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(54) Speed controller for an 
alternating-current motor 

(57) A controller for a multi-phase ac 
motor 32 that is subject to a large 
inertial load, e.g. an induction motor 
driving a heavy spinning rotor of a 
neutron chopperthat must be rotated in 
phase-locked synchronism with a refer-

ence pulse train that is representative of 
an ac power supply signal EL having a 
meandering line frequency, includes a 
sensor 34,36 which provides a feed-
back pulse train representative of the 
actual speed ofthe motor which is 
compared (by counting clock pulses 
between feedback pulses) with a refer-
ence clock signal in a computing unit 40 
to provide a motor control signal Ec. 
The motor control signal is a weighted 
linear sum of a speed error signal, a 
phase error signal, and a drift error 
signal, the magnitudes of which are 
recalculated and updated with each 
revolution ofthe motor shaft. The 
speed error signal is constant for large 
speed errors but highly sensitive to 
small speed errors. The stator windings 
ofthe motor are driven by variable-
frequency power amplifiers 54,56 
which are controlled by the motor con-
trol signal Ec via PROMs 46,48 which 
store digital representations of sine and 
cosine waveforms in quadrature. 
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SPECIFICATION 

Precision electronic speed controller for an alternat-
ing-current motor 

5 
The invention disclosed herein is generally related to 
motor controllers, and more particularly to controller 
for multi-phase, alternating-current electrical 
motors. 

10 The invention described and claimed below was 
developed to meet a need for a controller for a motor 
used to drive a neutron chopper at the Los Alamos 
Meson Physics Facility, located at the Los Alamos 
National Laboratory in Los Alamos, New Mexico. 

15 The Facility is centered around an 800 Mev linear 
proton accelerator that is powered by a heavy-duty 
commercial ac power system. The accelerator is 
keyed to fire in synchronism with the successive 
peaks and valleys of the 60 Hz ac power signal so as 

20 to produce a pulsed beam of protons at a nominal 
frequency of 120 Hz. The protons strike a suitable 
spallation target to produce 120-Hz bursts of neut-
rons in synchronism with the proton beam. Each 
burst of neutrons has a duration of less then .002 

25 second and consists of neutrons having a range of 
energies. The neutrons are confined to a beam by 
suitable solid-angle stops and are selected according 
to their energy by means of a neutron chopper. The 
chopper consists of a heavy, slotted metal cylinder 

30 which is suspended in the neutron beam and which 
is spun in phase-locked synchronism with the 120-Hz 
accelerator pulses. Only those neutrons having a 
selected narrow range of energies pass through the 
chopper; all others are intercepted. 

35 The particular problem to which this invention is 
directed arises from the fact that the frequency of the 
ac power supply varies slightly from its nominal 
value of 60 Hz, which is in fact only a day-long 
average frequency. Short-term deviations in fre-

40 quency are approximately Gaussian in distribution, 
with approximately .015 Hz rms value, and are of 
exponentially diminishing spectral density with 
approximately .035 Hz FWHM (full width at half-
maximum) spread. Rotational energy, in properly 

45 controlled amounts, must therefore be continually 
transferred into and out of the neutron chopper in 
orderto keep its angle of rotation in phase alignment 
with the zero-crossings of the ac power signal. 
Conventional methods of shaft-drive control are 

50 inadequate for this purpose because of the large 
moment of inertia of the rotor (200-800 kg cm2) and 
the small tolerance (less than ± 1 degree) of the 
tracking error. For example, conventional synchro-
nous motors are inadequate because they have poor 

55 stability and respond slowly under heavy inertial 
loads. Standard servomotors are inadequate be-
cause their rate generators are too insensitive to 
detect small speed changes. In this regard, a particu-
lar problem is that speed feedback from the chopper 

60 is needed for stability, but the speed changes 
required are very small. Electronically, an ordinary 
square-wave phase detector cannot be used because 
of the unacceptable time lag in its smoothing filter. 
The conventional variable-frequency thyristor power 

65 unit used with three-phase motors has a waveform 

which is too course for fine-resolution control of 
speed and phase. 

Accordingly, it is an object and purpose of the 
present invention to provide a controller for accu-

70 rately and precisely controlling the speed of a 
multi-phase, alternating-current electrical motorthat 
is subject to a substantial inertia! load. 

It is also an object to provide such a controller 
which is also capable for controlling the phase of the 

75 motor with respect to an alternating-current power 
supply signal or other signal having a meandering 
line frequency. 

It is another object of the present invention to 
provide a controller for maintaining the speed and 

80 phase of an ac motor with respect to a signal pulse 
train of meandering repetition rate, while also 
correcting for drift of the motor. 

It is yet another object to provide a controller that 
attains the foregoing objects and which also pro-

85 vides in digital form a drift-cancelling phase error 
integrator and an associated overflow-avoidance 
monitor. 

To achieve the foregoing and other objects, and in 
accordance with the purposes of the present inven-

90 tion as embodied and broadly described herein, the 
present invention provides a controller for controll-
ing, with a high degree of precision, the speed of a 
multi-phase, alternating-current motorthat is sub-
ject to a substantial inertial load and which is to be 

95 rotated at a substantially constant speed that corres-
ponds with the long-term average repetition rate of a 
reference pulse train that may be representative of 
an ac power supply signal subject to a meandering 
line frequency. 

100 The controller comprises a shaft revolution sensor 
that is operable to provide a feedback pulse train 
signal which has a frequency that is representative 
of the actual rotational speed of the motor. The 
controller further comprises a speed error signal 

105 generatorfor generating a speed errorsignal which 
is representative of the difference between the speed 
of the motor and a predetermined desired speed that 
is based on the time-averaged frequency of the 
reference pulse train. The speed errorsignal gener-

110 ator includes a digital clock that is operable to 
produce a timing signal pulse train having a prede-
termined, substantially constant frequency. The fre-
quency of the digital clock is substantially higher 
than the frequency of the feedback pulse train signal 

115 from the shaft revolution sensor. The speed error 
signal generator further includes a digital counter 
which operates to count pulses of the timing signal 
pulse train during intervals between receipt of 
successive pulses of the feedback pulse train signal. 

120 After each counting interval the count value of the 
counter is converted to the speed error signal. 

Thecontrollerfurther includes means for applying 
the speed error signal to vary simultaneously the 
frequencies of a set of variable frequency power 

125 amplifiers which are connected to drive the respec-
tive stator windings of the motor. In this manner, the 
outputs of the respective power amplifiers at all 
times bear the correct phase relationship with 
respect to one another, although their common 

130 instantaneous frequency may be varied even within 
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a single period depending on the magnitude ofthe 
speed error signal. This obtains optimum control 
over the speed ofthe motor under conditions of high 
inertial load. 

5 In accordance with additional aspects ofthe 
invention, the controller may include signal gener-
ator means for generating a phase error signal, and 
may further include signal generator means for 
generating a drift error signal. The phase error signal 

10 is representative ofthe phase difference between the 
reference pulse train and the feedback puise train 
signal. The drift error current is representative ofthe 
time integral ofthe phase error signal. In the 
preferred embodiment ofthe invention, the speed, 

15 phase and drift error signals are combined to 
provide a single motor control signal which is 
applied in the manner described above to control the 
speed, as well as the phase, ofthe motor. 

In accordance with yet another aspect ofthe 
20 invention, the speed error signal generator consists 

essentially of a counter which has a limited count 
capacity. During the course of a single counting 
interval, that is, between receipt of successive pulses 
ofthe feedback pulse train signal, the counter 

25 overflows many times. The frequency ofthe digital 
clock and the capacity of the counter are selected 
such that, in the event the motor is turning at its 
desired predetermined speed, the counter overflows 
a relatively large number of times and then attains a 

30 count value equal to one half of its maximum count 
value at the time the counter is stopped at the end of 
a counting interval. The count value is converted to 
the speed error signal at the end of each counting 
interval, such that the magnitude of the speed error 

35 signal islinearwith respect to the value ofthe count. 
Further, the magnitude ofthe speed error signal is 
fixed at a predetermined maximum or minimum 
value corresponding to the upper and lower limits of 
the count value, in the event the counter either 

40 overflows or underflows in its last counting cycle. In 
this manner, a high-gain, linear speed error signal is 
obtained over a very narrow range of deviations in 
speed about the optimum value. For motor speed 
deviations outside this narrow range, constant 

45 speed error signals are generated. This results in a 
very high gain response to very small speed errors, 
thus permitting more precise control over the speed 
ofthe motorthan has heretofore been obtainable 
with previously known motor controllers. 

