually linear then, 

Omin = Lor ( a.1 
The time taken to move the rotor pole from A to B is given by, 

If the current is maintained constant along AB, then the rise in 
flux linkage is given by; *,, - Omin = (Vs - IR) t, ( 3  1 
Substituting the value of tM from Eqn(2) in Eqn(3), the rise in 
flux linkage can be rewritten as; 

If this flux linkage rise is obtained at the constant current I, 
without any chopping, the motor speed is its base speed whi.ch can 
be expressed as; 

For any higher speed, the back emf is high enough to limit the 
phase current without chopping. 

. , 
t 

To maximize machine output torque, excitation current waveform . 
should satisfy the following two conditions; 

1. It should be raised to its maximum value just as the ' 
inductance of the winding starts to increase (i.e. early 
turn-on), that is; 

4 0 )  h r = I  (61 

2. It should be maintained as long as .possible without 
proaucing any negative torque. In other words, it should 
satisfy the following condition; 

0, + 0, = P, (71 

If the winding ohmic resistance is neglected, the rise angle can 
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be expressed as Eqn(8), which satisfies the first condition. 

Commutation and fall angles are related to each other as stated 
by Eqn(7). It is sufficient to obtain one of them to predict the 
other. For its importance, the commutation angle will be obtained 
for different running conditions. Before going-on, the average 
excitation voltage during chopping periods is required for the 
later analysis. 

At any speed w below the base speed, phase current is maintained 
,at constant magnitude I by chopping the'applied voltage L; to an 
average value Vp which satisfies Eqn(4), 

An expression for L; can be obtained from Eqns(5) and (9) as 
follows; 

If the winding resistance is neglected, eqn(l0) can be rewritten 
in the following simplified form; 

After commutation, the last phase would see a modulated negative 
voltage with an average value which can be expressed by either 
of the following alternative forms; 

Va1t = v s  - vc (12) 

3. PREDICTION OF THE IDEAL COMMUTATION ANGLE: 

The ideal commutation angle for a. particular current and speed can 
be predicted by ensuring that the rise of flux linkage to its peak 
value is equal to the subsequent fall to zero. The following 
analysis applies to phase 1 (PI)  of figure(2). 

3.1. Motors up to Four Phases: 

In these motors the rotor pole arc usually does not exceed two 
step angles. It is not possible that the third phase overlaps the 
first one. Depending on rotor speed, the commutation process for 
these motors can be categorized into four different modes. 



MODE 1: Speeds below the first commutation speed uco,: 

During this mode it is possible to reduce the current in first 
phase to-zero while the current in the next one still chopping. 
The switching sequence is summarised in table(1). 

Table(1). The switching sequence at oco, 

During this mode each phase is exposed to full positive supply 
voltage during current rising ( sub-mode l), reduced positive 
voltage during chopping (sub-modes 2 , 3 )  and finally reduced 
negative voltage due to chopping in the next phase (sub-mode 4). 
The current-flux linkage loop is shown in figure(5). The flux 
linkage rise along OAB equals the flux linkage fall along BCO. 

Lo. I + c. Q,, = PI - cPG 
0 . Vnes 

from which the commutation angle can be obtained; 

The upper limit of this mode is the first commutation speed oo 
which can be obtained from eqn(l5) when the commutation angle 
exactly equals the step angle. 

mlDE 2 :  Speeds over or equal the first commutation speed and less . 
than the second commutation speed ooc=w~o1: 

The commutation angle during this mode is less than one step angle 
such that it is necessary to turn off one switch of the first 
phase while the current is still rising in the second one. The 
switching sequence is summarised in table(2). 

During this mode each phase is exposed to full positive supply 
voltage during current rising (sub-mode I), reduced positive 
during chopping (sub-mode 2 ) .  zero voltage to allow the current 
in the next phase to rise (sub-mode 3) and finally reduced 
negative voltage due to chopping in the next phase (sub-mode 4). 



Table(2). The switching .sequence at o,<=o<ol 

The current-flux linkage loop is shown. in figure(6). The flux 
linkage rise along OAB equals its fall along CDO. 

Pzero = t - C .  Ps ( 1 8 )  

from these equations the commutation angle, during this mode, can 
be obtained; 

This commutation angle is always valid while the fall angle Of is 
less than one step angle. By the increase of speed Of increases 
nntil it becomes exactly one step then another mode starts. The 
upper limit of this mode is; 
8, = t ( 2 0 )  

P, - c. ps = t (21) 

Substituting the value of c.R, from eqn(21) in eqn(l9), the llpper 
limit speed, second commutation speed, of this mode can be 
obtained; 

MODE 3: Speeds over or equal the second commutation speed and less  
than the base speed 611<=0<06: 

During this mode 0 exceeds one step angle such that it is 
i, possible to apply t e full negative supply voltage across the 

first phase just after the end of chopping period of the second 
phase. The switching sequence is summarised in table(3). 

