The sent invention relates to an inproved control 12 systemfor AC

i ndust oniimotors and, in its preferred enmbodi ment, 13 to an |npﬂd¥éhﬁa'E>E=
di gi tal jnAduction notor control system 15 A prior art digita

i nducti oh notor control systemis 16 shown in U S. Patent No. 4,361, 792

i ssued Npyenber 30, 1982 17 and asgjgped to the assignee of the i nst ant
applicatign. The 18 systemdisclosed in that prior art patent derives a
cali bratgd 19 phase angle and then controls the operation of the notor
based 20 on that phase angle, irrespective of variations in notor 21

| oadi ng.4 ;In this way energy consunption is reduced. Referring 22 to Fig.
1 of U. S. Patent No. 4,361,792, after the notor has 23 gotten up to speed
the courg ‘in increnental counter 38 and delay 24 counter 36 is zero. The
nunber iniiphase angl e counter 34 25 corresponds to the phase angl e between
motor v tage and nmotor 26 current zero crossings. The count in the

i ncremental counter 27 is increnented every other cycle, which causes the
count i the 28 delay counter to be S|n1larI§ i ncreased. This increased
delay 2% i.n firing the tMEEHOD BH QPERATING NDyJNDUCHION and, therefore, the 30
count inm the phase angl eMgmmtemRoEvgmml |y, the nunber in the 185 - 2-
1 phase angle counter. wiTT be approxinately equal to the nunmber 2. in the
del ay counter. The nunber in the phase angle counter 3 can then be stored
I n the yghase angle register as the calibrated

1 2@, 5 6 7 METHOD OF OPERATI NG AND | NDUCTI ON MOTOR CONTROL 'SYSTEM 11
u

o 1 | The present invention relates to an improved control
12 'sy5tem for AC induction mdtors and, in.its preferred embodiment,
13 to an improved digital induction motor control system.
Ny . . _
. 15 A-prior art digital induction mpto; control system is
16 shown in U. S. Patent No. 4,361,792 issued November 30, 1982 ,
7 land assigned to the assignee of the instahf application. The
18 system disclosed in that prior art patent derives a calibrated
19 _phase angle and then controls the operation of the motor based .
_ 20--on that pﬁase angle, irréspective of variations in motor
k". 2li'loading. In this way energy consumption is redﬁced. Referring
22 to Fig. 1 of U. S. Patent No. 4,361,792, after the motor has
23 gotten up to speed the count in iﬁcremental counter 38 and deléy
24 counter 36 is zero. The number in ?hase angle counter 34
25 corresponds to the phase angle bertween motor voltage and motor
26 current zero crbssings. The count in the incremental counter
27 is incremented every other cycle, which causes the count in the
28 delay .counter to be simiiarly increased. This'increased delay

29 in firing the triac reduces the phase angle and, therefore, the

30 ccunt in the chase angle counter. Eventually, the number in- che
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e and used to bpefate t he systén1 6 Deri vi
ase angle in this manner, 7 however, neans that
phase angle 8 register as the calibrated phase
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art, on 9 the initial nmotor |oading. Geater power savings

talned I f the notor happens to be heavily | oaded
ase angl e was deri ved. he prior art also 12 di

initial calibrated phasé angle 13 so as to yiel
ase .angle. See colum 5,- 14 |line 3 through col
nt No. 4 361,792. 15 16 17 18 19' 20 21 22 23 24
-3- 2 The present |nvent|on reRres
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phase angle and used to operate the system.

Deriving the calibrdted phase.anglé in t

however, means that the number stored in the phase

irégister as the calibrated phase angle depends, in

the initial motor loading. Greater power savings

'fobtaiﬁed if the motor ﬁappens'to be heavily loaded
:gcallbrated phase angle was derlved ‘The prior art
;;dlSClOSGS how to. modify the initial calibrated pha
.;so as to yield a refined calxbrated phase angle.
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.t h I.Mg delay result fromchanges in notor |oad and that 10 these
 216nk jccur in a characteristic manner which is common 11 to AC
i nductioff motors. This characteristic may be approximated 12 by an
equatlon ‘of the formy = nmx + b, where y is the phase 13 angle, x is the :;
firing d lay, mis the slope and b is the - 14 offset. Applicants
have- ahsdl di scovered how this charactéristic 15 may be used to control AC
inductioff notors with substantial 16 energy savings. 17 18 . In
addlthnl appllcants have di scovered a way to 19 optinize energy savings
by neans'of a "perturbation” technique. * 20 in which the firing delay is-
i ncreaSedl by a preddis preséntl invenutibnapept Esehehan dmpﬁoiém@m::angl-e
is evalugted for * 22 several cycles. |If the-result of the :
eval uat qnthmoh.mrw.dzs athdt. &ddPatens| Nenek g363al?2gs 48 eaqueshii ¢hathe
firing 24 delay .is again increased by a predetermned anount and the 25 -
behavi &r ,,oPa‘Fﬁét:prﬁs% apnfiicatdong was éﬁﬁetio%d mt%%vwwerwnr@faogs
Th|s process is repeated until ene vin re maxiym zed, 28 29 30
g Bdsed o FtsTsiN S TinRhGRagraRka ﬁ%ﬁﬁ rG deyaloned of o
m)tor nt ol sy . nt t
Fig. 1 5 Jle»? §ﬁc? nﬂn%ﬂ: oefé) tm?/egﬂ%%l Wﬁ% S%Hﬁ %fﬁr? Al J]LY&(}.OJ& Qdoltl%ré

conprrses gra
accor dgncey. | Ig0 0 |
pre%rh?s r&lsd@(}%%d 'Ehafl chan%es may 1 usa%?“aaﬁ%tleg

dlagran1of mot or control systi L
i mpl emgnt; iRe BHESEI¥ing delay result from changes in motor load and that;'J

8 Jggfiibénts'havediscovered that changes in both the phase angle-- 9 and

10 ' these changes occur in a characteristic manner which is common
11 - to AC induction motors. This characteristic may be approximated ~
12 by an equation of the form y = mx + b, where y is the phase
. 13  angle, x is the firing delay, m is the slope.and b is the -
14 offset. Applicants have-also discovered how this charaéteristic. -
15"may be.ﬁsed to coﬁcrol'AC induction motors with substaﬁtial_ |
‘16 f energy savings; |

17

18 - In addition, appliéants have discovered a way to - n
192.optimize_energy savings by means of a ''perturbation” technique-\,/ - -
20 :in which the firing delay is inereased by & predetermined |
lezamount and the behavior of the phase angle is evaluated for
22.fsever;l cycles. If the result of the evaluation-indicates
23 - that additional energy sévings are possible, the firing

24 :dela§ is agéin increased by a predetermined amount and the
'25 behaviér of the phase angle is again monitored for several

26 cycles. This process is repeated until energy savings

-~
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are maximized. -
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12

13 Flg 3is a schenatlc di agram of anot her

|nventron nmot or contr ol
15. systen1mh|ch may .be used to inplement the present invention; 16
Flgs 3A’td 3E shOM/detalls of the diagramof Fig. 17 3. 18 19-20 21 ézgég
24,25 26 27 88 2 216-185 1 5- 23
AsS™ Iready nated, the present invention is based on 4 applicants’

di scovery thh

~nanel y, that
“notor load c
phase angl e,
A preferred
AC i nducti of
this 11 gh
savings. |
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20

characteristic,
del.ay with variations in

t AC induction notors share a common 5
changes in phase angle andtfiring 6

n be approximated by the 7 formulay - mk + b, where y is the
mis the slope, 8 x is the firing delay and b is the offset.
pquat i on 9. whi ch-has been found applicable to all single-phase
10 notors tested is PA = - 0.12 DLY + 70. Inplenentation of
ation permts control of the notor with substantial energy 12
the equation, PA and DLY are expressed in units 13 of count.
rative enbodi nent of the invention 14 shown herein, 1 count

0 ”lcroseC@E%S 9k 95648¢10w diagram depicting the operation

)

1
:

of a motor control system in accordance with the present

i| invention;

Fig. 1B comprises graphs of typiecal motor'responses

when controlled in accordance with the present invention;

i; Fig. 2 is a schematic diagram of a preferred motor
i control system whlch may be used to 1mplement the present

J.nvent" on;

Fig. 3 is a schematic diagram of another motor contzol
i. system which may be used to implement the present invention;

Figs 3A to 3F show details of the diagram of Fig.

