DI G TAL | NDUCTI ON MOTOR CONTROL SYSTEMS The present invention relates.tg

ontrol systens for AC induction notors and, .nore particul alﬂdqd}g%'sel f-" e
E}alibrating power factor control systemfor AC induction notors. A
- /power factor control systemfor AC induction notors is disclosed in United;

St ates Pat.ent No. 4, 052, 648. The Nola patent is contained in a NASA {f ,
Techni cal Support Package datged March, 1979 and entitled "Power Factor —/
Controller, Brief No. MFS-23280". In addition to the 10 Nola patent, the
Technpgglt TARLP INDUQTICN IO TR { CONBRGE hSY8TEMSdi agr ans of vari ations and
i nproVenents on the circuitry discrosed rn the Nola patent. As explained in.
the Nol a pThenpraséntn inventivh Teelates! tSuppatiroPaglyagemst fcurrent in
an AC induction 15 notor nay |lag the voltage by a phase angle of [eri] when
t he mACodndsctilomadwdtcnsl dnd 30ordepat bicubarelyi,s tboadg@lfFhi s phase angl e
"9" is used to conpute the power factor for the notor, which is defined as
cos [ealfibrating powel fadtin comtrol heyptemr foacAbr iaductdones 1.

Conversely, 20 where 9 is |large the power factor approaches zero.

Fundame®o&sly, a | ow power factor neans that energy is being wasted. G ven
t he tremendous nunbers of AC induc- tion notors in _use today, inproving the
pover fact Ar POYSTd FacHAT Gantzel systemnfrxr| AGndngUcEiPmngOLtoxs i nates 25

Of POL ey 218 BN U Eafed PRt NPTIBRL3 6] The

Nola patent is contained in a NASA Technical Support

Package dated March, 1979 and entitled "Power Factor
Controller, Brief No.MFS-23280". In addition to the

10 Nola patent, the Technical Support package contains
schematic diagrams of variations and improvgments on the
circuitry disclosed in the Nola patent.

As explained in the Nola patent and in the NASA
Technical Support Packaée, the current in an AC induction

15 motor may lag fhe voltage by a phase angle of 80° when
the motor is unloaded and by 30° when the motor is loaded.
This phase angle "8" is used to compute the power factor
for the motor, which is defined as cos 8. Thus, when ©
is small the power factor approaches 1. Conversely,

20 where © is large fhe power factor approaches zero.
Fundamentally, a low power factor means that energy is
Being wasted. Given the tremendous numbers of AC induc-
tion motors in use today, improving the poﬁer factor
could result in véry substantial energy savings. Estimates

25 of potential energy savings are set forth at pages 3 and



-2 10 of the NASA Technical Support Package The operation of the Nol a (E%;)
ppwer & dctorcontroller is described in the NASA Techni cal Support Package
at pages 11 and 15 u5|ng the functional block diagram5 appearing at page-
13.. The line voltage is sensed and signals corresponding to the line -
voPtage and its com plenent are produced. The notor current is also-
\a?nsed and signals corresponding to the notor current and its conpl enent.

e al so produced. - An "EXCLUSI VE-OR% |l agic 10 operation is then perforned
on these voltage and current signals, the result of which is one input to a
summi ng anplifier and l'ow pass filter. The other input is a DC signal,

derived from popefetheONASAr TeshhibatosuppperdPackagecomnmanded phase angle
and, therefore, a commanded 15 power factor. The result of this filtering
and summi ng oper atThe openafﬁbnyefetherNolavpbWagefwhmoh iconithrelleam par ed
with a ranp voltage synchroni zed with the zero crossings of the line
vol t age.. The istéeseribed df the NASA Techajgeali SuppoatDRackage adl t age is
detected by the 20 conparator and used to trigger the triac. As the |oad on
t he ot or decpege®slltandphisusingl theefiunctdonadr bdosk diagaaponse the
controller_decreases the triac duty cl e _which_reduces the vol t-age applied
to the notdr FREHBEINEarhsPREE éémﬁéedlpnssaoawge isoe@sed @ndas the 25

not or | oad |ncrea5f , the has& angle tﬁndi to decrease.
_ signals corresponding to the line voltage and 1ts com-

plement'are produced. _The motor current is also sensed
and signals correSponding to the meter.current and its
- complement are also produced; An "EXCLUSIVE.ORﬁ logic .
10 operation is then petformed on these voltage and current
_51gnals, the result of whlch is one input to a summing
amplifier and low pass f11ter. The other ;nput is a DC
signal, derived from a potentiometer, which eorreeponds.
to a commanded phase angle and, therefore, a commanded
15 power factor. The result of this filtering and summing
operation is a DC system error voltage which is then com-
pared with a ramp voltage synchronized w1th the zero
- crossings of the line voltage. The intersection of the
| ramp voltage with the DC errof'voltage is detected by the
20 comparator and used to trigger the triac. As the load on
the motor decreases, the phase angle tends to increase.
In response the eontroller decreases the triac duty cycle
which reduces the voltage applied'to the mqtor"and
maintains the commanded phase angle. Converseiy, as the

25 motor load increases, the'phase'angle tends to decrease.



ncreases the voltage applied to the notor and maintains the commanded  -#
phase angl e. Because of the analog nature of the Nola Circuitry, 5 that.

‘3 In response the controller increases the triac duty cycle which
“systemis susceptible to changes during operation, due for exanple to T

~variations in tenperature. In addition, the Nola systemrequires a A
separ ate manual- determ nation, and setting of the power factor commuand \./
pot enti onneter -for each«noi3or - 10 The present invention is intended .

~to-overcone the di sadvantages of the Nola power ‘factor controller and

repr enepéspanseguhéi controllee dneiieasels the trrieaeutyugdion a digital
solution to the probl em has been found which requires no adj ustment.  The

i ndumhich imtoediés thet voll tagst eppdfiedhaopridreMotowedtid on i s
self-calibrating which neans that it is no | onger necessary to nake a
sepanainrtainsathdecommandedophase aaglieng of the power factor command
potenti onmeter. for each notor. Indeed, in accordance with the present

i nvent i onBeqaugewef Zbefacﬂépgconﬁucblaﬁ|ﬁheaMMianGInnugmrxkcaJ|brated
each tine the notor is turned on, -irrespective of the load on the notor. In
ode thebdsyshen ﬂﬁe595§§ﬁﬁﬂbﬂﬁvéﬁtFbﬁm&q&(ﬂﬁ?kﬂEﬂQPﬁ@at%Qnyles of counters

-and a register. A phase 25 angle counter is used to determ ne the phase -
ang|éue- or example to varlatlons in temperature. In

addition, the Nola system requlres a separate manual
determ1nat1on.and sett1ng of the power factor command
potenticnmetersfer.each motor.

10 The present invention.is intended to overcome the
disadvantages of the'Nola power factor controller and
represeénts a significant improvenent. In the present
invention a digitalpselution to the problem has been

..found which requires no adjustment; The induction motor .

