:1- : 2146857 Met hod and Apparatus for Controlling

Swi tches i.n an Inverter Technical Field 5 - The present - / '
invention relates generally to'inverter controls and nore particul arlf a

met hod.and apparatus for controlling switches in an inverter bridge.

Backgr sund Art Power supply equi pnent for engggizing notors or 10

hi gh»power | oads often utilize an inverter fo? con- verting DC pomﬁmg’s?
pol yphase constant or variable fre- quency and voltage AC power. The source
of. DC power nay conprise sinply aubehé&r¥n@rAppeeaeusat goxdriven by a prine
mover, the output of which icon€esliiing $wipchdecenlan Invertleant vol tages
on a DC bus. Typically, the 1t nverter. rncludes a series of swtching

el enents arranged in a bridge configuration wh ch are coupled across the
vol tages on the DC bus. For a three-phase static inverter, the bridge

t opol ogy typi- 20 cally conprises three pairs of switching transistors
con- nected across the DC bus voltages with the three-phase voltages being
devel oped at junctIeshnbeale®beldansistors of each pair. The transistors

areycontrol | eg by pul se wi dtfnhgOgpbaéheNinfenbibh eelatels YeMdrd 1y to

sel’ectively 25 energi zes partigcular _transistors e inverter .as,a
Function of time tUPEREHFE SHRFTORE SRGHBPTRABAREIEULARIY G MEEH A0

volt age is appliedappatriicusofdr dbherellingeswitches dnpanerinverytier itridge.
advanta- geous since it elimnates the need for heavy SCR inver- 30 ters or
el ectromechani cal drives to ensure that AC vol - -2- tages of correct

freggency are del i Background hart oad

Power supply equipment for energizing motors or
10 other high-power loads often utilize an inverter for con-
verting DC power into polyphase constant or variable fre-
- quency and voltage ac power. The source of Dé'power may
comprise simply a battery or a generator driven by a
prime mover, the output of which is rectified to produce
15  constant voltages on a DC bus.
Typlcally, the inverter includés a series of
switching elements arranged in a bridge configuration
'which are coupled across the voltages on the DC bus. For
a three-phase statzc znverter, the bridge topology typi-

20 caEly comprises three pairs of switching transistors con-
W nected across the DC bus voltages with the three-phase
vo;tages being developed ‘at junctions between transistors
e of2Each pair. Theé transistors are controlled by pulse
wzdth modulatlon,_or PWM, circuitry which selectively
& 25 energzzes partlcular translstors in the inverter as a

function of time to ensure that- the proper magnitude and
freguency of AC voltage is applled to the load.
This arrangement for a power supply is advanta-
geous since it e11m1nates the need for heavy SCR inver-
30 ters or-electromeehanibal'drives to ensure that AC vol-
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However , |t has been found that in the case of high-power dissipating

ch as notors at the 350 horsepower |evel, inverter |osses becene
t. Specifically, 5 the switching transistors dissipate ”
nts of pow #<er when they are.sw tched froman off condition to an
on, or vice'versa, due to the large. currents and voltages the
transi stors are subjected to. The efficien- cy of the inverter is relaféb
to the nunber of switching 10 tyansitions of the transistors, whether
on-to-off or off-to-on. A conventional way of controlling switches in a

t hree- phase inverter is to connect two of the phases to one of the DC bus

\éol t ageag e@r olfalcb):r&f&d: £ eQUUIRGE h die déllvémlfbnﬂh@hliféédt.o the ot hﬁr EC
us vo ring tho times that a PAWM yaveformis in a hig
state g t'qu" B‘P%s glg qse"'(ﬂatﬂfens ?C‘F\%%ei?l%é gn?@?"ert er during
t hose dussapahémgtm@dadM\snnh|&5|mototwwattahe 350hhersgpewelr contro

scheme, E%%H'I,t in\r'ér"i:etxptl@s sf%cénco%% efi‘é&gt”a%é{:ﬁ??éaéﬁr the

i nverter i ng one perlo orm I|.e reé ¥¥he switches
arke cl sbed spdtohingedramns istars r@wmel%g@n@!souhbsmghpgmte and the,

same t BregheH W&G}Sa&fee ﬂﬁ%&féd Cl’rdd:”aﬂ?dof’ff&oﬁ‘ﬁ'fﬂxéﬂetg WBKRE assumes

t he Iom/state : One_ attenpt, to, reduce the nunper. of

swi t chFRg3 "ttr‘z%bl tqroﬁ’s"qen Ver sfarwé?"{%rt‘? stlEﬁ’ sl:‘?’c')%%dc?ﬁr eRkF 8ndal . U S >
Pat ent tha@a&Q%‘él&rarQﬁtdh§@ﬁemmJé@w@ pbaseTheveEEgEiwhi-ch is

phases oY ©f SME APNPEBE 4%, i vod [ Fhe “FRESTE BF Prdtehie” o ¢

%nectﬁdﬁ&;tﬂ@&tdﬁrthealﬂrmms@rsnmhemrtm-ﬂmbfvﬁverl s in a high
st at e. ﬂfxgguyh Gaf differs from ot her control schenes in that.. when the

va1mave assumes a | ow state,- the SW tch:
A conventlonal way of controlllng switches in a

three-phase inverter is to connect two of the phases to
one of the DC bus voltages (or razl) and to connect the
15 remaining phase to the other DC bus“voltage {or rail)

" during those times that a PWM waveform is in a high state
and to turn off or open all of the. switches in the inver-
ter dur;ng those tlmes that the PWM wave is in a low
state. This type of control scheme results in a total of

20 six switching transitions for the inverter during one
period of the PWM aneform,_i.e., three of the switches
are closed (or turned on) when the PWM wave assumes the

high state and the same three switches are opened (or 5&
turned off) whén the PWM wave assumes the low state. -

25 One attempt to reduce the number of switching.
transitions in an inverter is disclosed in Graf et al. ¢

_u.s; Patent No. 3,694,718. Graf discloses a three-phase
inverter whichiis controlled similar to conventional
control schemes in_that two of the phases are conhected

30 to one rail while the rémaining phase_is_connected to the
other rail during timeo when the PWM wave is in a_high'
state."HoweQei, Graf differs from other control schemes
in that.when the PWM wave: assumes- a low state, the switch.



-3- connecting the remaining phase to the other rail is open- ed.
exanple, if phases A and B are connected to a first rail and phase
connected to a second rail dur: ing the tine when the. PWM wave is
high state, then 5 when the PW.wave.switches to the |ow state t itch
contfecting phase Cto the second rail is opened. |If cur- rent is entering
pha?é C fromthe. second rail at the tine the switch is opened, a diode
connect ed between phase C and the first rai?” conducts and cl anps al

'Fo_

t hr ee- phase 10 voltages to the first rail, thereby causing the voltage
across the | oad 0 rEQE nt was,exitin
phase C at the f%%gg%ﬁg%? thgn foﬁ? and"l":lgfellil °f§%ﬁ ESﬁﬁe&Feﬁp n=

t hereto has an Pﬁducfpveeﬁé&@ﬂ&ncéf1ﬂh§$Q§Mﬁ1Qn#r%n@rﬂoebdneohednue 80
conduct 15 thrieu-.&hztahq bﬁ@dp?ﬁ@ea@'i@%&%\é@@é&dtge+“§§9093a§§%9 QGQ-

the second rail, %hﬁ .caus phase C to nonent ar - emaln a
second rai | voIPQ&e LdmSH ¥, ﬁh%u?ﬂ?aﬁ%?%ulfY&Pfﬁrg%gbaﬁFavshtﬁgen The

control schenme whefr 2heePWd waspepamwdidhesGo E}ﬁé;bliéﬁ $ﬂaﬁer€ﬁHC§hQ'ﬁchn t he
O ohes i s opefRigEite, BAaRE" T £d" £l AdbeRd Faul s afffedle cifocur-
switch is cl osettenfted st gatPyingaphases hefram thlh secdred rasbl atnghentame

tatal of two treﬂgl tsb‘i'%%hp‘i Og‘g"e&x‘é‘é Ofg Gﬁo oﬂ@é eﬂ@Wée{'*@Q@ nEet e

Graf et al. contr ch ene not res rue vo e con
the vol t age thréﬂéh e éﬁﬁﬁcﬁéélpﬁﬂﬂﬁqﬁt%aaﬂﬁwﬁ%ﬁ@?$na hethbeeepbﬂaﬁple)

a, functlioon o¥ollkagesr n—.emthteherl&ts*tr QUGN | e eb Rt @Ys Phd OLhé Ova Tk hgRI NY.
30\~’ control scheng causes

