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BACKGROUND

[0004] Harmonic distortion of a waveform is characterized by the presence of

unwanted frequencies within the waveform that are integer multiples of the
fundamental frequency (known as "harmonics” of the fundamental frequency). Using
Fourier analysis, all alternating waveforms can be characterized as a sum of the
fundamental sinusoidal frequency and its harmonics. An idealized waveform for
transferring energy is purely sinusoidal. Thus, the ideal power signal waveform

desired is purely sinusoidal with a fundamental of 50/60 Hertz (dependm0 on the
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country) with no harmonic distortion.



BACKGROUND [ 0004] Harnoni c distortion of a waveformis characterized by the
presence of unwanted frequencies within the waveformthat are integer
mul ti pl es of the fundanental frequency (known as "harnonics" of the

f undanent al whgaugesYy) - Using Fourier analysis, all altesdggd08/0689ef or ns
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power |ines. Eqll Fres an accurat e vo e’wave shape, such
as silicon condigeliosed rectifiers (SCRs), are also affected (e.g.,

over heating) by harnonic distortion. [0006]]I | ti-ph t .
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the neutral line) a higher value than the active |line current. \Wen
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grounding pr Obrlle%ml;l'line. Overloading the neutral line increases the risk of overheating and the risk
of fire, and may cause grounding problems.
[0007] Harmonics in an electrical power grid system affect substation
transformers and power factor correction capacitors. Transformers are affected by a
distorted current waveform wherein they generate excessive heat, shortening their life
expectancy. Capacitors are affected by the voltage waveform creating excessive heat
with an attendant risk of explosion.
[0008] Harmonic distortion, both in the supply and the load are problematic and
require careful management. Electrical systems such as photovoltaic inverters that tie
to the power grid in the United States must comply with the UL 1741 interconnection
standard. This standard requires that the total root mean square of the harmonic
voltages may not exceed thirty percent of the fundamental root mean square output
voltage rating (section 45.4.1). Any single harmonic may not exceed fifteen percent of
the fundamental root mean square output. These measurements must be made with the
inverter delivering one hundred percent of its output rating to a resistive load.
[0009] DC to AC power inverters, which commonly appear in photovoltaic or
wind generation systems, use a pulse width modulator (PWM) for sine wave
generation, While this produces a relatively pure sine wave, harmonic content
remains, and may actually be introduced by other hardware in the inverter. Inverter
power output cannot achieve maximum performance with reducing the harmonics.
Additionaily, the harmonics may need to be controlled and/or reduced to comply with
interconnection standards for equipment connected to the electrical power grid.
Filters are commonly used in inverter supplies that use a PWM to cancel harmonic

distortion. These add significant cost and power transfer inefficiencies. An alternative
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BRI EF DESCRI
least one implementation of the invention. Thus, phrases such as "in one embodiment”

or "in an alternate embodiment” appearing herein describe various embodiments and
implementations of the invention, and do not necessarily all refer to the same
embodiment. However, they are also not necessarily mutually exclusive.

[0012] Figure 1 is a block diagram of an embodiment of a system that controls
harmonic distortion with a software feedback control subsystem coupled to a
hardware waveform controller.

[0013] Figure 2 is a block diagram of an embodiment of a system that controls
harmonic distortion.

[0014] Figure 3 is a block diagram of an embodiment of an inner control loop of

a nested feedback control system.



[ 0011] The follow ng description includes discussion of figures having

Illustrations given by way of exanple of inplenentations of enbodi nents of
the invention. The draw ngs shoul d be understood by way of exanple, and not

by way of I{p.halders As used herein, references to one gt iRiMd/0ss492
"enbodi ments” are to be understood as describing a particular feature,
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[0015] Figure 4 is a flow diagram of an enbodi nent of a process for
generating drawings.