15 control system of the present 1nvent10n is self-callbratlng
which means that- it 1s no longer necessary to make a
separate manual determlnatlon and setting of the power
factor command'potentionmeter'for each motor. Indeed,
in accordance_with the present invention the power -

20 facter controller is autematically re-calibrated each .
time the motor is turned on, 1rrespect1ve of the load
on the motor. B

In one embddiment,rthe present invention employs a
clock, a'seriespof connters and a_register. A phase

25 angle counter is used to determine the phase angle



-4- between the voltage and current by counting clock pul ses between the
er o &rpssings of notor voltage and current. A delay counter is used to
delay the firing of the triac by counting a predeterm ned nunber of clock -
pul'ses, 5 starting when the current crosses zero. During start- up the
dgl ay counter is initially |loaded with a count of zero. The count | oaded
Iinto the delay counter is then periodically increnmented until the count
\~{he del ay counter equals the count in the phase angle counter. At 10 that
poi nt the count in the phase angl g caunter is stored in the register. This
stored count corresponds to the desired phase angle and, thereford, to t
commanded power factor. The controller .now switches fromstart-up to run.
During the r et ttie oRdl€agd ditt APSEnE By ecdint€Pndt €1oéR parBased

with the count stored in the register and any difference is used to

periodi cal | y betwestentherzeiar rarassinge ebundtdpadielitagpé oahdecderantgount er

and, therefore, to advance or delay the firing of the triac so as to

mai ntai n t he Aaclelay moameteaangis wspdltd délwey delse rfilr Mg phatkeatpiac The

foregoing and further features of the invention my be nore readily

under st ood f hymcadwntiioig awipreditsritinied inumbeér oHretack epubsesgi nent of
- the invention, by way of exanple, with reference to the acconpanying

drawi ngs 3
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starting when the current crosses zero. During start-

up the delay counter is initially loaded with a count

of zero. The count loaded into the delay counter is then
periodically incremented until the count in the delay
countér equals the count in the phase angle counter., At
that point the count in the phase angle counter is stored
in the register. This stored count corresponds to the
desired phase angle and, thereford, to the comménded
power factor. The controller now switches from start-up
to run. Dufing the run mode the count in the phase angle
counter is compared with the count stored in thé registet
and any difference is used to periodically increment or
decrement the count loaded into the delay counter and,

therefore, to advance or'delay'the firing of the triac so

‘as to maintain the actual phase angle equal to the desired

phase angle.

The foregoing and further features of the invention
may be more readily understood from the following des-
cription of a preferred embodiment of the invention, by
way of example, with reference to the a;companying'drawings

in which:f

(</

in

he



5.in which:- -5- Fig.l is a functional block diagramof one illustry

i ve enmbodi ment of the present invention; and Fig. 2 is a schematic L
agram of one inplenmentation of the illustrative enbodi ment. shown in .
ig.l. 5 | The present invention will now be described with reference =
to the figures which forma part of the speci- fication. Fig.l is a B’
functional bl ock diagramof one illustrative enbodi nent of ‘the invention \J/
which will be enployed to explain the principles of operation thereof. 10 '
As shown in Fig.l, the power §actor controller is adapted for connection to

a source of AC power at terminals 10 and 12. Terminal 12, which is )
preferably connected to the neutral wire, is connected to one |ead of notor
16 while ter Figal i6 ias fametdonsal thilodk disgrameafl ofelillustwr 16 t hrough
switch 1.8 and.triac 20. Switch 18 may, for exanple, be a treadl e-operated
QV OFF ewiveh embodimentyaf ithe pugsenteinvertionpnandt ed across the AC
source i s DC_power  supply 22 which provides regul ated DC vol tage. 20
Connect ed t oFd&rni?ndis foﬁqquﬁﬂxqiiﬁagmammmﬁh°p¢olmnhe@§n§a§q9are wave

Connect 68 €58 TIIURE IS ARHAGTRE HROVR | %8 B8+ L-ampl 111 26 whi ch

o 5 The presént'invention will now be described with
feference_fo the figures which form a part-of the speci-
fication. Fig.l is a functional block diagram of one
illustratife embddiment of the invention which will be
employed:to.explain the principles of operation thereof.

10 As shown in Fig.l, the power factor controlié: is adapted
for connectidn to a source of AC power at terminals 10
and.lz. Terminél 12, which is preferably connected to
the neutral wire, is connected to one lead of motor 16
while terminal'lo is connected to the.othér lead of

15 motor.lé_through switch 18 and triac 20. Sﬁitch 18 may,
for example, be a-treadle-operated ON/OFF switch on an
industrial sewing machine. Connected across the AC
source is DC power supply 22 which provides regulated
DC voltage. | ‘

20 Connected to terminal 10 is amplifier 24 which pro- .
duces a square wave having zero crossings corresponding
to those of the line voltage. Connected to'a point
between motor 16 and triac 20 is amplifier 26 which
produces pﬁlese_corresponding to thefzero crossings of

25 the motor current: The output of amplifier 26 is



[ESSRESTNY

produces' pul ese.corresponding to the-'zero crossings of 25 the notor y
rreM.,- The output of anplifier 26 is connected to. the input of one /
shot nultivibrator 28 which produces a pul se each tinme the notor current =
crosses zero. Trigger circuit 30 is connected across triac 20 and controls
fhe firing thereof. 5 Cl ock 32 produces a train of pulses, preferably
at, a frequency which is not a nultiple of the lIine frequency, which are fed
\ré phase angl e counter 34 and del ay counter 36. Phase angle counter 34 is
connected both to anplifier 24 and taQ onge shot 28. Counter 34 10 starts
counting up clock pulses each tinme the |line voltage crosses zero and stops
counting each tinme the notor current crosses zero. The resulting count in

counter 34 thus corres onds§& t.he phas angl bet ween, the npotor_vol t age
and current. DSPBRpeck&d: &o Aye dnpud, PLEERNE89%284 and one
shot 28, as wel t o _i,ncrenental. count | ay counter 36 is | oaded
with the count b&ﬁgapﬁgéuFﬁslﬁCPEﬁéﬁtﬁ %ﬂ%(ﬁhﬁ?ﬁl9ﬂ¥q tiine

vol a8 oroSeR 8RR AT Sﬁfﬁ%s%ir‘;‘?ﬁfé#“ts 2 i g goun
e T OV PR MGG UGS S g e (e 20 The
conparator 40 via SEEBEQ 4%2produces a train of pulses, 'preferably
at a frequency which is not a multiple of the line
frequency, which are fed to phase angle counter 34 and
delay counter 36. Phase angle counter 34 is connected
.both to amplifier 24 and to one shot 28. Counter 34
10 starts counting up clock pulses each time the line
voltage crosses zero and stops_counting each time the
- motor cﬁrrent crosses zefo. 'The resulfing count in
counter 34 thus cofresponds to the phase angle between
the motor voltage end current; Delay cOunﬁef 36 is alse
15 connected to-amplifier 24 and one shot 28,las well as to
incremental counter 38, Delay counter 36 is loaded with
the count contained.in ineremental counter 38 each time
the line voltage crosses zero; .Countef 36 starts coﬁnt-
ing down from this count each time.the'motor current
20 crosses zero. When ceuﬁtereSG_reaches zero, an output
is produced which causes tfigger 30 to fire triac 20.
The'outpﬁt of-incrementalicounter 38 is also con-
nected to_one ihput of comparator 40 via switch 46a.
The second input to comparafor 40 is the output from

25 phase angle counter 34, Comparator 40 determines whether



Conpar ator 40 determ nes whet her -7- the count i.n increnental - *

ounter 38 (and therefore the count |oaded into delay counter 36) is |ess

t han, equal to or greater than that in phase angle counter 34. The output =

of conparator 40 is connected directly 5 to steering gate 42 and to phase~"

angl e register 44 via switch 46b. Steering gate 42 determ nes whet her

i ncremental counter 38 is incrénented or decrenented. Connected between

steering gate 42 and one shot 28 is switch 46¢c and divi de-by-four circuit

48, which may 10 conprise a pair of serially-connected flip-flops. During ..
“start-up counter 38 js increnepted every_other c¥cle and during run every

d

hal f cyldi% CAYRT AP stRgrengntat cownkers3g) (ané _
ver o b inuged i HiE dPLRE cotiuter SR as' 38580 Batner enont ed every:
h courRaET 29 i A 14 R n g L PRas e, AR TELEOUBERE | n councer 34
bhace. A0 e s, Hitug, o€ Glhshrafor SRS chlRERAR Breceld® 0" ol o
CO”BarQkp%t@%ffhéﬁ§%¥¥"wiﬂéﬁh to phase angle register 44 ' :

via switch 46b. Steering gate 42 determines whether

e second input to conparator 40 is the output from 25 phase angl e coynter
4 -

incremental counter 38 is,incremeqted or decremerted.
Connected between.steering §ate 42 and one shot 28 is
switch 46c and divide-by-four circuit 48,.ﬁhi§h may

