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(57) Abregée/Abstract:

An electric induction motor Is connected by a switch means to a source of three-phase alternating electricity. The speed of the
motor Is determined by detecting when the source voltage a zero crossing and thereafter sensing the polarity of the back emf
voltage induced in each winding of the motor when the switch means Is non-conductive. After several zero crossings a set of
polarity samples has been produced from each winding. The motor speed Is determined by detected the occurrence of a
predefined relationship among samples in each set. For example, the speed is in the range of fifty to about thirty-eight percent of
full synchronous speed when three consecutive samples from one winding all have the same polarity. The occurrence of the
predefined relationship among back emf polarity samples can be used to control the braking of the motor.
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2061960
ABSTRACT

An electric induction motor is connected by a switch means
Lo a source of three

- For example,

the speed is in the range orf fifty to about thirty-eight percent
of full Synchronous speed
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induction motor. These

10  devices pProvide braking mechanism to decelerate the motor to

StOp in a controlled manner.

The dynamic braking

20 mode involves sensing the polarity

O0f the supply line voltage
and the voltage induced by back electromotive force

the motor.

This process repeatedly sends

25 current pulses through the motor which produce a negative

torque that slows its speed.

30



5 skipping begins,

. AS a Consequence,
this braking technique requires a fairly accurate determina-
tion of motor speed in

20

25

» rather than adding an
electromechanical speed detection device.



voltage induced in each winding of the motor andiproduce a

plurality of polarity Samples for each winding during every

Cycle of the electricity from the source.

10 Plurality samples from at least one winding, that OCCurs when
the speed of the motor is within a defined range,

In one application Of this speed detection, the ocCcurrence
0f the predefined relationship controls the application of
electricity to brake the motor. A braking mechanism responds

15

20 of the motor from its full Synchronous speed
An object of the present invention is to provide a System
for detecting the Speed of the electric motor without using
electromechanical Sensors.
Another object is Lo utilize the back emf induced in the
25 motor windings when the SWitch means are in a non-conductive
state as an indicator of the motor speed.
A further object of the present invention is to provide a
technique for braking the Speed of the motor in a controlled
manner,

and changing to different braking modes in response to
30 the sensed speed.
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In a first aspect, the present invention provides an

apparatus for controlling an induction motor, that

is supplied by a source of three-phase electricity the voltage
of‘which alternating in polarity at a given frequency, said
apparatus comprising:

three bidirectional switch means, each coupling one of
the phases of the source to one of three windings of the motor;

means for sensing the polarity of back emf voltage induced
in each winding of the motor and producing a plurality of
polarity samples for each winding;

means for detecting a predefined relationship among the
plurality of polarity samples from at least one winding, which
predefined relationship occurs when the motor has a speed within

a given range, and producing a control signal indicating the
detection of the predefined relationship; and

a means, responsive to the control signal, for controlling
said bidirectional thyristor switch means, in response to the
means for detecting, to apply a first sequence of current pulses
to the motor when the speed is greater than a givén range, and

to apply a second sequence of current pulses to the motor when

the speed has entered the given range.

- 3D~
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In a second aspect, the present invention provides an
apparatus for controlling an induction motor, which
1s supplied by a source of three-phase electricity having a
voltage alternating in polarity at a first frequency, said
apparatus comprising:

three bidirectional thyristor switch means, each coupling

means for generating a first control signal;

means for prdducing, during a plurality of consecutive
half-cycles of electricity from the source, a sample of the
polarity of back emf voltage induced in each winding of the

motor:;

a sensing means for detecting the polarity of the voltage

from the source;

& means for determining when the speed of the motor is
within a defined range by detecting a given relationship among
a number of samples of the back emf voltage induced in each

winding, and producing a second control signal indicative of

the existence of the given relationship;

a means for operating said bidirectional thyristor switch
means in a first mode in which current is sent through the'
motor during every half-cycle of the current from each phase
of the source, in a second mode that commences in response to
the first control signal in which current is sent through the
motor less frequently than every half-cycle of current from
one phase of the source, and in a third mode that commences in
response to the second control signal in which the thyristor
switch means are controlled to sent current through the motor

at an effective second frequency that is less than the first

frequency.