DETAILED DESCRIPTION

[0017] As described herein, an output is generated based on an idealized output,

which provides harmonic distortion control of an output signal for a given input
signal. In one embodiment, software processing in conjunction with hardware
waveform generation and control ensures the shape, proportion, and timing of an
output waveform. The output waveform is based on input synchronization
information, including, but not limited to, timing, phasing, and/or frequency
information, the instantaneous form of the actual output waveform, and a reference
"ideal" waveform represented by tabular data. By measuring the actual output, and
providing corrections to the control/generation mechanisms, a system converges on an
arbitrary output waveform given specific input information related to timing, phasing,
and other frequency characteristics, the actual output waveform, and a specific table
representing an ideal target waveform. Such a system can be used to produce any
arbitrary output electrical waveform with low undesired harmonic distortion, as well
as an arbitrary phase relative to reference tabular data representing an ideal waveform.
Thus, both harmonic distortion and phase of the output signal can be controlled.
[0018]  As described herein, rather than handling the "reactive power" problem
mile away from the load, the reactive power can be generated locally, resulting in a
more cost effective method for handling the "reactive power" problem that currently
exists in grid-tied systems. In one embodiment, a grid-tied power conversion system
provides a mix of active and reactive power on demand, dynamically, which saves
cost, and provides a more stable electrical power grid. In one embodiment, a power
conversion system dynamically changes the phase shift between its output current
(locally) and the grid voltage to provide a mix of active and reactive power on

demand.
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an out put signal based on an idealized reference signal. [0016] Descri ptions
of certain details and inplenentations follow, including a description of
the figures, which nay depict sone or all of the enbodi ments descri bed

bel ow, as wehbioaseodi scussi ng ot her potential enbodi nentreTas2000p4sasent at i ons
of the inventive concepts presented herein. An overview of enbodi nents of
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tabul ar data representing eform Thus, harnoni ¢ distortion
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currently exists in grid-tied systens. In one enbodinment, a grid-tied power
conver si on systhesepiraied aeputayayetersf Thecirqayencyripforraafion;apd thedpeantagode nand,
dynami cal |y, nihiheSAUERpGRNy 10N haRLRALISSTIR dBRES AN tafd cal power
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provide a m,.ofroffihl é’t&eﬁﬂgtaf)lﬁglcttowf pgﬂw pocmt, mlﬂ'ﬂmtes error data, point by
point. In one embodiment, the comparing and computing are performed in parallel.
The ideal waveform may be exactly synchronized to the target or synchronization
signal, or it may have a fixed phase offset. Where a phase offset is applied, the phase
offset can be hard coded or changed dynamically.
[0021] The system applies the generated error data to an appropriate feedback
control subsystem (for example, a proportional-integral-derivative (PID) controller),
which generates signal updates. In one embodiment, the error data is point-to-point as
with the reference signal, and may indicate changing or doing nothing at a particular
output point. The sum of the error data may be referred to as update tabular data,
which is applied to a hardware waveform generator and/or controller. The waveform
generator produces an output waveform that more closely matches the referenced
ideal waveform. The system allows dynamically adaptive improvements, either to the
update algorithm or to the table of corrected data for any arbitrary reference
waveform.
[0022] In a power conversion embodiment, the power source is sampled and

controlled by the control process through known techniques, such as MPPT



WO 2010/ 036974PCT/ US2009/ 058492 [ 0019] Ref erence to generating reactive
power | ocally and shifting phase of an output waveformw th respect to a
target periodic waveform may be understood to acconplish a simlar purpose.
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such as MPPT input signal. Thus, the system can converge the output to the synchronizing (target)
waveform with only input information related to timing, phasing, and other
characteristics of the synchronizing waveform. The generated output signal is
compared to ideal target waveform information to modify the output waveform during
runtime or active operation of the system. The comparison allows updating values to
generate a new output waveform closer to the ideal than originally expressed without
the need to analyze the harmonic content of the output waveform.
[0025] In one embodiment, the ideal target waveform is stored as a table of value
entries or otherwise as a group of setpoints. The waveform entries (or setpoints) may
be in any length or format, integer or non-integer. The ideal target waveform entries
may be generated dynamically in runtime, or hard-code or pre-compiled from pre-
computations. Either dynamic or pre-generation of the waveform includes computing

the values of ideal reference points based on an ideal form of a desired output

waveform. The values may be proportional to a normalized waveform (e.g., peak



(maxi mum power point tracking) or Dynam c | npedance Matching (e.g., as
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out put si gnal%024] confhsregririop BE&II‘a“tS&}ﬁé?‘“WFtBWWWPW&tWBWa&Iand| fy

the out put wanefiMbdwhithi i Bell isIBdRE oAkdnl MhdeReN &ritah tk cdhgureibem The
conpari son al "ows &Egatl ng values to generate a new out put waveform cl oser

to the ideal numbers.ofiegpmaiispn &ayiepdeedsamplinoigehniquss.haesich dechnigpssAee t he
har moni ¢ Conhsmecél;@arhg e HLPW o é{@%ﬁ%ﬂf nt [t{PQ&?Aedaﬂs&P@pGHPth&%m the ideal