10 comprise a pair of seriaily?connected flip-flops.
During start-up counter 38.is.inéremented évéry 6ther
cycle and during run every half cycle. |

 During stari-up thé motor is allowed to run for
- several seconds to get up speed. At this point fhe_

15 count in incremental counter 38 is zero. Comparator 40
therefore causes counter 38 to be incremented every
other cycle. This continueé'uhtil the count in counfer
38 equais the count in counter 34. When cdmparatqr 40
determines that the count in counter 34'equéls the |

20 count in counter 38, several thihgs occdr. The count in
phaée'angle counter 34 is loaded into phase angle
register 44; one input of comparator 40 is disconnectéd
from the output of increméntal counter 38 and.connected
instead to the output 6f'phase angle register 44;.the_

25 output from comparator 40 is removed from register 44;

Al

hgrefereothecver al seconds -



fromtge output of incremental counter 38 and connected instead to the <iggEQ
o#t-put of phase angle register 44; the 25 output from conparator 40 is o
tenmoved. from regi ster 44; and gate 42 is connected directly to the -
output of one shot.28. The power factor controller has now switched from
;stert-up to run. Henceforth, conparator 40 will conpare the count i.n.phase
\amgl e counter 34 with that 5 stored in phase angle register 44 and,
depending on the results of fthat -comgpar son, increment or decr ement
i ncremental counter 38 every half cycle, thereby either-increasing or
decreasing the delay in firing triac 20. It will be appreciated by those
skilled in theaadt gatte #Ratist cennecteid diinec tyba ety mftpig.off oy be
i npl ement ed using di'screte conponents and/or integrated circuit chips.
Simlarly, theshptugBratThe powedi factost centrolleay Has ingw esweitaledisi ng
hard-wired circuits or by neans of a prog ranned digital conputer. Al 5o, 15
nunerous ot her £ §9@téﬁﬂrﬁaypbé0c6ﬁybru%ba§ ,mmpmpaﬁaﬂﬁnrﬂG(wIﬁIron1the
illustrative enbodi ment of Fig.l but which neverthel ess enbody the
principles of FABPATEsthe FAWRS: ignphase anghe counter Ffogritihnethat git al
com puter re enplo ed o inmplegent the present ipvention 20 then the
functions pgefﬁFﬂﬁﬂ byAcBOASEr &nghe I68dsFeTs 44 afdst dependingynp at or 40,

gat e 42, di vi dgf 49, 20g "0k RS RBnpd AN 436 Bale B ARG ™0 OV

incremental counter 38 every half cycle, thereby either
increasing or decreasing the delay in firing triac 20.
| It will be appreciated by those skilled in the art

10 that the illuétrative embodiment of Fig. 1 may be
implemented using discrete components and/or integrated
circuit chips. Similarly, the illustrative embodiment
of Fig. l.may be implemented using hard-wired circuits
or by means of a programmed digital combuter. Also,

15 numerous other systems may be constructed which may differ
in form from the illustrative embodiment of Fig.l but |
which nevertheless embody the principles of the present
invention. For example, if a programmed digital com-
puter were empioyed to implement the present invention 

20 then the functionS'perfofmed by counters 34, 36 and 38,
register 44, comparator 40, gate 42, divider 48 and
switches 46a, 46b and 46c might all be performed by that
computer. In that event, ﬁhe comparison of the output
from counter 38 or register 44 with that of counter 34

25 could be effected by means of sub;raction operation in



computer. In that event, the. conparison of the output from counter 38 gr

yster 44 with that of counter 34 25 could be effected by neans of’ e
Suldt racti on operation in -9- the arithmetic logic unit in the conputer.,

, on the other hand, the illustrative enbodi nent of Fig.1l were TN
I npl emrent ed usi ng hard wired circuits, then counters 34, 36 and 38 and S

regi ster 44 mght conprise integrated 5 circuit chips and switches 46a, 46b \./
. and 46c mght com prise reed relays or solid state switches. Conparator 40
m ght conprise a pair of A/D converters and a pair of oppositely biased

oper ati onal I fiers and ate, 42, and divider 48.m ght conprise either .
dlscretéh@oﬁﬁéﬁbm9§ qgiﬁ%ﬂ“%?ﬂ%ﬁu %dF%PPEE??°Chgg op theferred nethod

R g e e et PRy s B ek B .a%ghsc{lsw?gg“gnhnaﬁ%xai
22?58”@@%&%@&%&@%3‘%& e L R L R
LS ansse3slahly Bhand RSNG4 Tithle Uit 8otnreetamRy DoF o 11
("ALE') c3kagale da¥hel 4ni *ﬂ@}egwé,' UK 200 CBER 3ERt AcTh: 7400

i ntegrated circuit anplitier and nsant o chi'p conprising a
pair of prise reed relays or solid state switches. Comparator

40 might comprise a pair of A/D converters and a pair
of oppositely_biased operational amplifiers and gate 42
and divider 48 might.comprise_either discrete components

10 aﬁd/or iptegrate& circuit chips; |

A preferred mefhdd for implementing the illﬁstrative '
embodiment of Fig. 1 is shown in Fig. 2. In Fig. 2 DC
supply 22 comprises a full-wave bridge rectifier and a
Texas Instrument (fTI") 7805 regulator integrated circuit

15 chip. -Amplifiers 24 and 26 comprise RCA CA 339 operat-
ional'amplifiers. One shot mulfivibrator 28 comprises a
TI 74121 integrated circuit chip. Clock 32 comprises.a
TI 74LS193 counter which is used toldivide the 400 KHz
address latch enablé ("ALE") signal down to 28.5 KHz.

20 Trigger 30 comprises a TI 7406 integrated circuit buffer
amplifier and a Monsanto 6200 chip comprising a pair of
optically coupled SCRs connected-as-a triac.

In Fig. 2 the funcfions performed by phase angie“
counter 34, delay counter 36, incremental coun;er 38, 

25 phase angle regiéter 44, comparator 40, gate 42, divider



optically coupled SCRs connected as a triac. In Fig. 2 the functions
pg[f(ﬂﬁ@d'by‘phase angl e counter 34, delay counter 36, increnental counter—
38, 25 phase angle register 44, conparator 40, gate 42, divider 48 and -.
_syﬁ}ches 46a, 46b and 46¢ are handled by an Intel 8748 programmabl e digital
m groconputer. In the conputer 5 counters are used to performthe functions
{of; phase angle counter 34 and del ay counter 36 and registers are used to
\bérforn1the functions of phase angle register 44 and increnental counter

38. The function of conparator 40 is~ac anrished by neans of a sub- 10
traction operation in the arithnmetic logic unit. The functions of gate 42,

di vi der 48 and i t ches 46 46p, and_46c_ar erforped by .logic el enents
under software @%ﬂﬁ? |§WH%€%3% g@ﬂpuggP ?Egugg ?Beiﬂgpgﬂﬁﬂtgghénfunctiona
15 bl ock diagr b o | e.run de.can, _be handled slightly
differently. IH@?%%% éiéﬁrﬁﬁékﬁﬁﬁﬁiﬁ? rdﬁ%3t%feﬂéﬁfpﬁ§mPH§gHelay'counter by
oné count every half cycle to maintain the nunber in the phase angle :
counter equal to the nunber in the phase angle register, the delay 20
counter can be altered bythat nunber of counts equ t | rence
between the nunber of counts in the phase angle reg#s%g?.éﬁﬁgkﬁ%g manner
less time | s5reyudedrd are used to perform the functions of phase

angle counter 34 and delay counter 36 and registers
are used to perform the functions of phase angle
register 44 and incremental counter 38. The function
of comparator 40 is accomplished by means of a sub--