50 These and other aspects ofthe present invention 
will become apparent to one of ordinary skill upon 
consideration ofthe following detailed description of 
the preferred embodiment of the invention, when 
taken with the accompanying drawings. 

55 The accompanying drawings, which are incorpo-
rated in and form a part ofthe specification, illustrate 
the preferred embodiment ofthe present invention 
and, together with the description, serve to explain 
the principles ofthe invention. In the drawings: 

60 Figure 7 is a schematic diagram illustrating the 
application ofthe motor controller ofthe present 
invention to control a neutron chopper that is 
associated with a large-scale atomic particle acceler-
ator; 

65 Figure 2 is a schematic diagram illustrating the 

details ofthe chopper control system 18 of Figure 7; 
Figure 3 is a schematic diagram illustrating details 

ofthe motor control unit 40 shown in Figure 2; and 
Figure 4 is a schematic diagram illustrating in 

70 further detail the phase update circuit 60a ofthe 
computing unit 60shown in Figure 3; 

Figure 5\s a schematic circuit diagram ofthe 
latching gate 86 of Figure 4; 

Figure 6 is a schematic circuit diagram ofthe 
75 speed update circuit 60b ofthe computing unit 60 of 

Figure 3; 
Figure 7 is a schematic diagram ofthe octo-pulse-

train generator circuit 745 which produces the 
logic-control signal pulses P1 through P8 indicated 

80 in Figure 6; 
Figure 8 is a schematic electrical diagram of the 

circuitry of each of the four latching gates 138 
through 144 of Figure 6; 

Figure 9 is a graph ofthe transferfunction ofthe 
85 speed update circuit 60b of Figure 6; 

Figure 10 is a schematic electrical diagram ofthe 
pulse delay unit 130 ofthe speed update circuit 60b 
of Figure 6; 

Figure 77 is a schematic diagram ofthe drift 
90 update circuit 60c ofthe computing unit 60 of Figure 

3; 
Figure 12 is a schematic diagram ofthe byte status 

sensor 184 ofthe drift update circuit 60c of Figure 11; 
and 

95 Figure 13 is a schematic diagram ofthe up/down 
controller 186 of the drift update circuit 60c of Figure 
11. 

Figure 1 illustrates the utilization ofthe present 
invention in the Meson Physics Facility ofthe Los 

100 Alamos National Laboratory at Los Alamos, New 
Mexico. The heart ofthe Meson Physics Facility is a 
one-kilometer long linear atomic particle accelerator 
10 which fires a pulsed beam of protons at a 
spallation target 12. The proton impact generates 

105 bursts of neutrons, which are collimated in a beam 
and directed at a sample target 74for various 
experimental purposes. The neutrons are selected 
according to their energy by means of a cylindrical, 
slotted chopper rotor 16 which is driven by a motor 

110 that forms part of a chopper control system 18, 
described further below with reference to Figure 2. 
The chopper control system 18 drives the chopper 
rotor 76such that it is at all times in proper 
synchronization with the pulsed neutron beam. The 

115 chopper control system 18 receives as input a 
delayed power line signal EL, produced by a delay 
unit 20, and produces a rotor synchronization feed-
back signal ER, which is transmitted to and delayed 
by a second delay unit 22. 

120 The accelerator 10 is powered by a heavy-duty 
commercial power line signal EL' having a nominal 
frequency of 60 Hz. In orderto obtain the maximum 
beam energy, the accelerator is arranged to fire in 
approximate synchronism with the successive peaks 

125 and valleys ofthe 60-Hz waveform ofthe power line 
signal EL'. The proton and neutron beams are thus 
pulsed at a nominal frequency of 120 Hz, with the 
duration of each burst of protons and neutrons being 
less than .002 seconds. 

130 The chopper rotor 16 operates to filter out all 



3 
1 GB 2 133 960 A 3 

neutrons having kinetic energies lying outside a 
narrow desired range. In order to effectively block 
the undesired neutrons, the rotor 16 must have an 
appreciable mass. The actual rotor consists of a 

5 heavy nickel cylinder having a series of narrow, 
curved slots passing through it diametrically. The 
rotor has an angular moment of inertia of between 
200 and 800 kg cm2 and must be driven with a 
tracking error of less than 1 degree. 

10 The nominal 60 Hz frequency ofthe power line 
signal EL' is only a day-long average value. The true 
frequency actually varies slightly. Short-term varia-
tions in the frequency are approximately Gaussian in 
form, with a root-mean-square value of approxi-

15 mately .015 Hz and an exponential!y diminishing 
spectral density with approximately .035 Hz FWHM 
spread. Therefore, the chopper rotor must be con-
tinually accelerated and decelerated in a carefully 
controlled manner in orderto keep its angle of 

20 rotation in phase alignment with the zero crossings 
ofthe power line signal. Because ofthe large mass 
and moment of inertia ofthe rotor 16, it is impractic-
al to control its phase to the required accuracy of ± 
1/2 microsecond alignment with the power line zero 

25 crossings. Therefore, the triggering ofthe acceler-
ator is in practice allowed to vary slightly from the 
zero-crossing timing that would normally be used. 
This can be done so long as the timing of the 
accelerator triggering does not deviate from the 

30 zero-crossing timing by more than a small amount. 
In practice, therefore, the accelerator triggering is 
controlled either by the zero-crossing ofthe raw 
power line signal Eu', or by the delayed rotor 
synchronization signal ER'. Ordinarily, triggering is 

35 controlled by the delayed chopper synchronization 
signal ER', but there is a limit imposed by a window 
circuit 24. The window circuit 24 receives as inputs 
both the raw power line signal EL' and the delayed 
rotor synchronization signal ER'. These signals are 

40 compared, and, if the delayed rotor synchronization 
signal Er' does not occur within 64 microseconds 
before or after the zero-crossing ofthe power line 
signal EL', the window circuit 24 actuates an electro-
nic switch 26 which transfers control over triggering 

45 ofthe accelerator to the raw power line signal EL'. 
Figure 2 illustrates in greater detail the neutron 

chopper control system 18 of Figure 1. The rotor 16 
is connected by a driveshaft 30 to a 500-watt, 
two-phase, 4-pole induction motor 32 that operates 

50 at a nominal speed of 240 revolutions per second 
(rps). Each revolution of the driveshaft 30 is sensed 
by a magnetic pick-off transducer 34 which senses 
the passage of a slot in a ferromagnetic disk 36 
attached coaxially to the shaft 30. The pick-off 

55 transducer 34 produces a raw magnetic output 
signal which is applied to signal conditioner 38. The 
signal conditioner 38 squares up the raw magnetic 
signal and also divides its frequency by 2 to produce 
the rotor synchronized feedback signal ER, which has 

60 the form of a pulse train having a nominal frequency 
of 120 Hz and a duty cycle of approximately 2 
percent. The rotor feedback signal ER is applied as 
one of two inputs to a motor control unit 40. The 
other input EL to the motor control unit 40 is a similar 

65 pulse train of approximately 2 percent duty cycle and 

120-Hz nominal frequency, which is generated by the 
successive zero-crossings of the 60-Hz power line 
signal Eu' and adjustably delayed by the delay unit 
20. These signals ER and EL are operated on, in a 

70 manner described further below, to producea - 1 0 
to +10 volt decontrol signal Ec which constitutes the 
output of the motor control unit 40. The slowly 
varying dc control signal Ec is applied asthe input to 
a voltage controlled oscillator 42, which produces a 

75 pulse train signal Ec' having a variable frequency of 
49.152 kHz to 73.728 kHz. This pulse train signal Ec' is 
applied as a toggling input to an 8-bit serial counter 
44. The counter 44 produces an advancing 8-bit 
binary address, which is transmitted via branching 

80 8-bit data buses to each of a pair of programmable 
read-only memories (PROMS) 46and 48. More 
specifically, each signal pulse from the voltage 
controlled oscillator 42 causes the counter 44to 
increment its count by one, which in turn increments 

85 the address byte that is applied to the PROMS 46 and 
48. Thus, the actual rate at which the address bytes 
are advanced is determined by the frequency ofthe 
pulse train from the oscillator 42. The reset input of 
the counter 44 is not utilized, so that the 8-bit counter 

90 advances to its maximum value of 255 (decimal) and 
then returns to zero in each counting cycle. 