Furt her af et al.
regenerative cufféRes f‘-g%bg%& ?\9 S 3R t P17 P RiRer hard pdfeRbral
thereby requiringntewasi eslizingr phade Quat ithertite tseepvitbR was open-

regeneratlve CURBe3hd if the load connected thereto has an inductive
' reactance, then such current would continue to conduct
15 through the load and a diode connected between phase c
and the second rail, thereby causing phase C to momentar-
ily remain at the second rail voltage while phases A and
B are at the first rall voltage.
The control scheme of Graf et al. apparently
20 : results in a reduction in the number of transitions for
sw1tches in the znverter, i.e., one of the switches is
opened when the PWM Qave assumes a low state and the same
o/ _ switbh is closed when the PWM wave assumes a high state,
" resulting in a total of two transitions per period of the
25 PWM waveform. However, the Graf et al. control scheme
" does not result in true voltage control since the voltage
through the switched phase (i.e. phase C in the above
'example) is a function of the current therethrough immed-
| iately prlor to sw;tchlng.; - _ ,

30 Furthermore, the Graf et al. control scheme
cauees'regeneratlve currents to be delivered back to the
source of DC potential, thereby requiring relatlvely
'large DC bus filters to accept the regenerative currents

ehe

ey
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-4- or a resistive network connected across the DC bus to dissipate the
.current. Further, the Gaf et al. control schene cannot be used with
‘'sour gésyof DC current which cannot accept regenerative currents, such as
.IitWEgiiﬁ thionyl chloride batteries. Disclosure of the Invention In

ce with the present invention, an n-phase inverter having n pai(s;
of switches connected across first- and second rails with phase voltages *
devel - 10 oped at the junction betdeen sw tches of each associated pair
is contfolled to.mnimze the nunber of sw tching occurrences necessary to
provide a defined applied vol- tage to a_|oad w thout the generation of
r egener aditvV@d ARSIEhive nerry connerted ARresspshee DCobasP\IM wave 15

gener at e shis iR e HO WU AL d R0, COPbEPher FOERBXBFRIECetl B13 IYrRGPhase
inverter, a set of three phase timng or- fundanental waveforns are gene-
rated whiSGhems MRt e weedivith g?ufﬁﬁssﬂst PheSurgente Whigher t er when
t he PWM wanmots ddrvepthitigenétativéeciPrentspdsoeht als ddedfieins are
anajyzed Hg_deteﬂgkge wﬂiﬁg Qé the three phases is coupled to one of the
rai 1% whiTe PN (HHRITH9Y BB P38 are coupled to the other rail during e
the tine the PAM wave is in the high state. Wen the PWM wave switches to a
| ow st at ?Jistgﬁﬁs;%s&fvﬂ&hrﬁééﬁei‘énZS nected to the one rail is o
- di sconnect ' T s ected to the other rail by changing the
states of the sw t cHes2e@ex@ancedvihbr Ehet RrespateBpveatdiony e vol - tage

across ar-gathsOMefd P s hdVEn§UAPPAiBE bEeskwitehest @onhedegero. The
control of the ﬁﬁesent i pventi o

_ 30.. results.in a reduction in the total;
number. o SHRTLH TEFE raARI STORSY SrALE BHED POSE” MR SBHSROREYS oh
conbect tdpedwt ditesl pimceion bétweppeswitcheswef eaich assoaieted
pair is controlled to minimize the number of switching
occurrences necessary to provide a defined applied vol-
tage to a load without the generation of regenerative
currents caused by switching ih'résponse to a PWM wave
15 generated by a PWM modulation control. " |
,  For example, in a three-phase inverter, a set
of three phase timing or fundamental waveforms are gene-
rated which represent the condition of the switches in
the inverter when the PWM wave is in a high state. The
20 fundamental waveforms are analyzed to determiné which of
the three phases is coupled to one of the rails while the
remaining two phases are coupled to the other rail during
the time the PWM wave is in the high state. When the PWM
wave switches to a low state, that phase which is con-
25 nected to the one rail is disconnected therefrom and is
. connected to. the other rail by changing the states of the
- switches associated therewith, theréby'causing'the vol-
tage across a load connected to the output'of £he inver~-
ter to be zero. The control of the present invention
30 results in a reduction in the total number of switching
transitions, since only those two switches which connect
the switéheg'phase to the upper or lower rail are.dper-



ated twice during each period of the PWM wave, resulting in four on-tg
or off-to-on transitions for each per- iod of the PW wave. Further
the voltage applied to the load is 5  not dependent upon the current
the switched phase since all phases are unequivocally maintained at tY
sanme~vol tage during the time the PAMwave is in the |ow state. Hence, the
i nvéter operates as a controlled vol tage source regardl ess of |oad '
conditions. Additionally, the 10 oper ati on5ef the inverter does not
result in the genera- tion of regenerative currents, and hence DC voltage
sour ces which cannot accept regenerative currents may be used and/or the
size of the DC b@ate&d |twicersuning cerc dPeriedi aifnshed PAM wgaeherrestsl ting
Brief Descriptionmpfeddie &s%lwfsf 8- offlfodohl RkndiiRAHY qfo:areaawg;sédei
system for convertlng DC voltage i nto n-phase AC voltage to drive a | oa
such as a notor; °:2FQF&P%§d%%V%1agran1of the controller 20 . shown in

Fig. 1.; Fig. 3 S a bl ock Fargiermete | hehevdolahigen appd ile@itd HHE Wid4d is
shown in Fig5 2; F| i s.a schematjc

; _ dia ra of, _the bl og m of Fig.
325 o qebdiadn "G e HOLERBo . o PR e &
topol agy shown i sitiaxiall quhases cane i unégyivocaddy ﬁnag.nﬁumada aetthdf same

f di f
\ll__vfaée Zr][norl ?ﬁ;agé,diéé{ié @\%rlﬁg%}ﬂgeteﬂgrg{neoﬁwq walde 4's' G LheSNUW dilte.

Hence, the inverter operates as a controlled voltage
source regardless of load conditions. Additionally, the

E k)l 10 operation of the inverter does not result in the genera-
tion of regenerative currents, and hence DC voltage
sources which cannot accept regenerative currents may be
used and/or the 51ze of the DC bus filter may be reduced
or eliminzated altogether.

15 ~ Brief Descrlptlon of the Drawrngs

Flg. 1 1s a block diagram of an inverter system
“for convertzng DC voltage into n—phase AC voltage to
drlve a load, such as a motor;
' Fig. 2 1s a block diagram of the controller
20 shown in Fig. 1;
_ Fig. 3 1s a block dlagram of the modulat;on and
~— _ loglc circuitry shown in Fig. 2;
' Fig. 4 1s a schenatlc diagram of the block

dlagram of Figqg. 3,, : _
. 25 ' '~ Pig. 5 1s a srmplrflec schematic diagram of the
: 1“verter topology shown in block diagram form in Flg. 1;

and.
'~ Fig. 6 is a set of waveform diagrams illustrat-

ing the operation'of the circuite shown in Fig. 4 for the
30 case of a 50% duty cycle.