10 traction operation in the arithmetic logic unit. The
functions of gate 42, divider 48 and swifches 46a, 46b;
and 46c are performed by logic elements under software
control. - |

When a coﬁfuter is use& to implement the functional
15 block diagram of Fig.l the run mode can be handled
slightly differently. Instead of incremenfing or de-
crementing the dglay counter by one count every half
.cyclelto maintain the number in the phase anglé counter
equal to the number in the phase angle register, the delay

20 counter can be altered bythat number of counts equal to
the difference between the nuﬁber'of counts in the phase
angle register. In this manner less time ig required to
bring fhe phase angle counter into agreement with ﬁhé
phase angle register. This is particularly advantageous

25 in handling clutched loads. The delay counter can also



Wg the phase angle counter into agreenent with the phase angle regjsgter.
g is particularly advantageous 25 in handling clutched | oads. The:del ay-#

_ ter can also . be altered by that nunber of counts equal to half the, _
difference between the nunber of counts in the phase angle counter and the.~
nunber of counts in the phase angle register. 5 If "the power factor »' .
is calibrated as aforesaid and with the notor unloaded. then power savings \J/
of on the order of 50% can be obtai ned when the notor is operated unl oaded:.

| f, however, the power factopjis-calibrated with the notor |oaded, then
power savings 10 of on the order of 65% are obtai ned when the notor is .
operated unl oaded. To maxi m ze power savings irres- pective of whether the
pover fiaetaltesedabybthatdnuinbbrt b€ counts eguwad o hidldhddte a further
refinenment of the calibration procedure may be enpl oyed which will 15 now
be expldiffererite pétweennthe numbezl bf ceantsednwitdre tghmswtor has first
- been turned on and has gotten up speed is defined as [err]1l. - Because
can\uﬂ%nEAQQﬁﬂ¢@t¢rohngythe number| of sountsr dge the phadse [err] is
preferably obtained. 20 The phase angl e which exists when the count in the
phase @Rgke ckr8iEEeBquals the count in the delay counter is defined as

err The_foll ow ng ratio can.then_ comut ed.
[ g If the power factor is calg%ratg% as aforesaid

and with the motor nnloaded.'then'pOWer savings of on
the order of 50% can be obtained when the motor is
| operated unloaded. If,,hbwever, the power factor is
calibrated with the motor loaded, then pbwer'savings
10 of on the order of 65% are obtained when the motor is
| operafed unlbadéd. To maximize power savings irres-
pective of whether the power factor is calibrated with
the ﬁotor loaded.or'unloaded, alfurther refinement of
the calibration procedure may be émplqyed:which will
15 now be explained.
~ The phase angle initially measured when the motor
has first been turned on and has gdttén up speed is
defined as 91. Because 91 can vary slightly from'cyéle
-to'CYCie, an'averagé value for 6, is preferably obtained.
20 The phase angle which exists when the count in the phase
angle counter equals the count in the delay counter is
Aefined as 0,. The following ratio can then be compﬁted.

0

9, - e = N

2 1

2 )
25 Based on limited experimentafion it has been observed



: . \
= N|}¥rj 25 Based on limted experinentation it has been observed - 12<§%7
-athat” when [err] is determned with the nmotor unl oaded N is about 0.38. !
It has al so been observed that when [err] is determined with the notor .
| oaded, [err] is about 0.46. Wen [err] is determned with the notor
‘uploaded, 5 power savings of about 50% are obtained with the notor
unl oaded. When [err] is determned with the notor | oaded, power savings of
_ out 65% are obtained with the notor unl oaded. The follow ng cal culations
can now be made to adjust [err] so as 18 maxini ze power savings
i rrespective 10 of whether calibration occurs with the notor | oaded, -
unl oaded or partially |oa Is first divided by 0.46 to form[err]

is multiplied b§hTErWﬂe¥dgggiig§é$%fmiﬂFéhwi§htEECCBPFBFaPBJOPﬁséeNQngIe
A W TR T LR SR R R AR
cal brated phac agdStetRiaRE | PLEEBRY hotGE, [98ant: Ry 4F" BhoRRoc . “when
[En] 3, Uoed IS S A0 01 L berifEs RisROHAS. BB hasala. "
motor |oaded power savings of about 50% are obtained with the motor
_ uhloaded._ When 92 is determined with the motor loaded,
power'éavings of about 65% are obtéined with the motor
unloaded. The following calculations can now be made
to ;djust 92 so as to maximize power savings irrespective
10 of whether calibration occurs with the motor loaded, |
unloaded or.parfially loaded. Ny is first divided by
_0.46 to form.Ni and eé,is multiplied by N2 to form 93;
which is the calibrated phase angle which is best cal-
culated to maximize power savings. Accordingly, 93 is
15 preferably stored in the ﬁhase angle register. Of course
if for some reason it is mot desired to maximize power
savings, using 92 as the calibrated phase angle will’
still result in_very substantial savings._ When 93 is
used power savings of on the order of 65% are obtained
20 with_the motor unloaded and power savings of up to 25%
are obtained with the motor loaded; )
It will be appreciated by those skilled in the art
that, for different types of AC induction motors, it.'

may be desirable to employ a constant having a value

25 other than 0.46 in order to maximize power savings. It



ing-a value 25 other .than 0.46 in order to maxi m ze power savings. I{
= 13 - will also be appreciated by those skilled in the art that whiie the ~
nunber corresponding to the actual phase angle is preferably produced by *=
starting and stopping a counter follow ng voltage and current zero . ‘
crossings, 5 a free-running counter could just as easily be enployed. In
the latter event the nunber-cdk3esponding to the actual phase angle is the
di fference between'the nunber in the counter at the tinmes of voltage and
current zero crossings. 1n both cases, however, clock pulses are 10
countegshg BAARNGR & atf P RONELodskP1ibg 2! YR RRgse andle.
Simlarly, I'1"e the*delay counter I's shown as counting down to zero it
could t 3Ry '~fgg§5§ $ 0- apQt , odi fferences
betmee%ﬂ%%ewﬁaéggrs beﬂﬁgﬂ¥%3ﬂ$? or-aﬁ%iﬁ%?ﬂg.Eﬁéhggggggepg55315 several .
exanpl gl fi%vv?tﬁakfefﬁuwfpztdmléwwtst@f@ﬂﬁgoanaoytép ¢nghanged wi t hout
departing fromthe principl'es hereof.” Al though shown applfied to a single
phase ACconfitelr @o1T0wdng WL tH @S aiid | (WPPéh©Nz 8RY b?oQB'QhFQQ to
pol y-phase 20 AC induction notors as well. -Indeed, controlling the

5 a free-running counter could just as easily be employed.

wll be appreéiated by those skilled in the art that, for differqntg N
pes of AC induction notors, it nmay be desirable to enploy a constant - @

In the latter'event:the number cdrrespoﬂding to the
actual phase angle is the différénce betweeh'the number
in the counter at the times of voltége and current zero
crossings. In both cases, however, clock pulses afé

10 counted to produce a number correspon&ing to the.actual_
phase angle. Similarly, while thé-delay counter is shown
as counting down to zero it could count.up or down from
one number to another number, the differences between
the numbers Being the important;thihg. 'Theée aré but

15 several examplés 6f how the form of the présent'inVention
couid be changed without departing from the principles
hereof. “ | - _

Although shown applied to a single phase AC induction

motor, the present'invehtion may be applied to poly-phase

20 AC induction motors aslwell?' Indeed, cbntrolling the
power factor of a three phase AC induction motdr-réquires
little additional"circuitry;_tw0-more'triacs (or'SCRs)
and aséotiated.tfiggefing éircuitry:for the two additional
phases and, for eiample, a counter and a shift regiétef