target waveformis st as a ntries“or otherw se as a
group of set pdiemagvelfmenlugle gbiorsmayritersamgled end swipaoidavsthe sayplg may any

| ength or for nt e Lnteger. The ideal target waveformentries
may be genera[ﬁa[é'”'l y?]eacn%gglgrdn&r?omt b?llp% ot or hard-code or pre-conpiled from

pr e- conput at [¢028] EIT&hebntdﬂlpaﬁb:Q iy 1ﬁd€1@degzed?¢&rcabri ﬁl@c}ﬁfllsfrlhﬁfhi&ﬁ\ﬁﬂifyor m i ncl udes

conmputing the val ues of eal refere d on an ideal formof a
desi red out pB‘E‘¥ éFaﬁFar ﬁé“%ftﬁf&% ‘ﬂsﬁfF E‘é“ P‘BH ‘F‘t Bh&tAtPl %??eﬁﬂ?'}ml i zed
wavef orm (e. gigorifh@ai a Ptéoeon@f-Intekration Werivave@ISBRLHIRS. MetBledtidiul tipl i er
(scaling the vvaveform either up or down). The waveform shape may be

si nusoi dal oRlZABHISISSHIRAYPAIMAY MOt REsFERSAICRItPNSy 31 MTREOT FERYAIOt {ARASIBY m nay
for exanple, jhe f.%m%h@ﬁm%‘éﬁmmste%@&&n&‘@é{&nalﬁ%Wv@é’wm 8 paAldPee RREGAM C

waveform [0026]1n one enbodi nent, the waveformentries are evenly spaced
(i n either t pecess. In one the selection mechamsm selects data point-by-point. Alternatively, the

selection mechanism may select data by group.

[0029] The system includes output hardware that generates the output waveform.
The output hardware is driven by a control mechanism to cause the hardware to create
the output waveform. The updated table values may be applied to the output hardware
using any standard or non-standard technique to drive the generation of the output
waveform. In one embodiment, the output hardware is driven with Pulse-width
Modulation (PWM). However, other digital, variable power control mechanisms
could be used. Alternatively, analog or step control mechanisms could be used to

drive the output.



time domain or the frequency domain), but they are not necessarily evenly
spaced. Timng information could be included within the systemto indicate
when sanpl es shoul d be taken to correspond to the setpoints of the ideal

wavef orm TR wavekeim val ue entries could be running fopggshobdiskione or
backward in tinme or any mx thereof. The entries may be stored in a

conpressed or non-conpressed format or state. In one enbodinent, the data
may be al t er edl0830]i ngAs swgeested akovafin epe erabedimenjethe gencrrsed Gipyt §avefREN | deal

waveform to anﬁxgyhﬁ{]shﬁﬁecﬁn ghgéeféi@;%zt th %asgnmlﬁiiﬂ%w;rc[fg% Q]sgesﬁeamar i son

mechani smw thin the system i np ts a conpari so gorit Ich may be
any standard oler¢insths timimganodlddiegdjuistet by theaonwaiep & drsvettivoouiputiverveformhe

conpar | son rm‘yoeingl%gl Y & 2 Ehgpel Ci)fPS%{)\EVI Clhers]i %P{%stp'e ?yli']tchr%rli'ﬁa i(;[nev%-{zgl'o%?§ Al fadlot
necessarily regqui Fed. 115 dne” ermbodi ment, t e conpartrson 1s poi AL -poi nt ..
Al ternativel y, shiftihg cql & qeedmplshabyynamicipplitdutdndesmgharmehic distottha, manpl i ng

may ot herw se be consi dered not pojnt-by-point, [0028] The control process
may i nclude a COfRYLLG B ‘Wé@h%}ﬁf@ﬁ]tflwaﬁ%uﬁﬁprﬁ&#H}WP&@‘:’“&'andard or

non-standard sgbght i ORigakdPid 4 15k NG R eRAPLABbSEIESIr @RysMrd Bfat EdhiolsS a
Proportional -1 ntegration-Derivative (HD) controller. The selection

al gori t hm i t sehamagig distorvien,with e spfeyare fasleask conter! FeyseBREUMEY 08 may not
transform dat ?fafr&»%na meefumoﬂl%lﬁgﬂ. g,%gtan f1b@ﬂﬂﬁggst\’?&%d?%@m&!lo%@l?@ L@ as