-6- Best Mode for Carrying Qut the Invention Referring to Fig. 1, a static
-|nver%e{ 10 con- verts a DC voltage into n- phase AC under control froma
contfr er 12 to drive a |oad, such as a;nmotor 14. The 5 controller 12 -
in ;g\k%gperates in response to various operatlng parameters of the system
sho Fig. 1, such as the current devel oped in one phase of the inverter
10, the voltage on a DC bus 16, aigl a speed command signal generated over a
line 18. The controller -12 devel ops a 10 plurality of switch operating
signals for switches in the inverter 10 over a series of lines 20 to

cont robegbenéé?epbasecaeh-baa s oy almerhvdwgeebyy. DC voltage levels are
gener ated on f.ential ﬁﬁCh as a battery
S

our c 0

or by a 15 geﬁﬁ ﬁfﬁﬁngn&"y&?ﬁ Lie'r %r?'awg’eﬁeh‘?vfﬁﬁ?r wWRPR~Ref erri ng
now t ovérgs &, DCheoltageointo h}phaﬁeuks undeoseontpod €eomral 22 which
rece S rr e LnyQone t he phases of
t he :xééf’figgﬂ%§ S'EDIES 39&\,@9 @%eﬁéprsggé%?f%gefrﬁgg%f 180 ‘H"gl redpspeed of
the noeentralien’ ézsngn&urmemeﬁemgm eespORSgetonvaniods bus. The

cl osedohaent§agt ?Qkaﬁ’é‘t&-@p%iccﬁﬁé c&yb S Fowh 1ANPEg2311 Oyapnodul ation
and | ogic CIrCUI s descri ed i.n greater defail ' in con- nection

with FREsths ﬁHHrﬁnﬁepévﬁéﬂﬁﬁd HhPnHRN2FE R 2the inKarkssi d0ircuit 24
generathe golengesonf acngt bals Y&y ard sa fspeedt éomnbydceighad drive -

Tines sneraferr pyst buttstiiy s mid e %%%?Q%%’%efiﬁéggeiog”%é. cei reut
28 i ncpluvesliatyubfeswitch mmﬁﬂaﬂxng:ﬁlgﬁnhﬂ fereswitchesi aputhea tri angl.e
wave OYyffedtking g3gv@9d alg o5, EﬂfﬂeéEﬁd]tQV@5n9r51n€h§4AC The puIse"J
wi dt h modul at or develops a wave or pul.se trarn on
. phase voltages developed thereby. _
- DC voltage levels are generated on the DC bus
_ 16 by a source of DC potential, such as a battery or by a
15 generator and rectifier arrangement (not shown).
Referring now to Fig. 2, the controller 12
includes a closed 1oop control 22 which receives szgnaIS""
representing the current developed in one of the phases ST
of the inverter 10, a command s;gnal representrng the de-
20 sired speed of the motor 14 and a signal representlng the
voltage on the DC bus. The closed loop control develops

control signals on lines 23 for a modulation and logzc

- circuit 24 which is described in greater detail in con- ;;
nection with Figs. 3 and 4 hereinafter. The modulation
25 and logic circuit 24 generates a series of control sig- -
nals for optically couplee érive circuits 26 which in '
turn generate the swztch operating: s;gnals over the lines: g
20.

Referring now to Fig. 3, the modulation and -

30 logic circuit 24 includes a pulse width modulator 30
which receives as inputs a triangle wave over a line 32
and an error s;gnal V over a line 34. The pulse width
modulator 30 develops a PWM wave or pulse train on a line



L

36 which is a function of the level of the error signal [err] and the

frequency of .the triangle wave on line 32. The pul se w dth nodul at or S
of conventional construc- tion and fprns no part of the present inv# n.

5 For purposes of clarlty, it |s %nltlally as- suned t t he
1nethod and apparatus of the present inven- tioh are used to control the
t hr &e- phase inverter having phase outputs A B and C shown in Fig. 5, it

‘bei ng under- stood.t nvest v, a uple f es
may be alternatlveﬁfhé%ﬁgﬁbl (ftégwgg}éyg%g gégﬂingg ??a%ﬁgoﬁggﬁﬁ % %%aéé
is coupled to thre@%phmdaﬁhqyﬁr&gu&nnxrqfsehﬂhtchaagés ravei e8s ligead2.

i nput a clock signg Wéﬁg%aama@éfeﬂoow bt t:éh%nt%n\é@Oco‘b%truc-
The t hree-phase Iogé%, |rCU|tr 38 15 devel o he serieg control -

signals, one for e QﬂﬂQQﬂﬁQFmﬁmPQrﬂéﬁ¥ePf gﬁe PﬁeFﬁétc&§¥eeFIPWe t hr ee-

phase invertergshown in Fig. gfor t:h.e;r;eos'»é@ 6flreEaEalty$ th AW ittrialdiys taes-

Uppor and 1 over T aldedh YRGS L e ioq SRR SpURraRaL el §hp BHLTAC delln-

‘accordingly, a set tifomlace:mﬁed)ltslgmmsogebheathﬂebypﬂaset Hnyerntiexsdaving
Ioglc whi ch are co¥ﬁ{ £ 068 4gaaégfna$h5?ﬁ QBIE% d|r- Q%!%Eﬁnéﬁuqﬂfr'

shown in Fig. 2. o eratln rive circuitr
‘arg coupled to the m tﬁatzsan mmtg:ohgv@g@ gregtes nuspben Q@f Phases

selective Conﬂéc'“%)ﬂfbéaﬂ‘t@ﬂ%@l&@lf'éBﬁErmeeBpQWeﬂe&yl 16a or | owver
rail 16b of the DC bus 16 Addi tional eelin dlades

‘connect ed across the col | ect of? %n??*e?“i??cﬁff%nopneé eﬁ%rﬁﬂuﬁ%ﬁaﬂﬁg
QLA in a conventiwmathree-pldse Imgxclt:.sbuml*m‘ybésn@ﬂaabtt ladiscotresre gz as

of swtches may - be‘%ﬂ&é%ﬁ%‘érbigék'g Sﬁgfrfréqu %%f%gge’céﬂﬂf3¥iéa'osc1l—
' ' lator, or VCO, 40. The three-phase logic circuitry 38
15 develops the series of control signals; one for each
"switch, in the ihﬁérter_lc; In the case of the three-
phasé inverter.éhbwn in Fig. 5, there are three pairs-of
power transistor switches Q1-06 coupled-acfoss first and -:
second voltage ievels'geherated on uppér and lower rails - -
20 16a,16b of the DC bus 16. There are, accordingly, a set
- of six control'signals generated by the three-phase logic
which are couplediover lines 42a-42f to the drive cir-
cuitry 26 shown'in Fig. 2. The switch operating signals
from the drive circuitry 26 are coupled to the bases of
25 trénsistors'Ql-QS, Fig. 5, to allow selective connection
oZ each phase to either the upper rail 16a or locwer rail
16b of the DC bus 16. Additionally, freewheeling diodes
D1-D6 are connected across. the collector-emitter circuits

o

of each of the transistors Q1-Q6 in a conventional man-
30 ner. S o _
' It should be noted that other ‘types of switches
may be employed in the inverter, such as SCR's, triacs or



the like, provided that appropriate commutating and/or drive circuitry is

also u . Referring nowto Fig. 4, there is illustrated in greater detai
the t phase logic circuitry 38 5 shown in Fig. 8::.The circuitry 38 .
inclu t hr ee- st age counter 50 which generates three phase tining or
funda- ~2ental waveforns [err] and [err], illustrated in Fig. 6, and three
signal generators 52,54,56, which receive the waveforns fromthe 4

t hreezstage counter 50. The sigmm#=10 = generators 52,54,56 are identica
in terms of conponents |located within the dashed |ines, and hence only the
sig- nal generator 52 is shown and described in detail in _a subsequent

portlohhﬁflﬂth ppevifecatthat 2BRFOPFLRLE SOBREAREBR PREV@des three JK
flip- dbivefl bapeudtrl dd a3 shivwdedy e |nterconnected by coupling the

out puts Q and: f one.of the flipsflo h_t he
resgectlvely, ofﬁ ﬁ&fﬁéPQﬁnQWmF?F#tﬂfF@pgéﬂefﬁ thet ESEP%FP&E%enbOdlnent
|IIust1atgdeatbe de&puﬂsﬂhzrﬁhzankéhas# logke, cihcutagd3Berr] out puts of

. h ngu AN lop A
wﬁlle %hb& gp% g:rf outp S 3§g?%€& FSKi@? ?ée%og %gég%lfha%he K and J
i nput SCQPnFIerSPI U]@lslhrﬁffteﬁéa@%n%lh{%?r? eaepﬁwlas PFi funfiaop A are g
coupl eflent@lt kaviE faits] @ n,ptcss &iafdzl p- iims@:aéaahlaf Fike §l,ip-flops A B
and C inglude a 25 I d% Clggmgé Q Ied tQ the VCO 40 and a v
d|V|deaB§ e@lF&ﬁP@ @gﬂfﬁ RRT% froﬁ 15 eIEFS&VEdtQF one- hal f of
t he vtﬁhbeéqwmmcfro&'hhéﬁth&ﬁbfﬁt&géZcosntennEOtedThe sign®@1out - puts of

e bRREARS .Y o8 305 ANk SPdcp el LA LhBRSRs cBabRIECet hat

e outputs one’ s ate 64 is
connecleeatt@dt wet@gzmqm siaﬁhed]elimp,fao@shencg andyCthed sigset s t he

flip- nal generator 52 1s shown and described in detail in a

subsequent portion of this spec1f1cat1on.
The three-stage counter ‘includes th ee JK fllp-