21 -
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29



15 electrical degrees at 60 Hertz. 16 17 .. ' Fi gure 1A discl oses
21@ed8bal | y thow the notor is control: 18 | ed in accordance with the
”ion’ﬁh = - 0.12 DLY + 70. At 19 event N, the notor is energized
: g a fiyring delay Dn. The 20 phase angle PAlerr] ‘is then neasured. The
st of “Sn jpf the delay Dn 21  and the phase angle PAn is then used as thedl
addr ess fcf a conputer- 22 generated | ook-up table. The contents of that
address IPAt (phase 23 angl e table) gs-conpared with the previous phase
angl e PAnjand 24 the result used either to increase or decrease the
del ay. 25 Initially, ‘PAn will be greater than PAt and the delay will be
in- 26 dr eased in agcor anc@w’theﬂth fornmula Dnyl = (PAn - PAt)/2 + Dn.
27 Thi3s_i ncr eased STHFEh &S ’n‘S:hFhErFrBFBF TRECH 0% 1%
savi ngs, _ is ﬁgﬁﬁ%@ﬂ 1y ~P. . 9 oxl ely
equal . 4I fil tgﬂgi%%%?sl o%{ I ncr ase(g{s%d Iégt é\%‘\nd?Pgé'génm%(g;%% Eﬁ[a%%]agm@vt‘\} t he
del ay wisl ||| bRafgeHERLLs ¢ 1k AGLAMAFCE MLl Rhangds 1hNEhOE NS d &idd HiSing
reduced dejay in 2 energi zing the notor results In nore power being
del i ver gd it de Bayt wbthotoridtidiandine miolteri Nekdaset beashpiskinted Dy fitle t he .
4 notor continues to operate at -its designed, constant speed. 6 _
Tabl e |7 sefofmula pr=tue ndxt Whege, v dsathenphase Inglgermerig erhd cdlopen
tabl e based on the equation PA - 0.12 DLY + 70 8 The sum of the phase
angl e PA and idethe| firimer delakamdad dsethabpréfentry baprriqwred mauayiion
motor contirol, . The entries in the 10 able a hase angles, j.e., PAt..
Thus, |8 gf’%@i%a?n BEs oo o (PPAdeabIG0to 81 L PHRSTITRIATR ARG TdmRTRE
tabl e i 5 Lf +. QLY 5 106. ) t = Simlarly, if .PA
DLY 13@93’,_, mogbrs %g%ot%g?ea??‘ i1 P%agoﬁﬁz*lg@; SHpLenghila s s Jni
provi des fo : ent s "#Ef% a SE A2 Ve PO :
di vi de ii nt ;E)q‘%%é]@?{g %ﬂl})ﬁé,ﬁ Bé\?e S, lvm%%htt?% glﬁt% ?S gg{:%tss"?i‘)én@éi%té%aecrﬂéfggvel .
Thus, §9miDsaPiaggh 1fn fedndpilioh, PUMRnd6DLY arkhe Sed fof radisee! 2, -
etc. It should be noted that small 18 —entry suns indicate high notor
| oads wherga§ taume. sulrs the illustrative embodiment of the invention

14 f'is.ho:)wi.-x herein, 1 count is eqﬁal-fo 30 microseconds or 0.648

15 - electrical degrees at 60 Hertz. .

16 I
17 | Figure lA discloses generally how the motor is control-
18 :ied in accordance with the equation PA = -~ 0.12 DLY + 70. At

19.;§even; N, the motor is energized usihg a firing delay Dh.. The ‘\,k
20 . phase angle PA, is then measured. The sum of Sp of the deléy Dn
21 °, and the phase angle PAp is then used aé the address for a computer-
22 é‘;gc-znera‘.i:eci look-up table. The contents of that address PA: (phase .
23 __angle table) is comparea with the previous phase angle PAp 2znd

24 . the result used either to increase or decrease the delay.
'25" Initially,.PAn will be greater than PAt and the delay will be in-
26 creased in accqrdanée with the formula Do+1 = (PAp - PAg)/2 + Dn.
'27 This increased .delay in energizing che motor results in energy

28 savings. The process is repeated until PAr and PAn are

29  approximately-equal. If the motor load increases, PAr will

30 exceed PApn. Now the delay will be reduced in accordance with



19 indicatelow notor |loads. It shauld also be noted that the 20 firing
del ay is,-nevgr iess-than 1. Thus, in Levels 1 through 21 4 the 100 :

i ndi cat es’ that a firing delay of 1 is to be 22 nalntalned 23 24 25 26 2
28 29 /IAI E1 (PA=- .12 DLY + 70) LEVEL Sum +0 +1 +2 ,
+3% +4. +B  +6 +7  +8 +9 1 0 100 100 100 100
100 100 %00 100 100 - 100 16" =100 100 100 100 100 100 2

10 100 100. 100 100 20 100
100 100 100 - 100 100 100 100 100 100 30 100 100 3 30
100 100 100 100 100 100 100 100 40 100 100 ° 100 100
100 100 100 100 4 40 : ' . :

100 100 {0 100 100 100 100 100 100 -100 = 1Q0 100 100
60 100 Hothe fopmul fogngl 60 4(PA. - PAp). This reduced delgy in
_ég06 100 ]O%nquﬁzlngGgge m@goT r%ﬁpltsfﬁp moq;7powe§7ge1n§7deglg§re§ §o
67 90 6%

66 66 - € ggtﬁgoto ﬁ%gdle6€he Lég%é;s?ﬂslo %Bgnd ggsure%4that65he

64 64 110|| mobbr cofitifiues & 4 6 63-
63 63 B3 83730 fie3° TPEFTe 3 1te Ssiensh °°§§tant %Peed

5 .
. 6 Table I, set forth on the next page, is é computer
— Ty genérated look-up table based on the equation PA = - 0.12 D}Y + 7¢C

8! The sum of the phase angle PA and the delay DLY is used as the

| and DLY is 100 (100 + 0), the pnase angle from the table is 65.

i
|
9; table entry point for ‘initial motor control. The entries in the.
1053 table are.phase angles, i.e., PAr. Thus, if the sum of PA
I
11 ]
i