part of the selection process. e the se on mechani smsel ects data
poi nt - by- poi ntoutpdtiaad pertiol estem {ePowtraeth DA repredeatsithmpatngf dediesst pekwara by
group. [0029]T, ] i t.@enerates the output
wavef orm The Qﬁ?%é@gﬁg@ddt%é&eaqﬁé %%F)Qgg(ﬂleggib&g“@%ﬁ?}%%ﬁnll(n%t:hani smto cause the
hardware to cri@8s2] t hOugut pytemi2dfidndss infue poypdtabetrteailOso vadeive snpuay be

applied to the output hardware using any standard or n- st.andard techni que
Fodr fve. Che qRItE JOMLiOsE [ThENDIINE TR GG A 2omR. BroaT B oY Fhe

out put har dwar @nieértedr12V @idluded FardWdre Compstehts Wit edlin ©8 pé WM anaHo BRI, Ot her
digital, variable power control nechanisns coul d be used. Al ternati vel Yy,

anal og or st epAelgnY IBFIUARAAREIArS PP OREUISUNRABERIS A OpSeBPdpBERtBPYWOFEE . WO
2010/ 036974Pcréou§gr%9é@§§é%er[t99§ﬂhﬁ§in@ég%§rrrﬁq:h Oy Bich leRatRR&hEMBOdI Ment ,
verorm m e S

t he generated out put wa ifted 1 n phase with respect to the
synchroni zi ng slecixohizs m trowsfed ensinure gowareinnsourdee O ynagnic oupedarise adj ust ed

57, e o £l kfa b8 A5, 0L R S AU BSRFLAL B0 e of oo
acconpl i shed dyparposetl taupWr (@14 trimtor@as ith atnedinmmila agostiosldpean possible
contrast tot r(%.cg.,tsilo?)g%lf zesr )S.J[Ine})mspgvpe?tcormgiep 1L§|0a1;[136y r(ggei\f/ei clotng'(r)l s?gna.SHOQUt signal.

information from controller 130, as well as providing input to indicate operation of

the converter.

[0033] Input feedforward 112 provides information (e.g., maximum power value,

frequency as appropriate, or other information to control the input power converter

hardware) about the source power to controller 130. Controller 130 controls input

power converter 120 based on the input information about the input power. Controller

130 represents any type of processor controller that may be embedded in output

system 102. Controller 130 may be or include any type of microcontroller, digital

signal processor (DSP), logic array, or other control logic. Additionally, controller

130 may include appropriate memory or storage components (e.g., random access

memory, read only memory (ROM), registers, and/or Flash) to store code or values

generated or obtained during runtime operation or pre-computed.

[0034]  Controller 130 drives programmable waveform generator 140 to generate

the desired output waveform. Generator 140 also lies on power path 110, and receives



[0031] Figure 1 is a block diagramof an enbodi nent of a systemt hat
controls harnonic distortion with a software feedback control subsystem
coupled to a hardware waveform controller. System 100 includes power source
104, | oad M@¥10/83¢874out put and control system 102. PowePCPHEBWINABIRepr esent s
the path of electrical power fromsource 104 to |oad 106, as controlled by
out put system 102. 032] Qut put  system i hcl L nput _power converter
120" 1o 1 acer TBTRE TRBRr ARk SHTED 0% A CBRT e e ot her f or m
(e.g., DC totrAdsferrednipistnop oevessadlyrongrit eith 0aime elavefesm hait tkvacedvedoRgonent s

for receiving a power _signal to convert, and may jnclude appropriate power
conponent s. gwnaﬁ%\gﬁ?%a y,beiOH}?HfaSﬁpg\hﬂé}so‘g@rﬂé‘FLéﬁhP?@li‘ |SSHBRIEs dynami c
i npedance MabLERGRG. 1, Witlef PoedtaBh&$sibi@ah BOMcoRlpRHel AMifksly b sidvanpbier maxi mum
power from source 104. Dynam c inpedance matchi ng i ncludes constantly

tracki ng a mésscrbeé Poeusrembortiment. ggnajgép 144gneludeyia gV Mrio igensnate pwmetr coupl er
(e.g., a trag;taism@g.h%nmopw I@cagersfcg%ol@igm@ﬁd ﬁllf&gﬁti@nsfrgrﬁss! ble (e.g.,

sl ope of zer nput power convert may recelve contr signal s or
i nformati on tommlleol¥0r ald eay G80de statusvet dpeaiops mfardhiatign omrfpedbatiotoi ndi cat e

