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A stepper motor, believe it or not,
makes a pretty good

shaft encoder!

NEIL W. HECKT

SHAFT ENCODERS ARE USUALLY OP-
toelectronic devices that pro-
duce quadrature (90-degree)
signals in response to the rota-
tion of a shaft. The phase rela-
tionship of the signals depends
on the direction of rotation, and
the pulse rate depends on the
speed of rotation.

Shaft encoders are difficult to
build, because they require me-
chanical construction. They are
also somewhat expensive, start-
ing at about $30, and rarely
seen on the surplus market.
This article describes how to
use stepper motors as replace-
ments for optical shaft en-
coders. Stepper motors are
commonly found on the surplus
market. The small permanent-
magnet (PM) motors used in
floppy-disk head positioning
can be purchased for as little as
$2 each.

Stepper motors are also quad-
rature devices. This means
quadrature-related drive sig-
nals cause the shaft to rotate a
precise amount. As in a shaft
encoder, the phase relationship
of a stepper motor’s drive pulses
determines its direction of rota-
tion, and the rate of pulses de-
termines its speed of rotation.
Just as a standard electric
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motor can also be used as a gen-
erator, a stepper motor can gen-
erate quadrature phased output
pulses in response to mechan-
ical rotation of its shaft.
Figure 1 is a simplified di-
agram of stepper motors con-
struction. The PM stepper
motor consists of a rotor and a
stator. The rotor is fabricated
from a cylindrical permanent
magnet, or more precisely, a
spool-shaped permanent mag-
net. Teeth, like those found on
gears, are ground into the north
pole of the magnet, and an iden-
tical set of teeth, offset by /4 the
tooth pitch, are ground into the
south pole of the magnet. This
can be seen in Fig. 1. Since the
rotor in Fig. 1 has 5 teeth, the
tooth pitch is %%, or 72 de-
grees. In actual stepper motors,
there are usually a lot more than
five teeth used. Figure 2 is a
photo of a disassembled 200
step/revolution stepper motor
that has 50 teeth in each row.
The stator consists of an iron-
core electromagnet whose poles

have the same spacing as the
teeth on the gears less one
tooth. Figure 1 shows that there
are four poles. In a practical
stepper motor there are several
windings for each phase, and
each winding has teeth ground
on its surface to provide the
effect of many more stator poles.

Stepper motor operation
Operation of the stepper
motor (as a motor, and not a
shaft encoder) is shown in Figs.
3 to 7. Currents are induced in
the stator windings to produce
magnetic poles, north (N) and
south (S), as indicated on the
stator pole pieces. The flux po-
larity of the rotor's magnetic
poles are fixed by the perma-
nent-magnet core, and each
tooth possesses that flux densi-
ty. The teeth are numbered to
help the reader keep track of
each tooth during rotation.
Figure 3 shows an arbitrary
initial position (called state 0),
in which the stator has a north
pole at the top and a south pole
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FIG. 1—A SIMPLIFIED DIAGRAM shows
how stepper motors are built.

phase-2 is reversed, the top pole
of the stator will become a south
pole and the bottom pole will be-
come north. That relationship
repels the rotor flux, freeing the
rotor to seek a new stable posi-
tion. The nearest stable posi-
tion is determined by the left
and right stator poles. Because
the left pole is south and the
right pole is north, the nearest
stable position can be reached if
a rotor’s north pole (N2) aligns
with the stator’s left south pole,

has now found a new stable po-
sition.

In Fig. 5 (state 2), the polarity
of phase 1 is reversed, causing
the left stator pole to become
north and the right pole to be-
come south. The motor then
finds a new stable position an
additional 18° clockwise, and
has now rotated a total of 36°. In
Fig. 6 (state 3), the polarity of
phase 2 is reversed, causing the
top stator pole to become north
and the bottom pole to become
south. Again the motor finds a
new stable position at an addi-
tional 18° clockwise, and has
now rotated a total of 54°.

In Fig. 7 (state 4), the polarity
of phase 1 is reversed, causing
the left stator pole to become
north and the right pole to be-
come south. Again the motor
finds a new stable position an
additional 18° clockwise, and
has now rotated a total of 72°.
Because 72° is equal to one
tooth pitch, the motor is again
in state O but it is replaced one
tooth clockwise. By repeating
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FIG. 3—THE INITIAL POSITION (state 0)
results from the stator with a north pole
at the top and a south pole at the bottom.
They are opposite a rotor south pole (S1)
at the top and north pole (N4) at the bot-
tom.

at the bottom, and the rotor has
asouth pole at the top (S1)and a
north pole at the bottom (N4).
Because opposite magnetic
poles attract, the rotor is held in
this position. The left and right
poles of the stator are half way
between rotor teeth, so the net
force is nearly neutral.