Loy 1t PA + DLY = 106 (100 + 6), PAg = 64. ‘Similarly, if PA + DLY =

13?; 193, PAy = 53; whereas if PA + DLY = 194, PA¢ = 52. The table
1“§§ provides for 256 sum entry po;nté and these 256 entry points
lsg% are divided into 16_groups or ievels,_with 16 eﬁtry points in
R 16§; each level. Thus, sum 0 through 15 form Level 1, sums 16
| 17%2 through 32 form Level 2, etc. It_shouid.be noted that small
1%‘! entry sums indicate high motor loads whereas large sums
19 g indicate low motor loads. It shouid also be noted that the
20 i'firing delay is never less than 1. Thﬁs, in Levels 1 through
211 4 the 100 indicates that a firing delay of 1 is to be

22 maintained.
23} '
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9 .. 120 o 61 61

130 61 i 61 61 61 61 61 60 60 60 60 140 60
i ‘11 59 10 140 : | 59 59 59

59 9 59 150 58 58 58 7-58 58 58" 58 58 57 57
“160 ;; 57 57 57 57 57. 56 ~ 56 56 . 56 56 170 ‘et

56 56 55 55 55 55 12 TUBLE 1
55 55 55 55 180 54 54 54 54 54 54 54 53
53 53 180 53 53 13 19PA = - .12 DLY + 70) 53 53 52 52

52 52 52 52 200 52 52° .51 51 14

200 - 51 _ 50 210
"50 50| EE Sg“ 2t T 2<¥3+3 45* iﬁ-» +ﬁg_zib__;ﬂg__;ﬂh9

49 49 13 4 2 8 4
48 48 240 48 %]%48 %8%18 %88 48]1'88 4%@ 1}8 106 g 100 4é°°_ 9 16
240 ' 48! 48 48 250 48
48 48 ‘ 43 4‘8.0 o - - 8- 1 St will bqggppm@lay_@ﬁj tieg a

different jfable can20e 2 16®nelex edidly VEOUyi rgot herosl opeof rego - Pool2 16
sonme ot herl val ue 3 <3ch a308 018 or by varying the offset from70 to sone
other 4 v I| ue_such el 68. A different table could also be generated by 5
varying b th ¥he sI@8e and the of fsH0 ¥9r 08npIle0 appli cidd s BOMavido
control | ed si ngl e- piflse AEY ndlR i 0G0t i0s b'kQQed 168 al0tabP@ generated in

accor danc &h t he formul a PA - - 0 18 DLY. 8 + 72. The sl ope ma var

4
bet ween a d)ut 0. 2,c4nd ab ?é
about 65 And about ,g§. A,é % \A%o lﬁl)gw gﬂé LlB@TBn%Q‘ﬁ 00 \J
speci fic exanple, how the” or TS co roI | ed usi: ng this type of

equation. i12 §3 ' 60 Initially, the conpufagr daper %@eslb@e % Stidlﬂ

phase . 70 69 69 469 “69 69 169 469 468 468 ‘68
1 . .
R 80 ‘68 68 68 68 67 61 67 67 67 67
i 90 Y67 67 66 66 66 - 66 -
o7 T ' 66 66 66 65

100 % 65 65 65 65 65 65 64 64 64 64
110 164 64 ’ : :

8 110 64 64 63 63 63 63 63 63
120 63 62 62 6 62 62 & 62 o
9 120 ) _ 6L 61

130 61 61 6L 6L 61 61 60 60 60 60
40  '60 60 60 59

C100 140 59 59 59 59 59 . 59
A 150 58 58 .58 58 58 38 58 58 57 .57
1l 160 ‘57 57 ST 57 ST 56 56 56 56 56
{ 170° 56 56 55 .55 55 55
12 170 : 55 55 55 55
180 'S4 S4 54 54 5S4 54 54 53 53 53
190 153 53 S -
13 190 53 53 52 52 52 52 52 52
200 *52 52 51 51 51 51 51 S1
14 200 51 50

210 ‘.50 50 50 50 50 30 49 49 49 49
220 - 49 49 49 49

15 220 48. 48 48 48 48 48
230 48 48 48 48 48 48 48 48 48 48
16 240 48 48 48 48 L8 48 © 48 48 48 48

250 P4 448 48 48 8. 0



sumto enterijthe table. The conputer then reads the phase 16 angle in
tabl e, whlchlcorresponds to this table entry sum 17 and cal cul ates a nag
firing del ay I f PATERR] = 99, then-PAERR] + DLY[ERR] 18 99.+ 1 = 100.°
Referri ng ‘toj Tabl e 1, address 100 contains a 19 PA of 65. Since PA[ERR
greater thhnjPAt, t he new Wikl be gepagcisted ERAE UR A LEf erenit Nalke came

del = ( PAl PAt old d - 65)/2
e s ay %neﬁ%ﬁ%d G shensLaPanEroR- r%s#t#w%eé%ﬁ value

gives a paAptel ¢ E’Le*’g 35, PorasTiag bhY. 3%%17'3 1%?% 0 55 Vo Y480
process cgnivanigs qih WeHSIA! by dseRLERROLLY o IRAg AR-dned Byt

Change a poifnt 1n the table will be reac ere sum remal ns
fairly congt@drying. bodiAlt P RIplemahal th&qaﬂf§e88 %\r exdmp IOVRIRIL4 cBAk s
-exceeds PAn,lithis indicates an increase 29 in notor |oading. The firing
:del ay is tpejfhaes uomitinlidi sihgieephtsé( RO[ tndictif\motdds baSead Binga 1A
1 The foregoing notor control techni que provides a snooth 2
response t® .,t@hkﬁ@hﬂmﬁﬁ&\nmmor@hcefmehotheté¢m1@]rmlRAt=ho-ut0 .38 DLY
having to re ond with full power, which is an inefficient response 4

unl ess absBI'? é@%%é%k@Pe m@ﬁevﬁﬁﬁoheﬁﬂﬁéﬁaﬁbﬁﬂFly Qe%ﬁﬁﬁh§*Fﬁm5 o dd

- changes, in git |rec findin i on in.t

for increa%e ? E'ef“'f eé%&‘?y Vﬁﬁ§| eFﬁ égggé?ggsé%p q)a?a?'ﬁ:a %lp%li'
r?cé r{viffrr?d%?'é}%v} hg.e ?Eﬂ% gfeL LENEY Oéx&ipllermth%as the

prooven eL;ﬁQ
. .tested, yilnotor s possess the ‘poten even er ‘ener gy
‘savings. i Snd o Ues 'Qodtie f1adl ushal %H:..%UE?;_{Q‘)BPV&Q@E&@&G from the
enpirical “foinula PA = - (1) having a sl ope
ot her thamsp- lO 12; (2) haV|ng an 12 of fset other than 70; (3) having the
phase angle and/or delay 13 vary non-linearly with | oad; or (4) a
conbi nati @B mf t he foreguitiallly Mheocdmputeroﬂétermzneémrhamaxg&uﬂhg phasey
~of all nDtor$ a 15 further notor control techni que has been devel oped.
This 16 unvmemehe Ber taddsa ridie strersoupr fopdnat dehapyof rk re B ngingh uses

15 dthls sun te enter the table. The computer then reads the phase

14 énglﬂe PA, i adds the start-up firing del ay of 1 to PA, and uses 15 th
%'%a%)

._._._Q.__

16 iangle_Ln the table, which corresponds to this table entry sum
17 iand'calculates a new firing delay. If PA] = 99, then PA; + DLY]

18 ii= 99 + 1 = 100. Referring to Table 1, address 100 contains a

19
LN~ 20

PA,. of 65. Since PA] is greater than PA., the new firing delay

is calculated as follows: new delay = (PAL - PA¢)/2 + old delay

21 = (99 - 65)/2 + 1l = 18. The new firing delay of 18 is now

22 ﬂimplemented'and the resulting phase angle is measured, in this

23 écase 95. The new ent*y sum is 95 + 18 = 113, which gives a

n 'fPAt of 64. The new delay is (95 - 64)/2 + 18 = 33. This

25 iprocess continues and eventually, assuming that the motor load

26 :does not change, a point in the table will be reached where the
27 lsum remains fairly constant, i.e;,_PAt approximately equals

28 FPAn. If, however, PAr exceeds PA,, this indicates an increase

29 .in motor loading. The firing delay is then reduced by the

30 amount 4(PAr - PAp). See Fig. 1lA.