1s flops A, B and C which are interconnected by coupllng the
‘outputs Q and Q of one of the fllp-flops with the K and J
inputs, respectlvely, of another of the fllp-flops.- In
the preferred embodiment 111ustrated, the outputs Q -and
6; {i.e., the 0 and Q outputs of the B £1ip-£lop) are

20 coupled to the X and J inputs of fllp-flop A whlle the Q
‘and © outputs of fllp—flop C are coupled with the K and J
inputs of flip-flop B and the Q ande outputs of flip-

flop A are coupled to the K and J inputs of flip-flop C. ol
Each of the flip-flops A, B and C include a
25 clock input CLK which is coupled to-the VCO 40 and a . - ¥
divide-by-two circuit 60 so that the flip-flops are -
clocked at one-half of the vCo frequency. ' ' b

A first AND gate 62 is connected to the Q out-
puts of the fllp-flops A, B and C and sets the flzp-flop
30 B in the'event that all:of_the outputs are at a logical
one state. A second AND gate 64 is connected to the O
outputs of the flip-flops A, B and C and resets the flip-
flop C when all of these outputs are in a logical one .



flop C when all of these outputs are,in a |ogical one -9- stat AND
gates 62 and 64 prevent an undesirable condition wherein all of t e 6L 3puts
are either in the logical zero or |opical one state. The three-st /
counter generates three square S . waves which are displaced [err] mnth
respect to successive square waves. The waveforns for the [err] outputs of
‘theMd ip-flops AL B and C are sinply inverted®with respect to the
corresponding output [err] or [err] (| e. dlsplaced 180 with respect

t hereto) and hence are not shown he wavefornms Jerr] and

‘[err] represent tIf&idr q?cﬁNQﬁ9??ﬁ§t§%n§P§tstPEEVEBtlﬁ“ eSivatle
10 during the ti rm:dmﬁttitdre whdd @in s£11 raf nthe dteputseaze iedthera it Ghe

state. For exanpl err hase, A.is ¢ ect- ed to the upper rai
16a by turning onipéyﬁﬁin%ﬁg?mpéwl QEFaltﬂ?ﬁlﬁ g?f transi stor 2. Phase
B, on the other hand, is corfletthree-¢bage oneuntarl géberpyesuthire aguare
tran- sistor &4 a%&é’ém P1drd @S £ Oka B0 g en! b§ﬁ%'c'{e’too%§:% dive

connected to the upper y turning on_transistor turnin
transistor 6. ZOSq“are "aves°/¥TQ¢rﬁﬁY? foERasEoR F§ec9nﬁééﬂ&}ﬁ

upfer rail 16a \mlﬂngplmgss 4 prel &nare s@émempmyt anbetbawltmalﬂesb@bt to
At tinme t3, phaseﬁl A and are onnected to theQupger rail, 16a whil.e ase

C S connected to ?Qﬁﬁﬁ RoRqingPutRut Q,, Qpt (daff-p8isPH
at ‘any point in tmaaﬂxwzthtrespeﬁtttheraue)tandlaenteoaab hioe ph@&ms are

Comnect oo {10 o) EnERIROH G Bar R B REBEESHAS spe com

~dedignated the "| SHEinmRE tthe st EaRs i sboms 201 nAG &0 -4bei anventen B Pvasec

which is connectedHed difie that the PWM pulse train on the line 36 is in a
high state. For example, at time tl’ phase A is connect-
. ed to the upper rail 16a by turning on transistor Q1 and

15 turning off transistor Q2. Phase B, on the other hand,
is connected to the lower rail 16b by turnlng on tran- _
sistor Q4 and- turnxng off transistor Q3. ‘also this tlﬁe,
phase C is connected to the upper rail by turning on.
transistor Q5 “and turning off transistor Q6. '

20 At time t,, phase A is connected to the upper
rall 162 while phases g and C are connected to the lower
rail 16b. At time t3, phases A and B are connected to

. _ the upper rail 16a while phase C 'is cornected to the
- lower rail 16b. -
‘25 : It can be seen that at any point in the opera-
tion of the inverter 10, twec of the phases are connected
to one of the rails 16a,16b while the remaining phase is

1

connected to the other razil. Henceforth, this remaining
_ 'phase will be designated the "lone phase" as a shorthand
30 . way of desigpating the"?hase'which is connected to the
rail opposite the rail to which the other two phases are
. connected. ' ' '



rail opposite the rail to-which the other two phases are connected.

Referr ng‘ gain to Fig. 4, an EXCLUSI VE OR gate 66 receives. as inputs the
wav ef of err] and [err], conpares the two and develops a first signal on-
aline 7/ such si gnal belng illustrated in Fig. 6. Wen the signal on 5
the line 68 is in a high state, then phase A cannot be the | one phase singe
the other two phases are connected@- different rails. On the other ha<d,
when the signal online 68 is in a |low state, then phases B and C are
connected to the sane rail and hence phase Ais the |one 10 phase. In

other words, the RREEDZAvE e@adMm &5 #hd tor2RsBYRUVAEVEXCRUSEVE OR gat es
in the EBQQ&'ceﬁQ'@:%r A0l sa%é@éiaéféﬁmgeofr&ﬁatbe t%sgapeése timng
wavef or whi ch of, the ases is the | pne g} E 8 |I's connected
to circhPr F¥PoRNG Geveiops &, *ﬁfﬁrﬁ??ﬂ%gr?ﬁr ag ?Eh@ ¢+ SBEhOR gate 70
][ecel vent;h?le;wgl i&lUs&Jrﬁr:ﬁﬁ tive Fige 66 iWhentthéedignalki gn 6I and the

i gSt s aly .f rom.g con ignal on a
Ilﬁe 7. Egglﬁu rgkeg %F .L4§ﬁ}%§§%ng ?ﬂ ﬁ%%géhgtégﬂgogiéﬁal on line 68
isin athewlsm@t@hag@ siince thiecothexctwoi phases| ane phase¢tede second
Slonal gp Wie dduanel 2adiald.one df i NOURUE AnENeUhERCLAS, sAbngl! Ot her

times, the _signal IS in a sfate
connect 88 &40, 6/QNBsgei-t“e a74-"2‘5 Stﬂlﬁﬁchtli‘%BePbé§e§sBaa§€c€nérPnput t he .

wavef or Ebﬁ'i@:fefdtédft@ ft'HeO'édnieO rail dhe wéﬁbegpthdeueigpaha thied signal on
0 EBinad U S5 b s RSO Bl Banr 92t e 7 T
hal f - pecmaﬂpmr@mu@\@me gates-in the signal generaters o/
54 and 56 determine from the three phase timing wavefcrms
which of the phases is the lone phase.:
The line 68 is connected to circuitry for oper~
15 ating the inverter switches. An OR gate 70 receives the
~PWM pulse train-on the line 36 ‘illustrated in Fig. 6 and
the first signal from gate 66. The OR gate 70 develops a
second signal on a line 72 illustrated in Fig. 6.  During
the time that the.signa17on line 68 is in a low state,
20 i.e, when phase A is the lone phase, the second signal on
the line 72 follows the PWM wave on the line 36. At all
other times, the signal on the line 72 is in a high
state. : '
The line 72 is connected to an AND gate 74
25 whlch receives as a second input the waveform Q from
flip~-flop A. ' The END gate develops a third s;gnal on a
line 76, illustrated in Fig. 6, which is connected to an
OR gate 78. : : o '
The third signal developed on the line 76 pro-
30 vides the first half-period of the control signals devel-
oped at the output of the OR gate 78 for'cohtrolling the
transistors Q1 and Q2 associated with phase A. When the
O cutput of flip-flop A is at a logical one state and if



oped at the output of the OR gate 78 ‘for controlling the transistors QL and
2 associated with phase A. \Wen the Q output of flip-flop Aiszatza .

| ogi cal one state and if ~ the [ine;68 is high indicating that phase A ;§L{
not the | one phase (indicated in Fig. 6 at [err]) then a high state sign

I s devel.oped on the line 76 and is coupled through the OR gate 78 to an
upperdrive stage circuit 80 and 5 t hroughlan inverter 82 to a | ower

drive stage circuit 84. It should be noted that the upper and | ower drive
stage circuits 80,84 are part of the drive CIrCUItr¥ 26 shown in Fig. 2.

