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ABSTRACT

This paper analyzes the performance of the three-phase variable reluctance stepper motor (VRSM) in
case of single-phase excitation mode. Equations of phase self inductances, instantaneous phase and
supply currents, phase and total torques, total input and output power as well as the efficiency are all
deduced for any rotor position.

Also the paper analyzes the effect of the early switching OFF of the supply on the performance
characteristics of the motor. To avoid negative torque production, the switching OFF of the phase
excitation should be controlled. In order to guarantee removal of the phase current before the phase
inductance start to decrease, the instant of the switching OFF would take place before that of the teeth
alignment

KEY WORDS: Angle control of Stepping Motor.

EFFETS DE L'ENFANCE ARRET D'ANGLE SUR LA PERFORMANCE MOTEUR
PAS A PAS

RESUME

Ce document analyse la performance des trois phases réluctance variable moteur pas a pas
(VRSM) en cas de mode d'excitation monophasée. Equations de selfs de phase, la phase instantanée et
les courants d'approvisionnement, de phase et des couples au total, entrée totale et la puissance de
sortie ainsi que l'efficacité sont toutes déduites pour toute position du rotor.

Aussi le document analyse les effets de la coupure du début de I'offre sur les caractéristiques de
performance du moteur. Afin d'éviter la production de couple négatif, la coupure de I'excitation de
phase doit étre contrdlée. Afin de garantir I'élimination de la phase actuelle avant l'inductance de
phase commence a diminuer, l'instant de la commutation OFF aurait lieu avant celle de I'alignement
des dents

MOTS CLES: CONTROLE D'ANGLE MOTEUR PAS A PAS.
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1. INTRODUCTION

A stepper motor is an electromechanical
device, which converts electrical pulses to
discrete  mechanical movements. The shaft
of the stepper motor rotates in discrete step
increments  when  electrical  pulses are
applied to it in the proper sequence. The
several direct

motor rotation has

relationships  with  these  applied input
pulses. The sequence of the applied pulses
is directly related to the direction of motor
shaft rotation. The speed of the motor shaft
rotation is directly related to the frequency
of the input pulses and the length «step» of
rotation is directly related to the number of

input pulses [6].

The stepper motor can be classified into several
types according to machine structure and
principle of operation. There are three types of
stepper motors according to their complexity:
variable reluctance, permanent magnet and
hybrid. The variable reluctance stepper motor
has a solid soft steel rotor with salient poles.
The permanent- magnet stepper motor has a
cylindrical permanent- magnet rotor. The hybrid
stepper motor has soft steel teeth added to the

permanent magnet rotor for a smaller step angle

[3].

2. PERFORMANCE ANALYSIS

2.1 Motor Equivalent Circuit

The equivalent circuit of the variable reluctance
stepper motor (VRSM) is similar to that of

switched reluctance motor (SRM). The induced

emf appears across the rotor terminal (e) is due
to the rotor rotation through the stator magnetic
field. Therefore the equivalent circuit could be

represented as shown in Fig. (1-(a))

(b)

Fig. (1): a) Phase Equivalent Circuit of VRSM,
b) Basic Circuit for Driving VRSM

R: stator phase resistance
R¢: freewheeling resistance

L: stator phase inductance
2.2 Voltage Equations
According to Kirchoff’s voltage law, the applied

phase voltage equals to sum of the resistive
voltage drop and the rate of change of the flux

linkages i.e.

V=R*i+ dA(6,i) 1)
dt

Where:

A: The flux linkage per phase given by:
A=L(6,i) *i ()
The phase voltage equation is given by

following equation:

N—"

v=R*iL o, O, dLOI

*m*- 3
i dg O @

The three terms on the right-hand side represent
the resistive voltage drop, inductive voltage
drop, and induced emf, respectively. The result
is similar to the series excited dc motor voltage

equation. The induced emf, e, is obtained as:
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o= dL(@,i)* on* i )
do

2.3 Phases Inductance

The inductance of each stator phase winding
varies with rotor position such that the
inductance has a maximum value when the rotor
axis is aligned with the magnetic axis of that
phase and a minimum value when the two axes
are in perpendicular. The self-inductances are
expressed in the following form:

La=L;+ L, Cos (N, 6)

Le=L;+ L, Cos (N, 8- 6) (5)
Lc=L:+L, Cos(N,6-26,)
Where:

Li=L,+[(La— Ly /2] = [(La+ Ly)/2

L= [(La—Ly) /2]

L,: The average inductance,

L,: The amplitude of the inductance waveform,

L.: The stator phase inductance at the

alignment position,

L,: The stator phase inductance at the un-
alignment position,

6: The rotor position angle with respect to the

axis of phase excitation.

