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57 ABSTRACT 
A control circuit for operating a stepping motor from a 
DC power source by switching current successively 
through four stator windings. Switching time in relation 
to shaft position is controlled by sensing the back EMF 
in the stator coils, the sensing circuit including a trans 
former having a first winding connected in series with 
two windings and the second winding connected in 
series with the other two windings of the stator. The 
voltages across the two windings at the transformer are 
used to generate a commutation pulse each time the 
voltages are equal. Each commutation pulse is gener 
ated in this manner at predetermined angular positions 
(phase) of the stepping motor independently of motor 
speed or supply voltage. The commutation pulses are 
then used to generate clock pulses for sequencing the 
switching of the stator windings. 

14 Claims, 8 Drawing Figures 
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1. 

STEPPING MOTOR CONTROL 

Matter enclosed in heavy brackets appears in the 
original patent but forms no part of this reissue specifica 
tion; Tatter printed in italics indicates the additions made 
by reissue. 

FIELD OF THE INVENTION 

This invention relates to DC motors using electronic 
commutation, and more particularly, to brushless DC 
motors utilizing the induced EMF of the motor to con 
trol the commutation switching. 

BACKGROUND OF THE INVENTION 

It is well known that DC motors, which require com 
mutation to operate, are superior to AC or synchronous 
type motors in terms of torque characteristics, size, 
weight, and response. However, the commutators and 
brushes required in DC motors have the disadvantages 
that the brushes wear out, generate high-frequency 
noise, and add substantially to the manufacturing cost of 
the motor. Various circuits have been developed for 
operating a permanent magnet motor as a brushless DC 
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motor, using an external sensor to sense the position of 25 
the rotor. The sensor is used as a commutator to sequen 
tially energize the stator windings. Sensors, such as Hall 
effect devices and optical encoders, for example, have 
been used for providing commutation. It has also been 
recognized that the waveform of the induced or back 
EMF generated by the rotation of the permanent mag 
net field relative to the stator windings can be used to 
indicate the position of the rotor. The use of the back 
EMF has the advantage that no additional components 
or sensors are required. There is no alignment problem, 
which can be a critical problem in obtaining maximum 
torque and efficiency where a large number of commu 
tation segments are involved. The disadvantage of such 
systems, however, is that the motor must be rotated 
before any back EMF signal can be generated. Thus 
such systems requires some type of starting mechanism. 
Known systems using back EMF have proved less 

responsive and lack the reliability of systems using ex 
ternal sensors. Examples of prior art systems of this type 
are found in U.S. Pat. Nos. 3,304,481 and 3,611,081. A 
system using resistors in series with the stator windings 
for generating a voltage in response to the back EMF is 
described in the publication "Waveform Sensing Closes 
the Loop in Step Motor Control', by J. R. Frus and B. 
C. Kuo, Products Engineering, February 1977, pages 
47-49. These circuits, however, have not proved en 
tirely satisfactory either because they require some 
adjustment in the circuit based on the speed to obtain 
maximum torque, or they are limited to only one wind 
ing being energized at a time in the stator. 

SUMMARY OF THE INVENTION 

The present invention is directed to an improved 
circuit for commutating an AC or stepper motor with 
out the use of added external sensors. The present in 
vention utilizes the back EMF induced in the stator 
windings by the permanent magnet rotor to generate a 
commutation signal which is not affected by motor 
speed or variations in supply voltage. The commutation 
signal is accurately keyed to rotor position so that the 
commutation signals are synchronized to the correct 
commutation points. That is, they provide an accurate 
indication of the angular position at which switching 