~3B-
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In a third aspect, the present invention provides an

apparatus for controlling an induction motor, which

is supplied by a source of three-phase electricity having a
voltage that alternates in polarity, said apparatus comprising:
three bidirectional thyristor switch means, each coupling

one of the phases of the source to one of three windings of the

motor;

means for generating a first control signal;
means for producing, during a plurality of consecutive
half-cycles of electricity from the'source, a sample of the

polarity of back emf voltage induced in each winding of the

motor;

a sensing means for detecting the polarity of the voltage

from the source;

a means for determining when the speed of the motor is
within a defined range by detecting a given relationship among
a number of samples of the back emf voltage induced in each

winding, and producing a second control signal indicative of

the existence of the given relationship;

a means for operating said bidirectional thyristor switch
means in a first mode in which current is sent through the motor
during every half-cycle of the current from each phase of the
source, in a second mode that commences in response to the first
control signal in whigh current is sent through the motor less
frequently than every half-cycle of current from one phase of
the source, and in a third mode that commences in response to
the second control signal in which the thyristor switch means
are controlled to send a current pulse through a winding of the

motor during every other half-cycle of current in one phase from

the source.
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In a fourth aspect, the present invention provides a

method for detecting the speed of an induction

motor, that is connected by a switch means to a source of
three-phase electricity the voltage of which alternates in
polarity, the steps ¢of that method comprising:

sensing, during each of a plurality of half-cycles of one
phase of electricity from the source, the polarity of back emf
voltage induced in the motor to produce a set of polarity

samples from each winding of the motor;

detecting a predefined relationship among the polarity
samples, which predefined relationship occurs when the speed

of the motor is within a defined range; and
then producing a signal indicating the detection of the

predefined relationship.

~3D-
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15
FIGURE 8 is a flowchart of a CyCle skipping motor Speed
control program;
FIGURE 9 graphically l1llustrates the current waveforms at
20

each of the motor terminals during cycle sSkipping operation of
the motor controller,
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or C from g

stator windings 11, 12 or 13 to a Supply line a, B,

source of three-phase alternating electricity,

across each '

10 circuits,

15 insofar as the functions of Starting and OpPeérating the motor 10
at a normal tunning speed. As will be explained in detail, the
Program contains a novel routine for'stopping the motor 10 ang
detecting motor sSpeed.

The microcomputer 30 generates properly timed thyristor

20

trigger signals on three lines 27,



15 connected to

30.

voltage is sensed by the microcomputer 30 when electricity

from the Supply lines is not being applied to the motor,



S stator windings.

The A, B, and ¢ sSupply lines are Coupled by separate

resistors 45, 46, and 47 to the inputs of the three line

voltage detectors 21, 22 and 23,

25

pPolarities. For example, only two line voltage detectors need

be provided. Upon power up,

30 occurrence of zero Crossings and voltage polarity in the two

Phases associated with the line voltage detectors. From the
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order of the crossings, the interval between them and the

polarities of the two vbltage waveforms, the microcomputer 30

determines the phase relationships and frequency of the supply

voltages. This information is used the initialize a set of

S5 flags within the microcomputer nemory that are toggled there-
after by internal timers to represent the polarity and zero
Crossing of the three Supply line voltages. Perlodically the
2€ro crossing signal from one of the line voltage detectors 1S
Seénsed to insure that the flags remain Synchronized to the

10

15 voltages.

20  These 1Nput port lines are also coupled by a pair of pull-up
I€S1stors 55 to the Positive voltage sSupply for the motor
controller 20. Activation of one of these switches 51-52
pulls the associated MlcCrocomputer input line to ground The
first pushbutton SWitch 51 is activated by an operator to

25
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from a programmable iogic controller or-other control circuit,
instead Qf the puShbuttons 51 and 52.
When the motor 10'is being braked, the controller 20
 term1nates conventlonal trlggerlng of the SCR.palrs 16-18 and
5 begins dynamic motor braklng.' The polarlty of the back-emf
voltage induced in at least one of the stator wlndlngs 11-13
is sensed along with the polarity of the voltage across at
least one pair of the supply lines A, B or C. When these
voltage polarltles are opposite to each other, i.e. one ‘
Ji)ffp031t1ve and the other negatlve, two pairs of SCR's are
trlggered 1nto a conductlve state durlng one half cycle of the
alternatlng supply line current. This action applies a pulse
of current through the associated stator windings to produce a
magnetic field which generates negative tordue in the motor.
15 The speed of the motor 10 decreases due to the negative torque
at a faster rate than merely allowing the motor to coasﬁ to a
stop, as graphically shown 1in Figure 2. After the speed has
been reduced by at least fifty percent as occurs at time Ty,
the SCR's are continued to be triggered during the same half
20 of every current cycle.regardless.of the voltage polarity
. relationship, until the motor sfops. This stopping technique
is referred to as "full dynamic braking” and 1is described in

U.S. Patent No. 4,833,386.