The upper drive sihgyel ¥R &8 tisrhighnindicasing thatopbraLi Agisi §F4 the t he

base of the transjigieor r@séo(m@y@éteal ﬁer8§ ] abat 9ht§ehr anw;@tnorsta&e
turned on. Further, the Wﬁ %%ove st ag cgﬁ ed to th gﬁ

the transistor QSHRAL a%? 'V e?%bghﬁnébPe g2PRat St APYPE,

is held in an Of fttc@rmintgmt\e TBnte, ant uppes 8rive- plnage Airgudansectaed t o

t he upper t h n he t.hird
si-gnal on thg I|n h%%Pa% ?%&gn Egégcsgdtgh E QE |%§a%f gﬁnﬁﬂjﬁfﬁa’
ting that the phake ghowldhbe| nptedhbbat trmeuppgn:alands lowepl da iver srgige he
ORgate 78 to theci%?fté‘”ﬁiol@WérgogargrbfetﬁEaE§§v§0c§4cth 46

transistors QL and in an ropr i ashi on n_ot her wor dur.i ng
the tinme phase A3% ¥H8-|%ne gﬁﬁsﬂPpFﬁedFFHﬁsFH’SFs 8@y ipnguep &Fé“éﬁé’r%ﬁ é&d

i n accordance w tdwitéh %émaengnsi Ralli 86 8fe Busenaft keel aylankdlseoyf gihe
is.in aJow state.

A AND gat 6180 r R¥FT R 1HEEFBnsP EheBrhEs. HaRedatOR: dieosioRd BB 1 o
andwgecond si gnalBupthehe theeioeeraddive. shageuBih isi goaheicseglerter athed
thereby on a ling,d% &F9tné: t?QHsiEtSQuabengQrQUQEnEhQBCRtQQE%bggensu*—
ing that this translstor is held in an off condition.
'Hence, at this tlme, phase A is connected to the upper
15 rail 16a shown in Flg. 5.
| On ‘the other hand, the third signal on the line
76 follows the second signal”on the line 7z during the
time that the phaSe?A is the lone phase. The signal is
coupled through the OR gate 78 to the upper and lower
20  drive stages 80,84 to drive the transistors Q1 and Q02 in
' an'appropriate fashion. 1In other words, during 3he time
phaée A is the lone phase, the transistors Q1 and Q2 are
operated in accordance with the PWM wave on the Line 36..
During the last half of the period of the 'third
25 szgnal on line 76, this signal is in a low state.‘
An ARND gate 90 receives the signzl Q. and in-
. verted versions of the first and second’ 51cnals on the
lines 68 and 72. A fourth signal is generated thereby on
a line 92, Fig;.s, and is coupled through the OR gate 78
30 to upper and lower drivé-stages 80,84. The signal on the
line 92 provides the information for the last half of
each périod of thégcoﬁtrol signal from OR gate 78. In
'other'words; the fourth signal on the line 92, and hence



30 to _upper and | ower drive stages 80184. The signal on the line 92

providésythe information for the last half -of each period of the control

sign L om OR gate 78. " In other words, the fourth-'signal on the line 92,

and h the output fromOR gate 78, follows an inverted version:of the
~PWM wave durlng the time the phase A is the | one phase during the seéond .
~half of the control signal per- iod. 5 The resultant switch

operating signals connect- ed frbarthe outputs of the upper and | ower dr|ve
stages 80, 84 to_the bases of the transistors QL and 2 are shown in Fig. 6

I n the case of a 50% duty cyclg. The signal generators 54,56, as previously
10 the QR QR Qe eabe 48 FR1D3%S 8pgRRVegERSr XESSIOR descri bed
aboveioft RéheOTHWM d:af\ferdmeﬁg bahogtuae tnaupaaaadAgutsptthe legrecof . The
si gna erator 54 .utilizes.the as Jd-nputs to an
EXCLUQ"%I:‘s Urag 58 frudd P }ng §§t gﬁg % ?Irji \[ﬁgvglrloﬁﬁs' Terr] and

[err] dad.15 i nputs to AND gat es analogous to the AND gates 74, 90

i kewi se, the si I r [ [err] as
|L§nputs to an EX %éﬁa{t@e ‘?%EB hgégit&p&%\/\%pﬁ elgt ﬁngegnal s [err] and
[err] e £apRdkhs mrm*'ss t%f Amgapesrsﬁﬁm apves AxdVANSteaes 74, 90. The

si gnalg@age-t?Othe bAdS S €lRyetoRfisswbel que&&w 02 r@aHovrPr the tran-

sistors 03 and, 04 over lines 94 9 ectiv , such signals bein
ont 1T 6o AT Pfgh 0N REFEYELE: : k

¥h&Y¥EREeption that they are .
di spl aced [err] Tmee51gma1|@eneehabrse5ﬂh66$tas Previously Simlarly,
gnal I _suiteh. o ti lhagnal. transistors .
B Ion PRy %y te "BIE SR f' Bl BEER SlIna IRk i e L1 en S
_tlcal d@@#}ﬁ%@mtntlﬁ‘gonGYbéﬁ»‘di‘-‘S‘[?PsGéd tﬂ'@t elrnputs

and outputs thereof. The signal generator 54 utxl;zes
the signals Q and Qc as 1nputs to an EXCLUSIVE OR gate
analogous to the gate 66 and thta wa veforms Q and Q

15 inputs to AND gates analogous to the AND gates 74, 90
Likewise, the signal generator 56 utilizes the s;gnals Q
and Q_ as inputs to an EXCLUSIVE OR gate like the gate 66
while the signals Qc-and 5; are used as inputs to AND
gates similar to the AND gates 74, 90. The signal gene-

2& rator 54 develops switch operating signals for the tran-
sistors Q3 and Q4 over lines 94,96, respectively, such

{ signals being identical to'those shown in Fig. 6 with the

'?5 exception that they are displaced 120° later in time ' ' g)
v,  relative thereto. '
25" Similarly, signal geqe*ator 56 develops switch .: -

operating signals for the transistors Q5 and_QG over
lines 98 and 100, respectively, such sighals being iden- »
tical to those shown in'Fig, 6-bot displaced 240° later
~ in time relative thereto. | | o
30 . . As seen specifically in Fig. 6,'the signal
generators 52, 54 and 56 cause all three phases to_be'
connected to the same.rail during those times that the

PWM pulse train is in a low state. As seen in Fig. 6, at



intime relative thereto. 30

the s

As seen speC|f|caIIy in, Fig.

to.the sanme rail during t hose times {hat the PW pul se trainis in a
As seen in Fig. 6, at -13- time [err] it is determned tha
phase ‘Ais the "lone phase" since both oﬁjﬂwwes B and C are connected to

state.,

t he \up

state,

‘(2 cause trans

so th

I gnal generators 52, 54 and 56 #ause all three phases to be COh?EggEP

per rail.
the sw

at phase

Hence, at tine [err], when the PWM wave assunes a | ow
tch operating signals connected to transis- 5 tors QL

6,

and

gﬂngr t011rt01.b;ed’é‘t‘."e ?1‘1:1% Aih ol rméétﬁrxgtﬂ bfoﬁé”ﬁﬁﬁs@”

I's aflso connected to t rail. In e

circuitry showhipferpgthsodcpbpsesed \ﬁrﬂ%ré)pﬁﬁﬁé-’?%n?%%ed I B‘he"—bﬁaﬁapeﬁnd
causes that phaggllo heneennaet Q(infeotthe whidd 'I'J!Qe pmo Mé:haébemeéharlbwo

phases are conn
wave reassumess

-aSSUNES tate.

back to ti%e | owersr @il and MR20viatseddriamnsd sippt @1 volbageutrnedhen1snd
14. Since the

the i
state

tosbe at a given pogentlal at all time It ca

period of the PORERay 8PSt AN SESathiat £ 19 atrsi SPRRECHH

25
)

Ly

nverter

SESkBqn YBEL s teh, rATARIHY (HLdnAL Y HRIPSFed L8 HEaRF A ERed

.ot or

g?kh@@‘ét@g E%r %Cﬁ]b%%% aé‘%’%a%’@tﬁ@émé‘éetﬂezguéﬁ?% of

zéro d ose: t1 me wave isinalo

t he i nvepnaected; §°c@hter@pm¢ iR idper ke effect ueheonirenisgy
vol tage sourcegholRNgRq¥eRL | ¥, d@%%fﬁ&ﬁ@&vﬁﬁl?s%\ém 1Dt Phe 141bgeassur

occur,

15

20

25

30

seen thgt for .each

red

the FhGeFRdt 10

. €0, whiieht thet bAhirS it pireaes ad sl amtﬂi\ectt\ed"wreﬂetnbaswn
bot h change state when the P waye . assunes

wave assumes & low state.

