| "3 SEP 2093 Description Technical Field 5 [0001] This invention rel ates
to controlling a direct, ACto DC matrix converter to supply controlled DC
voltage to a load utilizing precisely controlled, pulse width n%dﬁpaﬁg?n
Background Art to [0002] In commonly owned, U.S. patent 6,163, 47

cont enpor aneously herewith, as well as in U S patent 4,599,685, a direct,
3- phase Afesk@ubdC matri x converter enploys switches which are controlled in
sequence to directly synthesize a desired average DC vol tage wavef orm at

t he i nput Teicatieidl s of the DC notor, vvhi le " sinultaneously distributing

t he DC out E)ut current armng the AC i $ i nes as a sinusoidal waveformin
phase Wit ﬁ% he "A ﬁrgf% °‘I’W‘%qmacﬁ BRE B HEPWRIEHC TR et PIELtC Oteopaer i x
convert er °87""¢% pcfms CNTS8NG "B Ll [IBE‘, PWM converters is that the prior 15
convert er g kdfo@ig a DC power of a f| xed vol tage, nuch the sane as a
battery, and then utilized sone portion of the voltage, as needed,
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nonconduct¢ W?nsm&‘ f%ww@tsmﬁgdasbtﬂ'aﬁce@d “""t fruprécigroathe ACamvietaes t he nu nber of
comut gt i E&ﬁ:? 1"?:@? r?fsfaf' gjagﬂs "E ° ‘E) eaodiigion Aqged. tes
D scl osur ¢ B ,cgma AT fzﬁéﬁtféﬂj Fhetins
provi di ng p sevm rmuatlon syn eS|s of tage directl y from
t hr ee- phasdsAt m&hns Wi th mniml conmutation I osses, with a m ni mum of
cal cul ations (processor steps), with nodul ation frequencies as high as

10kHz &r ﬁ’ﬁ?“e ‘?bgf‘ WE“:Gg'C’gr'i‘cﬂviin@éﬂwd'g:g “e"h “ﬁd"dafgf’é S@Cesvejo ) tegeavmm fenmt, with
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of t hesarmaiosn ladjcagentrequetiss ofwiedén onaideshiatiseonpipeioaperovdhenrt aperabed i n a
pr oper seq'aerﬁee!encﬁ ne'vwmqgollemﬂowmgpa@es am‘tﬂelquﬂ@e presugig@erion dneﬁhaw*ﬁew'dth

non-volta splipofe ge pl plato &L

Accord 1o invention, thera is provi eda od of control the flow gf cUrrent thr malnx
[0006] Acg g ra g%' lthJ}J’hasL anns éldBEfi xcigrﬁ ﬁgcfj lity of
cont r obsl lngsvt. JoJm@a\édQ mauasoeapona.@row |da\clagnmuﬂa<oc &am\ee;anee ~oelayeen a DC
| oad and @gensiednd @ﬁlurﬁlhrﬁmmﬁeﬂﬁcmﬂaed teevedd aldbcrefpaiding Xne@DdAM AL InRihs {OAPT | Si NQ
a pl ural i sapongpC 0B of By DSwatichreetecomergict ed bet ween a correspondi ng one of
said AC mains and a first DC o&ut of sajd DC matri x con verter, and a

nerso h o]
plural iy o é’#ﬁé’fﬁ@‘tﬂ AU LR Soe of GATR ol 'héﬁ ﬁ%ﬁﬁ%ﬁrﬁ e m&%?@p?fﬁgiﬂﬂg one
of said AC nghdisonddl m@Ac %QQ@ itk h!tn éﬂ soﬁx@{ d VB dvhtokes GOV RED B

conpri si ng teRp@dnadusigth 5 o3 aibdbtdmGRiRGes Ishld svitdNBbEIRY opSied inlpalls, ;e dr igMbidgap When
oper at ed t o seoHEatc @e BOMEIERPOIPUiMEgitcd RBteOD arsAli rekin 0@ thAGaidrie®S nap, aad seie| at ed
speci fic onevigfes dnpeingDEadingtit 2ch sedding 8 e pématdiedotan eviEh ban elseie hesame ch has
operat & t o *EBAfect one of said AC mains to said specific DC output, and so
that one of sgld.iQB,.sWtches is operated con- tenporaneously with one of
said bottom sw tches, said switches being operated in pairs, each pair

i ncl udi ng a ptodging aSdnﬁgbﬁdﬁ'!rda@lsa:taedmtlﬁtlveﬂ&!eMﬁmbwrﬁmbﬁsabOCbWKW&tlﬂﬁalﬂe| at ed
to an ZC nai'eaot her than sai d one AC mai n, and said swtches al so being
operat ed i n PEKAing s madyiagp Oéfﬂgms ;;qtag % L fgﬂs'anh"‘a" POt Eh bot h
related to &S mﬁp Eﬁ BRLA man a&ﬁt% z,@ Y16 B iaBh@ RLARG
command Si gRghmandbompo [,-ﬁ;,a,trh y@ of the voltage to e provi ded by said DC

out put st er mpRadig ak@ndahid vabdk -lvgad; provi ding a nodul ation conmand, m, as
the rati o ofrrogdiriad aveolitt efgelsceamafdd signal, V. to the instantaneous mag-

ni tude of V(BP'E'%(gé“ in-ghags COBROeAL, YACENHA RHATANTFCOmORRT: Mth r‘ '“g;”‘agd%b%ﬁ’ﬁﬁ'ﬁa‘f@§ and
provi di ng an THIPHSLE eI S RERHRAE CoRhBR AR ' m cos9 (71,101)
and a quadrature nodul ati on command conponent and = m si ng 55 providing a
quantity m ="13nmd/2 - ng/2 providing a quantity n2 = 43nd/ 2 + ny/ 2;

provi di ng an i n-phase conponent, Vg, and a quadrature conponent, Vd, of the
i nst ant aneous AC mai ns vol t age




in orthogonal coordinates aligned with the phase of a given one of said AC
mains (a); and ='3 SEP 7003 providing, when IVd 131 < |Vvgl (125), a first
fraction dot=-m if Vg > 0 and dot = if Vg <0, and a second # aztﬁplmg
dp=n2 it Vg > 0 and dp: -m2 if Vq <0-. providing when Vqu 43 > ?] sal d
first fraction dot mg if Vq > 0 and clot = -nq if Vg < 0, and said second
fraction dpmhiis Jhy,qag}@q LoV her
tVvd-131 < | \@gk mﬂdﬁ)‘l?q Mﬂhlqdamrﬁz;zrs q%%tdﬁsaglll\“%[Jc |T§MF ractl oﬁqﬂ(}ﬁgu 2 t"