operation of the.conyerter. [0033]|nput feedforward 1 éc rovi des
i nformation f%"?rgf.”?r %xﬁ%?ﬂ%‘%\w%ﬁ ,beFl ﬁéﬁ%vtgrsv% ﬁ?‘opri ate, or other

i nformation {E@3spnt Maltput bteni POX is @bleRS incorpURtd specifiatithiva phasimgosttotiidae sour ce
power to controller 130. Controller 130 cont{??l S inp§|t power converter 120
based on t helEMSOEY iINFTBRHARM IR SSRINE CREYS WHFEOrPolr Suchdimipg|phasing 30

represents aBb’otEé’rﬁ?quénc L ¥efmeRdh nﬁ?%%?r&%ﬂr@d tota.@ai%pmyné?\?orf?ﬂ%ﬁ'@&g.” i out put
system 102. Controller 130 nay be or include any type of mcrocontroller,

di gi tal si gnahe pripsasesrsutiDopyt syhdyerdzagion dyta agtvepframrregdimerlopd | ogi c.

Addi ti onal T'y;,-Ganttolih %ic%%gsewﬁééﬂéle'f'é?ﬁdﬁ‘&g{ '%’;{d' sFh&hr SRIRL %‘ht.sﬂ?@! age
conponents (e.g., random access nory, read only nenory {) , registers,
and/ or Fl ash}oatl syrwham&atadaparorviglutggchyenieatainetitadndiobesinfeentadanr i Nng runti e

operation or pre-computed. [,0034] Contr.oll.er 130 drjves ogr ammahbl e
Bver of m gonReraR DA ering HE Y AT OB Sy BT ey er BB er at or

140 al so |i e iRdicReIIouRt fystehD102aR Quip@ESinY €54, Th RRystend AhEre the Suput UL  power
converter 120 to output. Wile the power may be transferred, it is not

necessari |y BUHGRMCMP &R CeHECEErR Analperiaeridh criain ¥oliagedinyag orpBier exanpl e, a
DC si gnal  may,shign QU B4 b8x kel (s 01 20/ ar0BRRhnd APinRAP¥RInlaR t he exanpl e of
Figure 1. O her power tonversions can be acconplished simlarly as shown
and descr i bedrogfammgsdenontrodé brethe sysgem et starop. Baked bmédad dpsheonPakibn datgener at e

?trjgfnuf:o\r/]\?\r/g}‘ gghi%%gesti%@%étb%radjjugtg%r ecei ves control signals and information
: y provide status or operations information or
f eedback to @036} ol IGantrdlBH.13T hiso owhgmudts onepuefeodbackrh6 &f€ pewddpath cllr roent or
vol tage. determine the actual output generated by generator 140. The actual output is
compared to an ideal reference to determine if the desired output is being generated.
In one embodiment, output feedback 116 is an abstraction to represent output
measurement by controller 130, and does not include separate components in itself. In
one embodiment, output feedback 116 includes a sampling mechanism or other data
selection mechanism to compare to the ideal reference signal. If output feedback 116
includes components separate from controller 130, it may be driven by controller 130,
and receive comparison data from controller 130 and provide error or feedback
information. In one embodiment, output feedback 116 is understood to include at least
hardware components necessary for a feedback control process to interface with the

output lines. Additionally, output feedback 116 may include other hardware for

performing measurements, computations, and/or performing processing.



[ 0035] Qut put system 102 is able to incorporate specific timng, phasing, or
ot her frequency information, into generating output waveform 108. Such

ti mng, phasing, or other frequency information may be referred to as

"I nput syncReamiohadobpn data.” In one enbodi ment, such i meufysss0ekEseNi zation
data arrives fromreal-tine load information, in which case it may be
referred to as "load synchronization input." The |oad synchronization input
or input syncHO®l zatBah outautsynd il candeoynupfesabagk il bhmagbesansidgredo det er ni ne

the synchroni gl of 1858 iflbe GHRSESLANAGpUEYRR 11 LRI (R ab&id 161 cat ed

in output system output sync 114. In a’systemwhere the output is
anti ci pat ed (ergnat theoame chingi@nd seramdiéferpot purpeses. ghitpil syrnsdrl# andicajes|whage,

timng, or other..infgormtion xpected (e.d, .. ,1-8nd an

initial estind eeldf)aé%%ﬁﬂ??esdgqaﬂg%é}l%ﬁﬁ@(el 59 %% qoelg(gi/rglf’ ge%fél]n ggwggéaf?l?]ggaeéggéd on

| oad synchr oniGaait @eedbadkal,16 tikticaite’ihbivathe &sdal medpet vieys frem aleh rafrande signal.