The PROMS 46and 48 each have a memory 
capacity of 256 addressable 8-bit words, or bytes. 
The contents of the PROMs are 8-bit data bytes 

95 which, when taken in sequence, represent digitized 
sine and cosine curves, respectively. In one full 
counting cycle, all of the 256 memory locations of 
each PROM are addressed. Addressing of a given 
memory location results in the word stored at that 

100 location being applied to an 8-bit parallel data output 
bus. The data output buses from the PROMs 46 and 
48 are connected to a pair of digital-to-analog (D/A) 
converters 50 and 52, respectively, which convert the 
digital sine and cosine signals to analog sine and 

105 cosine signals. The analog sine and cosine signals 
are appl ied, respectively, to a pair of 250 watt 
fixed-gain power amplifiers 54 and 56, which drive 
the respective first and second phase stator wind-
ings ofthe motor 32. 

110 The PROM 46 generates a positively offset digi-
tized sine function; that is, the sine function is 
everywhere greater than or equal to zero. Likewise, 
the digitized cosine function generated by the 
second PROM 48 is positively offset. The D/A 

115 converters, however, transform the offset sine and 
cosine signals to true, or non-offset, signals that 
range between equal positive and negative voltages. 

It will be noted that the two signals applied to the 
power amplifiers 54 and 56, as well as the resulting 

120 power signals applied to the motor 32, a re always 90 
degrees out of phase with one another, in the 
quadrature relation of true sine and cosine functions. 
However, their instantaneous common frequency is 
variable even within a single period, or counting 

125 cycle, depending on the output ofthe motor control 
unit 40. Thus, the speed and phase ofthe2-phase 
motor 32 is made controllable by simultaneously 
varying the frequency ofthe power applied to the 
two stator windings ofthe motor, while continuously 

130 maintaining the optimum quadrature relationship 
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between the two stator excitations. 
It is further noted that, in return for the advantages 

of no brushes or other sliding electrical contacts, the 
induction motor has some slip which causes the 

5 motor to turn at a frequency slightly less than the 
stator frequency. The slip frequency, i.e. the stator 
frequency minus the rotor frequency, will generally 
be positive if the bearing drag is significant, but wil l 
be negative whenever a substantial deceleration of 

10 the spinning load is required. 
The structure and function of the motor control 

unit 40 are illustrated in greater detail in Figure 3. As 
noted above, the inputs to the motor control unit 40 
are the delayed power line signal DL and the rotor 

15 synchronized feedback signal ER. The output of the 
motor control unit 40 is the slowly varying - 1 0 to 
+ 10 volt decontrol signal Ec. The input signals EL 

and ER are applied to a computing unit 60 which is 
described in further detail below and which is 

20 illustrated in detail in Figures 4,6 and 11. 
Briefly, thefunction of the computing unit 60 is to 

periodically generate three 8-bit update bytes Es, EP 

and ED, which relate respectively to the speed, phase 
and drift o f the motor 32. The motor speed data byte 

25 Es is applied to a data latch 62. Likewise, the phase 
and drift data bytes EP and ED are applied to 
respective data latches 64 and 66. The data bytes Es, 
EP and ED are loaded into their respective latches 
upon transmission of respective load signals Ls, LP 

30 and LD f rom the computing unit fiOto the latches. 
The load signals are triggered by the delayed 120 Hz 
line signal EL, so that the contents of the three 
latches are updated ata rate of approximately 120 
Hz. The contents of the three latches are transmitted 

35 continuously as 8-bit parallel-binary data bytes Es ' , 
EP' and ED ' to a set of three digital-to-analog 
converters 68, 70 and 72, respectively. These three 
D/A converters produce analog dc signals Es", EP" 
and Ed", which are applied to a set of three variable 

40 potentiometer attenuators 74, 76 and 78, respective-
ly. The outputs of the three attenuators consist of dc 
signals Es'", EP"' and ED"', which are applied to and 
combined in a summing amplifier SO. The output of 
the summing amplifier 80 isthe slowly varying dc 

45 control signal Ec which is applied to the voltage 
controlled oscillator 42 of Figure 2. 

The signal Es'" is a speed error signal, the signal 
EP'" is a phase error signal, and the signal ED"' is a 
drift error signal. The speed error signal Es"'is 

50 proportional to the quantity u = - W 0 + dP/dt, where 
WQ = 480 it radians/sec exactly, and where P 
represents the phase lead of the chopper rotor with 
respectto the arriving neutron beam pulses. The 
signal Es'" is polarized to decrease the value of the dc 

55 control signal Ec as the speed error u increases. The 
signal EP"' is proportional to the phase lag of the 
signal ER behind EL, and is polarized to increase the 
control signal voltage Ec as the phase lag increases. 
Finally, the drift error signal ED" is proportional to 

60 the integral o f the phase error signal EP'" over time 
(the cumulative phase drift), and is polarized to 
increase the value of the control signal Ec as the t ime 
integral increases. It is further noted here that the 
drift error signal ED"'functions to compensate for 

65 any gradual increase in the slip in the motor, which 

3 

may result for example from wear in the bearings of 
the motor. The drift error signal ED"' compensates for 
such slow, day-to-day increases in the drag on the 
motor by slightly increasing the stator frequency of 

70 the motor. 
For the purpose of explanation, the computing 

unit 60 may be described as consisting of three 
circuits; a phase update circuit 60a, a speed update 
circuit 60b and a drift update circuit 60c, which are 

75 illustrated respectively in Figures 4,6 and 11. 
Referring first to Figure 4, the phase update circuit 

60a receives as inputs the delayed power line signal 
EL and the rotor feedback signal ER, and produces as 
output the 8-bit phase update byte EP and the 

80 respective phase update byte load signal LP. The 
input signal EL is applied to a 0.5 microsecond 
monostable multivibrator 82, which inthe preferred 
embodiment may be based on a Texas Instruments 
SN74123 integrated circuit. The multivibrator 82 

85 functions to sharpen the pulses of the input signal EL 

so that they have a 0.5 microsecond pulse width. The 
output of the multivibrator 52 is used both as the 
input to a 0.5 microsecond delay unit 84 (which may 
be constructed from a Texas Instruments SN74123 

90 integrated circuit chip) and also as the turn-off 
command to a latching gate 86. The latching gate 86 
is described further below with reference to Figure 5. 

The latching gate 86 receives as its input signal a 
timing signal ET which is produced by a 4.9152 mHz 

95 clock 88 (which may be a Motorola K1091A) and a 
counter divider 90 (which may be based on a series 
combination of National Semiconductor SN74LS192 
and SN74LS193 integrated circuit chips). The divider 
90 operates to divide the frequency of the clock 

100 output signal by 160 and apply the resulting signal 
E t , having a frequency of .03072 mHz, as the signal 
input to the latching gate 86. The timing signal E t 

passes through the latching gate 86, when the gate 
86 is on, to an 8-bit down counter 92. I twi l l be 

105 recognized that the 8-bit counter, having a maximum 
decimal value of 255, wil l overflow after a counting 
period of 8.301 milliseconds, given the timing signal 
frequency of .03072 mHz. This period is slightly less 
than the nominal intervals of 8.333 milliseconds 

110 between the arrivals of successive (120Hz) ELand E r 

signals. 
The rotorfeedback signal E r is applied to a 0.5 

microsecond monostable multivibrator 94, which 
may be identical to the multivibrator 82. The shar-

115 pened, 0.5 microsecond pulse from the multivibrator 
94 is applied to a 0.5 microsecond delay unit 96 
(which may be the same as the delay unit 84) and is 
also applied as a load command signal to the 8-bit 
down counter 92 (which may be a National semicon-

120 ductor74LS 193 integrated circuit). The delayed 
output pulse from the delay unit 96 is applied as the 
turn-on command to the latching gate 86. 

The down counter 92 decrements by one in 
response to each timing pulse from the latching gate 

125 86, and its 8 parallel outputs are made available as 
standby inputs to an 8-bit data latch 98. The high 
value ofthe counter 92 is 255, to which the counter 
92 is reset each time a load signal pulse is received 
from the multivibrator 94. The output of the data 

130 latch 98 is the same 8-bit byte as that received from 
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the counter 92, and is the phase error byte EP 

produced by the computing unit 60. 
The data latch 98 receives and loads the 8-bit byte 

from the down counter 92 upon receipt of a load 
5 command LD from the delay unit 84. The output of 

the delay unit 84 is also applied to another 0.5 
microsecond delay unit 100, the output of which is 
the phase load signal LP transmitted from the 
computing unit 60to the latch 62 of Figure 3. 