25 for generating fixed déléys'fof'ehergising the other two



power factor of a three phase AC induction notor requirées little additiona(}%f/
cthuiTry; two nore triacs (or SCRs) and associated triggering circuitry
for the two additional phases and, for exanple, a counter and a shift ~
register 25 for generating fixed delays for energising the other two -
H.phases.. Since the relationship amoung the phases is fixed, controlling

t he power factor of "a three phase AC i nduction notor only |nvolves
%F&ern1ng t he cali brated phase angle for one phase and using that same .

phase 5 angle for the other two phases.14 #5 - CLAIMS 1. A digital

i nduction notor control system for controlllng an induction notor based on
~a calibrated phase angle c i N a) a.clock for prodycing a train of

onpyi si ng: (
pul ses; 5 afB? “a h&‘ééngfﬁsl Eegéﬁﬂpﬁﬁhéﬁnﬁ@@% s BNRFSESo A f or
counti ng said es to uce di gital er cqrres ndln to t
‘act ual phase & ?éfbﬁ?ﬂégﬂ? 'Pgrggﬁp PV330EF& %r P%@ﬁ@ fgf
crossings, (Cin 48 fghemg%layonf%”&%&oi%%gsde %@%SB%dthe calibrated
phase angle for one phase and using that same phase

5 angle for the other two phases.



count er

counter

ayi ng energi zation of said notor by counting said,

pul LOni ith a first digital nunber, to produce a firing command - ¢
vvheﬁﬂam iﬂﬂ"Mﬂ]reached a -second digital nunber, said delay occurring, '
fol'l MO L t current zero crossing; 3.5 (d) phase angle - -

storage neans for storing awdi gkt ale nunber corresponding to a calibrated
phase angle; (e) digital conparator nmeans connected to said phase angle

‘;’j’ -

-/

@A TME sal d storage neans for com 20 paring the actual phase angle
in said phase angle counter with the calibrated phase.angle in said storage
means and for Jalt exidigital eanduertd onf moton veonknbkr systiemai d del ay

means in_response to said conparison so as to vary the delay in

ener - 25 forzicon okl ing oant dinduchiLnon mozomhased ppRsd angl e

approximately equal to the calibrated phase_angle i rrespective of
vari at i ocalilbnasiest phasge angler pompavisidigl e device adapted to be _
electrically connected in series with a winding of said induction 5 notor

and to said ddisay akRek FRENBTOENCIRG & SIHALRPf PRUSESSon notor in

for adtomatic

2 RHAFAPRELS| COPRTEF conne

16 -

response to szh firiqg$conha£d fromsaid delqglggugéegaggansi 2. Apparatus

10

15

20

25

clock for counting said pulses to produce a digital

number corre3ponding to the actual phase angle between
motor supply voltage and motor current zero crossings;

(¢) variable delay counter means comnected to
said clock fo:.delaying enefgization of said métor
by counting said pulses, beginning with a first
digital number, to produce a firing command when said
count has reached a second digital numbér, said delay

occurring following said motor current zero crqssing§
(d) phase angle storage means for storing a
digital number corresponding to a calibrated phase

angle; | _
(e) digital comparator means connected to said

phase angle counter and to said storage means for com-

paring the actual phase angle in said phase angle

counter with the calibrated phase angle in said

storage means and for altering at least one of the
two numbers in said delay counter means in response

to said comparison so as to vary the delay in ener-

‘gizing said motor to maintain the actual phase angle



phase angle for a digital induction notor control systemi0 —conmprising: (a

ascl ock for .producing a train of pulses; (b). a phas I K
connected-to said clock for counting said pulses to amﬂlﬁﬂlﬁm['!@[“g“ ;
nurber corresponding to the actual phase angle betwe L PPty

vokt age and notor current zero crossings; (c) variable delay counter nmeans
\connected to said clock for delaying energisation of said notor by counting
said pul ses, beginning with a fikstigigktal nunber, to product a firing
~conmand when said count has reached a 20 second digital nunber, said del ay
occurring fol appragimatdlypequatutvethezeadibratednphasd) adigliet al _
conpar at or nmeans connected to said phase angle counter and to said del ay
counter nmeansifvespeotiper ofigvabéaddibnal inhmetozngdbadi;naadi d phase angl e
counter 25 wth the difference between the two nunbers in said delay

-17- counter rmeans(fhdaf svitiohabdei davigeahtdeptad &b beaslecteichldy d two
nunbers in response to said conparison so as to vary the delay in
ener gi si ng safennecteduiri ferhesnwibbr ai windingphdseaddgiaductipar and t he
difference 5 between the two nunpbers in said delay counter neans are

appr oxi mat @l yR@EQE| aRg tRcFaby delayecquaierpmeang fpasengxgisingnd

said induction motor in response to said'firing command
from said delay éounter means.

2; Appératus'for automatiéaily deriving a calibrated
phase angle for a digital iﬁduction motor controi éystem

10 comprising: | | |

(a) a clock for producing a train of pulées;

(b). a phase angle counter connected to said cloék.
for counting said pulses to produce a digitai number
corresponding to the actual phasé angle between mofor

15 supply voltége and motor current zerb'crossings;

tc) Vériable delay counter means connected to said
clock for delaying energisation of said moto; by counting-
said pulses, beginning with a first digital ﬁumber, to
product a firing.command when said count has reached a -

20 second digital number, said deléy occufring folloﬁing
said motor current zero crossing. |

(d) digital_comparator means conneﬁted to said phase
angle counter and to said delay counter means for com-

- paring the actual phase angle in said phaée'angle counter

25 with the difference between the'two numbers in said delay



) a smntchable devi ce adapted to be electrlcally connected in series w th
s duction 10 notor and to said del ay counter neans for -®

ener |S|n in response to said firing command fr.om said del ay ~
count m m‘fﬂn% |'f-calibrating digital induction notor control systenty
conpr a) a.clock for producing a train of pulses; (b) a ™
phase angle counter conneeted7to=said clock for counting said pulses to

produce a digital nunber corresponding to the actual phase angl e between
not or g n I rq c
varlaﬁﬁgﬁgé¥amgéggn 8? %ggg%9§8%%EC%Q&]?§ sa|JQ§§%gE§for d%laylné )

ener g, ga S 0k D | cifpar with a first
di gi tgf %1%? e(re;m ﬂhﬂbgg%cgnaxlfe%?%wsego&ﬁfgrﬁ%en sal ount las reached a

Seconéod{ra&gatheu%%y 38 en@eigeﬂé ﬁfgcwa&ldﬂgmzl UH L 2Ehe Sai d notor

current- zero crossing; . phase angl e storage neans connected to -

sai d phAserandl gasauPhasef @hgi‘éotldﬂﬂltibxdlaﬁid alheWikfe ¥&ti¢@s- ponding to a
~calibrated phase angle; (e) digital conparator neans connected to said 5 -

phssebaﬂﬂEEnCehetCWOandmber@Ihndu@n&;dﬂkuﬁ-oqnﬁxnrumezmmected to sai d

delayare approx1mate1y equal to thereby der{ve a calibrated
phase engleg and |

(e) a switchable device adapted to be electrically
connected in series with e winding of said induction

10 motor and to said delay counter means for enetgising
said motor-in response to said firing command from said
delay counter means. . |
3., A self-calibrating digital induction motor control
system comprlslng
15 (a) a clock for produc1ng a train of pulses,

(b) a phase angle counter connected to said clock
for countlng said pulses to produce a digital number
corresponding to the actual phase angle between motor
suppiy voltage and.motor cufrent zero crossings;

