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Abstract Steady-state dynamic simulation of a variable reluctance stepping motor is carried out
by applying two different excitation voltages. First a single-step voltage is appliéd to the motor, and a
sinusoidal voltage, as the first term of Fourier series of the single-step voltage, is then used as the input
voltage of the motor. In both cases plots of machine torque, current and speed are presented. A comparison
between the results of the two cases shows that a sinusoidal input voltage cannot predict the real
performance of the motor, and in critical dynamic conditions, a single-stepresponse is far from the reality.
Reasons for these discrepancies arising from the various factors are discussed in the paper.
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INTRODUCTION

A three-stack Variable Reluctance (VR) stepping
motor has a stator with a number of wound salient
poles. The rotor consits of toothed cylindrical soft
laminated magnetic iron, the teeth of which have a
relationship with the stator poles and defines the
stepping angle. When the stator windings are
energised, the rotor will seek a path of minimum
reluctance between the salient poles and rotor. This
position is stable and external torque is required to
move the rotor, By proper selection of the energisation
sequence, the stable points can be made to move,
giving to stepped motion of the rotor.

VR stepping motor is used widely in motion
control systems where it often operates in acontinuous

International Journal of Engineering

S8 ga ) B Ly 5 g0 Cans] ilia

or constant-speed mode rather than in a stepping
mode. By controling the on-time and amplitude of the
input voltage, speed of the motor can be controlled.
The analysis of the motor is basically difficult and
requires an elaborate calculation.

Regarding the variety and numerous applications
of VR stepping motors in industries, steady-state
dynamic simulation of these motors is necessary.
Researchers have used different methods to predict
the performance of the motors {1-4]. One of these
methods in which a single-step voltage is used as an
input [5], the first term of its Fourier series is left for
a further study of the motor. The results have been
compared with those obtained using average-value
model, and it has been concluded that the latter model
cannot accurately predict the steady-state dynamic
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behaviour of the motor.

Steady-state dynamic performance of a VR step-
ping motor applying a single-step and sinusoidal
input voltages has not yet been compared. There fore,
in this paper, operation of the motor using both
excitation voltages is first described and the motor is
then simulated for the two excitation voltages. Fi-
nally the simulated results are compared and a proper
excitation for the performance prediction is sug-
gested.

OPERATION WITH DIFFERENT INPUT
VOLTAGES

A 3- phase, three-stack VR stepping motor with two
rotor teeth and six stator teeth, shown in Figure 1, is
considered for this study. When rotor of the motor is
placed in a magnetic field, the exerted force pulls the
rotor to the region with strong magnetic field. It
means that the salient pole of the rotor is moved in
such a direction that the reluctance of the magnetic
path tends to a minimum value. In fact, when a
voltage is applied to the stator winding, the rotor pole
inclines to be aligned with the produced mangetic
field. If the windings in stacks a, b and ¢ in Figure 1

are excited in turn, the rotor moves from one mini-

Figure 1. Schematic of three-stack VR motor.
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mum reluctance position to another. Speed of rotor
can be controlled by changing the conducting angle
and the amplitude of the phase voltage.

Single-step voltage input

Suppose that the rotor is at the position shown in
Figure 1 and axis 1 is taken to be the reference (0, is
also defined in Figure 1). Suppose further that phase
a of the motor is excited, and phases b and ¢ have no
excitation. The rotor moves and its axis coincides
with axis 1; in this position 8 =0 and reluctance is
minimum. For 6 =r, the reluctance is also minimum.
Therefore the motor’s inductance will be modeled as:

L= A+B co0s20, (1)

where A is the average inductance and B is the
difference between the average and maximum induc-
tances of the winding. Obviously at 8 = /2, L will be
minimum.

It is now assumed that the current flowing in stack
a is shut off, and at the same time, a current is made
flow in the windings of stack c. In this case the rotor
moves to the opposite direction and becomes aligned
with axis 2. When the rotor approaches axis 2, wind-
ing b is excited and excitation of winding c is re-
moved and it is aligned with axis 3 and, therefore, the
rotor rotates continuously. The position of the rotor
determines the excitation sequence and this position
depends on the rotor speed.

