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Abstract: Step motors, compared to other drive systems, are low-cost and easy to use devices. However, despite these undeniable
advantages, they are characterized by some critical running conditions, due to the loss of synchronization between the stator’s
magnetic field and the rotor. In order to theoretically investigate such a behavior, several complex mathematical models have been
developed, which require several parameters to be defined. For most step motors, such parameters cannot be easily drawn from their
data-sheets; on the contrary, in this paper the authors refer to a simplified electro-mechanical model where the most of the parameters
are known from data-sheets. The dependence between electrical and mechanical quantities can be investigated by an experimental
point of view. At this aim, a specific novel test rig has been designed and developed for either static or dynamic characteristics
measurement of small size step motors. In particular, the test rig allow to measure rotor’s angular position, motor’s torque, currents
flowing in the motor’s phases. The paper ends with the report of the results of several experimental tests, carried-out on a small-size
motor in different running conditions, and with some preliminary remarks on the basis of the measures analysis.
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implement, thanks to the lack of position and velocity
transducers too.

However, despite these undeniable advantages, they
are characterized by some critical running conditions,
due to the loss of synchronization between the stator’s
magnetic field and the rotor [1]. In particular, the bad
running conditions mainly depend on: (1) too high
acceleration/deceleration of the law of motion imposed
to the motor; (2) command frequency near to the

1. Introduction

Step motors, compared to other drive systems, are
low-cost and easy to use devices. For these reasons and
thanks to their robustness and reliability they are
widely used in several fields, mainly for small size
automation. The typical incremental motion of a step
motor allows to develop open-loop applications with
high performances, cost effective and very simple to
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motor’s resonance frequency; (3) overcoming of the
limits imposed by the pull-out curve.

In order to theoretically investigate such a behavior,
several complex mathematical models have been
developed, which require several parameters to be
defined [2-5]. For most step motors such parameters
cannot be easily drawn from their data-sheets; on the
contrary, in this paper the authors refer to a simplified
electro-mechanical model [1, 6-7] where the most of
the parameters are known from data-sheets. The
dependence between electrical and mechanical
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quantities can be investigated by an experimental point
of view.

At this aim, a specific novel test rig has been
designed to investigate both the static and the dynamic
characteristics of small size step motors, including their
oscillatory behavior. In particular, the test bench allows
to measure both mechanical quantities, such as torque
and angular position, and electric quantities, such as
phases currents.

The paper ends with the report of the results of
several experimental tests carried-out on a small-size
motor in different running conditions, and with some
preliminary remarks based on the comparison between
experimental and simulation results.

The paper is organized as follows: Section 2
describes the state of art concerning the static and
dynamic characteristics of a step motor from a mainly
mechanical point of view; in section 3, there is a
detailed description of the test bench configuration and
of the measurements that can be carried-out; section 4
reports the results of the experimental tests; in section 5,
the measurement’s results are discussed; in section 6,
some conclusions are highlighted.

2. State of Art

Before to proceed, let’s remember how the static and
dynamic characteristics of a step motor can be
described by a mainly mechanical point of view. A step
motor is an incremental motion device; Fig. 1 shows a
sketch of the running principle of a step motor (This
kind of motor has one rotor poles couple and two stator
salient poles: It hasn’t practical application, it is just for
explanation).

The rotor’s motion is a consequence of the phases’
supply switching along with the currents’ flowing
directions. In particular, starting from the initial
condition where phase A is supplied by current i," (its
direction considered as positive) the sequence iz, i,
ig, i, causes one full revolution of the rotor. At each
supply condition an ideal rotor’s angular position
corresponds. By supplying stator phases in suitable
way (e.g., simultaneously), the rotor’s ideal position

Fig. 1 Sketch of the running principle of a step motor.

could be intermediate; this is typical of a micro-step
driving method.

Fig. 2 shows the static characteristic curves of a step
motor for two different ideal rotor’s equilibrium
positions ag and a;. When a load torque is applied to
the motor’s shaft, the rotor changes its angular position;
for the ideal position ag, the torque behaviour is
described by the following equation:

T,=Ty sin[%(ao —am)} (1)

p
where Ty is the holding torque, a, is the step angle

(1.8° for a 200 step/rev motor), oo is the ideal
commanded rotor’s position, «,, is the generic rotor’s
position.

When the applied load exceeds the holding torque,
the motor “loses step”, i.e., the rotor moves toward a
new ideal equilibrium position.

The continuous running of a step motor is obtained
by switching over the motor’s phases at a frequency
called command frequency (f;).

At a given f. value, the step motor keeps its angular
speed constant independently of the load applied until a
specific torque, called pull-out torque, is reached.
When the load torque value reaches the pull-out
torque’s one, the motor loses synchronism and stops.
Hence, a pull-out curve can be defined, its shape
strongly depending on the electronic device used to
drive the motor.
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Fig. 2 Static characteristic.