If the polarity of the current in
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FIG. 4—STATE 1. The rotor has moved
clockwise one quarter of the tooth pitch
(72/4), or 18°,

and a rotor’s south pole (S5)
aligns with the stator’s right
north pole. This position is one-
quarter tooth pitch clockwise of
the initial position as shown in
Fig. 4.

In Fig. 4 (the position for state
1), the rotor has moved clock-
wise one quarter of the tooth
pitch (%), or 18°. The top and
bottom stator poles are now half
way between rotor poles and
have a neutral force. The motor

FIG. 5—STATE 2. Here the polarity of
phase 1 is reversed, causing the left
stator pole to become north and the
right pole to become south. The motor
then finds a new stable position clock-
wise an additional 18°, for a total of 36°.

the sequence of phase reversals
in the stator, the motor will con-
tinue to rotate clockwise.

By reversing the order of
phase reversals, the motor will
rotate counterclockwise. The
effective currents in the stator
are shown in Fig. 8 for both
clockwise and counter-clock-
wise rotations. The current
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FIG. 6—STATE 3. Here the polarity of
phase 2 is reversed, causing the top
stator pole to become north and the bot-
tom pole to become south. The motor
has now rotated a total of 54°.
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FIG. 7—STATE 4. Here the polarity of
phase 1 is reversed causing the left
stator pole to become north and the
right pole to become south. It has now
rotated a total of 72°, which is equal to
one tooth pitch so the motor is again in
state 0 but one tooth clockwise.

waveforms for the stepper
motor are essentially square
waves as shown.

Stepper generator

When a stepper motor func-
tions as a generator, the voltage
waveforms will essentially be
sinewaves as shown in Fig. 9.
The sinewaves constitute a
“step’ signal derived from
phase 2 and a phase-leading
(clockwise) or phase-lagging
(counter clockwise) “direction”
signal derived from phase 1.
This permits continuous rapid
rotation of the shaft.

When a stepper motor is at

rest, it has a “magnetic detent”
resulting from residual magne-
tism in the core of the stator
reacting to the flux of the rotor’s
permanent magnet. In single-
step operation, the rotor is
moved from one magnetic de-
tent to the next. The voltage
waveforms for single-step rota-
tion are similar to those in Fig.
10.

When single stepping, the
maximum output amplitude is
typically 30 to 500 millivolts,
and for rapid rotation it can be
several volts peak-peak, al-
though it varies with the type of
motor used. As with all gener-
ators, the output voltage is a
function of the strength of the
magnetic flux, the rate of rota-
tion, and the number of turns of
wire on the stator. Larger
motors and/or higher-voltage
motors will produce greater out-
put voltages.
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FIG. 8—STATOR CURRENTS for both
clockwise and counter-clockwise rota-
tions.
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FIG. 9—WHEN A STEPPER MOTOR
functions as a generator, the voltage
waveforms will essentially be sinewaves
with continuous rapid rotation of the
shaft.
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FIG. 10—THE VOLTAGE WAVEFORMS
for single-step rotation are similar to
these.

Stepper shaft encoder

For stepper shaft-encoder op-
eration only the timing rela-
tionships between the pulses
are important. The voltages are
of interest only as a means for
detecting their timing rela-
tionships and protecting the de-
tector from excessive input
voltage.

To obtain a complete set of
pulses describing both rate and
direction, the stepper shaft
must be rotated through four of
its motor positions. That is typ-
ically the distance from one
magnetic detent to the next. Un-
fortunately the number of out-
put-pulse sets per revolution of
the shaft is one quarter the
specified number of positions of
the motor. A 200-step per revo-
lution motor will therefore pro-
duce only 50 encoder output
pulse sets per revolution.

To use the stepper shaft en-
coder, the output signals must
be converted to square waves to
drive logic circuits. A pair of
voltage comparators, with hys-
teresis, convert the sinewaves
to square waves (see Fig. 11). If

FIG. 11—TO USE A STEPPER as a shaft
encoder, the output signals must be
converted to square waves with a pair of
voltage comparators.
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FIG. 12—COMPARATOR WAVEFORMS.
The hysteresis trip points are set to less
than the peak amplitude of the main cy-
cle of the sinewave, but greater than the
peak value of the residual cycle.
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FIG. 13—BIPOLAR STEPPER MOTORS
have a single winding for each phase.
Unipolar units provide the bidirectional
current flow when the winding is center-
topped. Shown in ais a bipolar drive and
in b is a unipolar drive.