- 20 (c) variable deley counterlmeans connected to said
clock for delaying enefgization of said motor by counting
said pulses, beginning with a first digital number, to
produce a firing:command when said count has reached a
second digital number, said deiay occurring following

25 said motor current zero crossing;



counterg means for conparing the actual phase angle in said phase angle (Eé%l
“co¥nter with -the difference between the two nunbers in u"ﬂum '
means and for auto-- 10 matically altering at |east one ﬂuﬂ' ers
so"as to vary-the delay in energising said notor until the fhunber I8 sard
phade angle counter and the difference between the two numbers in said
gelay counter neans are approxinateli equal to thereby derive said
calibrated 15 phase angle (i) dari 5 rin bei ng connected to said phase

| t : t h ' h
angl o counter w tnithobhERRLRAERY hRExEES Geef Pﬁggﬁ?‘ggﬁﬁ&s§°Z%|§|qéps?§r6age
df d_del
Countor meandPTs Sob @t°39?k§f‘3‘£ 85 e 8k thirs: Eag el hombBs; Sp8eRarny i n

sai d actual ppeReiRgIte gp@g@ibgggghygﬁgygl ggigald cal i brated phase angl e

I rrespective of vartations I n notor (f) a switchable

devi ce- adapted to P@)e&fgifafabbﬁparatég mes EeEBﬁﬂeb@eaeEbe§aWhth a

wi ndi ng of said induction notor and to said ge | ay counter means
'energ|S|ngssapmas@dm@glenca@ﬁeérlQnaesponse to said firing connand from

sai d del ay counter neans. 5 4. Adigital induction motor control
system . (i) during start-up being connected to said delay
counter means for comparing the actual phaée angle in
said phase angle counter with the difference betweén the
- two numbers in said delay counter means and for auto-

10 matically altering at least one of said two numbers so as

to vary the delay in energising said motor until the
number in said phase angle counter and the difference

bgtween the two numbers in said delay counter means are

approximately equal to thereby dérive\said'calibrated

15 phase angle; |

(ii) during run being connected to said phasé angle
storage means for comparing the actual phase angle in
said phase angle counter with the calibrated phase angle
in said phase angle storage means and for altering at-

20 1least one of the two numbers in said delay counter means
so as to vary the delay in energising said motor to
maintain said actual phase angle approximately équal to
said calibrated phase angle irrespective of variations

in motor 1oad; and

25 (£f) a switchable device adapted to be electrically



~—according to claiws—34- 2, or 3 wherein said phase angle counter counts qp.
yand said del a COHF!ﬁr means counts down. 5. A digital induction notor -

){gngf L‘mmmﬁmiﬂ 10 ing to clains 1, 2, or 3 wherein said phase -

I counting each time said notor voltage crosses zero. 6.~
A di gi*taf ihduction notor trol systemaccord- ing to claim5 wherein ™~
sai d phase angl e countef'sgggs Tcounting and said delay counter neans starts\w/
. counting 15 each time said notor current crosses zero. 7. Adigital

. i nductionneattedk inorstemiless weitem anocindting nof t ®atd ainddcthenei n at | east one
of said first and second nunbers is altered twice each cycle. 8 Adigital. =~
i nductiodermangr toosadisl dglsyeceuntex-mens i fiortenergising or 7wherein the
difference between said first and second nunbers is-altered by an anount
proposaid dagfluctiomaakiar cierespansecto tseidubeingncemmanghase angl e
counter and the nunber in said storage neans. 9. A digital induction notor
cont r §rogy sadd SedFVd-CoOMNtex; MeARSwins 1 or 7 wherein the difference

- bet ween sai d -..20, - fiyst. and second nunbers_is altered by an anount
eqdal to tHe diff ddeitad ‘tb@"etnlqlhé“‘?\%e?%‘ﬁr%éi #Ph&%e angl e counter and

Lhe, nuther i 4l 0% M7 19w ShEh 2hshngiistLogmLor control
| counter counts up and said delay counter means counts |
down;_ | | |
| 5. A digitai induction motor control system aCcprdQ
10 ing to claims 1, 2, or 3 wherein said phase angle counter
starts counting éach time said motor voltége crosses zero.
6. A digital inductiqn motor control system accord-
ing to claim 5 wherein said phase angle counter stops
¢ounting and said delay counter means starts counting
15 each time said motor current Crosses zero.
| 7. A digital induction motor control system accord-
ing to c1aim 1 wherein at least one of said first and
¥ second numbers is_éltered twice each cycle.
8. A digital induction motor control systém adcord-
20 ing to claims 1 or 7 wherein the difference between said
first and second numbers is alfered by an amount ﬁropor-
tional to the difference between the number in said phase
angle counter and the number in said storage means.

9. A digital induction motor control system_accordf

25 1ing to claims 1 or 7 wherein the differente between said



5 according to claim2 wherein at |east one of said ﬂ%L%L,and,setoﬁﬁ’""
nutrbers i.s altered once. every other cycle. 11. A digi I nduc
control systemaccord- ing to clains 2 or 10 wherein t m‘““ “gg“ﬂ

sard first and second nunbers is altered in unlforﬂlrn

12.# A digital induction notor control systen1accord I nY to clains 1 or
wherei n sai d phase angl e storage neans conprises a register. 13. A dlgltal
_induction notor control systen1aCco?9 "ng to claims 1, -2 or 3 wherein

sai d conpar at means com 15 rises an arithnmetic logic unit. 14. A
sel f-cal i brat ifif th @ndusesmst mumbers oks dktered 4 tam arentiequadb cl ai m

phase angl o st rﬁ?@éa%sa' PSS e (AL DhASe angis phase
Second nunber SR TE ched Hifiper 1 344 SO TR AGEH ot o cont 1o

Lo run 352?25?3 naSher ATHIEITHY, SRR ot B4R, sin S faChes ately
gg:J?l galt |hgr glt i ng gjag:ilgaltob%t \tgi??{l]oz?\wr}r%%ér{nﬁa C%as cg{}g%n "csﬁ n%‘“f%éo\cl ai m
3 wherein Sa'@nﬂpgﬁ%bid hAmbTRINS € YTV ‘'once every other cycle.

11. A digital induction motor control system accord-

' ing to claims 2 or 10 wherein the difference between said
first and second numbers is altered in uniform.increments.
10 12. A digital induction motor control system accord-
ing to claims 1 or 3 wherein said phase angle storage
means comprises a register.
13. A digital-induction motor controi systém.accord-
ing to claims 1, 2 or 3 wherein said compafator means com-
15 prises an ﬁrithmetic logic unit.
| 14, A_selffcalibrating digital induction'motor control
system according to claim 3 wherein said number in said .
- phase angle counter is transferred to said phase angle
storage means during start-up when said nuﬁber in said
20 phase angle counter approximately equals the difference
between said first and second numbers. |
15. A self-calibrating digital induction motor control -
system according to claim 14 wherein said controller
sﬁitches from start-up to fun when said number in said

25 phase angle counter approximétely equals the difference



_ means—fer—storing a nunber corresponding to an initial phase angle [er&] -
ans f unber corresponding to a phase angle [err] when the'*‘
\?\i&l‘ﬂ ﬂi‘“ ﬁ‘ gl e counter approximately equals the.-difference '
we-s 10 det erm ned nunbers; means for deternlnlng a nunber NI -
[err] means for determ ning a nunber [err]' where Kis a ™
constant and neans for deternining a calibrated phase angle 15 [err] 17.