and dot = nirovitingwtlenvd\y, V3 and, sS@irstiraBiBC®@ chq fr ¥ @Qtahda = d\ﬁlqumarhgaud\éﬁzo%frgcu@and dp =
-mg if Vg <d0 a‘htﬁl"qwaea@h ofif\a<eomti nuous sequence of nodul ation periods
which dre s "‘9 ?ff"@b‘" l<WakproNeR P ¥ of vol tage of said AC mains,
operating a £’§% ﬁd?‘ SF'fg%ﬁ?jang{?ﬁ‘trﬁzdf@<f°(ﬂ”d%atils?f°‘fd|"?°§"c"dh@&!7‘b’r\°a”@i@f‘t— of
sai d per' Odun &%F@gohtﬂ&u@seag&ga% ra%npgil)crs wgih a§ dll cSWI rtegwn%%]e erlod %%Ilg SECOI’ld
fraction, dRaid&d maaiofefdfyd Rt a.rasdsg.gﬁ‘gs%uamgrsﬁraéﬁ Of so

r emai nd@r @hir B Rid@wipies io0did sdBdnb Bi‘noDﬁﬁGﬂé&lﬂ{ehdarhnmperﬁth@as@roas\MtJHQSDrﬂagreln gg&” Fig.
1 is a scherbedeerpd. ock di agram of an el evator system enploying a DC nmatri x

convertercontrolled in accordance wth the present invention. Fig. 2 is a
schemat i c °6f BYFRier " e&2¢B%non emitter, DC matrix converter which may be
controld egyph accordance 20 with the present invention. Fig. 3 is a plot
of AC mains voI tage including designations of current vectors related to
the present Fignis@rdbnitcblockdiagam danieBvatlr SRRAGRPKAEE 6 mabli BGe Mohtloled & bdaiahdad
principl es ofthitqresptipseat. i nvention. Figs. 5 and 6 are diagrans

illustrati ni;v?dﬂ%i‘f@a ‘p&ﬁa%ﬁa‘t’ é?ﬂg‘meffemtﬁPrqu Wewreoﬂ whigh magiyej conrsllegie ec@dageeof  a

cycl e. Flg A cu € ustratln i nequal ities used to
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SW t ch- on dUfisatis aerese-vertordieg @ igarmaipeineqwilitekluskdt@cohtRM@IBrain actordgSce with-thk Zre@hte

m nﬁcon era

di agraffs il [M¥¥ating sectors of a cycle in which various swtches my be
operated. FEfSd e apae O'F'L§d logic fiygiagrar qf HW"EHIPE@ FoiRe ’G’fde'a"“ﬁﬂﬁwﬁféﬁmd“fﬁé@ﬁ ppecasgnaec h
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Carrying 08] Referring to Fig. 1, a DC matri x

conver sser Qel%M%ggr\/c%a(@e{ng%EﬂﬁhgpnéLﬁ%Q to a DC notor 19, which in this enbodinent is
shown mecvessi crteldyg 16 0 neCCeGil Bnvates pRMRs 2Ren¥ilh 6kmdtes 190 A BGHisRAbdhed P NG 21
to an el evaronecrairalX@nnaqie ter sta@ver?d @Xich iskedn&nre By rdhdig 21Tth@ el@Eton®it 22iakd Lomeert er 18
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t he noflor 191@9a @E)feﬂé Theiten drdrzovidestbos coi\@nt-a@tesva@smaoqemIeamooshownl whicg previvese sp@ge, t he
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mode sumnmer 43 subtracts the actual motor current of a line 44, derived from a conventionat current sensor 45 1o provide




[0009] In the exanple herein, the commands which will ultimtely cause the
DC matrix converter to drive the notor 19 in a desired fashion are

provi ded by a conventional elevator notion controller (not shown)Z9g§ip UHJ
provi des a speed conmand on a line 30 40 a summer 31 which subtracts t
actual speed on the |line 32 provided by a conventional position and speed
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convente‘l oriee12] st‘m‘tg’tm&h%w"tnﬁtgeeh P arstex coyerstofihe rgentanyeqdigs D@L I@icapadignce £ORVEr Si ON
circuit 5 “fh a"‘t?d’es" ARIADREP THESE NRrcde ndised dopgveh pfivednauciomput
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necessarvattsewwadfohorrwdfd aeta.hn@ti.e oo O t.onfnce,aért(ﬂa 5ﬁr§dn7m jﬁ

vol t age atyck REinouitbE cofe@gonding alrsnt vecipr nkay beQlitchdd @apbdKity- mtlrﬁds)ﬁer‘éﬁ@‘tﬁaﬁete%m |'18 The
f unct i ons her@nateriéo rrhagre paskive doltpae righefoutbut igrmingy @ >1valfwheever ti ighai@bremandiel psiak tnve of
the dufat 7 8n" 1" Syintacte ORAeT oiaronp gpsianied eiried fleihs o asfitcserigrokes bt 0 be
urned oni RECEOL I LI AR BRI TSR 7T L0 e e 7o

whi ch_act Ualfaoneldrthe AHbhSERr 1 iRbichBA) ié%elﬁaﬁsmﬂnﬁ;c@+ Ocol. WL TTE NS gt F&? %Ered
dur at i ons ufaywipthetedirRE nGSWd 1b Bdpoddine @aagmumregbbcﬁ.&‘eulfm IQ‘Q'IEQLV@!& ve’almrtl{ (u

| i nes P9 pwmititelheed@@erna tiestikedbarinatentisarhield by chirectitd phasaglof Gk M:.mutssnctpuarsma tfh\e

swi t ches 6‘ﬁm§fgg "Bferm'ﬁ‘é}sﬁéﬂd%nf lhfy"atre resgegiqehetie ¢"GWH49CIQ§OHWE’£'WD tlrmforrme musuereso t hat
each of t cted t

open ci rcéfﬁtsﬁg&%é{;r;ﬁaﬂ@s mo at«%n |nd%x ov\ﬁ%tl\?:m giz:)cﬁ) ulerterls ransforr_r-led é:ull;]e sgmnar&ralﬁrgrlcF al nt
One cosmmut at1 on exanpl e |s set forth in Hol nes and Li po, "Inplenentation
of a Controlled Rectifier Using AC-AC Matrix Converter Theory", |EEE Trans.
Power Elec., Jan., 1992. 25 [0012] "‘%T't‘ﬁb%gh not shown in Fig. 1, the DC
matri x converter of the invention requires line-to-line capacitance across
the AC i nput to support switch comrutati on described hereinafter. These nmay
be included along with in-line inductors wthin an input filter 82.
Simlarly, the DC matrix converter preferably has an output filter 83 with
series inductance and shunt capacitance, both filters being shown in the
af orenenti oned application. [0013] One enbodiment of a DC matrix converter
18 is illustrated in Fig. 2. For each phase of the AC mains, a, b, ¢ 30
there are two power transistor switches at the top of Fig. 2 and two
switches at the bottomof Fig. 2. One switch at the top of Fig. 2, at+,
bt+, ct+ will conduct current fromthe correspondi ng one of the AC nains