10 The operation of the phase update circuit may be 
described as follows. A rotor feedback pulse ER is 
sharpened by the multivibrator 94 and is applied to 
the down counter 92 to cause the down counter to 
reset to its high value of 255. A half microsecond 

15 later the delayed ER pulse from the delay unit 96 
turns the latching gate 86 on, which then begins 
transmitting the timing pulses Ej to the down 
counter 92. This results in the down counter 92 
decrementing its count value upon the receipt of 

20 each timing pulse, i.e., at a rate of 30,720kHz. 
The power line signal EL may be considered as 

lagging behind the rotor signal ER. At sometime 
after the arrival of the ER pulse and the starting of the 
down counter 92 as described above, a delayed 

25 power line pulse EL arrives. This pulse is sharpened 
by the multivibrator 82 and is applied to the latching 
gate 86, turning it off. This stops transmission of 
timing pulses to the down countermand thus 
freezes its count value atthe then-occurring value. A 

30 half microsecond laterthe delayed power line pulse 
E l, further delayed by the delay unit 84, is applied to 
the data latch 98to cause it to load the count value 
present on the 8-bit bus from the down counter 91. 
After another half microsecond delay, the power line 

35 signal pulse EL is transmitted as the loading pulse LP 

from the delay unit 100to cause the latch 64to load 
the current value of the phase error byte EP. 

In the case of both the power line signal EL and the 
rotor signal ER, the delay units 84 and 96 are 

40 employed forthe purpose of ensuring that loading of 
either the down counter 92 or the data latch 98 is not 
attempted while timing signals from the latching 
gate 86 are being transmitted. As noted above, a half 
microsecond after the data latch 98 is loaded, the 

45 8-bit phase error byte EP is transmitted from the 
computing unit 60 to the data latch 64. It will be 
recognized that the smaller the count value is (which 
is transmitted as the phase error byte EP) the larger is 
the lag of EL behind ER. 

50 Alternatively, it may be said that the larger the 
value of the phase error byte EP is, the larger is the 
lag of Er behind EL. Thus the value of the phase error 
byte EP is a linear measure of the phase lag of ER 

behind EL, up to a maximum of 255/0.03072 mHz = 
55 8,301 microseconds. Consequently, with nominal 

intervals of 8,333 microseconds for each of the ER 

and EL pulse periods, the down counter 92 will 
overflow (and give an erroneous reading) if a phase 
lag measurement of more than 8,301 microseconds 

60 is attempted. This could be easily avoided by using a 
slower clock. However, since the circuit is used in a 
system requiring both advances and retardations in 
phase, the best operating condition is a half-full data 
latch (i.e., an average phase error byte value EP of 

65 128), which is equivalent to a 4,167 microsecond 

average phase lag of ER behind EL. In practice the 
apparent phase lag is set to fall in this range by 
adjustment of the delay unit 20 of Figure 1. 

The circuit could easily be modified to obtain 
70 higher resolution over narrower ranges of phase lag. 

For example, by changing the quotient of the 
dividing counter 90from 160 to 16, aten-fold 
increase in resolution could be obtained over a 
phase lag range of zero to 830 microseconds. 

75 The circuitry of the latching gate 86 is essentially 
that of a dual-NOR AND gate controlled by a 
dual-NOR flip-flop. Details of the circuitry are set 
forth in Figure 5, with the pin numbers shown 
therein corresponding to those of a Texas Instru-

80 ments SN7402 quad NOR gate integrated circuit. 
More specifically, the timing signal ET is transmitted 
through a pair of NOR gates 102 and 104 which are 
connected in series. A second pair of NOR gates 106 
and 108 are connected so as to function as a flip-flop. 

85 A pulse received atthe inputto the NOR gate 102 
from the multivibrator 82 causes the NOR gate 104 
gate to turn off, and a pulse received atthe inputto 
NOR gate 108from the delay unit 96causes the NOR 
gate 704 to turn on. 

90 The speed update circuit 60b is illustrated in Figure 
6. The essential elements of the circuit 60b, with 
exemplary commercially available components 
identified in parenthesis, include: a 4.9152 mHz clock 
720 (K1091A), a presettable 8-bit counter 122 

95 (74193), and 8-bit up/down counter 124 (74193), a 
divide-by-160 counter 126 (74192,3), an OR gate 128 
(7432), a 0.5 microsecond delay unit 130 (74123), a 7 
microsecond delay unit 752(74123), a pair of 0.5 
microsecond monostable multivibrators 134an6 136 

100 (74123), and four latching gates 138, 140, 142 and 
144. The circuit 60b further includes a pulse train 
generator, further described below, which produces 
a train of 8 signal pulses P1 through P8 that are 
utilized in the manner described below. 

105 The 4.9152 mHz clock 120 has a frequency equal to 
10x212 x 120 Hz, which is convenient for timing of 
pulse trains having frequencies of approximately 
120 Hz. 

The delay unit 130 converts the leading edge of 
110 any input pulse into a 0.5 microsecond output pulse 

with a delay of 0.5 microsecond. Details of the 
circuitry of the delay unit 130 a re set forth in Figure 
10. The delay unit 132, which may comprise a 
SN74123 integrated circuit, converts the downstroke 

115 of a pulse of any length into a 0.5 microsecond 
ouptut pulse after a delay of 7 microseconds. 

Each of the latching gates 738through 144 has the 
circuitry shown in Figure 8, which consists essential-
ly of a dual-NOR AND-gate controlled by a dual-NOR 

120 flip-flop. A single pulse applied to the ON (orOFF) 
terminal of the latching gate will enable (or block) 
the transmission of pulses from the inputto the 
output of the gate. In practice, each of the latching 
gates 138through 144 may be formed from a single 

125 SN7402 quad NOR gate integrated circuit, using the 
pin connections indicated by the pin numerals in 
Figure 8. 

The speed update circuit 60b receives as input 
only the rotor feedback signal pulses ER, which 

130 ordinarily arrive at intervals of approximately 8333 
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microseconds. Each rotor feedback pulse ER is 
converted to a train of 8 signal pulses P1 through P8 
by an octo-pulse-train generator circuit 745, which is 
illustrated in Figure 7. The octo-pulse-train generator 

5 circuit 745 consists of a chain of eight 1 microsecond 
delay units 746through 160 which are connected in 
series, with taps con nected to the outputs of the 
respective delay units providing the pulses P1 
through P8. Thus, the pulses P1 through P8 consist 

10 of pulses which are 1.0 microsecond apart and which 
are each 1.0 microsecond in duration. Each of the 
delay units may consist of a SN74123dual monost-
able multivibrator wired to generate the 1.0 microse-
cond pulses. 

15 The transfer function of the speed update circuit 
60b is illustrated in Figure 9, which shows the 
end-of-period decimal value of the speed error byte 
Es as function of the interval between successive 
rotorfeedback pulses ER. As indicated, the circuit has 

20 a linear response over a range of intervals which is 
centered on the interval value of T= 1/120=8333 
microseconds, which is ideal interval value for the 
situation where the rotor is turning at a speed 
corresponding to power line frequency of exactly 60 

25 Hz. The range of intervals over which the response of 
the circuit is linear is 52 microseconds, and extends 
from 8307 to 8359 microseconds. It wil l be recog-
nized that intervals greaterthan 8333 microseconds 
represent rotor speed which are too slow, and 

30 intervals less than 8333 microseconds represent 
rotor speeds which are too fast. 

As discussed below, the speed error circuit 60b 
includes automatic means to ensure that any rotor 
signal interval greaterthan 8359 microseconds will 

35 result in a speed error byte of 255, and that any 
interval less than 8307 microseconds will result in a 
speed error byte of zero. It wil l be further recognized 
thatthe linear range of interval values measured by 
the circuit is in correspondence with an almost linear 

40 range of ER pulse rates extending from a frequency 
f1 of 1/(0.008359)=119.63 Hz to a frequency f2 of 
1/(0.0083071 = 120.38 Hz. Thus, in the preferred 
embodiment, the circuit measure ER pulse rates 
almost linearly over a range of 0.75 Hz centered on 

45 120 Hz, with a resolution of 0.003 Hz per counter 
step. This results in a transfer function which is very 
sensitive to speed deviations from the optimum 
corresponding to 120 Hz, and which provides a 
constant maximum corrective signal in the event of 

50 deviations outside a narrow range of speeds. 
Referring to Figure 10, the 0.5 microsecond delay 

unit 730 includes a SN74123 dual channel monost-
able multivibrator which is connected as shown (and 
which is illustrated schematically as consisting of 

55 two multivibrators) so as to produce a 0.5 microse-
cond output pulse after a delay of 0.5 microsecond 
from the receipt of an input signal. This is accom-
plished by applying the output pulse from one 
channel on pin 13 to the second input at pin 9, so as 

60 to produce the delayed output pulse on output pin 5. 
The operation of the speed error circuit 60b is as 

follows. Upon receipt of an ER pulse at the pulse-
train generator circuit 145, a sequence of 8 pulses is 
generated after an initial delay of one microsecond. 