A sel f- callbratlng dlgltal #hduttion motor con- trol systemaccording to

claim 16 wherejn I S prOX|nat§ éo 46. 18. A self-calibrating dlgltal
i nd(RAEWRLTOI B ciiﬁ ¢o$e§9§ e BeeBFding to claims 1, 2, 3 or 16 .

wherein sajd ¢o t or ans, conpLi ses ranmmed di |taI conputer. 19.
el freplibrariag 0 ;oaﬁﬂ

A met hod ¥ AL F@F%%g hELER; AuESLoB ROLS, system based on a
calibrate ha e angl e c ng, t he enerating a
PP PG (e CofOIRE L B0 "Y1 3 KRBrS Ln. P31 sompitRels T plroguce

a digita unb ponding to the actuaI phase angl e bet ween not or
supp'fatif \?b?%'asgeceé?élo{r%fir current zero crossi ngs; :
5 means for storing a number corresponding to an initial

phase angle 9,5

means for storing a number correSponding to a phase
anglé'ez'when the count in said phase angle'coﬁntér_ |
approximately equals the difference between said pre-

10 determined numbers ; | | |

means for determining a number Nl = (9, 2)/9

means for determining a number Nz = Kﬂl, where K is
a conétant; andl |

means for determining a calibrated phase anglé'

15 0, = N,0,. | "

17. A self-calibrating digital induction motor con-
trol system according to claim'16 wherein K is approximafely
1/0.46. | |

18. A self-calibrating digital induction motor con-

20 trol system according to claims 1, 2, 3 or 16 wherein'said_
compafator ﬁeans comprises a programmed digital computer.

19. A method for operating a digital”induétion motor
control system Baséd on a calibrated phase angle comprising
the steps of:’ | | |

25 (aj generating a train of clock pulSes:



(c) counting said clock pulses to delay energi- S zatron‘ﬁf—§éra~ﬁﬁ?arj— ‘?b
begimniing with a“first digital nunber, to produce a firj t he \_~
count has reached a second digital nunmber, said del ay oHiﬂ“ﬂ“m“ g .
sai d notor current zero crossings; (d) digitally conpariRg sald HUnBeri
ceérgesponding 10 to said actual phase angle with a nunber corresponding to

al i brat ed phase angle; (e) alterinﬁﬁgt | east one of said first and

seécond nunbers in'response to said o rison so as to vary the delay in
energi zing said notor to maintain said actual 15 phase angl e approxinmately

equal to said cali(iatcximtiage saig ecloclegneldéy et ofpredudé i #ndigdtapt or

| oad, and (f) energizing said notor in response to said firing conmand
fol | owi ng samnimbsmyco®Espondingdd cwthetactwal qehdse cengle Ngetween i br at ed
20 phase angle for a digital induction notor control system conprising the
steps of : (amof@fersMiply ¥altage oind matopurrent Rerownossingsy cl ock
pul ses to produce a digital nunber corresponding to the actual phase angle

bet ween 25 notor <SPpISPUMINgG St GhAds RUkSamtteo delay erergt- 23-
(c) counting sai.d clogck ses to del ay energization_of such notor,
beginninQSMIﬂ?Eiqﬁr%gzﬁéiﬁtmﬂt ginning with a first digital
number,'to'produce a firihg command when thé.count has
reached a second digital number, said deiay 6ccurring
following said motor current zero croséings;
(d) digitélly comparing said,nhmber correspoﬁding
10 to said actuél phase angle with a number correspondihg
to a calibrated bhaSe angle; | o |
(e) altéring at least one of said first and.second
numbers in response to said comparison so as to vary the
delay in energizing said motor to maintain said actual
15 phase angle approximately equal to said calibrated phase
angle irrespective of variations in motor load; and
(f) energizing said motor in response to said firing
command following said delay.
'20. A method for automatically deriving a calibrhted
20 phaée angle for a digital inddction motor coﬁtrol systenm
comprising the steps of:
(a) generating a train of clock pulses;
(?) counting said’clock pulses to produce a digital
number corresponding to the actual phase angle between

25 motor supply voltage and motor current zero crossings;



gﬁ du ommand when the count has reached a second dlgltal 3 "_
,@'ﬁﬂl Ulﬁ WJ urring followng 5 said notor current zero-crdssing;*

(d) d g sai d nunber corresponding to the actual phase ang‘e -

with the difference between said first and second nunbers; . (e) .

automatically altering at |east one of said 10 first and second nunber s IQ'

response to said conparisdn 83 as to vary the delay-in energizing said Y,
notor until sai'd nunmber corresponding to said actual phase angle and the

di f f er ence(diptomait feg dsdid Sé186R pateps EH”B@EI&XE‘E?F&EQ ogat ely equal

to thereby derive a calibrated phase 15 angl e; energi zing said

ot orof rEucis petser § begdnhing i withoaneadstolligieny namBede! 3%  21. A
net hod for operating a self-calibrating digital induction’mtor control

syst gnoduge isifigring commadd -whérpshef co(At Baserahchedaatrai n of clock
pul ses; (b) counting said clock pulses to produce a digital nunber

corr rdigitaherumher) phidedebgyeobeturetng5Eotliowiagopl y vol tage and
nmotor current zero-crossings; (c) counting said clock pulses to delay
erfer gaid, MAtOT FUBRLRNL NFR TP Cregstmghg with a fi rst digital
(d) digitally comparlng said number correspondlng
to the. actual phase angle with the dlfference between
said f1rst and second numbers,
(e) automatlcally a1ter1ng at least one of said
10 f1rst and second numbers in response to said- comparlson

so as to vary the delay in energlz1ng said motor until

said number eorrespondihg-to said actual phase angle and
the difference between said first and second numbers are
approximately edual_to thereby derive a calibrated phase
15 angle; and |
(£) energizing said motor in response to said
firing command following said delay.
21. A method for operating a Self-calibrating

~digital induction motor control system comprising the



-

nunber . fo produce a firing command .. econd

dlgrtal nunbet, said delay occurring 10 follomﬁng sai d notor
crossing; (d) digitally conparing said nunber correspo immﬂ‘mﬁ
phase angle with the difference between said first and ess;*(e)
attomatically altering at |east one of said 15 first and second nunbers in
esponse to said conparison to vary t it delay in energizing said notor
until said nunmber corresponding to said actual phase angle and the
di f ference betwebapsaid:t wo nunbers are approximately equal; 20 ()
storing one of said approxi mately equal digital numbers as the calibrated
phase angle; (g) dlg aglgpn@@ﬁmmngugsirannnmﬁecleokrpubeaehng to said
actual phase angle w S sai d nunber correspondi ng to said calibrated phase
angl e; 25 “n(h) &b efPHBting aaid ok Bal8esi £9t PERUSEcEndigitalls
- nunbers in res&gnse to said conparison _so as to_vary the dela

energi zi ng sai RYBPSF COTRESRORAIDE P thdctert cBRBAE AYSLe éﬁﬁ’e‘@é’t ual
Paree 8 DS hRtee HRpBLY: FRina e BOVER P ERaE ROR BPokgai kg
| (¢) counting said clock pulses to delay energi-
zation of such motor, veginning with a first digitel
number, to produce a firing command -hen the count has
reached a second digital number, sald éelay occurring
10 following said motor current zero crossing; -

() digitally comparing said number corresponding
to said actual phase angle with the difference between

‘said first and second numbers; |
(e)'aufomatically éltering at least 6ne of said
15 first and secondlnumbers in response to said comparison
to vary the delay in energizing said motor until said
number corresponding to said actual phase angle and

the difference between said two numbers are approximately

eqyual; .
20 _(f) storing ome oflsaid approximately equai digital
numbers as the calibrated phase angle; |
(é) digitally comparing said number corresponding
to said actual phase angle with said number corresponding
to said calibrated phase angle;