The angle between successive axes is 60 degrees
and phases a, b and c are placed on the axis. If the rotor
moves from 0 =0 to 6 =2, it rotates one complete
cycle, and for such a movement, each phase must be
only excited for 120 degrees. Phase difference of the
phases is also 120 degrees. Therefore, each phase
must have a square-wave pulse excitation whose

period (T, ) can be calculated as follows

puls

Tpuls=21r/wr )
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where w_is angular speed of the rotor. Conducting
period of eachphase will be T,,./3. Itis clear that
the frequency of applied voltage must be controlled
on the basis of the rotor position, and input voltage is
changed with frequency.

The motor is digitally controlled. It means that
different positions of the rotor must be determined by
abinary address. As the number of distributed binary
numbers in a complete rotation becomes larger, the
control of the input voltage will be more precise and
the error will be less. By ignoring this error, it can be
assumed that the input voltage frquency depends on
the rotor frequency.

Sinusoidal voltage input

When the first term in the Fourier series for a square-
wave voltage waveform is taken into acount, the
model is referred to as "detailed model” {5]. For
phase a one can have

V,=2V,, coswt/2n 3)

where w, is the frequency of the applied
voltage. It is assumed that the motor transient is over
and angular speed is approximately equal to the
synchronous angular speed, w_. The frequency of
the rotor depends upon the power supply fre-
quency.

MOTOR EQUATIONS
The voltage equation for a phase of the motor is
V=Ri + dy/dt C)]
where L=w/i has been given by Equation 1. The
similar equations can be obtained for remaining
stacks by a simple change of variables.
These equations can be converted into dq model

equations as follows
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Vap =CV,_ ®)

where abc refer to motor quantities and voltages
transformed to the dq reference frame are identified
by the d ; subscript. Connection matrix C is

 sin®  sin@,-2n/3)  sn(6,-4n/3)

[c]=§. wsB;,  ws@-2n/3)  s@-4n/3) | (6)

12 12 12
The voltage matrix is
Vi = [M] Lago + [N] dlagy/dt @)

Matrices M and N may be determined using the
above equations [6]. Thus

dlagydt = [N]! Vag + [N]? {M] Faqo 3
Torque equation is as follows
T, = lagd' [C]MOLC" Tag0 /086, /2 1))

If Equation 9 is expanded, the following result is
obtained

T,=3B (i, +2ij,sin36, - 2ij,cos 38)2 (10)

Equation 10 contains terms in which i is
modulated by terms involving sin30  cos 36.
These will produce components of torque which
are at dc and six harmonic. The third harmonic
current in ij interacts with terms that vary
sinusoidally with30, to produce an average value
and a six harmonic variation. Speed equation is as

follows
dw/dt= (T, - T )J-Bw,/J an
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The above system of equations can be solved using

Runge-Kutta method by choosing proper initial
values.

DYNAMIC OF THE MOTOR

A VR stepping motor with maximum speed 1660
rpm and rating voltage 120 volts is simulated as an
illustrative example. Per phase single-step and sinu-
soidal voltages at 1660 rpm is shown in Figure 2. By
solving the above system of differential equations for
no load and on load and then unloading conditions,
theoretical steady- state dynamic responses for the
motor are determined.

Figures 4, 6 and 8 display current, torque and rotor
angular speed/time characteristics for the motor with
sinusoidal excitation. Figures 3, 5, and 7 show the
similar characteristics for the motor with a single-
step excitation. No load characteristics are shown in
Figures 3-6. Figures 7 and 8 present the performance
characteristics of the on load motor. Figures 3 and 4
have been obtained for interval between 10 and 10.1
seconds, in which there is a large difference between
the two. Figures 5 and 6 show the similar character-
istics for interval between 10 and 11 seconds. Mean
values and current variations are summarized in
Table 1. From this table it is observed that for a
single-step excitation, the meaan currentis 0.7 A and
L varies between 0.35A and 1.05A.

voltage
(v)

2168

146

TR A
Ha " a";

-140 B W WL

2] 8.914 ©8.829 ©0.843 9.858 0.872
time(sec)

Figure 2. Input voltage waveforms.
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TABLE 1. Comparison of Motor No-load Currents and
Speed.

Type of excitation ]
| Currents & speed Single-step Sinusoidal |
1A 0.70 +0.35 | 0275+1.25
L (A) -3.56 + 0.10 3.500 +0.25
I, (A) 0.00 + 1.00 0.000 +0.55
w_(rad/s) 174 + 14 172 +12.00

TABLE 2. Speed and Torque Variations of the on Load Motor.