FIG. 14—THIS STEPPER provides 50
pulses per revolution.

the hysteresis is properly set,
one can obtain reliable pulses
even under single-step condi-
tions.

Figure 12 shows the voltage-
comparator waveforms. The
hysteresis trip points are set to
less than the peak amplitude of
the “main" cycle of the sinewave

but greater than the peak value
of the “residual” cycle. The main
cycle is generated by rotating
the shaft from one magnetic de-
tent to the next. The residual
cycle is obtained from the over-
shoot past the detent and the
rocking of the shaft as it settles
into the detent. The residual cy-
cles are much lower in ampli-
tude because the rate of rotation
is much slower.

Types of stepper motors

There are basically two kinds
of stepper motors: unipolar and
bipolar. Bipolar motors have a
single winding for each phase.
Because current must flow in

FIG. 15—THIS UNIT has a step angle of
3.6°.

both directions, the bipolar
motor requires a double-pole,
double-throw driver such as
four transistors connected in a
bridge. Unipolar motors are
center-tapped to provide the
bidirectional current flow as
shown in Fig. 13.

Most of the author’s experi-
ments were performed on four-
wire bipolar stepper motors.
However the unipolar motors
should also work if one end and
the center tap or both ends are
used. The 5-wire stepper
motors have a common wire for
power. With those motors it is

FIG. 16—THIS STEPPER WORKS WELL
and provides 25 pulses per revolution. It
seems to have more magnetic detent po-
sitions than output pulses.

necessary to use the common
wire as neutral and one end of
each winding for the signal. For
the 6-wire stepper motors, the
power is not common, and the
two ends of the windings can be
used to double the output volt-
age.

Stepper motors are available
with operating voltages from
about 1.5 to 24 volts. For shaft-
encoder use, the operating volt-
age is not important except that
the output voltages will be high-
er for the higher-voltage motors.
The most important specifica-
tion is the step angle, or steps
per revolution. Typical motors
range from 15° (24 steps/revolu-
tion) to 0.9° (400 steps/revolu-
tion) with 1.8 degrees (200
steps/revolution) ratings quite
common. As mentioned earlier,
the number of output pulses is
one quarter of the number of
steps per revolution. The 200-
and 400-step units that pro-
duce 50 or 100 pulses per revo-
lution are those most suitable
for shaft-encoder applications.

Figures 14-16 show several
examples of stepper motors that
were obtained from the list of
suppliers contained in this arti-

TABLE 1—STEPPER MOTOR SPECIFICATIONS

Degrees  Rated Single-Step  Rapid-Spin
Motor Manufacturer  Part Number Step Voltage Type Output Output
Fig. 14  Astrosyn 14PM-K203-01 1.8 - Bipolar 0.5Vp-p 4.0Vp-p
Fig. 15  Airpax LAB2702-C .5 12 Unipolar 2.0Vp-p 12Vp-p
Fig. 16  Howard 1-9-4201 3.6 24 Unipolar 2.0Vp-p 6.0Vp-p
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cle. Their specifications are
listed in Table 1. Two are of
particular interest. The one
shown in Fig. 14 provides 50
pulses per revolution. The
motor in Fig. 16 works well and
provides 25 pulses per revolu-
tion, although it has more mag-
netic detent positions than
output pulses. The magnetic
detent is very light and might be
ignored.

Designing an interface
Designing an interface to per-
mit a stepper motor to act as a
shaft encoder consists mainly
of selecting a value for R3 in the
circuit of Fig. 17. Two of those
circuits are required for each
encoder. An LM339, LM2901, or
MC3302 quad voltage com-
parator or LM393 or LM2903
dual-voltage comparator can be
used. To operate it from a single
5-volt supply biasing the com-
parators at one half the supply
voltage is required. That can be
accomplished with the voltage
divider consisting of two 1K re-
sistors (R5 and R6) and a fairly
large bypass capacitor (C1) at
the node; this network can be
shared by both comparators.
The input resistance is split in
half between R1 and R2 with
back-to-back diodes clipping
the peak levels to protect the
voltage comparators from high-

voltage inputs during rapid ro-
tation of the shaft. For lower-
voltage motors, the diodes can
be eliminated and R1/R2 re-
placed by a single 10K resistor.