Os: The angle between each two sequential

stator

The  stator

phase in space, which is equal to 120°.

winding  inductance  varies

sinusoidaly with rotor position and has an

angular period given by
_ 360

¢y N

r

(6)

Where N, is the number of rotor poles.

2.4 Phase Currents
When, a DC voltage is connected to the

winding of the motor, the current increases
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exponentially according to equation (7).

The rotor is rotated by an angle of 6°, for
the motor under study. The rotor angle is
measured from phase-A, when, the rotor is
aligned with it. In order to rotate the rotor
from  this

position, phase-B  must be

supplied from the supply, and thus the

current of phase-B starts to increase.

The instantaneous value of this current Ig;
during the period from 6 = 0° (aligned
position) to & = 6° is determined from the
following equation:

lgi = lnax *[1 —€ (' 5] @
Where:
lnax =V /R (8)

V: The voltage of a dc supply,
tgi: The time of starting from the moment of
phase-B connection to the supply, sec.

;. The electrical time constant of phase-B, sec.

The electrical time constant of phase-B,

phase -C, and phase-A, are determined
after evaluating the phases inductance from

the following equation:

TBiZLB/R
ci=Lc/R (9)
TAiZLA/R

It will be noticed that, Lg, Lc and LA are
not constant but are varied with rotor
position 8 as shown in Fig. (2- (a)) and are

determined from equation (5).

There is a synchronizing variation of rotor
rotational angle with rotational speed. By
supposing the value of rotational speed N
and the value of rotational angle 6 from

zero position, the respective time tg; to this
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angle is determined from the following
equation:

tei= [0/ (6 N)] (10)
where:

N: is the rotational speed inr. p. s.

The current of phase-B is increased during the
conduction period as shown in Fig. (2-(b)). The
current is reached a maximum value Iy, only if
the time is enough at low speeds. The higher
value of current Ig; is less than .y, Where Ipay is

determined from equation (8).

In Fig. (2- (b)), when @ equal 6 degrees, the
rotor reaches the alignment position with
phase-B, then disconnecting phase-B from
the supply because the torque is reached
zero. And thus the current of phase-B starts

to decrease through freewheeling circuit.

The decreased currents lgq is determined during

this period from the following equation:

— S(t )
leg =li*€" 8a’ "Ba

lea =li*e oy’ "eg (11)
lag =lg*e (ag ' ad

Where:

I is the higher value of current I at § = 6
degrees.

All phases have the same value of higher current
I5, due to symmetrical operation of all phases.
Also the decreased currents lcq, Iag at 6 = 12, 6
= 18 degrees respectively are determined from

equation (11).

The time tgy Of decreasing current is determined
from the following equation:

teg = [(0—6)/ (6 N)] (12)
where:

the angle 4 is assumed for the required current.

The values of tgq, 7cq, and zaq are differed from
the values of tg;, 7¢;, and z; and are calculated
by the following equations:

89 =Ls / (R+Ry)

tcg = Lc/ (R +Ry) (13)
tad = La/ (R +Ry)

This difference is due to existence of the
freewheeling circuit resistance Rf as shown in
Fig. (1-(b)). It is noticed that, the changing of
LB with an angle 6 during this period has a
negative slop and differed from its changing
during the period of increasing current.

When 6 = 6°, disconnecting phase-B from the
supply, and at the same time, connect phase-C
to the supply. So, the current of phase-C is

started to increase according to the following

equation:
li = Inax [1- € %] (14)
The time t¢; is determined from the following
equation:
tei =[(6-6)/ (6 N)] (15)

Where, the angle 6 is assumed for the required
current. The time constant t¢; is determined
from equation (9)

When, the angle & increases to 12 degree,
disconnecting phase- C from the supply. So, the
current ey is started to decrease according to
equation (11).

The decreasing time tcq is determined from the
following equation:

tea=[(0-12) 1 (6 N)] (16)
Also, the time constant tcq during this period is

determined from equation (13).
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When,

disconnecting phase-C from the supply, and

the angle arrives to 12 degree,
connect phase- A to the supply, so the current
I is started to increase according to the

following equation,

A= lnax [1—€° (tAi/rAi)] 17)
Time ta; of increasing current is determined
from the following equation:

tsi = [(0-12)/ (6 N) (18)
Where, the angle 6 is assumed for the required
current. The time constant t,; is determined
from equation (9)

When the angle arrives to 18°, phase-B is
repeated to connect and its current lg is
increased according to equation (7).