Moreover, a step motor shows an oscillatory
behavior when the phases switch over. As a matter of
fact, with reference to Fig. 2, when the phase switches
from ideal equilibrium position aq to ideal equilibrium
position «;, it can be supposed that the static
characteristic curve instantaneously changes from Tg
to T7:, hence the rotor moves toward the new
equilibrium position going beyond it, resulting in an
oscillation around the new equilibrium position.

Hence, from a mechanical point of view, the step
motor can be modeled as a 1 DOF vibrating system
forced by the motion of the base (Fig. 3). Oscillations
damping is mainly due to electromagnetic phenomena,
while the stiffness is related to the static characteristic
of the motor; the spring is non-linear, with a
characteristic curve described by Eqg. (1). As a matter
of fact, the load torques acting on the step motor’s shaft
during its regular running condition, are the inertia
torque, the damping torque and the motor’s torque (Eq.
(1)). Hence the system’s dynamic behaviour can be
described by the following mechanical equilibrium
equation:

T, =Ja, +ca, 2
where T, is the motor’s torque (Eg. (1)), J is the rotor’s
moment of inertia, ¢ is the damping coefficient.

By linearizing and substituting Eq. (1) in Eq. (2), for
a generic ideal rotor’s angular position a, the following
equation arises:

Jc’im+c0’tm+THLam=TH—a (3)
2 2at,
from which the natural frequency of the system is

found as

Fig. 3 Mechanical model of a step motor.

w, = Iy 7 (4)
J 2a,

Hence, Eq. (3) is a linearized and mainly
mechanical model of a step motor.

3. The Test Bench

Once summarized the main characteristics of a step
motor, let’s describe the configuration of the designed
and developed test bench, whose conception is an
evolution of a previous project [8].

Fig. 4 shows a sketch of the test bench’s
configuration. It is equipped with a position sensor, a
torque sensor, current sensors and a device to apply the
load to the motor. The test bench is designed for small
size motors (max holding-torque 2 Nm); in particular
the sizes that can be tested are 28, 35, 42, 50, 56 mm.

The test bench’s frame is tubular; at its ends, the
motor and the loading device are connected. Such a
configuration creates a torque loop inside the frame,
hence no ground reaction forces arise to guarantee the
torque equilibrium.

In order to be able to connect the whole range of
motor’s sizes, the motor is connected to the tubular
frame by means of two flanges, one independent by the
type of motor tested (1), the other designed according
to the motor’s size (2) (Fig. 5).
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Fig. 5 Flanges for motors connections.

The aim of the bench is to execute experimental tests
to measure and investigate the pull-out curve and the
rotor’s oscillatory behavior inside the step angle.
Hence, the test bench has two different configurations:
inside step and pull-out.

3.1 Inside Step Configuration

Figs. 6-7 show the inside-step configuration. The
test bench is so configured when the goal is to
investigate the oscillatory behavior of the step motor,
within the step angle. In details, the system is
composed as follows: The step motor (1) is connected
with a high resolution encoder (3) by means of a rigid
coupling (4) and an encoder coupling device (2).

Fig. 6 Inside-step configuration.

Fig. 7 Test bench in inside-step configuration.

The encoder has a resolution of 4,096 pulses/rev; the
acquisition of its signal in X4 encoding leads to an
angular resolution of 0.022° allowing to test the motor
also at micro-step resolution. In addition to the angular
position, the currents flowing in the two phases are
measured too. The measurement has been performed
by means of a LEM current transducer mod.
HX05-P/SP2 (Fig. 8), which guarantees high frequency
bandwidth (50 kHz).

3.2 Pull-Out Configuration

This configuration is devoted to the measurement of
the pull-out curve; Figs. 9-10 respectively show the 3D
model of the test bench, and the developed device. The
configuration is as follows: (1) step motor under test; (2)
encoder coupling device; (3) encoder; (4) torque sensor;
(5) tubular frame; (6) brushless servomotor to generate
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current transducers

o e

Fig. 8 Current transducers and motor’s drive.

Fig. 10 Test bench in pull-out configuration.

the load torque; (7) torsionally rigid couplings. As
shown in Figs. 9-10, a brushless servomotor is used as
load generating device; this choice allows to test the
motors also in the Il and IV quadrants, i.e., when the
load acts as a motor.

Moreover, according to the current set-point given to
the brushless motor’s drive, it is possible to simulate
any kind of load. By giving to the servomotor’s drive
an increasing torque set point while the stator is in an
equilibrium position, the static characteristic curve can
be measured too.

In pull-out configuration it is not necessary to
measure the angular position with high resolution,
hence instead of the high resolution encoder, the
angular position signal coming from the brushless
motor’s drive can be used.