25 In situations where the motor stopping must be controlled
to accurately position an object that is driven by the motor;
dynamic braking is used initially to reduce the speed to
eighty-four percent of the full synchronous speed at the supply
line frequency (50 or 60 Hz). Thereafter cycle skipping is

30 used to drive the motor at a relatively slow speed until the

object is near its desired position, at which time (T4) the
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SCR's are triggered during every other half-cycle of the supply
line current to rapidly slow the motor as shown in Figure 3.
During the cycle skipping phase, the pairs of éCR's are
triggered in a pattern and at times to apply current to the

5 motor at a lower effective frequency than the line current
frequency, as described in U.S. Patent No. 4,996,470,

The software stored in the microéomputer 30 determines which

technique a particular motor controller uses in the second phase

of stopping.
10 This speed reduction and stoppage of the electric motor

are carried out by the motor controller 20 executing a software
braking routine depicted by the flowcharts in figures 9-8. At
time Tgo, an operator closes pushbutton 52 producing a signal to
which the microcomputer 30 responds by calling the motor speed
15 reduction routine. This execution of this routine commences at
step 70 on Figure 4. with the microcomputer 30 initializing the
varliables and counters which will be used in executing the
routine. Then, at step 72, the output from the AB line voltage
detector 21 is examined to determine if the voltage Vab across
20 supply lines A and B has made a zero crossing. If a zero
crossing has not occurred, the program execution waits at step
72. Eventually, a zero voltage crossing is detected, causing
a flag to be set within the microcomputer memory to indicate
whether the zero crossing is rising or falling, that is whether
25 the voltage Vab is now negative or positive.

The program execution then advances to step 74 at which,
the microcomputer 30 waits for a given amount of time to
provide a conventional phase angle delay before triggering the
appropriate SCR's within the switch module 14. In determining

30 the triggering time, a delay interval is added to the present

value of the microcomputer's timer. The program execution does

-10-



> of the back emf voltage Vc across the third winding 13 of the
motor 10 The sampling is accomplished by Seénsing the output
©of the third voltage comparator 26 and storing the output in a
memory location within the microcomputer 30 at step 76. Then,
the polarity of the sampled back emf voltage is compared to
10 ‘

line voltage Vab at step 78. If

15 in its memory.

half-cycles of the supply line voltage,

which occur between
firings of the SCR's during

apply a current Iab through motor windings 11 and 12 Lo produce

4 negative torque. When this occurs,

_.11_
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the microcomputer 30 produces ocutput
signals on lines 27 and 28 to trigger

At this juncture,

SCR pairs 16 and 17 for
Supply lines A and B.

S5 a magnetic field that is opposed to the magnetic field of the
rotor of motor 10 The opposing magnetic fields produce a
reduction in the Speed of the motor Then at step 87 the
microcomputer resets the half-cycle counter to zero Eefore
the program €Xecution returns to step 72 to await another

10

As a result,

15 the value of the half-cycle counter just prior to SCR

triggering will be eleven or more. As the motor Speed slows,

the interval between when the supply line voltage and the back

emf voltage are OPposite will decrease and the SCR!

S will be
triggered more frequently,

20 Consider first a motor controller 20 that uses full dynamic

braking to slow the motor, in which case the value of N for step

Eventually, the SCR's will
during every other half

80 is set to two. be triggered

the half-

25 at step 80.

- Therefore, when the half cycle

30 count examined at step 80 and the SCR!

S are being triggered

-~] 2=



the microcomputer 30 calls a Speed detection
subroutine at step 82.

Bl

the microcomputer 30 will have stored

three sets of back emf voltage Polarity samples and the program

€Xecution advances to Step 93 on Figure 5 where the sample

25 count is reset to zero.

...13...
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15

20

25

areé compared. If the first two samples have the same polarity,

the first and thirdg samples Al and A3 for the first stator

continuous SCR firing mode is €xecuted. 1In the situation where
none of the three samples from the same stator winding have

‘identical Polarities, the motor Speed is not in range from 50 to

..14..