At the same time, the current of phase- A is
started to decrease. The decreased current
Iag is determined from equation (11), where
the time tny is determined from the

following equation:
tag = [(6—18) / (6 N)] (19)

Also, the time constant T4 during this period is

determined from equation (13).

So, connecting and disconnecting phases are
repeated continually and sequentially. The
currents of phases are still changed by the same
rate, as shown in Fig. (2-(b)).

During the increasing periods of these currents,
the current of the supply | is equal to the
summation of the all phase’s currents. But
during the decreasing periods, the current of
phases is not supplied from the supply because
some phases are disconnected. Therefore, the
supply current | is determined from the

following equation, (Fig. (2-c)):
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I=1lg at 0<6<6
I=lg at 6<6<12 (20)
=1y at 12<6<18

2.5 Power and Efficiency

Substituting for the flux linkages of equation (2)
in the voltage equation (1) and multiplying with

the current results in instantaneous input power

Pin given by:
Pa=V*i=R*i?+i2x dLO.i)
dt
+ L (6, i)*i*% (21)

Here, the last term s  physically

uninterpretable. To draw a meaningful
inference, it may be cast in terms of known

variables as in the following:

d 1 N2 L. di 1
— [ L@D*i]=L@1)*1* — + —
dt[2 6.9 ] 6.9 dt 2

*j 2 % dL(g,l)
dt

Substituting the above equation into Equation

(21) results the instantaneous input power given

by the following equation:

Pn=R*i’+ — [Z~L (8, i)*i
dt[2 0, 1)*i]

+ =
2 dt

This equation is in the familiar form found in

1 a2 dL(6,i) 22)

introductory electro mechanics texts, implying
that the input power is the sum of the winding
resistive losses, the rate of change of the field
energy, and the output power (air gap power).

Also, the instantaneous power 10sses Pgs iS
determined from the

following equation

(acceptance the iron losses),
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PLoss= Pin— Po= Pin— (T * 6Um) (23)

The instantaneous output power (air gap power)

P, is determined form the following equation:

Po = I:)in* PLoss:1 * | 2 7(:“_(6’ I)

2 dt
zl*iz*dL(H,i)*d_e (24)
2 de dt

Substituting for time in terms of the rotor
position and speed, with

dt
In the output power results in:
1, .,, dL(s,i)
P - = *I * * w 25
°2 do " =
Also, the instantaneous output power P, (air gap

Rotor angular speed

power) is determined by knowing the total
electromagnetic torque and rotor speed N and
can be given by:

Po= wn *Te (26)
So, the instantaneous value of motor efficiency
n is determined from the following equation:
n =Pyl Pin (27)
The variation of instantaneous value for input
power, output power and efficiency is shown in
Fig. (2- (d) and (2- (e)).

2.6 Computed Motor Torque

The motor torque is obtained from the

effect of direct current passing through

stator phases and the changing of rotor

reluctance. The instantaneous value of
torque is proportional with square of
instantaneous current also with rate of

phase inductance variation with respect to
rotor angle (dL/d#) or the inductance curve
deviation with rotor angle 6. In order to

obtain motoring torque, phase current is

switched on during the rising period of
phase inductance. Generating operation or
braking

torque can be obtained by

switching  phase  current  during the

decreasing period of phase inductance.

Assuming that mutual coupling between
the phases does not exist and that the phase
inductance is linear, the torque is obtained
by equating equations (25) and (26), and
gives the following torque equation:

Tezl*iz*m (28)
2 do

So, the instantaneous value of motor torque,

resulting from each phase is determined as

follows:

Ta= 0.5 1,2 (dLA/d 6)

Tg= 0.5 15 (dLg/d 6) (29)

Tc=0.51c% (dLc/d 6)

Where, the currents 1, Iz and Ic are the

instantaneous values, whether, in the periods of

increasing or decreasing.

The derivation of the phases inductance

will be as follow:

dLa/d 6 = -N; *L,*sin (2 6)

dLg/dO = -N,*L,*sin (N6 - 6;)) (30)

dLc/dd = -N*L,*sin (N, 6 -2 65))

The instantaneous value of the total torque T, is
equal to the sum of the instantaneous phases
torque resulting from the motor, and s
determined as follows:

Ti=Tat+ T+ Te (31)
The variation of this torque is shown in Figure

(2-(F))-
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Fig (2): Variation of (a) Inductance, (b) Phases Currents, (c) Supply Current, (d) Motor Input

Power and output Power, (e) Motor Efficiency, and (f) Torque with Rotor Position.