t hr ough the termnal j to the rmtor 19 V\/mIe one of t he correspondl ng
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voltage of the AC mains Va, Vb, Vc is plotted against tinme. Also plotted in
Fig. 3 are a plurality of different current 40 vectors it, i2...i6 which
can result fromvarious conbinations of conducting power transi sto.r3 SEP 2003
switches at+, bt+. ..cb- in Fig. 2. These appear as vertical arrows
extending froma negatr ve voltage to a positive voltage. Associated with
each vertical arrowis a horizontal arrow bearing the sanme designation in
parent hesis, which indicates the perficesAtef<eeach cycle within wich the
correspondi ng current vector nmay be swtched (about fifty-five times per
cycle in t“‘l‘t%e %x&??ﬁtsé""dﬁe%t ﬁ‘af"tt@r*\)? relps vplagrdnibesyporgiots rfteengtamagesatis. the

out put ‘t erfi; 'ﬁ;(;\{‘ts' L fs b Wé?d‘ic‘n’t? CrEeray dw‘aequemmmatweeew 45 >

0). In eag Shie T ﬁ?ﬁ“ﬂ‘.’” ed& E&E N A mu? ﬁgﬁrat% § derur rent

flow ng t QEMQrm@taﬁe\Mstyﬂfhc 2B FALRA crent R of FRI 3. f'atr- @ra t-r- this

i ndi cat i nghdith@duits@iettdrdinatst], hewith Hrﬁd’fﬁieﬁrfal@ﬁlta@tpf‘édtﬁgd & mgo&d’ulataﬁnlnﬁst @ = A, withMulrdnt DE
conductd ngirateting theadgh {hett dnd et awitched, i js delieqa@ereli 43 zddfdBdlor WA TR Es oftkd I08Bitagd | OW i S
to be posr'stﬁicﬁ?ep"dted W@d@twlwod%ord&f@ﬁqemwmerver rdyeftior@ect Sihairdagantys! thd ATe
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operation of two of the svmtches in Fig. 2 at one trrre For |nstance if
switch®* at + is operated §| nul (a)gl ously h svmtch bb+ in Fig. 2, this
will result in current 16°as 10 g)tra? dm‘?'"”F $<*T™f at+ is operated
simul taneously with cb+, this will deswdatag,n current i1 of Fig. 3. If at+
is operated sinultaneously with ab+, this short circuits the term naI S j,
K W t hamno wokird deane pirisabrespolct@pengifa0cta@ed habvdbandpiepstresbRvai.nal s (Vj = VK),
wi t h cur r @at8! 110 fugiier gsedruith thrg) intehtioo trcatemine thagwitchaimeb, ab&boe\moatwn®3qncrmhraehxr S
defined h&PEPH" ‘%t’d§‘ A dgRupngies Ry ¢ying Figongrpisic anglpreumaaidtians i feach pralorBEiolpe. Ysing the abps
acconpl i sRBE°BY DA &L FER Critfurates SR acod" 7e &RURATYS WHICETPRES ver y  hi gh
with respect to the frequency of the AC mains, such as 10kHz, resulting in
a short nodul ation periodg= s'iae{hfﬁa@;/b‘i@esmlV%tsihrhn+eva3:rﬁ)100$ rmdul ation
period, a first pair of swtchesgﬁ@such as At. Bb) wll be conducting for
sone fraction of the modul aF FEH® ¥ BP (HRIFREE A quty ratio” and as
"duratijon"), a second pair otsismestelmps -cSuehsasmt, Cb) will be conducting
for sone portion of that nodul ation 15 period, and a zero vector fornmed by
a set of switches related to the sane phase, such as Bt. Bb will be
conducting for the remaining fraction of tinme to provide a zero vector, as
descri bed her ei nafter. 100Jﬁ7j 5%;_f,ee+reg|srng}_tmmgﬂ i g@ SPace vector diagram
i |lustfati ng the nethodol ogy for control he matri x converter,
i ncl udes each of the curreatsimest@nodd i Hsppbl @By d@sult fromturning on a
sel ected pair of switches, as described here- inbefore. The current vectors
ii - i6 are boundaries separafTH§ T BRELL S¥BMErs, s = 0, ... s = 5. Each
boundafy is a 20 | a boundary for one phase sector and a Ieadrng
boundary f® ;:;ifeﬂﬁogrreg'g“ff’étﬁ Q’WWQ”HF\%%@‘%‘%‘& g poove squapngare gven i g dpiqing kbl
t orque current erence, i,, for a case when positive output voltage is to
be produced (m > 0), isillustrated within a nodul ation period which
exists at a point in tinme when i6 nay be utilized and when i1l may be
utilized. This is defined as phase sector zero (s = 0). The resulting
nodul ation index m and related quantities nd, ng are al so shown. For the
nodul ati on period depicted in Fig. 4, a |leading current vector (or
boundary) defined as la is the current vector i6, and 25 a | agging current
vector (or boundary) defined as 1]3 is the current vector ii. The duty
rati os, or durations of time, da, d]f, that pairs of switches are turned
on, for corresponding current vectors la, la, in order to approximate the
reference vector, |-, is proportional to the sine of the angle between the
reference vector and t he correspondrng | eadi ng and Iaggrng current vectors
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pressed in terns of dgq quantities by using trigononetric angl e-sum
relations in each sector as follows. Using the above equations and the
fact that $=n/6 + n - sn/3, where s is the sector in Fig. 4, for OkSEP 203,
one can express 40 45 da = nmMsin{n/3 - gn/6 + O- Sir/3) = mMsin(n/6 +
s7r/3 - (9) = mMsin(7rl6e + sx13) cose - mcos(lr/6 + sn/3) sine =sin (n/6
+ sn/3)ng - cos(n/6 + sir/3) and and 50 55 d) = mi si n{n/6 + O- sn/3} =

msin(n/6 - sn/3 + [0k mn(ﬁ/ﬁ],§ﬁ ryog,ﬂg,,s%y d_c)n(nggoss,g- cc!é{rdﬁus%k 6 - sic/3) sine

— AL DN of Ar

= sin (n/6 - sn/3) oS t7 6T 3—anrd—Tor—teference] the val ues of
: : 0 % g ) ) . .
the sine and cosin <_|_n_[v%3.e nhm/p/"rpml.atln ¢ aré given in the

fol l owi’ng table, flor each 'sector s & 0 tlhrouh s|= 5%2=" 3] SEP 2003 5 5 10
ssin(tr/6 + s n/3)-jcés(t/6*s al3)sva(n/§ -s -¥rl3 cos(o7|/6 -s n/3)