The value of R3 sets the hys-
teresis trip points. Assuming
that R3 is much greater than
R1+R2, the trip points are ap-
proximately:
Vp-p = (VeapR3)V(R1+R2)
R3 should%e between 100K and
1 megohm, with 1 megohm pro-
ducing the highest sensitivity. A
typical value is 470 kilohms.

BEcause it is difficult to eval-
uate the performance of a step-
per shaft encoder with just an
oscilloscope, the author built
the test circuit of Fig. 18. It in-
corporates an ICM72171JI four-
digit up/down counter display-
driver chip and a 4-digit com-
mon-anode LED display. The
voltage comparators have 100K
fixed resistors in series with 1
megohm potentiometers to set
the hysteresis levels. The goal is
to find a value of hysteresis that
provides adequate sensitivity
for single-step operation with-
out being too sensitive and pro-
ducing extra pulses. Adjust-
ment is not critical, and steps of
about 100K will lead to the cor-
rect value.

The test circuit allows a com-
plete evaluation of the perfor-
mance of the interface circuit.
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FIG. 177—TWO OF THESE CIRCUITS are
required for each encoder.

For the two most applicable
motors, the test results were ex-
cellent. It was very easy to set
the count to any desired value
and very easy to increment or
decrement the count by one
pulse. It is important that the
frame of the motor be grounded
to prevent noise pickup from
your body. Figure 19 shows a
photo of the test fixture.
Interesting results were dis-
covered when the author inad-
vertently connected two motors
in parallel. The circuit con-
tinued to perform well and ei-
ther motor could be used to
tune it. This suggests that two
motors with different numbers
of steps per revolution could be
connected in parallel to provide
course and fine tuning. One
might use a 0.9° (400 steps/rev-
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FIG. 18—THIS TEST CIRCUIT incorporates an ICM72171JI four-digit up/down counter
display-driver chip and a 4-digit common-anode LED display.
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BP277—Here’s background and practical de-
sign information on high power audio ampli-
fiers capable of 300 + 400 watts r.m.s. You'll
find MOSFET and bipolar output transistors in
inverting and non-inverting circuits. To order
your copy send $6.25 plus $2.50 for shipping
in the U.S. to Electronic Technology Today
Inc., P.O. Box 240, Massapequa Park, NY
11762-0240.
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FIG. 199—PROTOTYPE TEST FIXTURE. It
is important that the frame of the motor
be grounded to prevent noise pickup.

olution) motor to provide 100
pulses per revolution course
tuning and a 3.6° (100 steps/rev-
olution) motor to provide 25
pulses per revolution fine tun-
ing by connecting them in par-
allel.

The polarity of the two phases
and their timing relationship
depends on the application. Be-
cause there are two phases,
there are four possible ways to
connect the windings, one of
which will meet any require-
ment. Most of the stepper
motors have %e-inch diameter
shafts. These cause a minor
problem when fitting a knob. A
piece of Ya-inch copper or brass
tubing can be used as a bushing

STEPPER MOTOR RESOURCE LIST

All Electronics

P.O. Box 567

Van Nuys, CA. 91408
800-826-5432

American Design Components
400 Country Ave.

Secaucus, NJ 07094
800-776-3700

American Science and Surplus
601 Lindon PI.

Evanston, IL 60202
708-475-8440

C&H Sales

P.O. Box 5356

Pasadena, CA 91117-9988
800-325-9465

Fort Apache

31902 Hayman St.
Hayward, CA 94544
510-429-1060

for a better fit. Holes opposite
the set screws must be made in
the bushing. Insert the tubing
into the knob, tighten the set
screws to mark their location,
and scribe the tubing to mark
the depth of the knob insert.
The tubing is then removed, the
holes made, and the piece cut to
length.

Herbach & Rademan
P.O. Box 122

Bristol, PA 19007-0122
800-848-8001

MECI

340 East First St.

Dayton, OH 45402-1257
800-344-1165

Marlin P. Jones & Assoc.
P.O. Box 12685

Lake Park, FL 33403-0685
407-848-8236

R&D Electronics

1224 Prospect

Cleveland, OH 44115
216-621-1121

Digi-Key

(for the ICM72171J1)

701 Brooks Ave. S.

P.O. Box 677

Thief River Falls, MN 56701-0677
800-344-4539

At this point it's up to you to
come up with interesting ap-
plications for using stepper
motors as shaft encoders. Avail-
ability of low-cost stepper
motors on the surplus market
and the simplicity of the inter-
face circuits makes their use as
shaft encoders very attractive to
the hobbyist. 0