3. ANGLE CONTROL

The early switching OFF angle B means
disconnecting the phase winding from the
supply before connecting the next phase to

the supply. The connection instant of each

phase to the supply does not change, but
the conduction period of each phase to the
supply becomes less than 6 degree by the
early switching OFF angle .
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3.1 Instantaneous Motor Characteristics

Fig. (3-(a)) illustrates the variation of the

instantaneous phases currents with rotor
angle at different values of early switching
OFF angle B. With increasing the angle B,
the phase current is decreased. The current
does not reach to its maximum values,
because of the conduction period of each
phase to the supply is less than 6 degrees.
Also with increasing the angle P, the

supply current is decreased, as shown in
Fig. (3-(b)).

Fig. (3-(c)) illustrates the variation of the

instantaneous phase’s torques with rotor
angle at different values of early switching
OFF angle B. With increasing the angle B,
the negative torque is decreased; this due to
the phase current is early switched OFF

before the aligning position.

Fig. (3-(d)) illustrates the variation of the
total torque with rotor angle at different
values of early switching OFF angle .
Also  with

increasing the angle B, the

negative phase torque is decreased.

Fig. (3-(e)) illustrates the variation of the
instantaneous input power with rotor angle
at different values of early switching OFF
angle B. The instantaneous input power is
varied with rotor angle in the same shape of
the supply current variation, as long as the
supply voltage is constant at 80 V. With
increasing the angle B, the input power is
decreased due to the reduction of the

conduction periods for each phase to the

supply.

The instantaneous output power is varied
by the same shape as the total torque
variation, because the rotational speed of
the motor is constant at 1000 r. p. m, as
in Figure (3-(f)). With

the angle B, the negative output power is

shown increasing

decreased.

Variation of the instantaneous efficiency
with rotor angle at different values of early
switching OFF angle B is illustrated in Fig.
(3-(g)). The efficiency is equal to zero for
the periods of the negative output power;
also the efficiency is more affected by
increasing the angle B, due to the reduction
of the conduction periods for each phase of

the supply.
3.2 Average Characteristics

By calculating the average values of the

instantaneous  performance  characteristics
at different speeds and at different values
of early switching OFF angle B, the

average motor characteristics are obtained

(4-(2))

average

in the following figures. Fig.

illustrates the wvariation of the
phase current with speed at different values
of early switching OFF angle p. With
increasing the angle B, the phase current is
decreased for all speeds range. In addition,
the phase current is decreased by increasing
the speed. The rate of decreasing the phase
current at low speeds higher than that at
high speeds, as shown in Fig. (4-a). Also
with increasing this angle @, the supply

current is decreased, as shown in Fig. (4-

(b)).
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Fig (3): Variation of the instantaneous (a) phases currents, (b) Supply Current, (c) Phases

Torques, (d) Total torque, (e) Input Power, (f) Output Power, and (g) Efficiency with rotor

position at different values of early switching OFF angle B.
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Fig. (4-(c)) illustrates the variation of the
torque with speed at different values of
early switching OFF angle B. With more
increasing in the angle B, the torque is
decreased for the low range of the speeds,
on the contrary, the torque is increased for
the higher range of the speeds. When, the
applied voltage equals 80-V and the early
switching OFF angle B equal zero, the
motor torque is decreased with increasing
the  speed and reaches  zero  at
approximately 3000 r. p. m. With
angle B,
voltage), the torque is increased. Therefore,

increasing the (at the same
the motor availability to rotate with load by
speed higher than 3000 r. p. m, and which
will be achieved by increasing the angle p.
So at (B = 1) the motor torque reaches zero
at 4650 r. p. m, but at (B = 2) the motor

torque reaches zero at 7250 r. p. m.

Fig. (4-(d)) illustrates the variation of the
input power with motor speed at different
values of early switching OFF angle .
With increasing the angle B, the input
power is decreased for all speeds. The input
power is varied with speed in the same
shape as the supply current variation with
speed. This is because the supply voltage is
constant at 80 V for all speeds; also the
input power is decreased with increasing

the speed.

Fig. (4-(e)) illustrates the variation of the
output power with motor speed at different
values of early switching OFF angle p. By

increasing the angle B, the output power is

decreased in the range of the low speeds.
But the angle B leads into increasing the
output power for the range of the high
speeds. It is noticed that, the output power
becomes negative after 3000 r. p. m at B =
0, and after 4650 r. p. m at B = 1 degree,
while it is negative after 7250 r. p. m for f
= 2 degree. In addition also the maximum

output power occurs in the low speeds.