0' f-43/21/a43/ 2 110G-3643/2 .27 Te43123:10 3- 43}, Z-9¢- 45@@ 4-40' -4312
5-Y4-43/210 | f the [fgowng quantities—gre—def+ned—1I5—+Hkr 23ndzng n2= 23
and+2 mg 20 25 30 tihenitt-henoduliation-functions (a arir?ma diity ratios) are
det er m ned in each 9(50 or 1% the quMitiles givenlin the fpliowing table:
35 This |§H |n!the space-vector diagrams of Figs, 5 and 6. Thus,
the duty cy&f"é’w'"?%?"I’Beéfrﬁd?/'%egt ors da and dp are determned solely by the
quantiti es ng, m and n2, which can Qg easily calculated on a digital

si gnal processor using t he f or egdi'ng Budatd ons as shown in steps 101- 104
in Fig. 8. [0019] During a nodul ation period which is at the beginning of a
sector, the switching time for theg,a%vgetor will be significant, and the
switching time for the p vector wll e s4|ght deay through t he sector,
E)Pet ﬁ\é\/l ;C&kélg?aon}’ohlrgt?onfﬁgtlor%tgggdr[i}ﬁg r?noéggrg&eege%mdnredm %aﬁ secto?t%lfhe IgﬂngIeS rg|miean'nStr\\/2>,lI Fgot[h{(;vg%?grtl e
will be significant and the on-tine for the a vector will be slight. In the
remai nder of each nodul ation periﬁk, e Fagl{da-dp (the duration for the
zero vEctor), a pair of switches [& atgd[ Fp|t he same AC main, such as Bt,
Bb, will be turned on so as to pfqvi qu az¢ro vector, thereby adjusting

t he magni tude of the output volt e—uti | i zing a m ni mum nunber  of
switch commutati ons. The tinmes wh H& V&fjfous top switches will be turned
on so #s to conduct an a vector afeé 451shedp in Fig. 9, and the times to
conduct a p vector are shown in Rig |18 |Fn¢ times the various bottom
swtches are turned on so as to CGNUURL | ATja vector are shown in Fig. 11,
and the tinmes when they are turned—oem—se—as=to conduct a 3 vector are
shown isn Fiiggs iludited Mhe fpade@ectpgimea Eilk. THARE triut, Weemydm“mmgcw&%grﬁﬁb jates a
det er m nat4terineg foldytyethee@ititos mq, hTenving, @lch dr@e A&y BRRLING oh Ol siyral kdgeor Rt Or
lies, whi E‘hf°‘ie§'“aefb‘6ﬁf 2§ pvach sigPs 181-10A B 6 Ga@I i ty testing, and testing whether m
i s positi PeUbrovegerken pel‘"ﬁ‘é‘”hi a&}ilb ‘l‘%‘i%i‘qi tigstichies i lor e teger WildeINdar i es

|cant itching_time for or wilt idway through the sector, the swilching time for the

for m 7 Ou%erct@r Q\Qﬂalkoﬂhe hg:hmg |me he end of a sector, the on-time forthegB vector will

be significant and the on-time far the o vector will be sllght In the remainder of each modulatien period, d0 = {-do-dp

{the duration for the zero vector), a pair of switches related to the same AC main, such as Bt, Bb, will be turned on so

as to provide a zero vector, thereby adjusting the magnitude of the output voitage while utilizing a minimum number

of switch commutations. The times when the various top switches will be turned an so as to conduct an o vector are

45 shown in Fig. 8, and the limes to conduct a P} vector are shown in Fig. 10. The times the various bottern switches are

turned on 8o as 1o conduct an o vector are shown in Fig. 11, and the times when they are turned on so as to conduct

a B vector are shown in Fig. 12. When to apply each quantity {mg, m1, m2) necessitates a determination of the sector

in which the AC mains input voltage vector lies, which is accomplished with inequality testing, and testing whether m-

Is positive or negative. The inequalities that define the sector boundaries for m' > 0 are shown in Fig. 7. Therein, Vd

50 and Vq refer to the input AC mains voltage in stationary coordinates (56, Fig. 1). For negative commands {m < 0) the

current vector I is shifted by = radians from that shown in Fig. 4, The following table shows the quantities to use in
selecting the top and boltom a and [ switches.

m>0[m«<0
Top vd' = vd vd' = -Vd
Switches Vyg' = Vg Vq'= -Vq
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so and Vq refer to the input AC nmains voltage in stationary coordinates
(56, Fig. 1), For negative commands (m < 0) the current vector i is
shifted by n radians fromthat shown in Fig. 4. The foll ow ng tabl.f Eézmﬁ
the quantities to use in selecting thesvtop and bottoma and 3 sw é W55

n>0m <0 Top Wd° = Vvd vd° _ -vd SwtchesVvq" = Vgvq' = -Vq 6 (continued) 5 m
>0m <0 BottomVd' = Vvd Vd' = vd SwitchesvVqg' = -Vgvq' = Vq ='3 SEP 2003
Therefore, test 107 and steps 108-111°88fhe Vvd' and Vq' appropriately for
the sign of mbefore the ihequalities ame o romFig. 6, i dpi =nR
in sectors 0 and 3, which pregefTmed oy It ng inequality: 10 15
[Vd > #Vg/ 43 n Vd < Vg/ 431] ugliMds C |- g/ 483 n 143] [ | vd | < Vq/43 ]
u (Il vd1 < -Vvq/43] 1Vd' 3| “=egt—F6626—Fht+s—ts—easily tested for on a

di gi tal SiTw?d?alre, Q!t%%ﬁdssqgs%§1ﬁla M\A’l\ldi eﬂd& r%ﬁ;ta Qrft eEi of ‘85efoélthrpinle6hgll|t1¥s’a e.l dp !
=rnl in %@J.Q‘Erﬁﬁé:ﬁﬂ@ﬂl:ﬁﬂ inmlogﬁar@raﬁnhgﬁfrfph g K{heﬁjn&%?ﬂgugw ng "I"héquality: 20
Vdvg > Vg2 /43] u
vdvg > Vg2 /43) Vvdvg43 Vg2,.Thi s J s..det ermned i st 116 of Fig. 8.
%002%] Thg remaji ni ng sec@%’r g%qafmac'ﬁc})qé?}Uie[\}nd‘\/%c’i'@ﬁqﬁd’g%sﬁ?: niq, are deternined
through the process of elim naiv@Qvéd=astsdlgyand 116 negative, Fig. 8).
The sign of dp is determned by testing the sign of Vg in tests 117-119 of
Fig. 8 i.e_, dp = -dp if Vg<0, as'vdfbswryal n steps 120-122, Fig. 8. [0022]
The duty ratio do: is easily obtained by noting in Fig. 5 that da is
shifted 2i%?08 Thadh casistes@i@bni a/dpitd! egrelprocaiscFasghowbin testHigne Big. st a@agabiprsmt mat i on
of da is PPHER PEH WHch et Prined Bidhedtieningtngauaiyove by using the fol |l owi ng
substi ffuti on when testing the above inequalities: Vvd'=-2vd' - 23Vq'
Vq"=-2Vq' + 23vd' [0023] Thiva<ps vaeki/dyedqby stdeps~423 and 124 (Fig. 8)
whi ch make the substitution, and steps and tegts 125 which repeat steps
and tests 115-122, etc. [0024]V9eyrcl Hhe (ot Yaresl are determined for the a
and p wectors, it is necessary to d%,e‘y rlivnze which switches are to be
turned-on to produce the vectors acCor di ng to Fig. 4. This is a two-step

process: gndelRhieNlbQn P W tches for

[0021]) The remaining sectors, 2 and &, in which | dB | = mq, are determined through the process of elimination (tests
so 115 and 116 negative, Fig. 8). The sign of df is determined by testing the sign of Vq in tests 117-119 of Fig. 8; t.e., dp

= -df if Vg<0, as shown in steps 120-122, Fig. B.