25 (h) altering at least one of said firgt and second



<:ﬁ%_ EMET gi Zi Ng Sald nDtor in response to said firing command fol | owi ng gaid

r operating a self-calibrating 10 digital induction?.s
Bﬂl@l"ﬁ“@ orrpri sing the.steps of: (a) generating a train of
cl oc scounting said clock pulses to produce-a digital nunber',»ﬂ
corresponding to the actual phase angl e between 15 notor supply voltage ant -
not or current zero crossings; 26c) -storing a digital nunber correspondi ng to\_/

an initial actual phase angle as [err] (d) counting said cloek pulses to

del ay sunb@rs iatrespofiseaitd satidrc mﬁ@rﬁ.@oﬁgs\& tds ad ivadty digital 20
nunber, to produce a firing conmand.when the count has reached a second
dlgltathmuﬁmbay $ai enedegagingceaiidngoftolr woi ma intiadnataid current zero
crossing; (e) digitally conparing said nunber corresponding to said actual
phase nmmbervmonrehpoudingr&nceabdtaeenaZSphaﬁe'hngieenpprmamond number s;

26 (f) automatically altering at- | east one of said first and second number s
i n respatelytequal dteospidi pumbes caryesponddmngy tion sevist giadiing sai d not or

until said nunper corresponding to said actual phase angle and the 5
di 1% erFreedphes aBgde! IFTeSHRGtiNEoRd NeTIationse in motor

load,_and
- (i) energizing said motor in response to said
firing command following said_delay.
22. A method for dperating:a.self-calibrating--
10 digital induction motor control system comprising the
- steps of:
(a) generating a train of clogk.pulsés;
(b) counting said clock pulses.to produce a digital
number corresponding to the actual phase_angle-beﬁween
15 motor supbly #oltage aﬂd motor current zero crossings;
' (c) storing a digifal number corresponding to an
- initial actﬁal phase angie as 91;
(d) qounting.said clock pulses to delay energi-
zation.of said moior, beginning with a first digital
20 number, to produce a firing commaﬁd'when the count has
reached a éecond digital number, said delay occurfing
following said motor current zero crossing;
(e) digitally comparing said number corresponding
" to said actual phase angle with the difference between

25 said first and second numbers;



-

- approxjmately equal; (g) storing one of said approxi mately equal digital

nuni®srs as 9 (h) determining N1 = 92)/1 10 (e et EZ
= K NL where Kis a constant; (j) determining 93 N (kZ]“ " ml]““‘eum“m _
the..cali brated phase angle; (1) digitally conparing saidxiurrber n s *
corfFesponding to said actual phase angle with said calibrated phase 15
angle; (m altering at |east one of- s@gl f4rst and second nunbers in

~ response .to said conparison so as to vary the del ay ir energ:zing sagd
nmotor to maintain i | se |.e appr.oxi mat.e equ t o, sai .
~calibrated phase 533 %#gl%@%%&ﬁ%q?% ag‘%%lr&"ﬁpﬁgt é}ﬁatftm%kﬁ CIW%: s(rjae’sdponsg_ to
i 'said firing n 0ol %0 ' elsay. . digi tal. yvet hod according to
clains 19, 2%%%? %thfl,e%yhngr gﬁlﬂibgggd 1@’5&% Sﬁges&arsga%dg&w{?ﬁ‘z% ,
produce 25 sgppdyvabeheCaeiasPqpdi ' t Polk] g -27-
said cl ock pul ses g?e_ count egégpmﬁﬁggggrzg?fgﬁggyof Ny ﬁgltgigmﬁiganﬁp 24. A
. digi tal et hagmBeeocdirtespondinigMtes WA AictuaQUnaae Ungsd Grfd Q5 Pul ses
to produce said nunber _ _
' 5 difference between said first and second numbers are
approkimately equal;
(g) storing one of said épproximately equal digjtal
numbers as 92;
17 (61 - 8)/8

10 (1) determining N2 K N1 where K is a constant}

(h) determining

=
[}

(j) determining ©; = N,8,;

(k) storing 93 as the calibrated phase angle;

(1) digitally comparing said number corresponding

to said actual phase angle with said calibrated phése
15 angle;

(m) altering at least one of said fifst_and secbnd
numbers in response to said comparison so as to vary the
‘delay in energiiing said motor to maintain said actual
phasé angle approximately equal to said calibratéd phase

20 angle; aﬁd | |

(n) energizing said'motor.in_reéponse tb said firing
command following said.deiay. _
| 23. A digital method according to:ciaims 19, 20, 21
or 22, wherein said clock pulses are counted up to produce

25 said number corresponding to said actual phése angle and

6

-



ur1c>puna|ng TOo sald actual phase angl e commences each tine said mpt|
A digital method according to claim 24 mhereln e
un m;mm““ puI ses to produce said nunmber corresponding to. said
tua Se amgl e ceases and 10 -counting of said clock pulses to producekw
sald firing command comences each tine said notor current crosses zero. ™\ -
A digital nethod according to claim 19 wherein at |east one of said \_j

flrst and second nunbers Ts & t®ered 15 twice each cycle. 27. Adigita
met hod accordlng to claim19 or 26 wherein the differences between said

first an éka nmbers is altere égéﬁﬁn_anoun& grogortl nat to the

di f f erS S8 ARRAURLR dtAPTRIUGE S38da€LitidR8phase angl e
and sai d Eﬁer corresponding to said desired phase angle. 28. A digital
“met ho&®° ing to clains 19 or 26 wherein the difference between said

fi d he diff '
fioet and Z87°0% WD "o ldE Sl ia Al RUET 18013k LRaEESY TTorenee
nunber E‘g 6 C;aafgi 90 d A ﬂ?fgésed:&@f&&@g'saﬁS?nuﬁbgw'ta' met hod

accor di
5 corresponding to said actual phase angle commences each

time said motor voltage crosses zero. _

25. A digifal method according to claih.24 wherein
counting of said clock pulses to produce said number
corresponding to said actuai phaée angle ceases and

10 counting of sa1d clock pulses to produce sald f1r1ng
command commences each time sa1d motor current crosses
zero. | | |

26. A digitai method according to claim 19 ﬁherein-
at least one of said first'and.second numbers is altered

15 twice each cycle. |

27. A digital method according to claim 19 or 26
wherein the differences between said first and second
numbers is altered By an amount proportional to the
difference between said number'corresponding to said

- 20 actual phase angle and said number corresoonding to said
desired phase ehgle. |

28. A digital method according to claims 19 or 26
wherein the difference between said first and second

numbers is altered by an amount'equal to the difference



: : 1
5 wherein at |east one of said first and second nunbers is altered once
ew@¥ot her tycle. 30., A digital method according to cl mu‘" m! I Mlll
wherein the dlfference bet ween said first and second n in.,

uni form-increments. 10 31. A digital nethod accordin® C a|n122 :
wherein K is approximtely 1/0.46. 32. A system accordi'ng to clalns 1 or 3

\gpereln sai d predetermined rel ati~ongli p- s one of approxi mate equality 15
- 33 A nmethod according to clains 25, 27 or 28 wherein said predeterm ned

rel ationship is, d&gy 205 KL 043lbnality £ adla | DEcARECHELER! o

has been reproduce not'ocopyin S orlglna pescript.
It may contain n t h gg% rigina
typescript contal |ng egéggng ngﬁts% %?qéiﬁéﬁﬂed on e éﬁfgﬁt
Office. vhase angle.

29. A digital method according to claim 20
5 wherein at least one of said first and second numbers

-is altered once every other cycle.
30. A digital method according to claims 20 or

29 wherein the difference between eaid first and

second numbers is altered in uniform increments.
10 31. A digital method accordins to .claim 22

wherein K is approximately 1/0.46.

32. A system according to claims 1 or 3 wherein

said predetermined reiationship is one of approximate
equality.
15 33. A method according to claims 25, 27 or 28

wherein said predetermined relationship is one of

approximate_equality;

The text of the specification has been reproduced by photocopying the. applicants original
typesczipt. It nay contain & fev anendments which are difficult to resd. The oxiginal
typescTipt comtaizing these saendazents may be inspected on the premises of the Patent 0ffice



