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SYSTEM FOR 'TRANSLATING ELECTRICAL
PULSES INTC INCREMENTAL MECHANICAL
MOTIONS :
Edward Herbert III, Beacon Falls, Conn., assignor, by
mesne assignments, to Tri-Tech, Inc., Waterbury, Conn.,
a corporation of Connecticut
Filed June 29, 1966, Ser. No. 561,504
Int. Cl. HO2Kk 29/00, 37/00; HO3k 5/08

U.S. CL 318—138 5 Claims

ABSTRACT OF THE DISCLOSURE

A motor control circuit utilizing a transistor multivi-
brator having an astable, a monostable or a bistable
state, in which each full cycle of transition between states
produces one complete revolution of the motor. The
motor includes two stator windings which are each pro-
vided with a transient suppressor circuit comprising either
a diode-Zener diode arrangement or a transistor with
an open base. In some embodiments the stator windings
are employed to respectively energize two separate rotors.

————————

This invention relates to systems for translating elec-
trical pulses into incremental mechanical motions, and
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in particular to a stepper motor arrangement character-

ized by two or more stable or quasi-stable states in which
the rotor member of the motor is advanced by a selected
increment of rotation in response to each transition be-
tween stable or quasi-stable states.

In stepper motors of conventional design, incremental
rotation of a magnetized rotor member is typically ac-
complished by selectively energizing one or more field
coils. In order to energize the field coil or coils and
thereby advance the rotor member of conventional step-
per motors, it is necessary to provide relatively complex
switching or logic circuitry to supply electrical energiz-
ing pulses in proper sequence and with correct polarity,
amplitude and duration. Also, in conventional stepper
motor arrangements, it is necessary to supply a number
of energizing pulses in order to advance the rotor mem-
ber through each complete revolution. One solution to
some of the problems resulting from these requirements
is provided by the unique stepper motor embodiments
shown in the copending application of A. W. Haydon,
E. Herbert, and W. D. Riggs, Ser. No. 394,669, filed
Sept. 8 1964, now abandoned in favor of continuation
application Ser. No. 595,286, filed Oct. 14, 1966, which
latter application issued on Feb. 20, 1968, as Patent
3,370,189.

Another solution to the above problems is provided
by the extraordinary discovery embodied in the present
invention, in which the field coils of a motor or other
electric rotating device are also the energy storage ele-
ments of a closed loop, self-regenerating system having
two or more stable or quasi-stable states, each of these
states being maintained without an external control or
holding signal. Because of this singular structure, the
rotor member in each of the embodiments of the present
invention is advanced through a selected increment of
rotation each time that the system undergoes a transi-
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tion between states in which alternate coils are ener-
gized.

By appropriate choice of component values, embodi-
ments characterized by different stable or quasi-stable
states may be constructed. Thus in the astable embodi-
ment, there are two quasi-stable states so that the system
is self-starting and free running as the system switches
between the two states and alternate coils are energized.
By selecting the increment of rotation to be 180 mechani-
cal degrees, the rotor member may be advanced through
a complete revolution in each complete cycle of transi-
tion between the two quasi-stables states.

In the monostable and bistable embodiments, in which
one and two stable states are respectively provided, the
apparatus remains in a stable state indefinitely until an
external stepping control signal or trigger pulse is ap-
plied to trigger the apparatus out of its stable state. In
the case of a monostable embodiment, the external step-
ping control signal triggers the apparatus out of its one
stable state into a quasi-stable state and thereby causes
an alternate coil to be energized and the rotor member
to advance. The apparatus remains in the quasi-stable
state for only a brief interval, after which the apparatus
returns to its stable state to await the next trigger pulse.

By constructing the apparatus to have two stable states,
a bistable embodiment is formed in which the transi-
tions are between stable states, thereby requiring an ex-
ternal stepping control signal to trigger the apparatus
out of either of its stable states and thereby advance
the rotor member. Thus, if each increment of rotation is
selected to be 180 mechanical degrees for both the mono-
stable and the bistable embodiments, it requires two ex-
termal stepping control signals to advance the rotor mem-
ber through each complete revolution.

The invention will be fully understood from the fol-
lowing detailed description of illustrative embodiments
thereof taken in connection with the appended drawings
in which:

FIGS. 1A and 1B are partial schematic diagrams of
astable arrangements embodying the principles of this
invention;

FIGS. 1C, 1D and 1E are schematic diagrams of al-
ternative suppressor circuit arrangements which are em-
ployed in the present invention;

FIG. 2 is a partial schematic diagram of an astable
embodiment utilizing the principles of this invention in
which two rotor members are employed;

FIGS. 3A and 3B are partial schematic diagrams il-
lustrative of monostable arrangements embodying the
principles of this invention;

FIGS. 4A and 4B are partial schematic diagrams of
bistable arrangements constructed in accordance with the
principles of this invention;

FIG. 5§ is a partial schematic diagram illustrating an
alternative means for triggering either a monostable or
a bistable arrangement; and

FIGS. 6A, 6B, 6C, 6D and 6E are graphs and circuit
diagrams of assistance in explaining the principles of this
invention.