[0022] The duty ratio do Is easily obtained by noting in Fig. 5 that da is shifted 2r/3 radians relative to df in Fig. 6.

Hence, the determination of da is identical to the assignments above by using the following substitution when testing

the above inequalities:

EL
o_ 1y N3
Vd'=- 5 Vd'- 2 Vg
i ¥3

‘o Vq=-§Vq +-2-Vd

[0023] This is achieved by steps 123 and 124 (Fig. 8) which make the substitution, and steps and tests 125 which

repeat steps and tests 115-122, etc.

[G024] Once the on-times are determined for the @ and B vectors, it is hecessary to determine which switches are
45  lobeturned-on to produce the vectors according to Fig. 4. This is a two-step precess: a determination of swilches for

the non-zero vectars, followed by swilch assignments for the zero vector.

[0025] The phases (i.e., switches) to which the above duty ratios or durations apply are determined by the region in

which the voliage vector lies. For example, the swilch assignments for the top power switches in the DG matrix converter

for the a vector and P vector are shown in Figs. 9 and 10, If the vecler lies in one of the sectors denated Bt, then the
50  swilch assignment is made to BL. Referring to Fig. 10, for switch B, the sectors s = 1 or s = 2 can be jointly identified

by testing the following inequality {test 130, Fig. 13);

(Vd' > -vgVa]n[vd' > Vg' N3]

85 vd'y3 > Ivg'l

The remaining assignments of top switches for the -vector are determined, alter eliminating sectors 1 and 2, by testing



the non-zero vectors, followed by switch assignments for the zero vector.

[ 0025] The phases (i.e., switches) to which the above duty ratios or
durations apply are deternmined by the region in which the vol tage.ygl_:pqp[”
lies. For exanple, the switch assignnmernts for the top power switches In e
DC matrix converter for the a vector and p vector are shown in Figs. 9 and

10. 1f thg, ¥&CHRY sénwﬁnw?%e %estheaﬁﬁ@afa&eprh§segmoe9an@¥hemhﬁlmcht.m rygM teh
assi gnMento es 157BERIvE N Sector BELEL dnk BGiof Pswith@.ct 10, for swtch Bt, the sectors
S = 1 ors[oeeR Teamnp SecH Wdigakkn fir the Alvichi @deasi yordneSlyinaigg g, ¥ dhavalsigor =3

i nequal i t ydifre estive 3@ top Figh asddBient 1prvfd B-vestor M. 1043he] IVdeterrrinklgh of hd B4 swBd tvd' 43 >
| Vq' i Thethe eveaiPriridegjicas 9 gsisetenisacefe fihefplogiod ststidians fro frst pre (stpps/18% § 45rFigalde
determ ned, after elimnating sectors 1 and 2, by testing - 3 SEP 1003 7 5
the sign of Vg as shown in Fig. 7dadif2walaver20 (test 131 affirmative), the
sector is O or 5 and the top a switch is At; if Vg <0 (test 131 negative),
the seator is 3 or 4, and the top P svmtch is . [0026] The top switch
assignments for the a-vector arevéaé‘izl@ 3BE4 ned by noting in Fig. 9 the
phase shlft of V3 radians relative to the top svmtch aSS|gnrrent for the
Ryl e ke T TS IEEA TR
cvey Bldr L T

Subst tut Etgmﬁmh%ru@n;tﬁerfﬁl b em eep% v Uik il Vi)

-43Vq' /2 ro V" = VQ' I 3vd' /2 These assi gnrrents are shown in tests
and steps 138 of F| g 13. [0027] Detgfm,pation of bottom switch assignnments
for the a-vector and 5-vector is identical to the above except for $5 a
phase &hift of n radians between the assignments for the two groups. Hence,
the determ nation is identical to tha=-wabove when using the follow ng
substitutions (steps 140, 141, Fig. 13): vd" = -V d" 20 Vg" = -Vvqg" 25 30 35
40 45 50 Theseesak athidonStepratd rdes o fg. &t eps and tests 143 of Fig. 13.

[ 0028] 25As (08285 Chsidizeriiedterieientgcfzerp eectorgd, i gefited gt sbart circuiing of tig: oghef terrvidels iady & he

short ci r&%?’}'ﬁ;%fyﬂ“ﬁme“ %Ee:tabtmf‘tcér“rﬁﬁ‘iﬁﬁ“@ °gmc'p<se swighesdaspee pEPTENBasiae o

SWi tChES, terminals E d to Bhe of t %§1 &\tﬂjé &L Meﬁﬁ o%:§f éltted i)}f:gches to
USE i N T eRERSEIE b MOuroAfe 7 0ls GutpolbEieb gl Bk bihiokt]d Con's DA G o RO
vol t age. Taem adfl, lvcm,t.sluenure&tre&elautp\beraa\@aragesu*b.ded byl :ﬁgnurmesubd:;&mnﬂega@plmm‘ t he
out put t &remespidb gffergntial dad componyerdegirge oewickd beadivecta giteh @ thR®iawg Roikso| t ages Va,
Vb, or Vc. The differential voltage applied across the load, VD, is the
difference in the output phase voltages, V} - VK, while the comobn-node

vol tagg referenced to the systemneutral, VCM is the sumof the two

out put line voltages divided by the nunber of output phases, (V] + Vk)/2.
The resulting differential and comon-node vol tages produced by each vector
is given in the followng tables: 55 ;'3 SEP 2003 a 5 10 15 20 25

40
45
50

55



Vectoriii2i 3i4i5 6 SwtchesAt, CbBt, Ch9t, AbCt. AbCt, BbAt, Bb Vi VCVCVAVAVBVB

VKVAVBVBVCVCVA VDVACV$CVBAVCAVCBVAB VCWA+VCVB+VCVB+VAVCHVAVC+VBY;
222222 Vectori0i 0i 0 SwitchesAt, ADBt, BbCt, Cb Vi VAVBVC VKkVAVBVC VDO

+
e

VCWAVBVC 30 [0029] Since the line vol gages Va, Vb, and Vc are sinusoidal,

t he peak common-node voltage attained by the non- zero vectors,
over an AC cycle is easily calculated as VCM (peak)
w 5 2n 35 40_45 where VLL is the rnms |line-to-line voltage and w
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T J e Eero vector, denoted SWO, applies
of “swift ches in the DC matri x converter.
Vol t agegl vector lies in is acconplished

[0029] Since the line voltages Va, Vb, and Vc are sinusoidal, the peak common-mode voltage attained by the non-

zero vectors, i1 through i6, over an AC cycle is easily calculated as

35

VCM (peak) = 1/292/3 VLL, 0 < wt s 2n

where VLL is the rms line-to-line voltage and wt is the AC phase angle in radians. In contrast, the peak common-mode
voltage attained by the zero vectors during the same period is

40

VCM (peak) = ¥2/3 VLL, 0 < wt < 2n

As a consequence, an indiscriminant use of the zero vectors resulls in a peak common-mode voltage which is twice
that for the non-zero vectors.