65 The first pulse P1 is applied to the OFF terminal of 

the latching gate 138, thereby turning it off and 
stopping tansmission of the t iming pulses from the 
clock 720 to the 8-bit counter 122. The value in the 
counter 122 is thus frozen at an accumulated value 

70 which represents, with due allowance for the P1-P8 
time lapse, the time interval since the receipt of the 
previous ER pulse. This value is represented by an 
8-bit byte which is applied to an 8-bit parallel data 
bus connected to data input terminals of the up/ 

75 down counter 124. 
One microsecond later the second pulse P2 is 

applied to the load signal input terminal of the 
up/down counter 124, causing the counter 724to 
load the value of the 8-bit byte representing the 

80 current value in the stopped counter 722. This value 
is then available on the output bus of the speed error 
circuit 60b as the 8-bit speed error byte Es, discussed 
above with reference to Figure 3. 

In the event the interval between ER pulses is 
85 within the range of 8307 to 8359 microseconds, 

which is the linear range of the transfer function of 
Figure 9, the third and fourth pulses P3 and P4 have 
no effect, and the fifth pulse P5 is applied as the load 
command signal Ls which is applied to the speed 

90 error signal latch 62 of Figure 3. 
The sixth pulse P6 is applied to a programmable 

reset terminal of the 8-bit counter 722, causing it to 
reset to a predetermined initial value I. This initial 
value I is selected so as to be equal to one-half the 

95 maximum value of the counter 722, plus the number 
of clock pulses which span the duration of the 8 
pulses P1 through P8. In the illustrated embodiment, 
therefore, I = 128 + (16)(4.9152) = 207. The function 
of this operation is to reset the counter 722 and also 

100 correct it for the time lost during the generation of 
pulses P1-P8. In this regard, the 8-bit counter 722 
counts to its maximum value of 255 each 52 
microseconds, so that it overflows 160 times in the 
course of 8333 microseconds, the average and ideal 

105 interval on which the linear response range of the 
circuit 60b is centered. Thus, the last, or 160th, 
counting cycle of the 8-bit counter 722 is the cycle in 
which the counter is ordinarily stopped by receipt of 
the first pulse P1. 

110 The seventh pulse P7 is applied to the OFF 
terminal of each of the latching gates 140 and 744, 
turning them off, and is also applied to the ON 
terminal of the latching gate 742 to turn it on. 

The eighth pulse P8 is applied to the ON terminal 
115 of the latching gate 735, turning it on and thereby 

resuming once again the transmission of the timing 
pulses from the clock 120 to the preset 8-bit counter 
722, which continue until the receipt of another ER 

pulse, at which time the process just described is 
120 begun again. 

In the event the time interval since the receipt of 
the previous ER pulse is outside the range 8307-8359 
microseconds, which is the linear response range of 
the circuit, a sequence of operations somewhat 

125 differentfrom that just described occurs. 
The 8-bit counter 722 overflows approximately 160 

times in the course of each counting cycle. More 
specifically, the initial value of the counter 122 is set 
at the beginning of each cycle such that the counter 

130 overflows exactly 160 times and then attains a value 
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equal to one-half its maximum value, or 128, in the 
event of a signal interval of 8333 microseconds. So 
long as the circuit 60b is measuring a time interval 
within the linear range shown in Figure 9, the 8-bit 

5 counter 122 overflows 160 times and then attains 
some intermediate value between 0 and 255. 

Each overflow ofthe 8-bit counter 122 is registered 
by a downstroke ofthe most significant bit, bit 8. 
This downstroke is applied to both the 0.5 microse-

10 cond monostable multivibrator 134 and the toggling 
input ofthe divide-by-160 counter 126. 

The downstroke ofthe most significant bit of the 
divide-by-160 counter 126, which is generated after 
exactly 160 overflows of the 8-bit counter 122, is 

15 applied to the 0.5 microsecond multivibrator 136. 
The output ofthe multivibrator 136 is applied to both 
the OFF terminal ofthe latching gate 142 and the 
input ofthe 7 microsecond delay unit 132. At the 
beginning of the counting cycle, the latching gate 

20 140 is turned off and the latching gate 142 is turned 
on, these gates having been set to such states by the 
pulse P7 ofthe previous cycle. Thus, until the 
divide-by-160 counter 726 has overflowed by receipt 
of 160 pulses from the overflow output ofthe 

25 counter 722, the latching gate 140 remains turned off 
and the latching gate 142 remains on. 

In the event the 8-bit counter 722 is stopped (by 
pulse P1) before it has overflowed 160 times, which 
represents the situation where the interval between 

30 Er signals is less than 8307 microseconds (i.e., the 
rotor is going too fast), the divide-by-160 counter 
does not overflow and consequently does not pro-
duce an output signal. Consequently, the latching 
gate 142 remains open, and the pulse P3 passes 

35 through the gate 142 to the OR-gate 128. The 
OR-gate 72Sthen applies a signal to the clear 
terminal ofthe up/down counter 124, thereby clear-
ing the value in the up/down counter 724 to zero. 
Upon the later receipt of pulse P5, this zero value is 

40 loaded as the speed error byte Es into the latch 62 
(Figure 3). It will also be noted that, in this situation, 
the latching gate 144 remains off during the counting 
cycle, having been turned off during the previous 
cycle and not turned on in the present cycle, and 

45 thus the pulse P4, which is applied to the input of the 
gate 144, is not transmitted to the up/down counter 
124 and has no effect. 

If thet ime interval since receipt ofthe previous ER 

pulse is within the range of 8307-8359 microseconds, 
50 the linear portion of the curve shown in Figure 9, the 

8-bit counter will overflow exactly 160 times and 
then be stopped at some intermediate value, thus 
causing the divide-by-160 counter726to overflow. 
This results in the latching gate 142 being turned off, 

55 thus inactivating the subsequent pulse P3. Also, the 
latching gate 744 remains off because there is not a 
subsequent, or 161st, pulse from the 8-bit counter 
722 to pass through the multivibrator 134 and the 
now-enabled latching gate 140 and turn the gate 144 

60 on. Thus, this is the situation already described 
above, wherein the pulses P3 and P4 have no effect 
on the value ofthe up/down counter 124 or the 
speed error byte Es resulting therefrom. 

In the event the interval since the receipt of the 
65 previous ER pulse is greaterthan 8359 microse-

conds, i.e. the cycle period is too long and the rotor 
is turning too slowly, the 8-bit counter 722 overflows 
at least once more beyond the 160 times necessary 
to cause the divide-by-160 counter 726 to produce an 

70 output signal. The output signal f rom the divide-by-
160 counter 126 is applied through the multivibrator 
136 and the delay unit 132 to turn the latching gate 
140 on after a delay of 7 microseconds. Thus, the 
next overflow pulse from the 8-bit counter, the 161st 

75 pulse, passes through the gate 140 and turns on the 
latching gate 144. As a result, the subsequent pulse 
P4 is transmitted through the latching gate 744 and 
is applied to both the OR-gate 128 and the 0.5 
microsecond delay unit 130. The output of the 

80 OR-gate 72S clears the value of the up/down counter 
124 to zero, and a half-microsecond later the delayed 
P4 pulse from the delay unit 130 applies a signal to 
the down-count terminal of the up/down counter 
124, which causes it to decrement by one, from zero 

85 to its maximum value of 255 decimal. Thus, the 
value of the speed error byte transmitted on receipt 
ofthe fifth pulse P5 is 255, which represents the 
maximum speed error signal. It wil l be noted that in 
this situation, wherein the cycle period is too long, 

90 the pulse P3 has no effect and it is the pulse P4 which 
operates to set the speed error byte Es to its 
maximum value. 