4. Experimental Tests

Some preliminary tests have been performed with
the designed and built test bench, mainly oriented to the
investigation of the oscillatory behavior of the motor.
Hence the reference configuration is the inside-step
one. The tested motor is a Sanyo Denki mod
103-547-52500, fed by the driver IMS mod. IM483;
motor’s characteristics are summarized in Table 1.

The test has been carried out for different command
frequencies, different motor’s resolutions and different
moments of inertia. In particular, two different
resolutions have been considered, 400 and 800
steps/rev’, and two different moments of inertia, J; =
2.06 x 10° kgm? and J, = 1.45 x 10™ kgm?. The first
value is the total moment of inertia of the motor’s shaft,
of the rigid coupling between motor and encoder, and
of the encoder’s shaft. The second one is obtained by
adding a pulley on the encoder’s shaft.

The following figures show the results of some tests
highlighting some typical characteristics of step motors.

Fig. 11 shows a typical result of the test bench in
inside-step configuration; the signals acquired and
graphed are: the angular position of the motor’s shaft,
the command signal (a square wave with frequency
equal to the desired £.), and the currents flowing in the
two motor’s phases. The test of Fig. 11 has been
carried-on with £. = 1 Hz, n, = 400 steps/rev, J = J;. It

"The motor hasn’t been tested in full step configuration (200
steps/rev) because the minimum resolution allowed by the used
drive (IMS mod. IM483) is 400 steps/rev.
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Table 1 Characteristics of the step motor tested.

Size o Nominal phase Phe'lse !Dhase Holding torque Rotor’s moment of Back electromotive
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Fig. 12 Rotor’s oscillation highlight.

should be noted that the phase currents’ graphs have
the typical shape of a half-step resolution: When the
rotor is in the middle of the motor’s step angle (1.8°),
the phases are both supplied. Moreover, it’s evident
from Fig. 11 that the drive has an inner current closed
loop; as a matter of fact, the phase current is kept
constant for the whole supply interval.

Thanks to the high resolution encoder, the rotor’s
oscillation inside the step can be accurately measured.
The graph of Fig. 12 highlights the rotor’s angular
position, and it clearly shows the shaft’s oscillatory
behaviour. Fig. 13 shows the decrease of the oscillation
frequency, as the shaft’s moment of inertia increases
(J = Jo). Figs. 14-15 deal with tests carried-on with the
same command frequency (5 Hz), the same shaft’s
moment of inertia (J;) but different resolutions, 400
and 800 steps/rev. It’s clear from the graphs that the
same angular displacement is achieved with a different
number of steps (double for n, =800 steps/rev);
moreover, at 800 steps/rev, the phases currents vary on
nine levels rather than five levels, as for the half step
resolution.

As already mentioned in the previous section, there
are some running conditions when the step motor’s
shaft loses the synchronism with the magnetic field,

25 [
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Fig. 13 Shaft’s oscillation with f; = 1 Hz, n, = 400 steps/rev,
J= Jz.
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Fig. 14 f.=5Hz, n, =400 steps/rev, J = J;.

tirme [s]



An Experimental Investigation on the Dynamic Behavior of Step Motor Drives

angular position [?]

time [s]

command signal W]

- M

[=]

W

o

2
time [s]

phase A current [A]

time [s]

phase B current [A]

time [s]

Fig. 15 f.=5Hz, n, =800 steps/rev, J = J;.

due to the phases’ commutation. As an example,
Fig. 16 shows the synchronism loss of the step motor
under test for £, = 37 Hz, n, = 400 steps/rev, J = J. Itis
interesting to note that it’s just a motor’s problem, not a
drive’s one; as a matter of fact, the currents’ graphs
show that the phases are properly supplied, but the
motor is not able to have a regular running.

When the command frequency increases, the rotor’s
motion becomes more regular; e.g., Figs. 17-18 show
the motor’s behaviour for /. = 100 Hz, and /. = 500 Hz.
At the first command frequency, the motion becomes
more regular, while at the second one the shaft does not
oscillates any more.

In addition to low command frequency running, tests
have been carried-on at high frequency too, in order to
highlight the synchronism loss due to pull-out torque
overcoming.

Fig. 19 shows the behaviour of the current in motor’s
phase A for increasing command frequencies
(n,= 400 steps/rev, J = J,). It should be noted that as the
frequency increases, the phase current’s shape changes:
It has less and less time to keep its constant value.

Moreover, for high command frequencies, the
current decreases leading to a decrease of the motor’s
torque that becomes not enough to guarantee regular
running conditions.