[0030] The zero vectors can, however, be chosen in such a way as to reduce the peak commoen-mode voltage. For

45

50

VCM({peak) = \/%VI,L cos( -;i) .

I
- <
a_mt

example, if the use of the zaro vector (At, Ab) is restricted to the periods

2n L34
sma-and-—-s IS?

where wi=0 corresponds lo the peak of the line voltage Va, the maximum common mode voliage is given by:

:r< r<2Jfr 4 r<S:r
XM ETTOr <ol &£
3 3 3 3



inequality testing. The inequalities that define the sector boundaries are

shown in Fig. 14. The sectors, in which SWO = A are defined by the

following inequality (positive result of test 139 of Fig. 15): [Vvd SEP-2003

Vg' I 3nvd> Vg' 13] t [Vvd <-Vgd3nvd <Vg43} [Vd > 1Vgl31l a [-Vd > tVg431l

Ivdi > fVg43l 30 Simlarly, SWAO =B is identified by testing the follow ng

inequality,hi&g%gjstive result of test 140 of Fig. 15); [Vvd > Ohvd < Vg43]v[Wd
]

< Onvd > Vg'1 35 [Wd2 < vdVvq' 3]L,[Vd2 < Vvdvg43] Vd2 < Vdvgd3 40 SWO = C
is determned by elimnation (negative result of test 140 of Fig. 15).
[0032] If desired, progremybesng TEyube s§i<rmls%’f$r%ﬂ<bys ¥oting the simlarity
to thealgorithmfor setting the duty ratios, “provi ded the fol | owi ng

St eh Sep b TR onmel vl i B 'l s Vel RS ek Sy 15 |
swi t ch sef SEIL AN JeSE ;CQ%L&EEJﬁ@ﬁh@&ﬁ&i%&gi@J@c‘fﬁe, gl 15 i
di sl 0SedoARneGua Bl Thike CRIBRL Y QNBRH o ihALENT r N, B, 160, 930, fil ed
cont enpor aneously herewith. [0034] Wthi'n each nodul ati on period, the order
in which the various pai r|szeangtos et Sioadbe PWolseN@picaaée joperated for the a
vector, the 3 vector, ang URE7el0;VECLDE analims JaTVELEY i al . Thus the order
may be a, P, zero; 0, a, [zere—6B+—zero—a—or—anRy—dther order. Wth the
constrgint that a switch jcdiditbt ng HAFUREA" 6H& “HE_the AC mains and one of
the output terminals is ind¥ei) shut2mdf @ <apdrts anofher switch is turned on
to conduct froman AC main to that termnal, the relationship of swtch
DS e g atong wi i
Fi gs. 9-1 EQQ‘Qigete i .,T§ehn%w;;;tia at émrﬁg lor% s%r.]sh ﬁnﬁ ﬁgfﬁ tﬁlﬁel@;c o%a"nnqvg ich \t\lg(:tl cing
the pr&senh, ai¥@ by PR kollomRY ine ARy B3GR res SV bt 9§tFig.\MS)[I be turned on as part of
the a vector when the a vector is i6 (conprising the |eadi ng boundary of

phase sector s = 0), and 4 £ngj [ t < tion of each nodul ation
period as part of the pai[{r;aep.glﬁﬂggﬁ\g%]u\r;\giét\g'r%ﬁ%f’.%%ﬂ the ot her hand, switch
At may#*be first 5 to 15 20 25 3@-3%vd40.da-nQvak0 =" 3 SEP 2003 turned on as
part of current vector it and remain on as part of current vector i6,

wi thin each of the nodul ati on periofg>™if¥ hin the phase sector, s = 0. And
even if the zero vectors switch set is operated between the pair of a

swi t ches aftey. B Piakientiiet by stiogine ielewiag inepyglinpiprsitiverrdiiotiest BAofFarBlod, t he At
switch, for instance, may be turned an for i6 at the and of one nodul ation
period, and remain an for i ivd-pr¥hevddgianng-ofst he next fol |l ow ng

modul ation period. Thus, in any,case, t switches will be turned on only
once pgr nodul ation period, inYcoNiYeadelVii<t#atdhree switches being turned on
per nodul ation period in any scher@sdpdgrﬁt of ore known to the prior art.
Thus, the nunber of commutations for Swiches in forni ng the non-zero

vectors iwségse@eqn-mbpm-t‘jqi[ tive [ oR@Ro bigly Ak) ONshi ps exi st for the zero
vect or  COuadf afde@BBprograrhidgaly blgibse HiSiia sﬁa%gﬁym_r@dﬁﬁe RS S QRLAL i Ons
of f ered bprovideahSpRGRsMebtions mppr oach of the invention rep- resented in the

space-vector diagramshown in Fig. 4 may be conbined with the reduced
requi rements of common- node nagneti ggognponents of fered by reduced

comon- node voltage realized by curtailing the all owabl e periods of
45

Vg=vd

[0033] The zero vector switch selection described hereinbefore with respect to Figs. 14 and 15 is disclosed and
claimed in commonly owned U.S, patent No. 8,166,930, filed contemporanecusly herewith.
[0034] Within each medutation period, the order in which the various pairs and sets of switches are operated for the
o vector, the § vector, and the zero vector, is immaterial. Thus the order may be , B, zero; B, &, zero, B, zere, o; or
any other order. With the constraint that a switch conducting between one of the AC mains and one of the output
terminals is never shut off until ancther switch is turned on to cenduct fram an AC main to that terminal, the relationship
55  Of switch pairs (o and P) and sels (zero vectors) illustrated in Fig. 4 (aleng with Figs. 9-12 and 14} show that switch
commutation is minimized by practicing the present invention. For instance, switch At will be turned on as part of the
& vector when the o vectoris I6 {comprising the leading boundary of phase sector s = 0), and remain on during the B
portion of each modulation period as part of the pair for current vector i1. On the other hand, switch At may be first
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application for the zero vectors, shown in said U S. Patent No. 6,166, 938.
The conbined strategy of all allowable vectors, for m >0, is given in
the follow ng table. SectorVector faVector 1[i Angl eVol t age Rel at Mgg gj Qﬁro
Vect or 0i 6i t 330- 360VA>VCSVB( CL, C2) (Al,i1B2) (A1, C2) 0- 30VA>VB>V(C( 81 )55

111i 230-60 (A1, C2)(B1.C2)60-90VB>VA>SVC(Af, A2) 212i 390-120

( B1, C2) ( Blw'ﬁ&!)oﬂ-%@arﬂ@&\/ﬁw@v&dc&nama as$£r&ir 4AH0=AB @, within each of the modulation periods

(B1, A2) ( ClyiAR )hd Bi8se2&BVCVBad\édin Bibe B2)vachirsAivisR $0is @4Bred between the pair of o switches and

(C1, A2) ( ClihBR) @ 4 BuitPHEQ) WCre\iRs B Aeribd, m@)\t s&ilch o6 PsF@ceIOHY be turned on for i6 at the end of one