Upon completion of the process just described, 
the subsequent pulses P6, P7 and P8 operate as 

95 described above to reset the various latches to their 
starting states. 

It will be recognized that the circuit 60b is pro-
tected against overflow of the up/down counter 124 
by the use of the pulses P3 and P4to setthe up/down 

100 counter 724to0or255, respectively, depending on 
whether the cycle time is too short or too long. It will 
also be noted that the circuit just described obtains a 
very precise measurement of rotor speed over a 
small range of speeds. This is accomplished by 

105 using a fast counter which registers a large number 
of counts over the full cycle period, and which also 
utilizes the full scale of the counter within a narrow 
range of rotor speeds so as to obtain a magnified, or 
vernier effect with the counter. 

110 Various modifications and/or improvements to the 
speed update circuit 60b may be evident to persons 
of odinary skill in the computer electronics art. For 
example, a P6-operated blanker can be inserted in 
the output of the multivibrator 736 if the particular 

115 divide-by-160 counter 726emits a spurious pulse on 
being reset to zero. Other ranges of the ER input 
pulse rate are readily accommodated by appropriate 
changes in the clock frequency and the quotient 
selected for the divide-by counter 126. If the desired 

120 range in the DR pulse period to be measured is a 
substantial fraction of the average pulse interval, 
and if the circuit output is to be linear in pulse rate 
rather than pulse period, a microprocessor using Es 

as the data input could be used to improve the 
125 linearity (at the cost of only a small additional time 

lag). 
Referring now to Figure 11, the drift update circuit 

60c includes a 4.9152 mHz clock 170, and divide-by-
10 counter 772, a 6-bit rate multiplier 774, a hex-

130 switch rate selector 176, a NOR-gate 178, a 14-bit 



8 GB 2 132 795 A 8 

counter 750, and 8-bit up/down counter 182, a byte 
status sensor 184, and up/down controller 186, and a 
one-microsecond monostable multivibrator 188. 

The byte status sensor 184 has the circuitry 
5 illustrated in Figure 12. The sensor 184 receives as 

input the drift update byte ED, received in the format 
of an 8-bit parallel-binary number 0 < N < 255. Its 
functions are to emit a single 0.5 microsecond 
output pulse A if N =0, or to emit a single 0.5 

10 microsecond output pulse B if N=255, or to emit a 
single 0.5 microsecond output pulse C if N = 128. 
These function are achieved inthe manner shown by 
use of an inverter 190, an 8-input NOR-gate 192, a 
pairof 8-input AND gates 194 and 196, and three 

15 monostable multivibrators 198,200 and 202. The 
most significant bit ofthe drift update byte ED is 
applied to the inverter 190 and then to the AND-gate 
196, together with the other 7 bits, whereas all 8 bits 
ofthe ED byte are applied to the NOR-gate 192 and 

20 the AND-gate 194. The outputs ofthe NOR-gate 192 
and the AND-gates 194 and 795areapplied respec-
tively to the multivibrators 202,200 and 198, the 
outputs of which are the signals A, B and C, 
respectively. 

25 The circuitry ofthe up/down controller 186 is 
illustrated in Figure 13. It consists of a dual-NOR 
flip-flop 204, a simple OR-gate 205, and a special 
purpose logic switch 208. The input signals to the 
controller circuit 186 are the three nonoverlapping 

30 pulses A, B and C, and a logic level signal UD'. The 
output ofthe up/down controller is a logic level 
signal UD. The switch 208 serves as a pulse-operated 
single-pole, double-throw switch, constructed as 
shown by use of an OR-gate 2 70, a pair of AND-gates 

35 212 and 214, and a flip-flop consisting of two 
NOR-gates 216 and 218. The dual-NOR flip-flop 204 
receives as inputs the signals A and B and provides 
an output signal to the AND-gate 212 ofthe switch 
208. The signals A and b are also applied to the 

40 OR-gate 206, the output of which is applied to the 
NOR-gate 218 of the switch 208. The signal C is 
applied to the other NOR-gate275oftheswitch205. 
With such a configuration, a C pulse causes the logic 
level input signal UD' to be transmitted as the logic 

45 level output signal UD, a condition that remains 
unchanged until and unless the OR-gate 206 pro-
duces an output signal in response to either an A or a 
B pulse. Either an A or a B pulse causes source ofthe 
logic level output signal UD to switch from the logic 

50 level signal UD' to the output ofthe flip-flop 204, 
where it remains until a subsequent C pulse arrives. 
The state of the flip-flop 204 depends on whether A 
or B arrived last. If the A pulse arrived last, the output 
ofthe flip-flop 204 will be held at a high logic level 

55 (e.g., 5 volts). If the B pulse arrived last, the output 
UD of the switch 205 will be held at a low logic level 
(eg. zero volts) until a C pulse arrives and equates 
UDtoUD'. 

Returning to Figure 11, one of the two outputs of 
60 the drift update circuit 60c is the 8-bit parallel byte 

ED, which is generated by the up/down counter 182. 
The value ofthe counter 182 can be initialized to a 
count value of N = 128 by application of a reset/load 
pulse R. Further, the direction of counting ofthe 

65 counter is governed by the UD output signal ofthe 

up/down controller 186. The second output of the 
drift update circuit 60c is the load command signal 
LD, which is produced by the multivibrator 188 in 
response the input pulse EL. 

70 The up/down controller 186 receives the A, B andC 
input pulses from the respective A, B and C outputs 
ofthe byte status sensor 184, which is connected so 
that its input is the same as the output byte ED of the 
drift update circuit 60c. The UD' input to the up/down 

75 controller 186 is the input logic level of bit 7, i.e., bit 7 
from the output ofthe phase update circuit 60a. If the 
phase lag is excessive, this bit is high. 

The toggling input to the up/down counter 182 is 
the 0-to-30 Hz pulse train output ofthe 14-bit counter 

80 180, which receives as its input the output of the 
NOR-gate 178. The inputs to the NOR-gate 178 are 
output signal LD from the multivibrator 755, and 
0-to-491,520 Hz output ofthe pulse-rate multiplier 
174. The pulse-rate multiplier 174 receives as input 

85 the output ofthe divide-by-10 counter 772,which in 
turn receives as input the output from the clock 170. 

The output frequency ofthe rate multiplier 774 can 
be adjusted in 64steps of 7680 Hz each, overthe 
0-to-491,520 Hz range, by means of a 6-bit word 

90 supplied by the hex-switch rate selector 176. For 
example, with the mid range setting of 32 (i.e., with 
only the most significant switch being active) in the 
rate selector, the rate multiplier 174 has an output 
frequency of 495,200/2=245,760 Hz, and the output 

95 frequency ofthe 14-bit counter 7S0will be 15 Hz. At 
such a slow 15 Hz toggling rate, the 8-bit up/down 
counter 752 would require a time lapse of almost 8.5 
seconds to progress from its manually preset count 
of N = 128 to its next-to-overflow count of N=255, 

100 even if the bit 7 input remained high at all times. 
In actual operation, the effect (through the ED' 

motorcontrol loop) of N128 is to bring about (within 
a time interval that is small compared with the 8.5 
second midscale time constant) a reversal ofthe bit 7 

105 input level to zero. This causes a slow decline in the 
value of ED toward a value of N128, which brings 
about a return of bit 7 to its high level through the 
feedback action ofthe motorcontrol loop. Under 
normal operating conditions, the number N in the 

110 up/down counter 752 does not deviate far from its 
mid-range value of N=128, so the up/down control-
ler 186 receives no A or B pulses from byte status 
sensor 184. 

However, if by chance the bit7 input remains high 
115 (or low) for too long, for example due to an 

unexpected significant increase in motor bearing 
drag, the number N inthe up/down counter will 
increase to its upper limit level of 255 (or decrease to 
its lower limit level of zero), thus triggering a B pulse 

120 (or an A pulse) from the byte status sensor 184. The 
resulting action ofthe up/down controller is to 
temporarily disconnect the bit 7 input and allow the 
slow toggling rate to return the number in the 
counter 752 to its mid-range value of N = 128, after 

125 which the bit 7 input is reconnected. In this manner, 
an overflow or underflow ofthe up/down counter 
(and the accompanying disruptive full-scale snap-
action excursion of its N value) is avoided. An alarm 
bell triggered by the output ofthe OR-gate 206 could 

130 be used to signal the need for external retrim ofthe 
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voltage-controlled oscillator 42 (Figure 2) in the 
motor drive circuit, if desired. 