" been acco

. effect

| onal predeternined.delay i.n energizing the'netor obeeerhg 18
i r of the phase angl e for several cycles in response 19 to the

espppnse. 21 22 : After _i.nitial control. of the not or has
lished. 23 in accordance with Fig. 1A and Table 1, an

: addltlonéllflrlng 24 TUeIégregoingtmmnuﬁ;canta@deaethniQeeeprsvidgscbﬂsmooth

. The effegt||25 'of this additional delay on the phase angle is then

det er mi néd|| TeEPOTRE ste schutehed i kiads Mitheaturilsy afdmotori syalheandiwithdut ;
PA at 27 % en the 20 co nt f|r|n del ay is_added) and at T1, T2, T3, 28 .
T4 and T3 P ¥1ﬂ§XF°5r5%E?? z@ﬂ§e§no§@ﬂﬁ§51§faﬁn%6¢ ﬁ@c%ﬁﬁﬁeﬁﬁﬁpon35

PALrT) e égsgfg{g%it%%o%% " e oo, AUt aRellfr LY paefRoRdpe |
ol 72 respohses gulngieesi Rt et 14403 aayfagdgngr%gsggfgﬁgfdgéeegggﬁr]

In a Type I "response; phase angl'e 1.s Teducé

+and thener pogi g8 b@&%@“f&“[ﬁiéﬂ 2l (e%‘é[r"g&' )/ '
recovers t Iessethan 1/ 3 of trmfchfference %gFﬁggkﬁex;er?hlgﬁgt%} errﬁlc

“In a Typ2 | hppesa@nsnastheexpfm@raﬂgdﬁec&medueedntﬁ:eahmgethé émediyerr] 7 -
and then récovers to nore than 1/3 of the difference between 81 PA[err] and .

- PAlerr]. 8Ifeﬁfihpent?lofesbbn@mtondutthede aaglye moto®s passess | yhe ephrcactial
fron1PA[8r % to PAlerr] and then further decreases 10 to a |evel of PAlerr]
: . OEVeﬁenosreatrg:peenazrgy efydmgs,. 1Thilse Lsadupr foi the pfacedthat i s

k abortedéﬁn. the conputer contro 12 the mot or hased on the conditions in-

{ PHERTBOTPRS $evAare. knem e eRpEirRlr CORBibE, PANE Tohpld LT o
Ciner gtrjﬁc?'lny"'tjh T Bt ot "ot frarc BIPR a5 O e o) mhATESE 257 1 or
it ??658?7%%?%?%‘?@3*2%% 7 STt S e %31%%-0%% %ﬁaﬁm@{‘?‘?”‘%ﬂf A
hovever 13r¢9§ay hH8- PIRELS By SPMEH aloatd m%s: t@)Ver icbmbihatisn TyPerhd foregoing.
14 {In order to optimize the energy efrlc1ency of all motors, a
15 lfurther motor control technique has been developed This
.15::1nvolves 'perturbing the motor operation by introducing an
17:§additional predetermined delay in energizing the motor, observing
18

the behavior of the phase angle fet several cycles in response

19 "to the delay, and then controlling the motor based on the nature .

20 }l of the phase angle respomse. , </
21

i '
22 After inicial control of the motor has been accomplishecd.

23 in accordance with Fig. 1A and Table 1, an additional firing

24 ' delay of 20 counts is added to the existing delay. The effect
i o

25 'of this additional delay on the phase angle is then determined.

26 ;This is accomplished by measuring and storing the value of PA at

~
~J

To (when the 20 count firing delay is added) and at T1, T2, I3,

28 T4 and Ts (the next 5 positive-going zero crossings of motor
29  current). PAg is the phase angle at To, PA1 the phase angle
30 "at T1, etc.



1 response continues. to be obtained, A Type |I response indicates 20 that
it may be pogsible to obtain additional energy savings. 21 In that event:

t he conputerjincrements the firing delay and 22 "eval uates the response *

t he phase angle until a Type Il or 23 lépg 1l response is obtained, i.e.,
unii | operatitng energy 24 efficiency s been maxinm zed. 25 26 '
Referring pdain to Tablgs lshdhif iGAlFilyratlBONtREECESe 2fhré O/ b AR MyPedd of
energy effid{ency is generally conducted at 28 Levels 6 - 13. For

conveni ence |fedéporsesnic Nitmse aing fthet £29ingf déDayi Byr&f predut dmiaeda " 70
Table." Experinmentation to date 30 has shown that all single-phase AC

i nduct i on anountest ek vt | Type Il respooses ctbat pbeaet angle ismtreduced dxom
using the 70) Table. _Mtors 2 that produce a Type | response, which .

i ndi cat es #hipfAader tFAnAnE theter@Rainsi hgsvaa) Balpeadi Fy wkAlddSgied-
smal | er ph s@ angl-es 4 corresponding.t,q their |1qQok-up table entr uns.
This 1s Qonari8 PedRréns P (TR bietn 173,08 the, BAEEP=RSE feiim FAqy ado PAL
of fset. 6 _lhyoOt rgs, T rLesp i $.0 ' guat.i_o
S ehanghd] o PRE EE r e e85 pragaPatghs) 2a)RAddEE 4t YA e
For exanpl ¢, | ass UM & fdddvd e P bRirel $haRCTF8I BY Bhe 2difret aRte W chRldne
entry sum ofi 140, this corresponds to.a PA[err] of 60. 11 If a Type |
response ig OPAgi aedl Py Nevicad i1g1 respBfieehache pRa®® ddEledquati on PA
= - 0.12 DEY + %9. Tﬁ?é yieldsng%;t of 595?3 fgr a I%okiup table entry
sum of 1409 | ifieholherrddyeed freap@age td4PA3 ahdathen, fartiser cidandasteson

i st made basegl on the equation 15 PA = - 0.12 DLY + 68. This yields a PAt

of <58 forld Jookaukevsl tabhliBrlkent dr sdm cheleventTpé af Frpeokll (mesponse,
_procedure ?r a 17 _constant | ook-up table entry sum_is to increase the

fi
firing debhyi gBe FRLiRFARED RFIFARIEeds pPEEeHoaRAtRB SPUP YIRS dgptTOLs
I ' : ' . _Thi d LS. d gy T I
.'23%2?2522%3“;?5 SRS P29 T iRy PR CeABRg i s RES AbvEdtdipo] th the
iired. a Ita ; ¢ aviiygs o . _
e i b oA AR iy el
' 14 f;he delay at To (the delay in effect before introducing the:

15 tadditional 20 count delay) as the optimum délay for maximum
16 genergy savings_aﬁ that load and at those operating conditions

17 ﬁ(e.g.. temperature, supply voltage, etc.).  The computer will,
[N - . . .