Referring first to FIG. 1A, this drawing illustrates an
astable version of the present invention, in which a ro-
tating member is advanced in step with each internally
generated change between two quasi-stable states. Motor
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10, which may be of the three wire, brushless, direct cur-
rent stepper variety disclosed in the copending application
referred to above, is provided with a permanently mag-
netized, two pole ferrite rotor member 16 and two separate
field coils or winding 11a, 115 (or alternatively, a single
center-tapped coil) respectively mounted on stators 17a,
17b. The center tap 12 of the coils 11a, 115 is connected
to a positive D.C. voltage source 14A, and the other two
leads 134, 13b are respectively connected to the collector
terminals of NPN transistors Ty, Ty, which may be, for
example, of any conventional switching variety. The emit-
ter terminals of the transistors Ty, T, are connected to a
common point of ground potential G. As used herein and
in the appended claims, the expressions “common point
of ground potential,” “common ground point,” etc., is
intended to include conventional ground points and also
other points having a fixed D.C. potential with respect
to ground which is different from the potential of the
source 14A. The base of each transistor is respectively
cross-coupled via a resistor Ry, R;, to the collector of the
other transistor so that the transistors Ty, Ty are linked
in astable relationship to have two quasi-stable states. In
one of these quasi-stable states, transistor Tj is turned on,
that is, becomes conductive, and at the same time tran-
sistor T, is turned off, that is, becomes non-conductive.
In the second quasi-stable state, T; is turned off, while
T, is turped on. Because the relationship between the tran-
sistors is quasi-stable, the two transistors automatically
alternate between their turned on and turned off condi-
tions without the application of any external control or
trigger signal. Also, connected between voltage supply 14A
and the collector terminal of each transistor T,, Ty is a
so-called suppressor circuit respectively denoted 154, 155,
the suppressor circuits and their construction being de-
scribed in detail below.

The quasi-stable relationship between transistors Ty,
T, may be understood by referring to FIGS. 6A through
6E in connection with the following explanation.

It is well known that with a resistor of resistance R in
series with an inductor of inductance L between two
points maintained at a constant voltage V, as shown in
FIG. 6A, the current flow i in the inductor at a time 7 may
be found from the following circuit equation:

.
V_IR+Ldt 1)
Solving for i in Equation 1,
=T (1)
== L (2)

that is, i increases exponentially from 0 at time =0 to
a value approximately equal to ¥/R, as shown graphically
in FIG. 6B.

It is also well known that for a given base current #,
the collector-emitter voltage Vg across a transistor de-
pends upon the value of the current i at the collector
terminal of the transistor. However, as shown in typical
common emitter collector current characteristic curves,
such as that illustrated in FIG. 6C for a type 2N3417
transistor with #,=0.7 ma., the collector-emitter voltage
Vg remains small until the collector current I, reaches a
given current level, at which point Vg rises quickly to a
relatively high value. This critical current level is de-
terminated by the beta or gy (D.C. current gain) of the
transistor, where I;=hpgXij.

Turning to FIG. 6D, assume that a resistor R, an in-
ductor L, and a transistor T are connected in series be-
tween a D.C. voltage source V and ground, with a fixed
base current #, applied to transistor T. Since the current
through L and hence the collector current I, rise slowly
from the instant that the potential is applied, the col-
lector voltage Vg remains low until I; reaches the critical
value, at which instant Vg rise quickly.

In the circuit illustrated in FIG. 6E, which represents a
portion of an electrical analog of the apparatus shown in
the other drawings, transistors, Ty, Tg, are each in series
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4
with a corresponding inductor Ly, L,, between a voltage
source V and ground, and the two transistors are coupled
together through resistors R;, R, so that the collector-
emitter voltage of each transistor determine the current
applied to the base of the other transistor.

Conduction by first one transistor and then the other
without an external stimulus constitutes the astable version
of the circuit, in which temporary conduction by each
transistor is defined to be a quasi-stable state or condition
for the apparatus. In the astable version, self-regenerating
transitions between the two quasi-stable states are ini-
tiated by having the collector current of one of the tran-
sistors, say I of Ti, exceed the product hpg; Xip. In
this manner, assuming that T, is turned on initially, when
I reaches the critical value at which Vg, rises rapidly to
say approximately 1 volt, transistor T, is turned on and
i starts to rise. However, as I rises, Vegs drops and so
does i,y so that Ty is turned off. When T is turned off,
Ver rises to a value somewhat larger than the potential
V due to the inductive transient from inductor L;. Cor-
respondingly, after T, is turned on, when Iy reaches the
critical value, the increase in #, turns on T, thereby
causing a drop in Vgg and a corresponding drop in ipg
to turn off T, and completes a cycle of transition from
conduction by T; to conduction by T, and back to the
conduction by T;.