From the foregoing description, it is seen that the 
drift update circuit 60c performs several functions in 

5 addition to that of maintaining a running time 
integral of abnormal phase lag. It provides an 
adjustable time constant, an automatic pause of the 
final up/down counter while emitting the output load 
command LD, and an external reset of the output 

10 byte ED to its mid-range value. It also includes 
provisions for avoiding overflow or underflow of the 
final counter, as well as provisions for automatic and 
gentle return to center, thus preventing spurious and 
disruptive jumps in the value of the output byte ED. 

15 Referring again to Figure 3, in starting up the 
system, only the speed error signal Es'" is desirable 
and necessary, in which case the gains of the 
attenuators 76 and 78 are automatically held at zero 
by means of an electronic switch (not shown), which 

20 is actuated only when the value of Es"' is large. Once 
the motor is brought up to full operational speed by 
the speed error signal Es"', the phase error signal EP 

automatically adjusts the angle of the chopperto its 
predetermined phase-locked position. As noted 

25 above, the drift errorsignal ED'" serves only to 
compensate for any gradual changes in the parasitic 
component of the motor load (windage and bearing 
drag), and has little effect overt ime spans of less 
than a minute. Hence, the gain of the drift signal 

30 attenuator 78 may be manually held at zero while 
making the initial (one-time) adjustments of the Es'" 
and EP'" attenuators for optimum performance of the 
chopper at operational speed. It is noted that an 
excessive gain in the speed error attenuator 74 will 

35 result in rapid librations in the shaft angle, due to 
neglected second-order time lags. Excessive gain in 
the phase error attenuator 76 produces overshoot in 
the tracking error. Optimum performance is 
obtained when the speed error attenuator 74 is set 

40 for maximum libration-free gain and the phase error 
attenuator is set for critical damping. 

The foregoing description of the preferred embo-
diment of the invention has been presented for 
purposes of illustration and description. It is not 

45 intended to be exhaustive or to limit the invention to 
the precise form disclosed, and obviously many 
modifications and variations are possible in light of 
the above teaching. The embodiment was chosen 
and described in orderto best explain the principles 

50 of the invention and its practical application to 
thereby enable others skilled in the art to best utilize 
the invention in various embodiments and with 
various modifications as are suited to the particular 
use contemplated. It is intended that the scope of the 

55 invention be defined by the claims appended hereto. 

CLAIMS 

1. A controller for controlling with a high degree 
60 of precision the speed of a multi-phase alternating-

current motorthat is subject to a substantial inertial 
load, and for maintaining the speed of said motor at 
a substantially constant speed which corresponds to 
the long-term average repetition rate of a reference 

65 pulse train that may be representative of an alternat-

ing-current power supply signal having a meander-
ing line frequency, said motor being driven by a 
plurality of variable frequency power amplifiers 
which drive the respective stator windings of said 

70 motor, comprising: 
shaft revolution sensor means operable to provide 

a feedback pulse train signal having a frequency 
representative of the rotational speed of said motor; 

speed error signal generator means for generating 
75 a speed error signal representative of the difference 

between the speed of said motor and a predeter-
mined desired speed that is based on the time-
averaged frequency of said reference pulse train, 
said speed error signal generator means including 

80 digital clock means operable to produce a t iming 
signal pulse train having a predetermined substan-
tially constant frequency that is substantially higher 
than the frequency of said feedback pulse train 
signal, digital counter means for counting pulses of 

85 said timing signal pulse train during intervals be-
tween receipt of successive pulses of said feedback 
pulse train signal, and means for converting the 
digital count value of said counter means after each 
counting interval to said speed error signal; and 

90 means for applying said speed error signal to vary 
simultaneously the frequencies of said power ampli-
fiers that drive the stator windings of said motor, to 
thereby control the speed of said motor. 

2. The controller defined in Claim 1 wherein said 
95 means for applying said speed error signal to said 

power amplifiers comprises a voltage-controlled 
oscillator that receives said speed error signal and 
produces a variable frequency control signal, said 
variable frequency control signal being applied to a 

100 digital counter that sequentially addresses each of a 
plurality of programmable read-only memories 
which are associated with the respective variable 
frequency power amplifiers that drive the stator 
windings of the motor, said read-only memories 

105 each containing in their addressable memories 
digitized representations of trigonometric functions, 
with the trigonometric functions stored in said 
read-only memories bearing the phase relationships 
of the respective stator windings of said motor, and 

110 digital-to-analog converter means associated re-
spectively with said programmable read-only 
memories for converting the contents of said 
memories to analog signals suitable for controlling 
the outputs of the respective power amplifiers 

115 coupled to the stator windings of said motor, 
whereby said variable frequency control signal adv-
ances the addresses of said read-only memories at a 
rate determined by the magnitude of said speed 
error signal to thereby vary simultaneously the 

120 frequencies of the outputs of said power amplifiers, 
and to thereby control the speed of said motor. 

3. The controller defined in Claim 1 further 
comprising phase error signal generator means for 
generating a phase errorsignal representative of the 

125 phase difference between said alternating-current 
power supply and said feedback pulse train signal, 
and wherein said means for applying said speed 
control signal to vary the frequencies of said power 
amplifiers includes summing amplifier means for 

130 combining said speed errorsignal and said phase 



10 GB 2 132 795 A 10 

error signal to produce a motor control signal, said 
motor control signal being applied by said means for 
applying said speed error signal to vary simul-
taneously the frequencies of said power amplifiers. 

5 4. The controller defined in Claim 3 further 
comprising drift error signal generator means for 
generating a drift error signal representative of the 
integral of said phase errorsignal overt ime, and 
wherein said speed errorsignal, said phase error 

10 signal and said drift error signal are combined by 
said summing amplifier means to form said motor 
control signal. 

5. The controller defined in Claim 4 wherein said 
means for applying said motor control signal to said 

15 power amplifiers comprises a voltage-controlled 
oscillator that receives said motor control signal to 
produce a variable frequency motor control signal, 
said variable frequency motor control signal being 
applied to a digital counter that sequentially addres-

20 ses each of a plurality of programmable read-only 
memories which are associated with the respective 
variable frequency power amplifiers that drive the 
stator windings of the motor, said read-only memor-
ies each containing in their addressable memories 

25 digitized representations of trigonometric functions, 
with the trigonometric functions stored in said 
read-only memories bearing the phase relationships 
of the respective stator windings of said motor, and 
digital-to-analog converter means associated re-

30 spectively with said programmable read-only 
memories for converting the contents of said 
memories to analog signals suitable for controlling 
the outputs of the respective power amplifiers 
coupled to the stator windings of said motor, 

35 whereby said variable frequency motor control 
signal advances the addresses of said read-only 
memories at a rate determined by the magnitude of 
said motor control signal to thereby vary simul-
taneously the frequencies of the outputs of said 

40 power amplifiers, and to thereby control the speed 
and phase of said motor. 

6. The controller defined in Claim 1 wherein the 
clock frequency of said clock means is high and the 
count capacity of said counter means is low, such 

45 that said counter means overflows a plurality of 
times during each counting interval, and wherein 
said clock frequency and said count capacity are 
selected such that said counter means attains a 
count value of one half of its maximum count value 

50 in the event the speed of the motor corresponds to 
said predetermined desired speed, and wherein said 
speed errorsignal is a dc signal the magnitude of 
which is proportional to the count value of said 
counter means after each counting interval, and 

55 further wherein said counter means is held to its 
maximum or minimum count value in the event it 
overflows either high or low in its last counting cycle 
of each counting interval, whereby said speed error 
signal is linear with respect to speed errors over a 

60 small range of speed errors and is constant in the 
event of speed error outside said small range of 
speed errors, so as to provide a high gain corrective 
response to small deviations in the speed of the 
motor. 

65 7. The controller defined in Claim 6 further com-

prising means for generating a sequence of eight 
pulses between each counting interval, said sequ-
ence of eight pulses having a total duration which is 
a small fraction of the total counting interval, the first 

70 pulse in said sequence operating to stop said 
counter means and eighth pulse in said sequence 
operating to start said counter means, the second 
pulse of said sequence operating to transmit the 
count value of said counter means to a second 

75 counter means for retransmission to said means for 
converting said count value to said speed error 
signal, said third and fourth pulses of said sequence 
operating respectively to reset the value of said 
second counter means to a minimum or a maximum 

80 value depending on whether the speed of said motor 
as represented by the number of times said counter 
means overflows during said counting interval, is 
outside a predetermined range of speeds centered 
on an optimum speed, the fifth pulse in said 

85 sequence operating to activate transmission of the 
value of said second counter means to said means 
for converting the digital count value after each 
counting interval to said speed error signal, the sixth 
pulse in said sequence of eight pulses operating to 

90 reset the value ofthe said counter means to a 
predetermined initial value, and the seventh pulse of 
said sequence operating to reset said second coun-
ter means to an initial value, whereby a high-gain 
linear response is obtained to small variations in 

95 speed over a small range of variations, and further 
whereby maximum speed error signals are gener-
ated in response to speed variations outside said 
small range. 