18 ;however, repeat the process several times to verify that a Type II
| 19 grésponse continues to be obtained. A Type I response indicates
i 20 %that it may be possible to obtain additional energy savings.
' 21 ilh that&event:che'computer increments the firing delay and

22 ﬁevaluates the response of the phase angle until a Type II or
23 %Type III response is obtained, i.e., until operating energy
24 ﬂefficiency has been maximized. |

25

25f§' Referring again to Table 1, the calibration process
27 for optimizing energy eZfficiency is generally conducted at

28 Levels 6 - 13. For convenience Table 1, which has an dffset

29 of 70, is referred to as a "70 Table." Experimentation to date

30 has shown that all singla-phase AC induction motors tested will



id3 Lesayi ngs point) has been linmited to 60. A Type |1l response 24

I ndi 'S leither that the notor load is increasing or that 25 maxi mum

ener aV| ngs have been obtained. |In either case, 26 further calibration
is h edijuntil stable operation resures. 27 28 - Referring to
Tabl e”l,, tihe calibration_process for 29 nBX|n1Z|ng operating energ

eff|C|eﬂcﬂ pRerahet vativfacharklno & alizloads,i ysgessrhee? H%§b¥ﬁnn3M°t0rS\d
"oad poidl ﬁ%‘;‘;‘z{‘? 818 BT maamonse : whgoh) bhafBekas ek e ihmad "
I uct uats ahetekey, B8 l‘l‘%a RPN pota BNED, WL £85TR08 hal O oHNE R s
etc. wilg ! eyﬁfeépa&&ﬁgb&@ QR TS b cUBTE SAVEYNEIm | MRS O g e

likeli- 6 !lhood a notor varying fromo l'evel to a

occurs expbeafRNERhé OFh&Ps BT ftﬂ@u waepohbe, Obirsﬂbéraeéﬂ\e.m% Scha i S,
| evel s diflfer by nore than 5, an he notor is 9 oscillating between such
| evel s, @& | | Lacetheb|wordsipihérs d Typeoducedpohisehisoobdairedi st nepidtinm t o
the user. Accordingly, 11 applicants have devised the follow ng t echni que
for adj u'éth hy changed offemtPA of -ad).d@e®LY dv@lstooPAharlt hayDEEver6di ffer
by 13 nDre than 3. 14 15 Returning to the preceding exanple,

t he tabl% ntry 16 sumwas 140. This corresponds to Level 9 in Table 1.

When 17 thk calib

obt ai nec? héac'omﬁﬁiéf R RERHELLS  ATHRIEE FHACLEDE S8PR 5 SHOIRIRE Gt fhe
ther | fe 0

the Level & . Borkidr £2 d“-’o%%% SR JP0C chi0ookeagtagy) o D RADIFE R
di fferepge ?ft%"e'ggpéhf 2dspdsets dﬂta&%@ceﬁt nk@V8h3clitapgsd! :.é Gndde based

exceeds 3.'j\We t hat occurs one half the difference is applied to the

adj aCFnl224on| eNel eqdatict epices beaj.N@ DRANGedoup. Thid Yhel&sreMANDHE 59
exanpl e |

13 'for a look-up table entry sum of 140. If another Type I response

14 ils obtained, a new calculation Ls made based on .the equation

15 'PA - 0. 12 DLY + 68. * This yields a PAt of 58 for a lookeup‘

16 - table entry sum of 140. The effect,of this procedure, for a

17 ﬂconstant look-up table entry sum, is to increase the firing delay
18 ﬁand reduce the power delivered to the motor, thereby increasing
19 -ene*gy savings. This procedure is repeated until a Type Il , )

'response is obtained, indicating that energy savings have been ™~

N
o

21 :maxrmlzed In the illustrative embodiment of the invention.dis-
22 closed herein, the minimum allowable offset (maximum energy

23 ésav;ngs point) has been' limited to 60. A Type IIL response

24 indicates either that the motor load is increasing or that

25 maximum energy savings have been obtained. In either case,

26 further callbratlon is halted dntll stable operation resumes.

28 Referring to Table I, the calibration process for
29 maximiéing operating energy efficiency 1is limited to- Levels

30 6 - 13. It is possible that some motors, in certain applications,
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Efbf Level 9 reaches 65.

-8 and 10 are adjusted to 64.

adj ust nent of adjabent,feVels occurs when the offset 26
2.5, which is rounded up 27 to 3.7

Then 70 - 65

the of fsets forlevels 29 8 and 10 are adjusted‘fo
els 7 and |l now differ d’ from Level s 8 and 10 by nore than

vﬁnﬂlmb?er@%% at ;lme ebhsehsef Dhad Pt 7 AL Jﬂﬁrc‘in%dhﬂﬁﬁgatlon

2 Level 9 can now go down to 60 (the | owest

149 | Jodk-hips tadlevenefhogimieadrids pdirliny iy ithia)e 1e¢abhpbine.
4 any further adjustnents of the offsets of the adjacent
Even with altonbeanutmoadonhwwmngrl(flunﬂunU1ans lizvepplyno
bration attenpt will occur. |f, however, the notor |oad 8

i vl tage,y operatinge tenperaturdie ‘magamtfxianian 0 eteonpaild cauvse

th 60

: e previous offset) and will 10_ permt a sufficient
et

e EBEI Yt §UBECHP ¥BTY 1SomeiRatan W%ar%fti@@ &hel dikeli-
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T 7o mo'vogn Sarding FEomeone Loveh S8/ ha e 1 SRS th b
| ST e a2t 08 Bhe OO D e A Bl o B T B
Vfcg]é&nthel\é%etllgeH&f?@t:ssgsm@f'é ugth &4 ?asé‘riii the %tto'ie is

an adj acent | evel Fig. 2 discloses one

ig. 2 of the 21 instant application is the sane as Fig. 2 of -
rodixedd whAth7 @dudddbehdisesncepting wi thiey.uskrn.s Accordingly,-
23 herein by reference. The present invention has been
oapgimqam ssihagyee deivasedAthe nfotlowingieghnigne Faheddpsting2s

. A suitable cqonputer _pro ran1for practicing 26, t present
H-Beh @ EEpetdmodh ild ar-ﬁnn gevels sso7that, Ghak peten H’é’%ﬁﬂ' EW t he

n
more é%an 3.

Returning to the preceding example, the table entry

sum was 140. This corresponds to Level 9 in Table 1. When

the calibrﬁtion procedure is commenced and a Type I response is
obtaiﬁed, the computer changes.the'offset for Level 9 to 69.

None of thelothef levels is affected. If another Type L
respouse is now obtained, the Leve1 9 offset is dropped to 68.
This continues until one half the difference between the

offsets of édjacent levels is equal to or exceeds 3. When

that occurs, one half the difference is applied to the adjacent

level, differences being rounded up. In the foregoing example,

‘the first adjustment of adjacent levels occurs when the offset

Then 70 - 65 =

2
r4

2.5, which is rounded up

to 3. At this-point,.Levéls 8 and 10 are assigned offsets of 67.