(C1, B2) Al""ﬂE'?‘BBG”"SSBOVAW@‘IFB (Blhe an‘P 3619’“%?"@?’ PPYGIop Berips: gus.an a”%ﬁases mal |
phase ahgl &85 “('[tjt By © NN pé%?éh” %5““\&5‘ Sﬁ“cﬁfﬁ‘ gdt'i‘ea érl od,

dulauon in a sche as heretbflr wn to thei prigr art

comm atonsf
switch Aty a}]g o Ao Lerled 54 bduck nemgmss;n;eei t rti’ta “o
relation t hL@ th/eeag aggge redl@& orh utations Qf@re tgltheepageeJ c@f;rlar)ﬁ% ¥ o rrvgntlontrép
(along wit seﬁtecﬁﬁNhJ Hhte G didgram lo@d ih O 4 ney de B&nbldd wWHIEHS BducedIhuireMbntsl cbdo@Bonphase
angl es m WnidamignSieStpdnenB@iedsd by riBced PPasi-te@e volQCredisd by EhreiligmietativabMpertoesii NS
cont i nuous#aglicgipn 1prgre zeth eeciporshivo Msaid B atat NoGtBE. 338 Tharemiiney altategit of alrrtiowiatie O
vect or, In"et"Pre“’”Beﬁt‘%Q“’e’Ut"“%@‘Et’”@r‘a"(} the tinme that the At switch remains on
IS maximal I Vi Ng—f+-se~t-o—the—autyreyeten 1 Fea—16 a). Fig.
16( b) sj;ows g_n expn?\efi?ar | Veglarg \fem?\rrqiy Aﬁﬂeq f\{% ageq%ejat'on h2 Zggro?éecf_t\){: anfj Z;t, agd
Fig. 16(c) illustrlat@s [fheinstadnt an¥®eE | (ukerPVRred, FHAI | zed) DC out put
vol tage that woul d resul ta1 30087 2 Theo-Br der vaavasi€ ch |t her&zal cul ati ons are
performed (Figs. & I3 [and; I5) ;s 1 nRgkEviant to the present invention. O
cour se, the swi tch sel eect \ paj r—set wert e duration for
each pai’r or set hlas_to 1‘8.‘. ﬁ?'b etf—élb-'go——t haﬁ’ﬁ'g?? or s{e?&cat be operated
in each nodul ation| périjod.”? The tse pf*¥°Ae sel ection gnd durafion
Information within the t&g&ng@EEARICUi2e-15p8 | sVzgewrent ijon@l.c2 bei ng
essential ly the sanesas I s3ut]lized {s641#80 AC matri x qonverters. [0038] The
i nventi¥n has been desc @Sg [E1 a5 ETRORT e R LT o plgge|are 12
switches at+ at-, —=ep+H_—€b——trrerderto accomodate | oad$ in both
di rections and regenérati ah vbye 2,10'? g invention.y el | be utilized
in DC matrix convierters(QAfpvi F8P0a#321%n a P8 di|r €€t4%n | wi t hout
regenerati on, suchl as fpor @rili ng poesoctjool s, or in|other applications.
[ 0039] The present invehtm@a mggee@osﬁom asvelvamay hereapl enent ed
utilizing n-type, punch=through, Tnsutated—gate brpotar transi stor power
SW t ches. [dossp \FeferingtdFay. 4, m\mamtpmamngmywube sdcyd] @R atratlsUsdigpdatibrype®d, swilch
t ransi sisor 8tis optor aggiatively lonatime lpratib 2 dwitah B Fn,relgtigrdaiheastvestpr aatﬂe':'t BP3esle gefetively PSSt or s
connect ed [Te @e T‘"“’ ariat P f?"r‘%‘“e ﬂ5"5"‘°" i EF“"Z'U@‘B“& ﬁ‘?‘"é°r"1ie’° Aefgttivd of

set

;ont rolli n%é{@eﬂ At@r; 3 IR <o PO hm ¢ 2 YR

b
itch ¢ rrs t%(mES’JPy c?t‘e vet‘omal @t ween
168 Shos o5 Bbrp t@esu aeﬁes 1, B Flg A6 c st thediatbnddus ML T i X
conver t gr GEMPEd| iGaingh) 6 qlplifvdthdeting: walild k0P SW t ches (at-, at+, bt- bt +, ct-,
ct+), eachfeuhrisect&dn bt e estrulgiosareretpendipng 1me15m~rs inglexia| oN@ presdntivertiond &
first DC o@t%‘gt:ti "(e}}z':‘cbfe‘egaart‘ Qﬂa‘;lgg‘“’;ﬁrflaglﬂﬁlwk“ aéétﬁé‘@"tf”é‘?‘ ea“%ﬁfd °’ase:gaFﬁ}? 2 e bﬁﬁ bot t om
i 1
SW tches (%Ee flpn’lm cwcunt’? ?fccfonbe ‘bein essbnll I rféame as s unllﬂ% rtCaé\?;trs %
corr espondto'aﬂ ar'?l norﬁ%& Mﬂf Jﬁﬁh ﬂ%n ad %@H&au 0. 382116 DC
matri x €o NY@4r @é’cmmn@:@é@é‘aheﬁh ]S dlreaﬂﬁlh@trég%ra&a|kd\ve$éMtrteGlha@tfon nky sawdiBENiREd isoc t hat
each swi t chatriabestes pehabatlin b OngeIRABG tiheut CENIBSPOIFTTHS Rgdreingroedr oois.ai idotAC mai ns
to a rel at esticatpesci fi ¢ one of said DC outputs, renmains op erated unt| I

anot her swi%¥h Taee 6@@?‘-’&%% PR DRI BEY o6 e te iy d?x S sgtfg
te bipolar transist er swit cwever ei vention may elmpemen 1 pe ransistors

speci fi & DF; QUEDHE o J0ca atifb@tmghgor O onrilk Wak< st operate

cont enpor aneousl y Wth one of said bottom sw tches sai d SW tches bei ng

operated in pairs, each pair including a top svmtch related to one AC nain

and a bottom switch related to an AC main other than said one AC mai n, and

sai d swest ches al so being operated in sets, each set including a top switch

and a bottomswitch both related to the sane AC namin; characterized by:



provi ding a voltage command signal, V (52), indicative of the voltage to be
provi ded by said DC output termnals to said |oad; providing (53) a
nodul ation command, m as the ratio of said voltage comand signay 58P 20060
the instantaneous negnitude of voltagei V (57), of said AC nains in
stationary d, q coordinates; and providing an in-phase nodul ati on conmand
conponent, ng = m cosO (71, 101) and a quadrature nodul ati on conmand
conmponent H%* = m sinU (72, 102); providing (73) a quantity m = 13mi/2 -
My12 (103); , RLY bidbdShindnchdR Bitcdedt wheRon OLIATH cnvén=ATA) BerfsbP4dC lof Y indb By ( 56)
an in-phasé GHRIEIUG maM8lia, FEIhaid D0 taek caiveHe Ccob@BRA@Rity of Vi swiBkes tdhat, br-,
I nst ant aneougt. ACcfpdathSonnacel feage aichiregnidinoge pfadid m@mdannatr6§0atltnugmetzlsalv\mh t he
phase of a ghM@RoRae: s agRkiE A taRIwASes((f), ababe b, v icth).Resh cwherd bevgled 81 <
| Vgl (125), &rrbshansibg oh¢ edidiAGmaitkaanda setvha D oulig) (Kpof Gaiceitmattia canveridr, cpnforidiiy: < 0. and
a second fraction (115) d]i =n2 if Vg >0 (119) and dA _-n2 if Vg < 0
provi di ng Wnen °A¢d‘m sGFwaChag iR nRa)PGIp ‘ha‘seeﬁhdw“F'l phagp °Ffe‘ra§61°|°?9ﬁe° pores ot o!
and da = -y i mémsawa %&ea@cam SLBi BRY T o o “““'am f@ﬁ