This phenomenon is shown in Fig. 20, where the
result of a sweep test is represented. The motor has
been commanded by a 10 s long sine sweep with a
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starting frequency of 2000 Hz and a stop frequency of
2300 Hz. For a command frequency of about 2100 Hz,
the rotor loses synchronism and stops: The pull-out
limit has been reached.



438 An Experimental Investigation on the Dynamic Behavior of Step Motor Drives

|. | f.=500Hz

15 L i L L
o [ om oms ooz [ om v 004 0oas oos
i

i [5]

ph
&
I

L L L L 1 L
oo oms ooz 0o 0oz noes nons 0045 oos

L L L L i
0015 ooz 0o nm 0036 004 05 00s
time [s]

1} oo
P fe200bH ! T '
:-' 05 A 1 I
-5. 05 \
' 0
15 A i ; i
(1} oo

L 1 L ' L
00ms ons ooz 005 on3 00%s 004 0045 oos
tim

ot JA]

0005

Fig. 19 Behavior of a phase current for increasing
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Fig. 20 Sweep test f, = 2000/3000 Hz.

Another sweep test has been carried-on at low
frequencies, a 10 s sweep between 1 and 50 Hz. The
results of such a test are summarized in Fig. 21 where
the black circle highlights the crossing of a
synchronism loss zone, as already mentioned before
and shown in Fig. 16.

5. Results Discussion

From the analysis of these preliminary tests, some
remarks can be made. A first comment concerns the
resonance frequency of the step motor; by calculating
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Fig. 21 Sweep test f, = 1/50 Hz.

that frequency from Eq. (4) for the J; moment of
inertia, 123.97 Hz is obtained. The comparison
between this value and the frequencies got from the
measures, for different command frequencies and
different motor’s resolutions, leads to the results
summarized in Tables 2-3, where also the viscous
damping factor is highlighted.

As evidenced by the values of Tables 2-3, they are
very similar to the natural frequency calculated, even if
in Eq. (4) the holding torque T is used without taking
into account the dependence of the motor’s torque on
the command frequency (i.e., the pull-out curve is not
considered).

Moreover, the oscillatory behavior of the motor’s
shaft is well modeled by Eq. (3), where the damping
factor calculated from the experimental results is used.

Figs. 22-23 show the comparison between
experimental and simulation results.
Another interesting remark arising  from

experimental results analysis is the dependence of the
calculated viscous damping factor on the command
frequency. As shown in Tables 2-3, the percentage
variation of the damping factor is quite significant.

As a matter of fact, one of the aims of the
experimental activity is just the investigation on the
viscous damping factor of a step motor and its links
with the running conditions.

During the development of these experimental tests,
some command frequency ranges causing bad running
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Table 2 Natural frequencies and viscous damping factors
for n, = 400.

Je (HZ) Ja (H2) ¢
1 121.98 0.0203
123.47 0.0189
10 125.03 0.0205
50 119.12 0.0349

Table 3 Natural frequencies and viscous damping factors
for n, = 800.

Je (H2) Ja (H2) ¢
1 123.52 0.0324
121.96 0.0151
10 122.01 0.0298
50 123.55 0.0396
1.8
NN TR xﬁﬂ
e
_ 2l : : | || |
s T iy
E osf o
% 06
s 04}
0.2}
-0.2 . . : : :
0.05 0.1 0.15 0.2 0.25
time [s)]

Fig. 22 Experimental vs. model results: f. =5 Hz, n, = 400
steps/rev, J = J;.

conditions have been highlighted. These ranges are
related to the motor’s natural frequency. As an
example, Fig. 24 shows the measures for a range
around 37 Hz.
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Fig. 23 Experimental vs. model results: f. = 10 Hz, n, = 800
steps/rev, J = J;.

6. Conclusions

Within the present work, a test bench for the
experimental analysis of the dynamic behaviour of step
motors has been designed and developed.

Objective of the bench is to measure either
mechanical or electrical quantities characterizing small
size step motors with holding torque lower than 2 Nm.
Hence, the experimental set-up has an encoder for
motor’s angular position measurement, a torque sensor
and current sensors.

Moreover, the system can be configured in two
different ways according to the kind of test: pull-out
configuration, in order to measure the pull-out curve;
inside-step configuration, in order to investigate the
oscillatory behaviour of the motor.
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Fig. 24 Range where bad running conditions arise (n, = 400 steps/rev, J = J;).
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Within this work, preliminary tests in the inside-step
configuration have been carried-on; these tests have
shown that the bench is suitable to properly investigate
the dynamic behaviour of step motors. The preliminary
tests carried on have also allowed to highlight some
interesting aspects concerning the natural frequencies
and the viscous damping factors.

In future works, tests in pull-out configuration will be
carried-on, in order to completely validate the test bench.

Moreover, this test bench is the starting point for a
large series of experimental tests devoted to validate
the step motor’s models and identify their unknown
parameters.
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