When the offset for Level 9 reaches 62, the offsets for Leveis
Since Levels 7 and 11 now differ

from Levels 8 and 10 by more than the permitted amount, the
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, Wil e the present invention has been described in 30
Es application to singlesphase AC i nduction notors, 14 1 it
applied to 3-phase induction notors. For a 2 description of a
gital nmotor control systemsee 3 Columm 6, -1ines 25-38 of U S
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t jny Supphet adiustmenmf dherwidisersi 9fpshet rddacent pleveksed
pbr 13 controlling 3-phase AC i nduction notors is PA =+ 0.62 DLY
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Simlarly, while applicants have di scl osed that for -3-phase
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computer will permit 7 calibration attempts to be executed.

o gatl Onfﬁnggp%gfvé‘t%{c na:[ss_ avrg tor}.i-tjge%:h%fs%??etﬁfe the

14 |
15 |
‘16
17 ;
18
19
20
21
22
23
24
25
26
27

Levels 1 through 4 never deviaté-from a maximum firing delay
of 1 while Levels 5, 14, 15 and 16 are never calibrated. They
are, however, allowed to. have their offsets adjusted based

on the calibration of an adjacent level.

Fig. 2 discloses one motor control system which may
be used to implement the present invention. Fig. 2 of the
instant application.is the same as Fig. 2 of U. S. Patent

No.

4,361,792 . and the description of Fig. 2 is incorporated
herein by reference. The present invention has been employed
to control single-phase AC induction motors using .the system
shown in Fig. 2. A suitable computer program for practicing

the present invention with the system shown in Fig. 2 is

included at the end of the instant specification.

28

2

e

g
30

While the present invention has been described in

ati

terms of its application to single-phase AC induction motors,



to persons skilled in the art. 'For .exanple, the present - ) 1 i on
may -be i nhpl eaented without using a programmed digital 2 conputer. 37 4ij - -
Fig. 3 of th& present application dirscloses such.a 5 notor control system '
| n~Fi g. B QLlit hrough QL5 are .FET 6:: jtyansistors which conduct when a
positive voJtage is applied 7 to theit gates, while QL6 'is a triac such as
a Teccor QMD25AR BRYd alsglbeqeprilied 8P odePiseldarduptdaroMoseaists §esi gnat ed
U - Us, 9 43 - Ul2, W14 - _UL6,  U20, U1, U26, U27, U28 - .U30, U38 -U3 9
e u12,uﬁ’%-qsf§rm}eﬁeéze, BoFheks. SRR BANE COnFrod $Ts RS tR0.
ue4, U72, ar ehatih@n i fq UL3, 5
W53, U65 a% q%ng%i’n\}gp'?gr g‘g Rﬁi ?g @ggé 1?%"‘3‘%*‘#@%'ﬁ&£?i9ﬁg%§{51‘ﬁ+ir.
U177, U22, W4 9, b and U380
are AND pat oo URTPS T o060 08D, Pt SRe R i ot ae7e iBtFA4 Nr
gate. U54,5 l%xpdrimedeatiodb8ppUiBantd ke adis (MNP o3 HHaR BL?hESEVAC
anplifiers. 16 Ul8, U551, U67 and U70 are |atches, with U67 configured to 17
di vide by t&wo.indutEiod2BotodE absoUBRperiememe ndlenrggesin Ipdiasg afiglanand

up/ down binary counter.- U3 is a four-line decoder which 19 perfornms a

DI A conver si orfiiriged dedayhesoat functiom o fischangess dins mRors loaflf which vary
anplifier, such as a Tl 7406, and U/7 may be a Mnsanto 21 6200 IC chip
conprising-a gét @ GhageCteairyicoRpnRer KIS Rath R taRProxingted by fhe A

brief descrd ption of .the operatiopn of,the notor 23 'control system of Fig.
3 is set fort FRRHGBRL0P,Y25 ©X + D. Agggn Xs"%o%f‘?ecﬂ' et&“tzﬁ'g’lpnésvﬁﬁ?age

. I /Ql: . d
Spienelon e PRSP UELCRITYELALD 1 SRR Sofl g
posi tive pul se i OF isingyRCBLABLZRE Yhidctisy 'x:&&foféo,: sALY ea??i-gitﬁgeoﬂé put

fromU66 is used to derive two systemtimng 30 signals. s
produced byl Ushdubtdonctondri & REOPUSEEive. A preferred equation for

A

L

controlling-B-phase'AC induction motors is PA = + 0.62 DLY + 24.
l‘i With 3-phase AC induction motors the slope may vary from

.15. 0.5 to 0.7, while the offset may vary from 10 to 30.

17 It will be appreciated by those skilled in the art that
_18 the present invention is not limifed to the specific illustrative
19 - embodiment disclosed hereiﬁ. Thus, while applicants have

20 disclosed that for single-phase AC induction motors value for m

1 can be selected between --0.1 and - 0.2 and values for b can

22 pe gelected between 65 and 72, vélues éan also be selected

23 outside these ranges and still successfully control many motofsi
Similarly, while applicants have disclosed that for 3-phase AC
25 induction motors values for m can be selected between 0.5 and 0.7

26 and values for b can be selected between 10 and 30, values can-

2 o N -

27 also be selected outside these ranges and still successfully
28 control many motors. Other modifications and improvements
25 . |

within the scope of the present invention will also be apparent

Yoo cersons skilled in the art. For example, the present
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|lows closely in time the output 5 of U57. The timng for the

-hold circuits Q1/U26 6 ~aldl QL2/ U27 i s provided by UL3 and U22

7
|

Nty ant b ma§ bd3EmpndmbBéeOw EROut NEs '5‘%1‘5% At dAldigeal
esponses 8 (Type Type Il or Type II1) when 1he notor

il Sontputper.t urbed to maxi ni ze operating efficiency.- 10: 11
the phase angle pulse width to a voltage 12 is performed by Q1,
The output of U is PAn which 13 is supplied, inter alia, to
-and-hold cjrcuits. The 14 "delay" pulse width is converted to
by @@, Quofdgd &20f15hegrapgnituapkication finalagesysughda
"m'_and.add 16 " U4 IS

I%%r \FOTEF O Le S5 &P Piﬂ ﬁ}gecéﬁflt}/@%ﬁﬁﬁ e T s positive
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PAN) 25 26

conbi nat9@rU&)f- ume, Uls anﬂlGlGUﬂOmcUan V26 WZ7 7228 e IR0 delaeBCt-oIU,39|

t hey det efini ne when PAn equal s PAt.

are poslﬁl\ﬂﬁltﬁu¥429 Uﬁ@nt@ﬁﬁatU@ﬂ,sHaaenné VZ8 iare icnaxationpde amplifiers.

perturb ion se uenC|n 30
DR A S L E

u20, U2
12

13

1
&

A

il .
?§U46, U47, U49, U66, U68, U71, U74 and U880 are AND gates, while

iiJ.s a non-inverting amplifier.

. USO, U52, UL and U69 are OR gates.

circui

tr fornmed by Ul7, u18, 'U19, U50, U51,
usd " GUst M YakS Y

5 and U79 are inverters, while U56

ul7, U22, u24, U25, U35, U36,

U45 15 a NOR gate. US4,

_lsliuss US7 - US9, U75 and USL are CMOS Schmidt. trigger amplifiers.
16|}U18 US1, U67 and U70 are latches, with U67 configured to

17 divide by two.

18 an up/down'binary counter.

Ul9, U23, U37 and U62 are counters, U62 being

U63 is a'four-line decoder which

28 Wien the output -of both UL6 and U;g;

l9;iperforms a D/A conversion based on the output from U62.

ZOEia buffer amplifier, such as a TI 7406, and U77 may be a Monsanto

U76 is
N’

21!!6200 IC chip comprising a pair of optically coupled SCRs connected?