The appartus shown in FIGURE 1A converts inter-
nally generated electrical pulses into incremental me-
chanical rotation of rotor 16 in the following manner.
In one half cycle of operation, the apparatus remains
briefly in one of its quasi-stable states with transistor T,
conducting and transistor Ty cut off, so that a pulse of
current flows briefly through field coil 11e¢ but not
through field coil 11b. This brief flow of current through
coil 112 generates magnetic flux through stator frame
pieces 174, 176 to cause rotor member 16 to rotate by
a selected increment, in accordance with the principles
described in the copending application referred to above.
Thus, the rotor rotates from a position in which a rotor
pole of one polarity is opposite a given stator pole to a
position in which an immediately adjacent rotor pole of
the opposite polarity is opposite the given stator pole,
which is defined to be a rotation through an angle of 180
electrical degrees. In cases in which the rotor includes
only a single pair of rotor poles, each increment of rota-
tion of 180 electrical degrees also corresponds to a rota-
tion of 180 mechanical degrees.

When the apparatus changes to its second quasi-stable
state in the next half cycle of operation, transistor T,
conducts and transistor T; is cut off so that a brief pulse
of current flows through field coil 115 but not through
field coil 11a. This flow of current through coil 11b
produces magnetic flux in the opposite direction through
frame pieces 17a, 175, thereby causing rotor member 16
to advance a further increment of 180 mechanical degrees
in the same direction as the previous increment of rota-
tion. Therefore each full cycle of transition between both
quasi-stable states is accompanied by one complete re-
volution of rotor member 16.

Frequency of oscillation and therefore frequency of
rotor revolution are controlled by the values selected
for the various components. It has been found that the
inductance of coils 11a, 115 has the greatest effect on
frequency, with the resistance of the cross-coupling resis-
tors Ry, R, and the gain of the transistors Ty, T, having
somewhat lesser effects. For example, an increase in coil
inductance, a decrease in coupling resistance, or an in-
crease in tramsistor gain tends to lower the frequency.
Frequency is only slightly dependent on loading of the
rotor member, and any change in frequency with load
is due to the change in coil inductance caused by the load-
ing.

Suppressor circuits 15¢, 15b are provided to stabilize
operation and to prevent damage to the transistors by
suppressing transients which occur at the time that coils
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11a, 115 are turned off, and at the same to provide
relatively rapid quenching of the current. A conven-
tional transient suppressing arrangement is shown in FIG.
1C, in which a diode 21 and a Zener diode 20, both of
well-known design, are connected in parallel with an in-
ductive load 19 representative of the winding and stor-
age element component of this invention, with the diodes
20, 21 being connected to one another either anode-to-
anode or cathode-to-cathode. In this manner, diode 21
presvents conduction in parallel with inductive load 19
when the load is turned “on,” and Zener diode 20 breaks
down at some selected voltage when a transient reverse
voltage is applied due to interruption of the current
through the inductive load, thereby limiting the amplitude
of the transient reverse voltage while quenching the cur-~
rent more rapidly than by diode suppression alone.

Turning to FIG. 1D, transient suppressing action simi-
lar to that of the diode-Zener diode arrangement shown
in FIG. 1C may also be obtained with a single transistor
22 having an open base connection. Transistor 22 is se-
lected to have a collector-base junction with a sufficiently
high break-down voltage to act as a blocking diode, and
an emitter-base junction which acts as a Zener diode.
Polarity between the two junctions is such that the col-
lector to emitter characteristics, with the base connection
open, are similar to the diode-Zener diode arrangement
shown in FIG. 1C. Although in certain important em-
bodiments of the invention it is desirable to employ
a suppressor circuit in parallel with each inductive load
in the manner shown in FIG. 1A and described above,
in other arrangements having less stringent operating re-
quirements, the apparatus of this invention may be op-
erated without the suppressor circuits.

FIG. 1E is illustrative. of another form of suppressor
circuit 101 which in some respects is similar to that
described above with respect to FIG. 1C. The circuit
101 includes a Zener diode 23 having its anode connected
to the center tap of the inductor. Two dicdes 24 and 25
are connected across the inductor with their cathodes
connected to the cathode of the Zener diode 23. The
Zener diode 23 and the diodes 24 and 25 are effective to
suppress transient voltages in @ manner similar to the
Zener diode 20 and the diode 21 of FIG. 1C and have
the additional advantage that only one Zener diode is
needed to suppress transients in both of the coils.