When the PWM wave reassumes a high state, such

‘as at time ts, phase A is again switched back to the

lower rail to provxde deflned applied voltage to the.
motor 14.

.51nce the voltage difference between any two
phases at the output of the inverter 10 is zero durlng
those times that the PWM wave is in a low state, the
inverter 10 is contro;led to operate as a true control
#oltage source. CQnséquenfly, the voltage across the
motor 14 is assured te be at a given potential at all
times; ' '

_ It can be seen that for each period of the PWM
waeve, four transitions of transistors in the inverter 10

occur, i.e., the two trans;étors aseoc1ated with the .

"lcne phese" both change state when the PWM wave assumes

a low state and again change state when the PWM wave .
assumes a high state. :
Also, the switching of the transistors in the
inverter does not give rise to regenerative currents.
which are circulated back to the socurce of DC potential
since any such currents are circulated in the loop con-

s:sting of the load, the transistors which are. currently



a low state and again change state when the PWM wave assunmes a high state.

Al's e switching of the transistors in the 30 I nverter does not give
rise, regenerative currents which are circul ated back to the source of DG
. pot e | since any such currents are cjrculated in the | oop con- sisting
of the | oad, the transistors which are currently -14- on and their -
~associ at ed freemheellng di odes opwected across the collector-emtter W
circuit thereof. Hence, the DC source can be of a type which cannot accept
regenera- tive currents. Also, the size of the DC bus filter be- 5 = tween

t he DSnsauacehalid alssdciedderf regwibee I bulgicétiodes tbankclted can be
A+ 0ULLI8E < Lhil BN Le S IR OUP! 4 DOLPE e 0FeRESSCPENCRYOIEON |5 LSCT U

e- phase Inverters SO Cah De Uus ction with
n- phab€ swe'uceeucsmm@ft alqepe -wrmch camgotreqceps gpgeneramd scope of

the | pY6al cldzenkd SUMLD Cafe diife CONERE BO bisaRidrabage-counter whi ch

devel -~ “ops n phase tim ng or f undapent al wavef or ns are identical to
Sne akWERSr t@ﬁc@ﬁt sPuFsiea s e inverter mayche H@SPS@gowqrh respect to

succeghieV ¢ iltedaRn de Hitogﬁwﬁéﬁréilmlﬁﬂtéber there are n 'signal
generators, each one canaﬁgh% %%ﬁﬁl gonductlon of. one qf pairs of *
switches in theSShF&ERE° ac lb%spfﬁﬁeﬂﬁpéfwﬁﬁ&lp&/\és rails -

16a, 1ﬁbefﬁdrnbhe0@dwemm|thxhexphasé inverpaas¢ boteaflleo 2@n Heavi ng n

pa' rsu%fecls%t @Ié‘?be s £l velf%ﬁ %‘prﬁvg Qel:Q"‘@?tB%hks pta'hfhase out put §

uncti ons befween e Sw t ches of each
1ﬂalr ing émPMmﬁhﬁ(ﬁﬂkﬁlﬁléﬁﬁ[%ﬁ¢?eoﬁ t keephAvEnsEOput s Iar SUsdn- nected to

one Oh chdd Aithe Widritde'9d P§ 4HCnPEBEGeOEbAHEEr which devel- &/
ops n phase tlmlng or fundamental waveforms which are
identical to one another except displaced 360 + n elec-
trical degrees with respect to successive fundamental

15 waveforms. Further, there are n signal generators, each
one controlling the conduction of one of n pairs of
switches in the inverter connected across the upper and
lower rails 16a,16b. o | | _ o

Fdr_the generalized case of an n4phase invérfei

20 having n pairs of switches connected acfoss'uppgr and
lower rails with phase outputs A, B, C . . . N being de-
veloped at junctions between the switches of each pair,
at any particular'time n, of the_phaée'outputs are con-

. | | !
nected to cne of the rails while n, of the phase outputs -
25 . are connected to the other rail, where n, +n, =n. The
. - #
number;nl is defined-as follows:
R 2.0 %

n, %_rounded up to the;next;wholé nurber

A table of values for n, and n, for n =3

30 through n = 9 is given below:



25 are connected to the other railf where [err] = n. The nunber [err] is
defined as follows:. [err] [err] [err] rounded up to the next whole Eégggr.

A table of values for [err] and [err} for n =3 30 through n = 9 is n
below.. -15- n (# of phases) . ...n : [err] =n r]
3 o ’ 1 2 4

2 5° _ 2 ~153 5 6

2 4 7 3 : 4 8

3 can be

5 3 : 6_It
seen t hat [err]nz(ﬁePfiaﬁﬂifﬁkw the case T n =4. 1n al'® otfer &ses,
[err] is less than [err]. The exanple n = 3,;discussed in detail, above, is

nerely a special case ere there is only onée phase output (identified as
the "l one phase") whicH is conple- merited (#.e. switched from@ne rail to
the other) during 15 ghe [ow state of the PW wave. In the ggneralized

case of an pn-phase inverter, the nunber [er&}_represents t he niginun1nunber
-.of - phases ich are cé%plenented during | owstate portions of t*he PWM wave
t o=i Nnsur'e zero vol tage 7across the load. 20. 3 ' For thed4gener al

case of an n-phase invq;ter, each si gnal gengrat or I ncl udes a Iggic net wor k
anal ogous to the gates 66, 70,74, 78,82 and 90 .whi ch receives the™n
f urdanent al waveforns t% deternine or identidy whether the phas®é out put

controlled thereby is one f ddif Y& 'dden that n, = n, only for the case

10 n = 4. 1In all other cases, n; is less than n,.
The example n = 3, discussed in detail above,

" is merely a special case where there is only one phase
output (identified as the "lone phase”) which is comple-
mented (i.e. switched from one rail to the other) during

15 the low state of the PWM wave. In the generalizeé case
of an n-phase invertér, the number n, rep:esents the
minimum number of -phases which are complemented during
low state portions of the PWM wave to insure zero voltage
across the load. ' .

20 ' For the general case of an n-phase inverter,
each signal generator includes a 1dgic network analogous
to the gates 66,70,7§,78,82 and 90 which reéceives the n

i fundamentel waveform% to determine or identify whether

the phase output controlled thereby is cne of the n,

25 phase outputs which is to be complemented when the PWM
.wave is in the low state.

I3

\

_ The switches in the inverter are controlled, as
. before, with a minimum of switching transitions to
- achieve the voltage source. control without the generation

Cyr

30 of regenerative currents which are coupled back to the DC
' source, ' '



hasé:6Utputs which is to be conpl enrent ed when the PMM wave is in the

8e. The switches in the inverter are c , Wth a
-mumof switching transitions to achieve the voltage source contr ol .
] ‘the generation 30 of regenerative qurlMﬁmmﬂ“ﬂ:umtoupl ed back
to the DC source. -16- Cains 1. An inprove I1ing an-
I nver- 2 ter which generates n-phase AC voltages % DT source whic

devel ops two voltage levels on twggails, the in- 4 verter having n pairs
of switches coupled across the two rails which are operated to connect a
junction between. 6 the switches of a pair to one of the rails to devel op
a phase output at the junction, Qlladnishverter being con- 8 trolled by
n- phase logic circuitry which receives a clock signal and a pul se width
nodul at ed, or PW wave switch- 10 i ng between a high and a | ow state,
the inprovenent cdm pni dmpgoved method of copteelling anphagertining
yavel o fBr! LATEhNgehldat e Q.ayhars%owwiwgéfefﬁ&ndat?enssa £ge swi tches
in the 1nverfer whe PWM wave s In at e; entifying
[err] aWBiflr FEVERLDS G&Ppﬂ@@qqgﬁn%4ﬂ9¥ﬁjﬁﬁ tmma§§1¥ﬁn1ﬁ§emhveforns [err]
of 4 he pba&e:omaw blekﬁg.r(‘sow@ﬁctdﬁéé)ﬂﬁotﬁﬁlédV@tf@sfseﬂié pRagse out gutz 3
are con- ;an

oper at i ﬁ@lﬁﬁe“g\hc%‘ ﬁ‘é? 8??5& zf[laz(}%‘i%’I%%t[%r$']‘n#1§§'ésbéﬁ‘5ﬁLf’hat t he phase
outéput s thee salitchesnedt ad padr22o driee clinthe ardilketot develpwave is in the

|0“’Stabﬁase output at the junction, the inverter being con-.