At the desired Phase angle, the first and second

pairs of SCR's 16 and 17 for Supply lines A and B are

triggered at step 106.

Then microcomputer 30 waits for another 2ero crossing of

sSupply line voltage vab at Step 108 so that the SCR's will not
10 Dbe fired during the next half-cycle, but only once during each

Supply line cycle.

When this Crossing occurs, the timer is

eéxamined at step 109 to determine if the braking program

snould terminate.

execution returns to Step 102 to await another Zero crossing

15  of voltage Vab. Instead of using a timer to determine when to

terminate the braking process, the motor controller 20 could

percent of the full synchronous speed at the frequen

supply line current (50 or 60 Hz).

...15...



dS occurs at time T; on the

10

25 the program waits at step 117 for the phase angle delay before
returning to step 110 to dCquire another set of back emf voltage
Polarity samples.

After the OCCurrence of three consecutive zero Crossings
O1 voltage Vab, the microcomputer 30 has Stored three sets of
30



CO determine whether the polarity remained the same for two

S5 eighty-four and sixty-four percent of full synchronous speed

at the supply line frequency (50 or 60 Hz) .

In this subsequent section ©f the second speed detection

- Ssubroutine, the sample counter is reset to zero and a flag is

set to two at step 114.

However, if a

15 polarity match is not found between samples Al and A2, the

program branches to Step 118 where consecutive samples A2 and A3

are compared by the microcomputer 30. If these samples have the

same polarity, the flag is decremented at step 119, otherwise

the program advances directly to step 120.

20 At steps 120 and 122

Same polarity. If so the flag is decremented at step 124 before

advancing to step 126. Similarly, at Steps 126 and 127 the

advancing.

The flag then is tested at step 129 to determine if it

30 has a non-positive value,

-17-
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20

25

30

commeénces at time T) in Figure 3, at which time dynamic
braking ceases. Thereafter, each pair of SCR's 16-18 is

selectively triggered in a pattern which effectively applies

waveforms of Figure 9. With respect to waveform A, the first

pPair of SCR's 16 is initially triggered to produce two

Following pulse 62, the first pair of SCR's 16 is not
triggered at all during the next full cycle of the electricity
from the A supply line. After this hiatus in triggering the

SCR's for Supply line A, the SCR's are triggered to produce

triggering the first SCR pair 16, Thereafter, this pattern

repeats as long as the motor controller 20 is in the cycle

skipping mode. The other two SCR pairs 17 and 18 for supply

lines B and C are triggered in identical patterns, but 120

electrical degrees out of phase.

....18...



10

15

20

25

indicated beneath waverforms by the designation AC. The pattern
Of current pulses in the three motor windings comprise six
intervals in which different combinations of two SCR pairs are

triggered to send current through the motor. Each of these six

intervals is 420 electrical degrees in duration.

waveforms 68a, 68b and 68c through the Stator windings 11, 12,
and 13 respectively. The effective frequency of the resultant
current 1is one-seventh the frequency of the alternating supply

line current. The application of this frequency component of

-10~



»
during four consecutive positive half Cycles of the S\%Qlﬁlgbo

Current, then not triggered for two Cycles, triggered for four

Consecutive negative half CyCles, followed by another two

Cycle non-trigger interval.

10 Synchronized

When
this portion of the program is first executed at time T1, the
mOtor will not be Synchronized and the Program will advance to

to await a zero Crossing of the voltage Vab across
Supply lines A and B.

15 Microcomputer 30 enters a timed loop at Step 132, that provides
a phase angle delay between the 20 Crossing of the supply
line voltage Vab and the triggering of the SCR's After this
delay interval has elapsed, a first counter is lncremented at
Step 133, and the resultant value is tested at step 134 to

20

25 when Cycle-skj

~20~



10

15

25

30

Positive current flow through the first winding 11 of the motor

and a negative current flow through the second winding 12, a

indicated by current Iab in Figure 1).

After the SCR's for the supply lines A and B have been

pairs 16 and 17. Upon detection of the 2€ro crossing in the



10

15

20

25

30

2061960

sensing the output from the BC line voltage detector 22 to

determine when the next zero crossing occurs in the supply

voltage Vbc. Upon the OCccurrence of that zero Crossing and

Each pass through the motor control program loop'on Figure
8 triggers the SCR pairs 16-18 to produce one half~cycle of the
fundamental frequency component 68a, 68b and 68c at each motor

terminal 41, 42 and 43. On the subsequent pass through the

program loop, the opposite polarity half-cycle of 2 component

0f the fundamental frequency is generated.,

As noted above, during the first two passes through the

loop of the motor control program flowcharted on Figure 8, the

line (e.g. pulses €1 and 65'), a test is made to determine

whether the motor 10 has become synchronized Lo this lower

frequency. This test is accomplished by comparing the polarity

...22....
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20

-23-



> for triggering the SCR!