22 ‘as a triac. A brief description of the operation of the motor
23 * control system of Fig. 3 is set forth below.

24 |

25§§ - U64 is connected to the line voltage and develops a
26 . squared-up voltage waveform. Ql7 and U78 develop a square

27  waveform which is positive when Q16 is off. U66 produces a

28 positive pulse which is synch:onized with the line voltage.

29 The output from U66 is used to derive two system ‘timing

30 signals. The first is produced by U53. The second is produced



-and U68 re ﬁ
first pertur
“subsequent gp
Ua7 will.pra
N progres§|
response, th
The del ay 8i
conpri ses

are ranp g
“trige cur
“U'l conpa
goes 30 p
buf f ered

12 ;
|
13

7,
;,

.15'

'16!
17
18

20 !
21
22

-1%ﬁ Cn (6. UL8 functions as a.™perturbation in progress" latch. 2 .
Ul9 keeps trJ-ack of the nunber of perturbations that have been 3 initiat.
U38 and U39 |performthe operation [ERR] 4 U41 conpares the output of U40
wi-th PAa- [if PAn is greater .than 51% RERR] plus (PAo - PAl)/3, then t he
olput of WAL is positive and 6 indicates a Type || response. nd W42
performthd obﬁrﬁgﬁoﬁnd? lf-'Ei?Fqnd Loddevwss £1lesapyr &8 tHpe Yhe PypRt ‘ﬁa Wah s
-greater than! 8 EEF% 2, then the output of ,U44 i ﬁagltlve and
i-ndi cat es 359TW9pé ¢}tional,Jrauing g pGF§ geriped, QMEP%HQ?ERHﬁqugE
to 10 NOR,dpt.e,U45. which uces It p t
Typet respBern ol B ol € i Y e e RLEE 0 Gl 1
response , r S t I
e a7, BaoPRSddBRe "y ol Mnd M und ERIIGGE0C150607 1 ol Hhel Dutpys

CeEI YSYY. THe Tﬂmﬂ% JreHMRNEAmPeCAnACESLS difrcEiitd mnﬁ\ms
pation i s gated by 7 while one that 18 occurs in a

eahdr Q2027 i Bs qatedided 46 UL3AanduUpot - 1925. frE:i;naallﬁerU:iMG or
duce an output from U52 which 20 will reset the "perturbation
Ua6chnd/183 Vi cor@Rr Tl the gatdnigoof thkevatiious neyres «xf xregpomses
S _causes 22 counter_ U62 to decrenent the offset. 23 24

is supplied, inter alia, to the sample-and- hold circuits.

19 |U5 controls whether the

hKBgPeot, cEree obd 91y Tyme ddildy whep thei RELYs oReRAtiqmyds

), U10, U ulz, U33, 4.26 _and Q15. U0 and U12
éﬁEPSFBPEbﬁ% % Eg%?égf négﬁgggF}QBCYanp starting when the
ﬁgnx goes to zero 28 durlng each half cycle of the |ine voltage.

sithese 29 ranps with the neW/deIay in U. The output of U1

itive at thecond of; 16 EWHIRlA%n T0ep QUL U AERMN 4 doLragd
g; 76 and fires trzloéa:é %léﬂa\e/\lga tri n§I U? U75, ur3 - a8
‘Ls performed by Ql Q9 and Ul.

The output of Ul is PAp which
The
"delay" pulse width is converted to a voltage by Q2, QL0 and U2.
| U3 and U4 take the output of U2 and multiply it by "m" and add °
The Us

"b," rgspectlvely. output of U4 .is therefore PA¢.

~compares PAp with PAc. The output of US is positive when PAn
-is greater than PAt and negative when PA¢ is greater than PAn.
firing delay is increased or decreased.
When the output of U5 is positive, Q3 is enabled and Q13 is

ldLsabled and U6 and U8 perform the operation (PAn - PAt)/2 + Dn.

% When the output of U5 is negative, Q3 is dlsabled and Ql3 is
23
24 .

enabled and U28, U29 and U30 perform the operation
Dn - 4(PAt - PAp).

25 -

26

27

28
29
30

- The ccmbination of ﬁl&, Ul5 and Ulé function as a
zero error detector, i.e., they determine when PAn eguals PAt.
When the output of both Ul6 and Ul5 are positive, the
pertufbacion

sequence is initiated. The perturbation sequencing

circuicry is formed by Ul7, U18, U19, U50, U51, ©U20, ©2l, U32,
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_CLA' MS: 1. A meth d f@gnea%ag)faf Bﬁeﬁﬁlﬁé‘gﬂqddg&lr&ttﬂftof%'&ﬂh Systich

conprising the steps o) energi zing an induction notor using a flrlng

‘del ay; (b) neasur ichgmtikend kBs estapglof: bet ween notor vol tage and 5 current
zero crossings; (c) determ ning a phase angle in accordance with the
equatlon y = nx +(b) whergizyng ant irgduptizpenctoyl wsingha Liting délaye, x is the
firing delay and b is the offset, mand b being predeternined constants; 10
(qd) conparing thébbremngﬁézsepl@ﬁgl@gwtb?w getazy yeltege gRdse angl e;
and (e) altering the flrlng del ay based on the conparison to reduce the

di f f erence bebwee FUFFRAL n%eé?u?’éﬁ‘sm determ ned phase angles. 2. A nethod

atereu"s propor e ek gufiid s, AR thnel M tERraies WL B g 'Y '°
pr oport | ed and
fﬁirgg‘ ng'a;’hf‘:e WA = dx b HleAL 5014108 fiBsLRETR 218 1AL B85 d
_ x is the firing delay and b is the offset, m and b being
predetermined constants; _
10 (d) comparing the measured phase angle with the determined
phase angle; and _
(é)' altering the firing de_iay based on the comparison to reduce
the difference between the measured and determined phase angles.
2. .A method according.to Claim 1 wherein the amount by which
15 said firing delay is altered is proportional to the difference
between the measured and détermined phase angles.
U 3. A method according to Claim 2 wherein said firing delay is
increased by an amount equal to one half the difference
between the measured and determined phase angles.
20 4. A method according to Claim'2 wherein said firing delay is
~ decreased by an amount et;ua,l to four times the difference
between the measured and determ:med phase angles.
_ 5. A method for operating an induction motor control system

ccmprising the steps of:

25 (a) energizing an induction motor using a firing delay;



i ncreased by an anount equal to one half th n the

rread and determ ned phase angl es. . A nmethod according to Claim
2 @ n said firing delay is decreased bylmumﬂmuﬁmﬁ" o] four t| nmes
-the di fference between the neasured gnd det ut

met hod for operati ng an induction or control system csorrﬁrl Si ng the stepw
of : 25 (a) energizing an induction notor using a firing del ay; (b)
nmeasuri ng the phase angl e between notor voltage and current zero crossings;.
(c) determ ning a phase angle in accordance with the equation y = nx + b,
where y is the (phasgafighg the pitst ghe bet®édiPRotor vslthle abilri ng del ay and
bis the offset, mand b being predeterm ned constants; (d) conparing the
measur ed phasecurmgng zarphcrdseingst;er m ned phase angle; (e) increasing the
firing del ay based on the ccnparison to 10 reduce the difference between
the neasured arf@) deetemmiping ﬁrﬂ@éeaaﬁgﬂésm mr(’ﬂcerw&aﬁﬁg steps (a)

through (e) until the determ hase, angl e ;:and the neasured phase angl e
are apprOX| rrat EAVRALEOR A = Eﬁ%lyaé%&?‘ﬁ ﬁ?ﬂ B‘fl%ltg?ms 1-5 wherein

mis 15 reism.mis between -
about - %ié%duf ls%ﬁg&ggﬂ‘gai od ajg%%’ mgg?e,\dh’gn%ho? Clainms 1-5
wher ei n m|s p sidg e%@mu.n%dcoﬁsfﬁ{tgo‘j according to daim8 wherein mis

bet ween about 0.5 and about 0.7. 10. A nethod according to any of C ains

1-5 wherei n m i) RREGPArNE BieOméhsubed Phiigs BnglRO Wi tid thé Matahbréd 72 el ectri cal

degrees. 11. A nethod according to any of Clains 1-5 wherein mis positive -
25 and b is bpbmang]lmut 10 and about 30 el ectrical degrees. \J