The various illustrated embodiments of this invention
may employ either NPN transistors, as shown in FIG.
1A, or PNP transistors, as shown in FIG. 1B. With PNP
transistors T3 and T, illustrated in FIG. 1B, however, the
supply voltage 14B is of negative polarity, whereas with
NPN transistors as shown in FIG. 1A, the supply voltage
14A is of positive polarity. Also, the suppressor circuits
15a, 156 in FIG. 1A and the suppressor circuits 18a, 185
in FIG. 1B are connected with appropriate polarity be-
tween the respective voltage supplies 14A, 14B and the
terminals of the corresponding transistors Ty, T, and
Ts, Ty, in the manner shown in FIGS. 1C and 1D.

Referring to FIG. 2, this drawing illustrates an ar-
rangement in which electrical pulses are converted into
mechanical rotation of two rotors instead of mechanical
rotation of a single rotor as in FIGS. 1A and '1B. Two
rotor members 32 and 33, which may be part of motors
30 and 31 of the two wire, magnetically biased, brush-
less stepper variety also disclosed in the above-mentioned
copending application, are respectively associated with
a corresponding one of the two quasi-stable states of the
arrangement shown in FIG. 1A. Motors 30, 31 are rep-
resented symbolically in FIG. 2 by coils 34, 35, perma-
nent bias magnets 36, 37, and rotor members 32, 33,
with the dashed lines through each coil, magnet and rotor
indicating the magnetic flux therebetween.

In one transition between the two quasi-stable states
of the apparatus shown in FIG. 2, for example, the
transition between the first and the second quasi-stable
states, transistor Tg is turned on, and a pulse of current
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6

energizes coil 34, The energization of coil 34 produces
magnetic flux which advances rotor 32 by a selected
increment of rotation. Similarly, in the other transition
between quasi-stable states, for example, the transition
between the second and the first quasi-stable states, tran-
sistor Ty is turned on, and a pulse of current energizes
coil 35, This energization of coil 35 generates magnetic
flux which thereby advances rotor 33 by another selected
increment of rotation. Thus, rotor members 32, 33 are
advanced in alternate sequence as the apparatus alter-
nates between its two quasi-stable states. In the case where
the increment of rotation is selected to be 360 mechani-

-cal degrees for each rotor, it therefore requires one full

cycle of operation to advance both of the rotors through
one complete revolution. Suppressor circuits 15z, 15b
may be identical with the similarly designated circuits
in FIG. 1A. It is to be understood that one of the motors
30, 31 may be replaced by an inductor or other suitable
impedance, if desired.

In certain situations, it may be desirable to modify the
present invention to be either monostable or bistable, that
is, to modify the apparatus to have either one stable and
one quasi-stable condition, or two stable conditions, in-
stead of two quasi-stable states as exemplified by the
apparatus illustrated in FIGS. 1A, 1B, and 2. However,
whereas the provision of two quasi-stable states enables
the apparatus to be self-starting and free-running, so
that the rotor member advances without requiring the
application of an external stepping control or trigger sig-
nal for each increment of rotation, a monostable or bi-
stable arrangement of the types shown in FIGS. 3A, 3B,
4A, 4B and 5 will remain indefinitely in a stable state,
so that stepping of the rotor member is dependent upon
the application of an appropriate external stepping con-
trol signal to trigger the apparatus out of its stable state
and thereby advance the rotor member for each incre-
ment of rotation. .

Monostable or bistable embodiments are obtained by
providing each transistor which is to have a stable state
with a base current which is greater than

or approximately
VIR
RFE

where I is the collector current under steady state con-
ditions, V is the applied voltage and R is the resistance
of the coil. With this arrangement, the transistor does
not come out of saturation, and hence the transition out
of a stable state does not occur without an external
stimulus. By way of example, if V=24 volts and R=240
ohms, so that the steady state collector current I is ap-
proximately 100 ma., and if Agg=100, a base current
greater than 1 ma. would be sufficient to prevent transfer
to another state. In the case of monostable embodiments,
it is to be understood that one of the two coupling resis-
tors is provided with a larger resistance than the other,
thereby to bias one of the transistors relative to the other
so that the apparatus will have one stable state and one
quasi-stable state.

FIG. 3A illustrates a monostable version of the pres-
ent invention, in which it will be assumed that the stable
state corresponds to transistor Tg turned on and transis-
tor Ty turned off, hence Ry<Rg. By applying external
stepping control signals or pulses through diode 40 to
the base of nonconducting transistor Ty, transistor Ty is
turned on and the apparatus is triggered from its stable
state to a quasi-stable state, after which the apparatus
automatically returns to its stable state. During the brief
interval that Ty is in its conducting condition, a pulse of
current is directed through winding 11a, and this ener-
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