Excitation voltage I

Torques & speed Single-step Sinusoidal
Speed (%) 90% 172 (rad/s) + 6%

Torque (%) 5% 14%

Att=11s, aload T_= 0.025 Nm is applied to the
motor and variations of current and torque caused by
the load are shown in Figures 7 and 8 for different
excitations. The speed and torque variations are sum-
marized in Table 2. In Figure 8d, it can be seen that
the speed falls from 174 rad/s to 157 rad/s, but there
is no sensible variation in Figure 7d.

COMPARISON OF THE RESULTS

Figure 8d illustrates the reduction of rotor speed from
174 rad/s to 157 rad/s. The applied torque was T_ =
0.025 Nm, and conducting angle of each phase was
120 degrees. Since by loading the motor, the control
system cannot increase the conducting angle and
adjust the speed, the speed decreases. Figure 7d does
not show a considerable change, because the speed of
the rotational field is w; in fact, rotor rotates with
synchronous speed and loading does not change
other characteristics of the motor. If electric torque
cannot provide the required load torque, the motor
becomes unstable.

Sinusoidal voltage applied to one phase begins
from zero and gradually (and continuously)
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Figure 3. No load characteristics of the machine for a square-wave excitation voltage (expanded time scale).
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-Figure 4. No load characteristics of the machine for a sinusoidal-wave excitation voltage (expanded time scale).
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increases up to the maximum value and then it
decreases. Such a variation produces a 6th har-
monic causing oscillation in Figures 4a,b,c. This
harmonic also appears in the torque equation and
its influence is represented in Figures Sc, 5d, 6¢
and 6d.

High frequency oscillations shown in Figures
3a, b and 4a, d, resulted from frequency of the
applied voltage. The ratio of rms value of the
single-step voltage and sinusoidal voltage is approxi-
mately 1.2, whichitself causes change of these quan-
tities.

To clarify the influence of the excitation voltages
onthe equations used, Equations 5-6 are employed as

follows
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13)
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where V, V, and V_ are sinusoidal or single-step
voltages. For a single-step voltage, the phase of a
voltage is as follows
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Figure 5. No load characteristics of the machine for a square-wave excitation voltage.
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for b and phase ¢ For sinusoidal voltages:

V,=1(8, - 2n/3) V. =2V, cos(w)/n
V, =£(8,- 4n/3) (16) V, =2V, cos (wt-2n/3)/n
By substituting Equations 15-16 into Equations V. =2V cos (w.t-4r/3)/n (18)
12-14 ) - =
and

V,=2(-1)= V,__ ISin (8,-2mn/3)//3

V,=2V,, sin(0-w,t
V. =2(-D"V, 4= Vo, $10 (O, 0/

b:

.. 1Cos (8, - 2mm/3)I/3

V.=(1mV_/3 (m=mumberofstacks) (17) o 2" wme S @WH/
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Figure 6. No load characteristics of the machine for a sinusoidal-wave excitation voltage.
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Equations 17-19 present phase voltages for the sinu-
soidal excitation. In Equation 17, voltages are inde-
pendent of speed w, and depend uponm and 6_. In the
system of Equations 19, voltages depend on 6, and
w,. Evidently when these voltages are substituted in
Equation 8, different solution will be obtained and no
load and on load conditions will not be identical.
Whenmotorisloaded (Figure 9), at t=12s, the period
of the pulse and sinusoidal waveforms are different.
Conducting angle of each phase is 120 degrees for
the square-waveform and its period is increased by
the reduction of the speed. Consequently, the fre-
quency of the step wave input is changed, whereas
frequency of sinusoidal wave is not changed so

much.
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CONCLUSIONS

In the present paper the steady-state dynamic perfor-
mance of a VR stepping motor for two different
excitationvoltages, square-wave and sinusoidal-wave,
was studied. Variations of the current, torque and
speed versus time were determined for both excita-
tions and they were compared. It was found that in
some cases, using a sinusoidal voltage instead of a
square-wave voltage is not convenient for prediction
of the proper performance of the motor. This is
particularly true when control of the speed is re-
quired. In such a case, using the sinusoidal waveform
as the first term of the Fourier series of the square-
wave voltage does not suffice and produces error in
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Figure 7. Steady-state on load performance of the machine for a square-wave excitation voltage.
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Figure 8. Steady-state on load performance of the machine for a sinusoidal-wave excitation voltage.
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Figure 9. On load input voltage when load applied at t=11
seconds.

the final results. The reason is the lack of control
system of the sinusoidal wave and consequently
impossibility of adjusting the speed and presence of

the 6th harmonic current within the motor.
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