S may also be changed at this step. For

example, if less torque is required to drive the motor at 3

constant speed after time T3 than was required to produce

Speed reduction between times T1 and T3, the phase angle delay

is increased to produce a lower positive torque in the motor.
10 Alternatively,

the program continues

15 looping through the portion depicted on Figure 8 until

pushbutton 52 is opened at time T4. The opening of pushbutton

52 is detected at step 130.

also is set,

branches to the continuous mode of dynamic braking depicted by

20 the flowchart of Figure 6. If the pushbutton 5§52 opens before

the motor speed becomes synchronized to the lower frequency

(before the sync flag is set), the pProgram does not branch out

However, if pushbutton 52 remains-

the program will branch from the cycle skipping mode to

25 the continuous dynamic braking mode

the next time step 130 1is
executed after the sync flag is set at step 154.

Supply lines A and B. At this point in time, the motor 10 has

..24...



slowed significantly so that such application of

rapidly reduces the speed the

_25...
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electricity
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apparatus comprising:

5 three bidirectional switch means, each coupling one of

the phases of the source to one Oof three windings of the motor;

10 means for detecting a predefined relationship among the
plurality of polarity samples from at least one winding, which
predefined relationship occurs when the motor has a speed within
a given range, and producing a control signal indicating the
detection of the predefined relationship; and

15

a means, responsive to the control signal, for controlling

said bidirectional thyristor switch means, in response to the

means for detecting, to apply a first sequence of current pulses

to the motor when the speed i1s greater than a given range, and

to apply a second Sequence of current pulses to the motor when

20 the speed has entered the given range.

...26....
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7. The apparatus as recited in claim 6 wherein:

said means for sensing the polarity of back emf voltage

pProduces polarity samples from the three windings during each

of three consecutive half-cycles of the electricity from the

Source, thereby producing a set of three samples from each

winding; and

the predefined relationship occurs when two consecuti

samples in one 'set have the Same polarity and two consecutive

samples in another set have ldentical polarities.

9. The apparatus as recited in claim 1 wherein the

application of th

~28~
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10. An apparatus for controlling an induction motor, which
1S supplied by a source of three-phase electricity having a

voltage alternating in polarity at a first frequency, said

apparatus comprising:

5 three bidirectional thyristor switch means, each coupling

one of the phases of the Source to one of three windings of the

motor:;

motor;

a4 sensing means for detecting the polarity of the voltage

from the source;

15 a means for determining when the speed of the motor is
within a defined range by detecting a given relationship among
4 number of samples of the back emf voltage induced in each
winding, and producing a second control signal indicative of
the existence of the given relationship;

20

motor during every half-cycle of the current from each phase

of the source, in a Second mode that commences in response to

the first control signal in which current is sent through the
25 motor less frequently than every half-cycle of current from

one phase of the Source, and in a third mode that commences in

30 frequency.

- Q-



n

wherein said

...30_.
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three bidirectional thyristor switch means, each coupling

S one of the Phases of the Source to one of three windings of the
motor;
means for génerating a first control signal;
means for.produc1ng, during a Plurality of consecutive
half-cycles of electricity from the source, a Sample of the
10

15 within a defined range by detecting a given relationship among
d number of samples of the back emf voltage induced ln each
winding, and Producing a second control signal indicative of
the existence of the given relationship;

a means for operating said bidirectional thyristor switch

20

means in a first mode in which current

cycle of the current from each

25 the source,

the source.
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wherein said

13. The apparatus as recited in claim 12

means for detecting eXamines Concurrently acquired sets of

three consecutive polarity Samples from each winding of the

motor, and the Predefined relationship exists when al} three

S consecutive Samples in one of the Sets have the same pPolarity.

-phase electricity the voltage of which alternates ipn

pPolarity, the Steps of that method comprising:

sensing, during each of a plurality of half-

Cycles of one
phase of electricity from the source,

10 samples,

15.  The method_as recited ip claim 14

© polarity.

_32.....



identical Polarities.
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