(e) increasing the firing delay based on the camparison to
10 reduce the difference between the measured and determined phase
angles; and : '
' (f) repeating steps (a) through (e) until the determined ‘
phase angle and the measured phase angle are approximately equal.
6. ' method according to any of Claims 1-5 wherein m is
15 negative. |
7. A method according to Claim 6 :wherein m is between about -~
0.1 and about - 0.2. | |
8. A method according to any of Claims 1-5 wherein m is N\
positive. | |
20 9. A method according to Clann 8 wherem m is between about 0.5
and about 0. 7
10. A method according to any of Clé.ims 1-5 wherein m is negative
and b is between about 65 and about 72 electrical degrees.

11. A method according to any of Claims 1-5 wherein m is positive

95 and b is betv}:een-about 10 and about 30 electrical degrees.



digital nethod for operating an induct+0ﬂ—ﬂﬁfﬁf—tﬁﬁ%fol'systen1conprisi"‘

the steps of: (a) energizing an in ' notor using a firing delay; (%
measuring the phase angle between h 1 ! j ﬂgﬂLS current zero
rossings; (c) conputing the sum of se angle and the firing

‘délay; (d) wusing said sumto determ ne a phase angle generated in
~.accordance with the equation y=nx + b, where y is the phase 10 angle, mis
the slope, x is the firing delay andsh i.s the offset, mand b being
predeterm ned constants; (e) conparing the neasured phase angle with the
determ ned phase angle; and (f) altering the firing delay based on the
conparison to 15. redaceigdie diddtdrdinderbeperehinbeanehsdueti agmdrotor
--det erm ned phase angl es. 13. A digital nethod for operating an AC
i nducti on not oeosbne osy sten emmori@Eiing fdet kEedsepsiof : (a) energizing an
" dnduction notor using a firing delay; 20 (b) neasuring the phase angle
“bet ween notor (8]t ageeBHtE & rvhtl fomo 8ot RGs 1S LRE ac%ﬁﬁﬁ??nggiﬁ%’sun1of
t he nmeasured phase angle and the firing delay;  (d) usin |
determne a phé’gi aﬂﬁg%“ﬁj:'?ﬁr%eed’qaﬁezgnﬁa?c)é&;&ﬁggem\?\n ?‘g ?ﬁiegaé %gﬁqgn y=nx
+ b, wherq?y i u}pgnphg%g%agggégi }s the slope, x is the firing delay and
o]

b is the fse ; nyand el ng predeterm ned constants; 55
3f111111 111111 @Ebr'éo&ﬂ&ééﬂg'fhe sum of the measured phase angle and the

U firing delay;

.11111111 11111111112i 111111 1111113 * C L M S 12, A~
B

(d) using said sum to determine a phase angle generated in
accordance with the equation y=mx + b, where y is the phase
10 angle, m is the slope, x is the firing delay and b is the
offset, m and b being predetermined constants;
(e)_ compafing the measured phase angle with the determined
phase angle} and
(f) altering the firing delay based on the comparison to
15 reduce the difference between the measured and determined
phase anglés. o
\*f 13. A digital method for operating an AC induction
motor control system comprising the steps of:
(a) energizing an induction motor using a firing delay;
20 (b) measuring the phase angle between motor voltage and
current zero crossiﬁgs;
| (c) computing the sum of the measured phase'angle and the
firing delay;
(d) wusing said sum to determine a phase angle generated in
25 accordance with the equation y=zmx + b, where y is the phgse
angle, m is the.slgpe, X is the firing delay and b is the

offset, m and b being predetermined constants;



" (e) aring the nmeasured phase angle with the detern ned Jghase“ angl e;
~(f) easing the firing del ay based on the coaparison to reduce the

di fi\ecénce bet ween 't he neasured and determ’mrmmmummﬁwlmuulg and Eﬁ)e

" repeating steps (a) through (f) unggl_the B
det ermi ned phase angle are approxi mately equal . ¢14L A net hdd according to w‘\
Claim 13 canprising the additional steps of: (a) neasuring and storing an
~initial phase angle at tinme To; 10 (b) increasing the firing delay by. a
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“H 1111 11111114l Alhethbdladcording to Claim 13CGomprising the additfomsdt hod
~according to aim17 wherein said firing delay is increased by

.~ decrenenting theteps oft. 19. A nmet hod according to any of Clains 12-18 \.J

-~ wherein mis negative. 5 20. A nethod according to Claim19 wherein mis
- bet ween about - (&) measuring and storing.an initial phase angle at time To;

10 (b) increasing _the firing delay by a predetermined amount;
(c) measuring and storing the resulting phé.se angle at times'Tl,
Tgees Ty ' | _
(d) comparing said initial phase angle with' the resulting phase
angles; and |
15 (e) alterihg said firing delay based on said comparisons.
15. A method according to Claim 14 wherein the phase angle at
Tn is less than the phase angle at 'I.‘l and said firing delay is
reduced. - X ' | (W,
16. A method according to Claim 14 wherein the difference between |
20 the phase angle at Tn and the phase angle :a_.t_-T1 is less than one
third of the dif_ferehce between the phase an_gle at T° and the
phase angle at Tl and said firing delay is reduced.
17. A method according to Claim 14 wherein the difference. between
the phase angle at Tn and. the phase angle at T1 is greater than
o5 one third of the difference between the phase angle at T, and

the phase a.ngle_ at Tl and the firing delay is increased.



0.1 and about - 0.2. 21. A nethod according . ainms 12-18 wherein
mis positive. 22. A Method according to Caim2l whe bet ween
about 10 0.5 and about 0.7. 23. A nethod ac mg\j !m “ﬂ \CI ainms 12-18
wher ein mis negative and b is betw _about ectrical
egrees. 24. A nethod according to any “of O ain® 12 18 wherein mis
positive and b is between about 10 and about 30 el ectrical degrees. 15

18. Almethod according to Claim 17 wherein said firing delay
is increased by decrementing the offset.
19. A method according to any of Claims 12-18 wherein m is
negative. |
s 5 20. A method according to Claim 19 wherein m is between about -
0.1 and about - 0.2. |
21. A method according to any of Claims 12-18 wherein m is
positive. |
22. A method according to Claim 21 wherein m is bétween about
10 0.5 and about 0.7.
23. A method according to'any of Claims 12-18 wherein m is
negative and b is between about 65 and about 72 electrical degrees.
24. A method according to any of Clain;xs 12-18 wherein m is
positive and b is between about 10 and about 30 electrical degrees.
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