30 

35 

45 

50 

55 

60 

65 

2 
must occur to obtain maximum torque regardless of the 
speed at which the motor is operating. Commutation 
signals are generated on a single channel simplifying the 
processing and control of the signal. Series resistors 
normally used in stepper motor controllers to reduce 
the time constant of the motor windings are not re 
quired. The number of commutation pulses per revolu 
tion is limited only by the motor design. 
These and other advantages of the present motor 

control circuit are achieved by providing a rotor posi 
tion sensor which responds to the back EMF generated 
in the stator coils of a permanent magnet type stepping 
motor having four stator windings which are switched 
in overlapping time sequence across a direct current 
power source. The sensor includes a transformer having 
a pair of windings, one of which is connected in series 
with the power source and two of the stator windings, 
and the other of which is connected in series with the 
power source and the remaining two of the stator wind 
ings. The voltages across the two windings are com 
pared and used to generate a commutation pulse each 
time the voltages are equal. It has been determined that 
if switching of the stator winding occurs at the point in 
time when the voltage across the two transformer wind 
ings are equal, maximum torque is maintained under all 
load conditions. The commutation pulses by way of the 
processing circuitry are used to switch the supply volt 
age across the respective stator windings. The process 
ing circuitry includes means for initiating a starting 
sequence, a means of limiting the speed of the motor 
(synchronous operation) and a means of blanking out 
unwanted interferences. 

Phase control circuitry is incorporated to control the 
phase of the commutation signal to ensure proper phase 
relationship between the commutation signal and the 
stator drive voltages in both clockwise and counter 
clockwise operation. The phase control circuits also 
control the acceleration and deceleration modes of op 
eration. 

DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the invention 
reference should be made to the accompanying draw 
ings, wherein: 
FIG.1 is a schematic block diagram of the preferred 

embodiment of the present invention; 
FIG. 2 shows alternate way of generating the com 

mutation signal; and 
FIGS. 3-8 show a series of waveforms useful in ex 

plaining the operation of the circuit of FIG. i. 
DETALED DESCRIPTION 

Referring to FIG. 1, the numeral 10 indicates gener 
ally a stepping motor of the type having a permanent 
magnet rotor 12 and polyphase stator, preferably four 
phase windings indicated at 14, 16, 18, and 20. Although 
a permanent magnet rotor is preferred, the motor may 
use a variable reluctance rotor as well. While the inven 
tion is applicable to synchronous or large stepping angle 
motors, it is particularly well suited to operation of 
small angle stepping motors such as described in U.S. 
Pat. No. 3,519,859. For example, a stepping motor hav 
ing a 1.8 degree step, requiring the equivalent of 200 
commutations per revolution is particularly well 
adapted to the advantages of the present invention. 
The motor 10 is driven from a suitable DC power 

source (not shown) connected across a positive input 
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terminal 22 and a ground terminal 24. Each of the stator 
windings is connected across the source through a se 
ries of transistor switches, indicated respectively at 26, 
28, 30, and 32. These switches are operated in pairs 
through suitable drivers, indicated generally at 34, by a 
pair of flip-flops 36 and 38. The switches 26 and 28 are 
thus controlled by the flip-flop. 38 so as to be switched 
on alternately for substantially equal periods of time 
under constant speed operation. Similarly the switches 
30 and 32 are switched on alternately but at 90 out of 
phase with the switches 26 and 28. The switching wave 
forms of the four stator coils are shown in FIGS. 3A-D. 
While in conventional drive circuits the stator coils 

would be connected to the common terminal of the 
power source, according to the present invention a 
rotor position sensing circuit 40 comprising a trans 
former is provided having a first winding 42 connected 
in series respectively with the stator coils 14 and 16 and 
one terminal of the power source. The transformer 40 
has a second winding 44 which is connected in series 
between the power source and the respective coil wind 
ings 18 and 20. An output signal is derived from the 
sensing circuit transformer either by a third winding 46 
or across the common connections between the respec 
tive windings 42 and 44 and the stator coils, as indicated 
at E and F. 
Assuming for the moment that the flip-flops 36 and 38 

are triggered from an external clock source by setting of 
a switch 47, and assuming no mutual coupling between 
the windings 42 and 44 of the transformer 40, the result 
ing waveforms at the common connection points is 
shown in the waveforms of FIGS. 3E' and 3F", respec 
tively. Thus the voltages of points E and F are 90' out 
of phase and represent the detected back EMF signal. 
With mutual coupling between the windings of the 
transformer 40, the voltages at points E and F are the 
resultant of the voltages E and F' and have a waveform 
substantially as shown in FIGS. 3E and 3F. The ampli 
tudes and frequency of these waveforms, which are 
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180 out of phase with respect to each other, represent 40 
the angular velocity of the rotor. The phase of these 
signals relative to the stator drive signals represent the 
angular position of the rotor in relation to the stator. As 
the load of the motor is varied, for example, the phase of 
the voltages at E and F will shift in relation to the stator 
drive signals. 