Fig. (4-(f)) illustrates the variation of the
efficiency with motor speed at different
values of early switching OFF angle B. The
increasing of the angle B, increases the
efficiency. The motor efficiency has high
values at low speeds, and is decreased by
increasing the speed. For angle (B = 0), the
maximum efficiency occurs within the
range of speeds (950: 1350 r. p. m) and
reaches zero after speed of 3000 r. p. m and
stayed zero after this speed because the
output power becomes negative. Also when
B =
within the range of speeds (1450: 1750 r. p.

1) the maximum efficiency occurs

m) and reaches zero after speed of 4650 r.
p. m, at (B = 2) the maximum efficiency
occurs within the range of speeds (1900:
2300 r. p. m) and reaches zero after speed

of 7250 r. p. m.
CONCLUSIONS

This paper describes the effect of angle

stepping
conclusions can be

variation of a motors
performance; the

summarized as follows:
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Output power, and (f) Efficiency with speed at different values of early switching off angle ().

(i) At any constant speed, with
increasing the early switching OFF
angle. This leads to decreasing the
phase current, negative torque, and
conduction period of each phase of the
supply. For more increase in this angle,

the positive torque is decreased

(ii) To guarantee avoiding the decrease of the
torque, the early switching OFF should not be
used for low speeds.

(iii) To guarantee increasing the torque, output
power, and efficiency, the early switching OFF

should be used for high speeds.
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(iv) Angle variation predictions show good
results, and indicate the improvements in

performance.

ACKNOWLEDMENT

This paper was based on the M. S. thesis of the
first author,
University, 2011.

Additionally, the first and second authors would

Faculty of Engineering-Zagazig

like to express his deep respect and gratitude
for his supervisors Prof. Dr. Hamed M. EI-
Mahmoud EL-kholy for his

helpful suggestions and

Shewy and
encouragement,

supervision of this paper. Also would like to

gratefully ~ express  the  appreciation  and
acknowledgement to Prof. Dr. Fathy EI-Said
Abdel-Kader for his encouragement, helpful

achievement of this paper.

REFERENCES

1- Afaf F. S. Abdel kader, (2006), “Developed
operation of switched reluctance motor”, M.

Sc. Thesis, Faculty of engineering, Zagazig

University.

2- Clarence W. de Silva, “Modeling and
Control of Stepper Motors” , Centre for
Integrated ~ Computer ~ Systems  Research
‘CICSR-TR91-17, Univ. of British
Columbia; PP 1-17.

3- George Mcpherson, Robert D. Laramore,
(1990), “An introduction To: Electrical
Machines and  Transformar”,  Published

simultaneously in Canada, second edition.
4- R. Kishnan, (2001), “Switched Reluctance

Motor Drives/ Modeling simulation,
Analysis, Design, and Application”, CRC
Press.

5-T. J. E. Miller, (1989), “Brushless
Permanent-Magnet and Reluctance  Motor

Drives”, New York, Oxford Univ.—Press,
Second Edition.

6- “Drive Circuit Basics”, from New Japan
Radio Co., Ltd.

7- Douglas W. Jones, (1990), “Control of
Stepping Motors”, Department of Computer
Science, Lowa Univ.

8- Bhag S. Guru, and Huseyin R. Hiziroglu
“Electric machinery and transformers”,

Third Edition, Oxford University Press, 2001

9- A. E. Fitzgerald, Charles Kingsley Jr., and
Stephen D. Umans “Electric machinery”, Sixth
Edition, Published by Mc Graw Hill 2003.

10- Bhavinkumar Shah, “Field oriented control of
step motor”, M. Sc. Thesis, Cleveland State
University, December 2004.

11- Clarence W. de Silva, “Design equation for
the tooth distribution of stepping motors,”
IEEE Trans., Vol.37, No. 2, April 1990.

12- Colin D.

motors”,

Simpson
published

Professional, 1996, available for purchase

“Types of stepper

by Prentice Hall

online association with amazon.com
13- Tony R. Kuphaldt “Lessons in Electric
Circuits, Volume II- AC”, Sixth Edition,
2007.
14- P. P. Acarnley and P. Gibbons, “Closed-

loop of a stepping motors: Prediction
and realization of optimum switching
angle,” IEE Proc., Vol.129, Pt. B, No. 4,

July 1982.

256