— ecl n 6f mains ta said sgecific OC. ouipul, and sa atc id top perat
and dp - - y\m an che sg@sw:tc %Qng@ﬁelra ﬁEalr IuimquI
nor Vng43 >, xjhizﬁedm% a!n%r%iab H'E)rﬁ it hQdat @earrACHgndt er t sa??jo
n2 if Vg <0, @fﬂl a|%ltc@lesS@ﬂ:@iﬁKLp&d’tﬁ&Ebt@&cmanclud'l’ﬂaloiﬁsw\i{ﬁ arkfa@ot!ﬂrﬁdwtd‘n[bot#re#aﬁq it Vg
< 0(118); and iomeeadncahina conti nuous sequence of nodul ati on periods which
are small conpared with the period of voltage of said AC nains, operating
a first pair of cheafterizedtivi ches for said first fraction, da, of said period,
operating a secor ) hes inatdp,  Of
sai d peri Od, a (1\” nﬁa\%%igecomma ssgeng VS(%% [lez=1 ve hQJo %rﬁ!}g ﬁg&?@%{dﬁ%g%d:@%nggl d
period. 2. (SQ)QG@JudﬂloﬂgamEﬁde adtmralodMIﬂbcﬁhgaco‘Eﬁhﬂsfbdar\shot:fernalﬁrttanezl’lls of
time pr ecedes sragnchdsemﬁgd V(57 otshi AT refins thist@nanit driomdisk:dnd modul at i on peri ods.
3. A nethod aceordigagn Er@semoa#ﬂmniﬂﬂ\mr@rcwppﬂenlh@ =rreqeefi(H d &Y ang R a8 gty PeHPiEY
foll ows said flc?"@tﬂ”defﬁfém ‘}eéfét‘P%ns of time wthin said nodul ation
periods. 4. A t‘i‘@f' ?S'Ftd'i" ST?ﬁfﬁﬁguﬁ?eceedl ng claim further conprising:
if vd' 13 > IVqlpro an%%hﬂe onfoRdnt, !m'da@jadﬁm doohtRs, Vﬁﬂ'tﬂdd!ﬁarﬁniomcﬁﬁhink ch
(Bt) connected vm@gea. &t}ru;crnd cAAGiniMBiafyredRa@nthe phaéla a gieedneiorsaip hasensfin.end sai d - gi ven
one of said ACprmmrmswherbwalMVquS),aftr#heefthnﬂa%/wﬁ>V°0’ qargdy-, m*s%ﬁqd°f%“ﬁ*%%e°°délr of
swit ches incl ugg;:‘d‘ (t“é) P %};ﬁ‘@g“ Vﬁ&;})‘"déz mﬁ&# ﬁ'f{?gmﬁanﬁhé’ep" nds5 | d AC
mai ns, but if f es |
switch (d) co secé‘g&rmn ig.mé}u%@i’g\g Jg&%\rﬁ bgm%ﬁanﬁima@yr&d Irﬁh.rprhaswfd& Qm said
gi ven one of Sadzdv mlsﬁksaecoh:ffract&c/.chw&q?va \(gjnddﬂsa'hcdf\'quIOBtB) pai r of swtches
i ncl ude a bot t oieagwi atccdﬁn%@béqummheﬂ!@dw per@dsgapfobrqsm'rcer“m@dwﬁlmﬁpe"m V°""=I9F not ,
then if Vg < 0, sgaﬁ@lmﬁiilsmfratpaa first pafr ol %%Eﬁéc’f‘r"ﬁ*i’dwdém %54 ff' ?ﬁ':ms esﬂi
connected to séh ?rg’m;;é 'dédﬁemymsé‘ﬂ?‘d““ﬁ\@c""f‘rﬁpr‘i’%sa'(’ﬁ?dj’d Embu';Eer TiRerther, the
said first palr €s°I'ncl ude a bottom switch connected to sal d
second AC 2.m|rrﬂth£cgg‘l)ﬁdln§tﬁcla‘ird/dﬂvgreﬁsalid\f{ﬂfracti&ﬁlt%eS@@ﬂh@Gﬁucﬁ@doﬁdfl@fllor&wn‘tewm'&aiﬂ ncl ude
a top swtchreonneeired. to said second main (Ct), but if not then if Vg >
0, said second pair of switches.include a top switch é ngct ep to said
gi ven one &f Asuinel acARGIATER | RGP NP ‘Fme}‘f‘é?’f“ﬁ%"rp”"’tdf?&“ﬁs?éﬁ" taﬁesé%"r‘l Baor: (e
swi t ches i ncllidE 8 P8R L% eh (Bt) connected to said third AC rral n and i f
Vd 43 > 1Vg) ,An%a\bdacgo%gmdyp@&esd.n@aa"s\MnmmsnswcI ude a bottom switch (Cb)
connected to said second main, but |If not, then if Vg < O. sal d second

pair of switchesvalacyaie) aanqdwaomsswwﬁud Alsy S"ddﬁﬁlé@t“@‘de"t?a “E ”r% o
el

alr o

of said AC mai rsrandsti Phape IBisEhher onf pipc & "lif‘s§’ i o 2F e ;ncl ude
b first
a bottom swit Cr‘bamﬁ)‘m:\éé ﬁJL% ttCh 2912%8% te Ven rm-ﬂn rﬂ\:xl: delayed in phase from slar|d

given one of said AC mains;

~if -vd ¥3 > IVq), said first pair of switches include a bottom switch (Bb) connected to said third AC main, but
if not, then if Vg < 0, said first pair of switches include a bottom switch cannected to said given one of said AC
mains (Ab), but if neither, then said first pair of switches include a bottom switch connected 1o said second AC
main {Cb};
if vd¥3 » IVgl, sald second pair of switches include a tep switch connected to said second main (Ct), bot if
not, then it Vg > 0, said second palr of switches include a top swilch {At) connected to said given one of said
AC mains, but if neither, then said second pair of switches include a top switch (Bt} connected to said third
AC main; and
if Vd+3 > [Vql, said second pair of switches include a battorn switch {Cb) connected ta said second main, but
if not, then if Vq < 0, said second pair of switches include a bottom switch (Ab) connected to said given one
of said AC mains, but if neither, then said second pair of switchas include a bottom switch (8b) connected to
said third AC main.