During this mode each phase is exposed to ful l  positive supply 
voltage during current rising (sub-mode I ) ,  reduced positive 
during chopping (sub-mode 2), zero voltage to allow the current 
in the next phase to rise (sub-mode 3) reduced negative voltage 
due to chopping in the next phase (sub-mode 4) and finally f u l l  



negative voltage.when chopping no longer exists in the next phase' 
(sub-mode 5. ) .+ . .  , : 

: .  , -  ., , . . . c. : : 

, Table(3). The switching sequence at ol<=wcob 

The clirrent-flux linkage loop is shown in figure(7). The flui 
linkage rise along OAB equals its fall along CDEO. 

From these equations the commutation angle for this mode will be; 

The upper limit s'peed of this mode is the base speed. 

MODE 4: Speeds over than the base speed w w b :  

During this mode chopping no longer exists. 'The reduced negative 
period. of mode 3 vanishes and incorporated into zero volt loop': 
period. The switching sequence is summarised in table(4). 

Table(4). The switching sequence at ozob 

During this mode 'each phase is exposed to fufl positive supply 
voltage, during current rising (sub-mode I ) ,  zero 'voltage during 
the conduction period of 'the nexfphase (sub-modes 2 , 3 )  and 

.. 



finally full negative voltage after the conduction period of the 
next phase (sub-mode 4). The current-flux linkage loop is shown 
in figure(8). The flux linkage rise along OAB equals its fall 
along CDEO. 

From which the commutation angle will be; 

3.2. Motors with Five Phases and more: 

These motors usually have rotor pole arc greater than two step 
angles. It is possible that the third phase starts while the first 
one still in duty. Similar to the first group, the commutation 
process can be categorized in one of the following four modes. 

MODE 1: Speeds below the first commutation speed oco',: 

This mode is similar to that of the first group except that its 
upper speed limit is different. The commutation angle is given by 
eqn(l5). The upper limit of this mode is the first commutation 
speed o ' , .  This limit is reached when the commutation angle is 
short enough such that the fall angle Of equals one step angle, 
that is; 
'3, = t ( 2 9  1 

or; 
P, - 4, = t 

Substituting the value of c.B, from eqn(30) in eqn(l5) the first 
commutation speed for this category will be; 

.MODE 2: Speeds over or equal the first commutation speed and less 
than the second commutation speed w 'oc=o<o : 

During this mode both Bf and c.L$ exceed one step angle. It is 
possible to apply the full negatlve supply voltage across the 
first phase just after the end of chopping period of the second 
phase. The switching sequence is summarised in the table(5). 

During this mode each phase is exposed to full positive supply 
voltage during current rising (sub-mode 1). reduced positive 
during chopping (sub-modes 2,3), reduced negativevoltage due to 
chopping in the next phase (sub-mode 4) and finally full negative 
voltage when chopping is no longer exist in the next phase (sub- 
mode 5). - 
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Table(5). The switching sequence at o 'oc=o<w 

The current-flux linkage loop is shown in figure(9). The flux 
linkage rise along OAB equals the flux linkage fall along BCO. 

From which the commutation angle will be; 

The upper speed limit of this commutation angle is the second 
commutation speed b ' , .  It is the speed at which the commutation 
angle equals one step angle, that is; 
cps = t ( 3 4 )  

Substituting this value in eqn(33) yields; 

MODE 3: Speeds over or equal the second commutation speed and less.  
than the base speed o'l<=o<ob: . 1 , 

This mode starts when the commutation angle becomes equal to one 
step angle. After this point a zero volt loop will exist until 

.chopping starts in the next phase. It is similar to Mode 3 of the . 
first group except that its upper speed limit is different. The 
commutation angle for this mode is given by eqn(26). The upper 
limit speed of this mode is the base speed. 

It should be noted that depending on the rotor pole arc, this mode 
could be vanished. It is possible, in some motors, that the second 
commutation speed equals or exceeds the base speed. Bqn(35) can 
be rewritten in the form, 

0' 1= (P, - t) 
a'* 2 t+ UbLOI 

vs 



If the second commutation speed exceeds the base speed then the 
right hand side of eqn(36) should be greater than one:From which 
we can obtain the condition for this case, 

This case could exist for seven phases and more. 

MODE 4: Speeds over the base speed web: 

~uring this mode chopping no longer exists. This Mode is also the 
same like Mode 4 of the first group. The commutation angle for 
this mode is given by Eqn(28). 

4. COMPUTER PROCEDURE TO PREDICT THE IDEAL COMMUTATION ANGLE: 

The analysis given in section(3) are implemented in a computer 
procedure, Fig(lO), to predict the ideal commutation angle for a 
certain running speed and machine data. This procedure is 
incorporated as a subroutine of another larger program to study 
the SFN performance and the interaction of the switching angles 
with the whole performance of the machine. The machine data given 
in Ref[B] are used herein to study the present analysis. 