-

8 trolled by n-phase logic circuitry which receives a cléck o/
signal and a pulse width modulated,'or PUM, wave switch-

10 ing between a high and a low state, the improvement com-
prising: _ _ |

12 generating n phase timing waveforms from the
clock signal representing the condition of the switches

14 in the inverter when the PWM wave is in the high state;

_ _ _ identifying_n_1 and n, phase outputs from the n
16 phase timing waveforms, n,y of the phase outputs being
connected to one rail while n, phase outputs are con-
i8 nected to the other rail, where n, £n, and n; + R, = n;
and _ _
20 - operating the switches associated with the n, QJ
~ phases such that the phase outputs are all ccnnected to
22 the same rzil whern the PWM wave is in the low state.



-17- 2. An inproved nethod of controlling an inver- ter which

gener at es t hree-phase AC voltages froma DC. sﬁm mum”mm ops two
vottage levels on two rails, 4° the inverte ﬁuirs of /
swi t ches coupl ed across the two rails which ar e operated 0 connect a
junetion between the switches of a pair to one of the rails to develop a

phas¥ output at the junction, the 8 i pygeLter being controlled by
t hree-phase logic circuitry which receives a clock signal and a pul se wi dth
nodu- 10 | ated, or PWM wave sw tching between a high and a | ow state,

the i nprovement conprising; 1&n improved metDOHEb&tbmyﬂduﬂﬂiﬂduﬁﬁaﬂﬂVéﬂK]

f h ' h
ol tches: Rsoci EPECVEEH SR0RERHESCEBRERGPIERS AS Padar It FAAILE 5 p
wave ‘is in the soghcet ehichldevelops two vod&ﬁgﬁmhﬂ“ﬂ}ﬁrqnnﬂwQan&wkﬁbphase
timng vavg TOrRR YRLehet hOGiR PeRr0d! paizs DELUNIRAL (DRl 18

the rails while phase™ 0 e connect to the o er voltage
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_output to one of e rai and 6 m ni n |nc udes
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repre- 8 segthig,! RReCORBrbLBReAt LRMpTWisiFhRas not operated by that
. si gnal gen%rator to determ ne whether the a SOC|ated
generating three phase timing waveforms from

the clock signal representing the condition of the

14 switches associated with each phase outpue in the inver-
ter when the PWM wave is in the high state; _
16 _ determlnlng from the three phase timing wave-
forms which of the phase outputs is connected to one of
18 the rails while the other phase outputs are connected to
the other voltage levelé and '
20 S operating the switches associated with the
determlned phase such that the phase outputs are all
22 . connected to the same rail when the PWM wave is in the
SNy low. state.
- | ' : - 3. The improvement of claim 2, whereir the

2 three-phaée logic circuitry includes three sicnal cenera-
' tors, each signal generator developing signals to operate

e

4 a pair of switches and thereby control the cconnection of
the associated phase output to one of the rails and
6 wherein the determining step includes the step of compar-
ing in each signal generator the timing waveforms repre-
8 ~ senting the condition of the switches not operated by
" that signal generator to determine whether the associated
10 phase output is connected to the one rail.



10 phase output is connected to the one rail. -18- 4. The nethod of

cl ai erein the conpar- 2 ing step inetudes—the step of perforning

a |l ogl<cy JEXCLU- SIVE OR operation on two, phase tim ms to gene- 4
rate fst signal. 5. The method of cl aj m‘mmwgmmj erat -

~ing step includes the step of conbining the.f t he melmave

in alogical ORgate to generate a 4 second” S|gnar* 6. The nethod of &

claimb5, wherein the operat- 2 ing step further includes the step of

conmbi ning in each signal generatdm®-the second signal with the phase timng

4 . waveformrepresenting the condition of the switches oper- ated by that

signal generator in a logical AND-gate to 6 generate a third-signal

contai ning a por #i-onToe meshod ofoGlaimm nothrIein Yhereempauch-swit ches.
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|ncludes the steps of, inverting rst, and second nal s and conbi ni ng
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i fiver t edteensfarsaf stikmaphase tini nc wavef ormrepresent- "~ ing the
condition of the switches operated by that signal. generator in a |ogical
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6. The method of claim 5, wherein the operat-

2 _ ing_step further includes the step of combining in each
signal generator the second signal with the phase timing

4 waveform representing the condition of the switches oper-
ated by that signal generator in a logical AND gate to

& generate a third signal containing a portion of the in-

formation needed to operate such switches.

7.'_The method of claim 6, wherein the operat-

2 ing step further includes the steps of inverting the
first and second signals and combining in each signal _

4 - generator the inverted first and second signals with an #_J
inverted version of the phase timinc wavefcrm represent- ‘

6 ing the condition of the switches operated by thst signal &
generator in a logical AND gate to generate a: fourth

g sigrnzl containing the balance c¢f the inicrmation needed : 8

to operate such switches.

8. " The method of claim 7, wherein the'operat-

2 ing step includes the further step of combining in each
signal generator the third and fourth signals in a logi-
4 cal OR gate to generate a control signal for the switches

operated by such signal generator:.



-19- 9. The nethod of claim7, wherein the oper at - I n step §§
the further steps of operating one. of the SMAIL “ Jm Eu ﬂ l .
_actordance with the control 4 ° S|gnal i nver si gnal,

operating the other switch of the pair®in accordance with the inverte
control signal. 10. The nethod of claim Z, 1%nerein the three- 2 phase

| ogi® circuitry includes a counter having three outputs and wherein the
generating step includes the ep 4 f rating in the counter
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froma DC source devel opin e Ieve son
i nvert er | hvi ng sdgnad .pa&%r&rugmtt%e%orcm\bc%@n%res@ enerasing &heh

phase out puts b@t%ﬂ%'t@ﬁ%ﬂttﬂé"iﬁiﬁnﬁu Gacchrayres &behS%ECE%eeftean
associ ated .pair, the |nverter bei ng operated in conjunction with a clock

signal and‘a 8 °°WGI 1n’DduIated or- PWM wave switching between a
high and a | ow state, conpr|3|ng 10 means for'generating

three phase timng wave- s e cl na

condition of 12 t he pai r?rof 'Ifshvm £th tg’s éz;scg%c?g%%a %M ﬁﬂ%ﬁg? ;g‘g %Bfﬁﬁt S
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wavef or s i ch of 16 t he phase outputsS is connected to one qQf the rai
whi | e the Ot her FhSERFRPNS Ut SR HRRERF t Bhe hehseRcPhRgR| t1B1nguHeNerhe

PWMAvave is in teeermy @Jhﬂﬂﬁt&l'e ddbntical except that they differ 120
6 electrical degrees from one another.

11. an appaiatus for controlling a static
2 inverter which generates'threeéphase AC voltages from a
. DC source developing two voltage levels on two rails, the

4 inverter having three pairs of switches connected across
‘the rails with phase outbuts_being developed at junctions
6 between the switches of an essociated pair, the inverter
being operated in conjunction with a clock signal and a
8 pulse width modulated, or ?w , wave switching between a
high and a low state, comprising:
" 10 | means for_generating three pharse timing wave-
' forms from the clock signal representing the condition of
- 12 the pairs of swi‘.r.che'= associzted with the phaee outputs
' when the PWM wave is in the high state;
= 14 means coupled to the generating means for. de-
ternlnlng from the three phase timing waveforms which of
16 the phase outputs is connected to one of the rails while

the other phase outputs are connected to the other rail
18 when the PWM wave is in the high state; and .