It has been determined that maximum torque is ob 
tained when commutation occurs at the time the volt 
ages at E and F are equal in amplitude. Thus a commu 
tation signal is derived by connecting the points E and 
F to a comparator circuit 50 which may, for example, 
be a high gain operational amplifier. Alternatively, the 
third winding 46 may be used as a signal source for the 
operational amplifier 50. In either event, the output 
waveform of the comparator circuit 50 is a rectangular 
wave substantially with cross-over points occuring at 
the times the amplitudes of the waveforms of FIGS. 3E 
and 3F are equal, i.e., when the net flux in the trans 
former passes through zero. The phase of the rectangu 
lar voltage output of the comparator, shown in the 
waveform of FIG. 3G shifts as the angular position of 
the rotor changes in relation to the rotor drive signals, 
as when the load on the motor changes. 
The commutation signal (FIG. 3G) derived from the 

output of the comparator 50 is used to control the 
switching of the flip-flops 36 and 38 by changing the 
switch 47 from the external clock source to close an 
internal timing pulse source hereinafter described. The 
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4. 
commutation signal is first applied to a phase control 
circuit indicated generally at 52, which produces a sin 
gle polarity timing signal and also insures proper com 
mutation when the motor is reversed or operated in 
deceleration mode, as hereinafter described. The phase 
control circuit is a simple logic circuit including four 
exclusive OR gates, including two input control gates 
54 and 56 whose outputs are connected as inputs to a 
third gate 58, whose output is connected to a fourth 
exclusive OR gate 60 together with the commutation 
signal from the comparator 50. The exclusive OR gate 
54 compares the two signals from the flip-flops 36 and 
38. The output of the exclusive OR gate 54 is a rectan 
gular wave which reverses polarity with the closing of 
each of the four switches 26, 28, 30 and 32 and having 
the waveform shown in FIGS. 3H or 3H', depending on 
motor direction. This signal will be inverted or not by 
the OR gate 58, depending upon the output of the exclu 
sive OR gate 56, which in turn determines whether the 
motor is operating in a forward or reverse direction as 
set by a switch 62, and whether the circuit is operating 
in an accelerate or decelerate mode as set by a switch 
64. Assuming the drive is from an external clock source, 
the resulting output signal from the exclusive OR gate 
60 when operating in the forward/accelerate or rever 
se/accelerate modes is shown in FIG. 3. If, in the for 
ward/decelerate or reverse/decelerate modes, the 
phase is reversed, it will be seen that any phase shift of 
the signal at the output of the comparator 50 relative to 
the drive signals shifts the positive going transition of 
the rectangular signal at the output of the exclusive OR 
gate 60, as shown in FIG. 3I. The effect, as hereinafter 
described in detail, is to detect the opposite polarity of 
the commutation signal without reversing the sequenc 
ing of the motor drive circuit. This allows the rotor to 
lag behind the stator winding drive voltages to maintain 
maximum braking torque while the rotor and field drive 
voltages "rotate' in the same direction until the motor 
stops. 
When operating as a commutated or brushless DC 

motor, the waveform at E, F and G are modified under 
constant speed operation, as shown in FIG. 4. The out 
put of the phase control circuit 52 is used to trigger the 
flip-flops 36 and 38 in place of the external clock by 
resetting the switch 47. A processing circuit, indicated 
generally at 72, is provided for generating the flip-flop 
triggering signal from the commutation signal. A pro 
cessing circuit provides several functions in that it is 
used to generate a starting sequence, to blank out un 
wanted signals, and to control maximum speed (syn 
chronous mode) as well as to generate the clock signals 
for the flip-flops from the commutation signal. 