8. A controllerfor controlling with a high degree 
100 of precision the speed and phase of a multi-phase 

alternating-current motorthat is subject to a sub-
stantial inertial load, and for rotating said motor in 
phase-locked synchronism with a reference pulse 
train that may be representative of an alternating-

105 current power supply signal that is subject to a 
meandering line frequency, said motor being driven 
by a plurality of variable frequency power amplifiers 
which drive the respective stator windings of said 
motor, comprising: 

110 shaft revolution sensor means operable to provide 
a feedback pulse train signal having a frequency 
representative of the rotational speed of said motor; 

error signal generator means for generating a 
speed errorsignal, a phase errorsignal and a drift 

115 error signal, said speed error signal representing the 
difference between the speed of the motor as 
represented by the frequency of said feedback pulse 
train signal and a predetermined desired speed 
based on the time-averaged frequency of said 

120 reference pulse train, said phase errorsignal repre-
senting the phase difference between said reference 
pulse train and said feedback pulse train signal, and 
said drift error signal representing the integral of 
said phase errorsignal overt ime; 

125 summing amplifier means for combining said 
speed, phase and drift error signals to provide a 
motor control signal; and 

means for applying said motor control signal 
simultaneously to said variable frequency power 

130 amplifiers to thereby control the speed and phase of 
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said motor. 
9. The controller defined in Claim 8 wherein said 

means for applying said motor control signal to said 
power amplifiers comprises a voltage-controlled 

5 oscillatorthat receives said motor control signal and 
produces a variable frequency control signal, said 
variable frequency control signal being applied to a 
digital counterthat sequentially addresses each of a 
plurality of programmable read-only memories 

10 which are associated with the respective variable 
frequency power amplifiers that drive the stator 
windings of the motor, said read-only memories 
each containing in their addressable memories 
digitized representations of trigonometric functions, 

15 with the trigonometric functions stored in said 
read-only memories bearing the phase relationships 
ofthe respective stator windings of said motor, and 
digital-to-analog converter means associated re-
spectively with said programmable read-only 

20 memories for converting the contents of said 
memories to analog signals suitable for controlling 
the outputs of the respective power amplifiers 
coupled to the stator windings of said motor, 
whereby said variable frequency control signal adv-

25 ances the addresses of said read-only memories at a 
rate determined by the magnitude of said motor 
control signal to thereby vary simultaneously the 
frequencies ofthe outputs of said power amplifiers, 
and to thereby control the speed and phase of said 

30 motor. 
10. A controller for controlling with a high de-

gree of precision the speed of a multi-phase alternat-
ing-current motor that is subject to a substantial 
inertial load, and for maintaining the speed of said 

35 motor at a substantially constant speed correspond-
ing to the long-term average of a reference pulse 
train which may be representative of an alternating-
current power supply signal that is subject to a 
meandering line frequency, comprising; 

40 shaft revolution sensor means operable to provide 
a feedback pulse train signal having a frequency 
representative of the rotational speed of said motor; 

a plurality of variable frequency power amplifiers 
which are connected to drive the respective stator 

45 windings of said multi-phase motor; 
speed error signal generator means for generating 

a speed error signal representative of the difference 
between the speed of said motor and a predeter-
mined desired speed that is based on the time-

50 averaged frequency of said reference pulse train, 
said speed error signal generator means including 
digital clock means operable to produce a timing 
signal pulse train having a predetermined substan-
tially constant frequency that is substantially higher 

55 than the frequency of said feedback pulse train, 
digital counter means for counting pulses of said 
timing signal pulse train during intervals between 
receipt of successive pulses of said feedback pulse 
train signal, and means for converting the digital 

60 count value of said counter means after each 
counting interval to said speed error signal; and 

means for applying said speed error signal to vary 
simultaneously the frequencies of said power ampli-
fiers which drive the stator windings of said motor, 

65 to thereby control the speed of said motor. 

11. The controller defined in Claim 10, wherein 
said means for applying said speed error signal to 
said power amplifiers comprises a voltage-
controlled oscillator that received said speed error 

70 signal and produces a variable frequency control 
signal, said variable frequency control signal being 
applied to a digital counterthat sequentially addres-
ses each of a plurality of programmable read-only 
memories which are associated with the respective 

75 variable frequency power amplifiers that drive the 
stator windings ofthe motor, said read-only memor-
ies each containing in their addressable memories 
digitized representations of trigonometric functions, 
with the trigonometric functions stored in said 

80 read-only memories bearing the phase relationships 
of the respective stator windings of said motor, and 
digital-to-analog converter means associated re-
spectively with said programmable read-only 
memories for converting the contents of said 

85 memories to analog signals suitable for controlling 
outputs ofthe respective power amplifiers coupled 
to the stator windings of said motor, whereby said 
variable frequency control signal advances the 
addresses of said read-only memories at a rate 

90 determined by the magnitude of said speed error 
signal to thereby very simultaneously the frequen-
cies of the outputs of said power amplifiers, and to 
thereby control the speed of said motor. 

12. The controller defined in Claim 10 further 
95 comprising phase error signal generator means for 

generating a phase error signal representative of the 
phase difference between said reference pulse train 
and said feedback pulse train signal, and wherein 
said means for applying said speed control signal to 

100 vary the frequencies of said power amplifiers in-
cludes summing amplifier means for combining said 
speed error signal and said phase error signal to 
produce a motor control signal, said motor control 
signal being applied by said means forapplying said 

105 speed error signal to vary simultaneously the fre-
quencies of said power amplifiers. 

13. The controller defined in Claim 10further 
comprising drift error signal generator means for 
generating a drift error signal representative of the 

110 integral of said phase error signal overt ime, and 
wherein speed error signal, said phase error signal 
and said drift error signal are combined by said 
summing amplifier means to form said motor con-
trol signal, 

115 14. The controller defined in Claim 13, wherein 
said means for applying said motor control signal to 
said power amplifiers comprises a voltage-
controlled oscillatorthat receives said motor control 
signal to produce a variable frequency motor control 

120 signal, said variable frequency motor control signal 
being applied to a digital counter that sequentially 
addresses each of a plurality of programmable 
read-only memories which are associated with the 
respective variable frequency power amplifiers that 

125 drive the stator windings of the motor, said read-
only memories each containing in their addressable 
memories digitized representations of trigonometric 
functions, with the trigonometric functions stored in 
said read-only memories bearing the phase relation-

130 ships of the respectivee stator windings of said 
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motor, and digital-to-analog converter means asso-
ciated respectively with said programmable read-
only memories for converting the contents of said 
memories to analog signals suitable for controlling 

5 the outputs of the respective power amplifiers 
coupled to the stator windings of said motor, 
whereby said variable frequency motor control 
signal advances the addresses of said read-only 
memories at a rate determined by the magnitude of 

10 said motorcontrol signal to thereby vary simul-
taneoulsy the frequencies of the outputs of said 
power amplifiers, and to thereby control the speed 
and phase of said motor. 

15. The controller defined in Claim 10 wherein 
15 the clock frequency of said clock means is high and 

the count capacity of said counter means is low, 
such that said counter means overflows a plurality of 
times during each counting interval, and wherein 
said clock frequency and said count capacity are 

20 selected such that said counter means attains a 
count value of one half of its maximum countvalue 
in the event the speed of the motor corresponds to 
said predetermined desired speed, and wherein said 
speed error signal is a dc signal the magnitude of 

25 which is proportional to the count value of said 
counter means after each counting interval, and 
further wherein said counter means is held to its 
maximum or minimum count value in the event it 
overflows either high or low in its last counting cycle 

30 of each counting interval, whereby said speed error 
signal is l inearwith respect to speed errors over a 
small range of speed errors and is constant in the 
event of speed errors outside said small range of 
speed errors, so as to provide a high gain corrective 

35 response to small deviations in the speed of the 
motor. 
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