-20- nmeans coupled to the determ ning neans for 20 operating the
swi tches associated with the determ ned phase output such that the phase

out puts || connect- 22 ed to the pt melwave is in
¢@. 12. The apparatus of claiml E'I“ﬁa‘l ! Bel Swi tches
a transistor having a base ele rein the o~y

t he | ow
each co
oper at i ng—#feans i ncl udes neans 4 coupl ed to the base el ectrodes of théef
transi stor for developlng swi tch o%%rating signals to render one of the 6.
transi stors of each pair conductive when the PAM wave is in a high state
such that one of the é&g 8 e t he one raill while
hg ot her phases. arexggn- ect ?otﬁﬁ det SPQHES% g?ﬁg dé&ﬁ]oplng nmeans
i A IudlﬁgefﬂtlnﬁnﬁhﬁsS%*tqh#ﬁk§$$gchéhedowdththe degermdmeidst or  asso-
ci at ed pheltel badrierdidedmiasendupRabe CoNREaEEIaLE b1 Eonnedtie rail and
e

rggderlng % t|v the tI nsistor asso- ciated wt term ned phase
out put ESnYECt wQﬁ%eF & aFWM,Hevet A& P%WF%&V&CPB in the | ow
state. &3atéhe apparatus of claim1ll, wherein the 2 determ ni ng neans

i ncl udes an EXCLUSIVE OR gate having inputs connected to two of the three
phase timng wave- 4 forms and an output which develops a first signal
whi ch assumes a cér2«ai IThg appahetushefvolaigellgveherednr ¢heb sent ed by
sugh phaga videeatdy Yidl: &6 Ca | fFafi8Brof 'navIig 2PBALAI Ua . cl i mi3, .
wherein t atjng neans 1 ncludes Tirs an Or cOmnbi ni ng the
first 5|§R$e\ﬁqﬁ14%%?%*Nw¥ﬁﬁmpEﬁﬁﬁt%ﬁatmﬁﬁéssaPFéHé§54m=uJ§ssoc|ated Wi th
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6. transistors of each pair conductive when the PWM wave is
in a high state such that one of the phase outputs is

8 connected to the one rail wkile the other Phases are con-
nected to the other rail, the developing means including

10 means for rendering non-corductive  the transistor -asso-
ciated with the determined phase output connécted to the

12 one rail and rendering conductive the transistor asso-
ciated with the determined phasé'output connected to fhe

14 _other rail when the PWM wave is in the low state.

13. The épparatus of claim 11, wherein the

2 determining means inzludes an EXCLUSIVE OR cate having &)
inputs connected to two of the three phase'timing weve-

4 forms and an output which develops a first signal wtich &
&ssumes a certain-sﬁate whern the voltage levels repre- _ _

6 sented by such phase timing waveforms are the same; e

14. The apparatus of claim 13, wherein the

2 operating means'includeé first means for cOmbining the
first signal with the PWM wave such that the switches
4 associated with the determined phase output are operated

in accordance with the PWM wave when the first signal is
6 in the certain state.
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-21- 15. Apparatu for, controlling a gtatic inver- ter whi ch generates thr
e-phase AC voltages froma DC sourc¢ devel opi vel s on o\
rails, the inverter having three paf, rs of swlmmmmlm;m' ! cross
two rails with phase outputs being jeune- #i ONS = ]

swi;t ches of an associ ated pair, onI one of the svmtches of each palr
operated at any tinme to connect thelassociated phase output to one of the
rails while the remai nisg M@{Sﬁrm Uféraceneﬁbmeﬁhgdat etk@ichdneeier rail,
t he inverter_ bei erated ipn conjunc- h cl oc gnal nd a
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cannect ed t raiv nmean g tAe "dével opi ng neans for
oper at i ng0t tfé’l%vﬁﬂ@ﬁhesr%‘socth@ elinverherhbesapeopedards 4noGOPIMNCT connect

al | of the phase wikn PUPoéR s1eneihshar al FuwgenwabehPWawéeéas igy the

second 30 state and the first signal is in the certain state
\_ PWM, wave switching between first and second states,

compr:x.s:mg :

means for generating three phase timing wave-

15 forms fr_o_m‘ the clock signal representing the condition of
the switches in the inverter when the PWM wave is in the
first state; oL S -

three s;gnal generators for controll:.ng the
phase outputs, each s;gnal generator generating switch .

20 operating s:.gnals for operat:.ng a pair of ew:.tches asso-
ciated with one of the phase outputs having developing means
coupled to two phase timing waveforms for desveloping a
first signal which assumes a certain state when a selected phase

__ output contrclled by one of the signal generators is connected
S~ 25 to one of the rails while the remaining phase outputs are
connected tc the cther rzil and means couplad to the o

e

developin'g reans for operating the switches associated

with the _selected phase oufput eo connect all of 't_he phase ou_t¥

puts to the other rail when the PWM wave is in the second
30 state and the fi'rse signal is in the certain state. |



16. The apparatus of claim 15, wherein the devel opi ng nmeans conprises an

EXCLLSI VE OR gate having inputs connect ed tTgJI_W_QL;thha@Hi mng

wavefoXms and an out put which develops the Tirst signal. 5 17
- The arat us of claim 15, wherein the operatj “[ es neans for

T oconp ng the PWM wave with the2first si gnalim“wmm hes -
associ ated with the sel ected phase output are operated®i n® adcordance wit P

t he PWM wave when t%%fi rst_signal _is tain 10 . state. 18. The

k in t ce
apparatus of cl°ai m™PR 3RRATATHEY R Cohpthi ﬂg' rr%,éﬁ§e?‘ﬁcl“03es an OR gate
haviegeivping ewanseringikised hen RRCLUBSEVAENORt Betéi hevisggnal and an

out put. whi ch _devel o a ,Seco | A5, . ' The ;appar at us of

cl a?‘ﬁpﬁis \ﬂ?&neelcﬁtﬁq?}%pte‘?oat%g&n%ﬂd?%rFﬁ%%’l?ngfﬁaggrgﬁ" %&B gate havi ng

i n- aputod tporin edtiszh tdeveiopecthrl £iyetl sdatale the fundanmen- tal waveform
representing the condition of the switches associated with the sel ected
phase out put and an out put which 20 generates a third signal containing a
portion of: tHe7-i'hfﬂ?%ﬁﬂ?&ﬁfﬁ%‘éﬂeﬁftglﬁb’éré?e_ Yheredf thfes. 20. The
appa’rp];%tmmn% Med 8 lﬁxcm&mée-ijm\eme poer e?inhgnﬁrfngnshéupwmeraiv@clhudes andAyD -
-gate .fqr combin-_ing.inverted versions_o Lrst _si |l -, the secon 5
si gﬁ'd‘lt(}hntg’% r#enf%tho%r@ﬁgl SQat r#ﬁ?eﬁ?égéﬁgfnasfﬁgiégg ition of the

sW wltds #i5s e etk dhi gHa dcheowmhwtc tank (irexatrd pint acerrdape &ighfourth - «
sig L f ynkar ggt i to operate such

.SW It%?:’Leegﬁm q'g%%g“&éﬁ %?ﬁ%ﬁgr%gga%f ftgl g?m g’% e\%ﬁggginn- t he operating
dearsEFtF+¢ her includes an OR gate for combining the third and fourth \J
signals to generate a control sig- ' ‘

18. The apparatus of claim 17, wherein the
combining means includes an OR gate having inputs con-
nected to the PWM wave and the first signal and an ou.tput

' which develops a second signal. ' -

15 19. The apparatus of claim 18, wherein the .
operating means further includes an AND gate :haviri.g in=-
puts connected to the second signal and to the fundamen-
tal waveform representing the condition of t'txe switches
associated with the selected phase output and an output which

20 generates & third signal contazining a portio‘\n cf <he
inforrzticr needed to operate such switches—.‘fzﬁ_ | ' ' ' J

26. The epparatus cf claim 19, wh‘é__};_ein the
operating means further includes an AND gate ‘for 'co:r.b-:i.nh-
ing inverted versions of the first signal, the sec‘oh_d” ' G

25 signal and the fundamental waveform representing the | |
conditicn of the switches associated with the selected phase
output to derive a fourth signal containing the balance
of the information needed to operate such switches.



nal. 5 22. The apparatus of claim2I, wherei e operating
means - further includes neans for operating es associ at ed
“wi'ththe sel ected phase output ‘in accordancen"mm" ﬁ E sign ~ neans

for inverting the control signal and Jeans for oper ot hgr 10
t he.switches associated with the sel eéted phase output in accor- W th
the<¥nverted control signal. 23. A nethod of controlling an invé whi ch

generates_nulti-phase AC vqlhgeag%? fxra(y@sa 4 épu{,gezﬁ su‘pﬁéggtha%g as
e fto

described herein with referenc dr awi ngs.
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5 22, The apparatus cf claim 21, wherein the
operating meeans further includes means for opereting one
of the switches associated with the selected phase output in
accordlance with ..he control signal, .neans for inverting

¥

the control sxgnal and means for operating the other of
10 the switches associated with the selected phase output in accor-

iw; dance with the inverted control signal.

23. A method of controlling an inverter which
generates multi-phase AC voltages from a DC source,
substantially as described herein with reference to the drawings.

15 24. An apparatus for controlling an inverter
which generates multi-phase AC voltages from a DC. source,
substantially as described herein with reference to the drawings.