The ideal commutation angle is predicted with the. procedure 
summarized in Fig(l0) over a wide range of running speeds and 
shown in Fig(l1). This angle always gets narrower with the 
increase of motor speed. It is of importance to note that the 
computer procedure uses different expressions, of .those 
analytically obtained in section(3). to predict the commutafion 
angle over different sub-speed ranges. This means the curve which 
represents the commutation angle is assembled of many portions, 
each one is obtained from the expression which is valid over its 
sub-speed range. This explains why this cWve is not smooth over 
the whole range. 

. , 

The rise angle O r ,  defined by Eqn(8), is always proportional to ' 

the running speed. This angle is also obtained over the same speed 
range and shown on Fig(l1). Both rise and commutation angles 
constitute the whole angle during which a positive volt pulse. - should be applied across the phase winding. 

The variation of this angle with the speed is also given on 
Fig(l1). There is an important notice which can be obtained from 
this curve. Although the commutation angle should always be 
reduced with the increased speed, this reduction has to be 
compensated by the rise angle and no much variation of the whole 
angle 8, is required to get ideal commutation. In other words, 
both turn-on and turn-off points should continuously be readjusted 
such that they become earlier at higher speeds. 



5.  EXP:XPWIMENTAL RESULTS: 

From the former analysis, the SRM can be ideally commutated by 
continuously readjusting the turn-on and turn-off points with the 
motor speed. Since the whole angle 0 does not change too much, an 
average value could be chosen to stuJy the effect of advancing and 
retarding the voltage pulse with the speed. The analytical study 
is applicable to any number of phases, however it is intended to 
investigate the commutation and switching process of a multiphase 
SRM. A laboratory test rig is built for experimental verification 
of analytical results. This rig consists of a five-phase SRM [8], 
a compact power converter[9], and their essiential interface 
electronics. The integrated experimenfal rig is documented in 
another publication[lO]. 

A constant voltage of pulse width BV=0.8BS is used for experimental 
test. The torque-speed results are shown in figure(lZ), where the 
bold curve represents the characteristic for turn-on exactly at 
unaligned axis. The curves to the right of the first one are 
obtained with earlier turn-on angles measured from the unaligned 
axis. The curve shown to the left of the bold one is obtained with 
a delayed commutation. It is quite clear that the machine output 
performance is directly affected by changing the turn-on points. 
A wide range of characteristics can be obtained by changing the 
excitation turn-on point. 

6. CONCLUSIONS: 

An ideal excitation current waveform has been characterized to 
maximize the output torque of a multiphase SRM. The switching 
sequence has been analyzed and the ideal commutation ang1e.i~ 
obtained for each running condition. A simple procedure has been 
given to predict this angle and incorporated in a larger computer 
program to study its interaction with whole performance of the 
machine. The analytical results have been,experimentally tested 
on a five-phase SRM. It has been found that early excitation 
pulses greatly improve the machine performance at high speeds. A. 
very wide range of characteristics is possible by advancing and 
retarding the converter pulseswith respect to the rotor position. 

7. LIST OF BASIC SYMBOLS: 

c Commutation ratio (c=O,/L$). 
I Current chopping level [amp]. 
Lo Minimum phase inductance [henry]. 
R Phase resistance [ohm]. 
t Step angle [rad] & time [Sec] . 
% supply voltage [volt]. 
as Stator pole arc [rad]. R, Rotor pole arc [rad]. 
8, Rise angle of phase current pulse [rad]. 
'4 Commutation angle of phase current pulse [rad]. 
O f  Fall angle of phase current pulse [rad]. 
o Motor speed [rad/Sec] 



@a First commutation speed of the first motor group (Eqn.16) 
Second commutation speed of the first motor group (Eqn.22) 

% First commutation speed of the second motor group (Eqn.31) 
Second commutation speed of the second motor group (Eqn.35) 
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Figure 1. A typical phase current pulse along 
with the corresponding inductance profile. 
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Figure 2. General section of the compact 
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Figure 3 General voltage and current waveforms 
for the compact converter circuit under chopping. 



Figure 4. Current and 
f l u x  l i n k a g e  
trajectory for one 
current pulse. 
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Figure 5. Current and 
flux linkage loop at 
o<oo or o<ol,, 

Figure 6. Current and 
flux linkage loop at 
oo<=o<ol 

Figure 7. Current and 
flux linkage loop at 
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Figure 8. Current and 
flux linkage loop at 
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Figure 9. Current and 
flux linkage loop at 
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Figure 11. The variation of normalized rise angle 
( O,/Bs) , commutation angle (0,/B ) and positive volt 
angle (O,/Bs) with running speed Ref [ l o ]  

Figure 12. The experimental torque-speed 
characteristics for different turn-on points and 

constant positive volt pulse (0 ,=0 .8Rs)  