Because a back EMF signal is not present until the 
motor is rotating, a starting sequence of pulses is re 
quired to initially start rotation of the rotor. While a 
single starting pulse may in some instances be sufficient, 
a chain of pulses, at least two in number, is preferable. 
The starting circuit described is a relatively simple cir 
cuit requiring the minimum of components. More elabo 
rate digitally controlled timing and counting circuits 
can also be employed. 
The processing circuit includes a Stop/Start switch 

74 which applies a positive level to one input of a 
NAND gate 76 when the motor is stopped. At the same 
time, a pulse generator 78 is biased off through an in 
verter 80. When the switch 74 is actuated to the Start 
position, it activates the pulse generator 78. The output 
pulses are passed by the NAND circuit 76 through a 
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NAND circuit 82 to actuate a second pulse generator 
84. Also a negative pulse is produced at the input to the 
NAND gate, 76 by grounding the capacitor 86. The 
output of the NAND circuit 76 in turn causes the sec 
ond pulse generator 84 to produce an initial output 
pulse which triggers one or the other of the flip-flops 36 
or 38. It will be noted that the flip-flops 36 and 38 are 
triggered alternately by means of a pair of exclusive OR 
gates 90 and 92 in response to the setting of the forward 
/reverse switch 62 and the states of the respective flip 
flops 36 and 38. a 
With the pulse generator 78 turned on by the setting 

of the switch 74, a series of pulses are generated by the 
pulse generator 78 through the NAND gate 76 and 
circuit 82 to trigger the pulse generator,84. The pulse 
generator 78 is controlled in frequency by the time 
constant of the resistors 94 and capacitor96. As a capac 
itor 100 discharges, the voltage at the input to the 
NAND gate 76 drops below the threshold at which the 
NAND gate passes pulses from the pulse generator 78. 
Pulses are now derived directly from the commutation 
pulse input through a pair of NOR gates 102 and 104 
and the NAND circuit 82 for pulsing the pulse genera 
tor 84. Output pulses of the generator 84 have a pulse 
width determined by resistor 110 and capacitor 112. 
Thus further sequencing of the stator windings is deter 
mined by the commutation pulses derived from the 
transformer 40. The motor will continue to increase in 
speed until the supply voltage minus the back EMF is 
balanced by the losses of the motor in the load. The 
waveforms of the processor circuit during starting are 
shown in FIG. 5 and in the normal drive mode in FIG. 
6. 
The NOR gate 104 operates to blank out unwanted 

transients in the commutation pulse produced by induc 
tance of the motor winding and transformer 40. The 
NOR gate 104 in response to the R-C network, includ 
ing resistor 106 and capacitor 108 connected across the 
output of the pulse generator 84, is adjusted so that if 
the pulse width of the output pulses of the pulse genera 
tor 84 plus the time constant of the resistor 106 and 
capacitor 108 prevents any commutation signal from 
triggering the pulse generator 84 before a fixed time 
interval, 

Resistor 106 and capacitor 108 allow sufficient time 
to elapse after the end of the pulse produced by genera 
tor 84 to completely reset the timing circuit of genera 
tor 84 before it can be retriggered. Thus, the commuta 
tion signal is held until the end of this time period, 
thereby limiting the maximum frequency of the commu 
tation signal. This mode of operation, called the syn 
chronous mode, limits the maximum frequency of the 
commutation signal over a wide range of input voltages 
or load variations, thus synchronising the speed to a set 
frequency. The waveform for operation in the synchro 
nous mode are shown in FIGS. 7 and 8. As shown by 
the waveform of FIG. 7, the waveform at I is modified, 
as shown in FIG. 71' so that the commutation signal is 
held by the pulse generator 84 while the time T2 is 
determined by the time constant of resistor 106 and 
capacitor 108, 

FIG. 2 shows an alternate sensing circuit in which 
two inputs to a comparator 50' are connected to the 
centertaps of series resistors 120-122 and 124-126 con 
nected respectively across the two pairs of stator wind 
ings 1 and 16, 18 and 20, This circuit arrangement pro 
duces output voltage of larger magnitude but is other 
wise comparable in operation, 
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6 
What, is claimed is: 
1. A commutation circuit for a brushless DC motor of 

a type having a permanent magnet rotor and four stator 
windings energized by switching the windings in se 
quence across a DC power source, the commutation 
circuit comprising a transformer having a first winding 
connected in series with two of the stator windings and 
the power source and having a second winding con 
nected in series with the other two stator windings and 
the power source, means comparing the voltages 
across the two windings for generating an output pulse 
when the two voltages are equal woltage comparing 
means for generating an output pulse when the two voltages 
compared are substantially equal, means connecting the 
respective transformer windings to the voltage comparing 
means, and means for switching the stator windings in 
response to the output pulses of said comparing means. 

2. Apparatus of claim 1 further including reversing 
means for reversing the switching sequence of the stator 
windings to reverse the direction of rotation of the 
rotor. 

3. Apparatus of claim 1 wherein said comparing 
means generates a signal having a substantially rectan 
gular waveform with the crossover points correspond 
ing in time to the times the voltages across the two 
windings of the transformer are equal, and means re 
sponsive to the phase of the rectangular wave for gener 
ating pulses for controlling the phase of said switching 
2S 

4. Apparatus of claim 3 further including phase shift 
ing means coupled to the output of said comparing 
means for shifting the phase relative to the switching 
means to reverse the torque of the motor to produce a 
braking action. 

5. Apparatus of claim 4 wherein said phase shifting 
means includes signal means indicating whether the 
motor is in an accelerate or decelerate mode, means 
responsive to the phase of the switching means and the 
signal means for detecting one polarity or the other of 
the output of the comparing means for shifting the 
phase of the switching means without changing the 
direction of rotation of the motor. 

6. Apparatus of claim 1 including starting means for 
generating two or more starting pulses for triggering 
the switching means when the rotor is stationary. 

7. A drive circuit for operating from a DC power 
source a motor having four stator coils and a rotor, 
comprising a transformer having first and second wind 
ings, the first winding being connected respectively in 
series with two of said stator coils and the second wind 
ing being connected in series with the other two of said 
stator coils, first switching means for alternately con 
necting each of the stator windings in series with one of 
the windings across the DC power source, second 
switching means for alternately connecting each of the 
stator windings in series with the other one of the trans 
former windings across the DC source, means respon 
sive to the instantaneous difference in voltage across the 
two transformer windings for generating an output 
pulse each time said voltage difference is zero woltage 
comparing means for generating an output pulse when the 
two voltages compared are substantially equal, means con 
necting the respective windings to the voltage comparing 
means, and means responsive to the output pulses for 
alternately activating said first and second switching 
eaS, 

8. Apparatus of claim 7 further including time delay 
means for limiting frequency of said output pulses for 
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controlling the maximum rotational velocity of the 
notor. .. - 

9. Apparatus of claim 8 wherein said time delay 
means includes means fixing the time duration of said 
output pulses, and means delaying the start of the next 
output, pulse to a predetermined minimum time follow 
ing the termination of the previous output pulse. 

10. A control circuit for operating a rotor type motor 
having four, stator windings from a DC power source, 
comprising switching means for connecting one end of 10 
each of these stator windings to one terminal of the 
power, source, means including a transformer having 
two windings connecting the other ends of the stator 
windings in pairs to the other end of the DC source, 
means, operating said switching means to energize the 
stator windings in sequence from the power source, and 
means responsive to the difference in voltage across the 
two windings of the transformer for switching of the 
stator windings at the time the voltages across the two 
transformer, windings are substantially equal. 

11. A commutation circuit for a brushless DC motor 
having a rotor and a plurality of stator windings ener 
gized by switching the stator windings in sequence 
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8 
across a DC power source, the commutatioh circuit 
comprising a transformer having windings connected in 
series with the stator windings, means for detecting 
when the net flux linking the windings of the trans 
former goes through a zero crossover point, and means 
synchronizing the switching of the stator windings with 
timing of the zero crossover points in response to the 
detecting means. . . . . . 

12. Apparatus of claim 11 wherein said detecting 
means includes means generating an output signal hav 
ing a substantially rectangular waveform in which the 
zero crossover points of the waveform correspond to 
the zero crossover points of the net flux in the trans 
former. . . : " . . 

13. Apparatus of claim 12 further including means for 
shifting the phase of the rectangular waveform signal 
and changing switching time of the stator windings to 
produce a braking torque. 

14. Apparatus of claim 12 further including means for 
reversing the phase of the rectangular waveform signal 
relative to the switching sequence to reverse the direc 
tion of the motor. 

. . . . . . . . is is 