[ 0036] Control | er 130 al so neasures out put .feedback 116 off ath 110,

to deternine t%aﬁéfq}%lﬂ384)‘8?&9&‘?”%&%%6&?‘5&%’9/'6&%%?Q%Vpuig?ffib#ﬁ\éﬁéclﬁl?ﬁ?

out put is CONRa{LBMinteRt, d0tphSAL 1 1£f:2hQACA VoRafahRiMhiR dnfthd hapelesbswer out put
is being generated. In one enbodi ment, output feedback 116 i

abstraction t @atheldPewhitt ouspit fepdbapkald O AhAseft OHYPIRE FEF YNt Reerat ‘}tatg%?i“%es not
i ncl ude separ q)tfgo‘gglrmgpﬁrbt s initself. In one enbodi ment, output feedback

116 includes a sanpling mechanismor other data sel ection mechanismto
conpare to t hd00idal Batereadgputsygnals (of basodippen inftadeithiarate afthe pwHpYtudes

conmponents separate fraom con | Qend ' F e R, M1 E P Galcher
130, and receisylécgt%uﬁ%uég?’sst%rﬁ1%§g'e$ ?r(])d}né(,ggﬂ‘!flétgl er %ﬁgv é{nﬁ prové:de’errcor or
f eedback i nf orremtdean.anlideabfoemefifediurpenivavaatpddsirébediogeherdted by generder st ood

to include at | t. hardwar e conponents necessar r a.feedback control

process to intléSf rErehie Ve, g@%ﬁ?ﬂ“f%ﬁ%?‘”ﬁ%&f%f% AT ofher %egto gﬁ?mtfsg%ldback
116 may i ncl uderpeinbighahRmdwariat helbufpat WavefdrAy’siRAS UbekTEKY. SVhilanput at i ons,
and/ or perform ng processing. WO 2010/ 036974PCT/ US2009/ 58492}5%037 Bot h

out put sync 1 sinuspidal NAvplarm Anwarsseieds Ay ReEpdisevaveieen 4etid ge PeddBEr foops.
It w il be under3foadadibadz 19?‘)% RS 8G bl Iéfe @O QWh RitErch@BARREH mLdRcar e not

the sane thing, and serve different pdrposes. Qutput sync 114 indicates
what the i deall003H er eBased oi gutant fe¢riba¢idl 16poiphtiskeiemd§2 sensrases update &b ence

Vares fromt natr apaihBl 13 BRARRC R oL il ARk AR 2 P
generated in repspdosef fencatir pU0 tof gedbaakouf@. mdraclondy ewtsbuigienvavebertmput
Wi e output  (REHBREE TTE AL ShrBppev ettt BHE e AR R e
out put of powersihiad fiblkRat i{ FOSBEBASRE A MOWEIIE. ¢ 5o editylis(plattBsed on an
initial estimte of the output s (1;), out put system 102 stores an&j/or

n
gener at es r ef diEHEY iirlrgrmaasued erargiata) iiman bF epresdehiev Al 7GR EPYSr m of
the out put ""a"iﬁ%%ﬂ‘rﬁ@ﬁ%gﬁgﬁ i .ggy g%%ﬁ%lgge RfergeNE ek PipdhfQiatRehREENCE

waveformtabl e ored as a table or other set of points (or
set poi nts) t hakher'epdatest mapde nodificotensof oldexabifearthe reglioemadtt of waddes| erieay Whi | e

2 pirueol el gl R CATSIN iy B LAELS PUSIUR fttype ueed
ref erence waveadhibodinaileach v4lR0FUpBas extdhleor4ondignds ahe'ep b addovnl 16, nochbaet
system 102 genf%‘rr g[cﬁ%f zllj Fs)eg%% Soi%tes‘.b uEE\:h values are applied to the hardware that controls the

output of generator 140 to cause the output signal to converge on the desired ideal

waveform.

[0040] From one perspective, output system 102 can be viewed as having five

features or components. While these features are depicted in Figure 1 via certain

block diagrams, it will be understood that different configurations and a variety of

different components can be used to implement one or more of these features. For

purposes of discussion, and not by way of limitation, these features are described
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134. Update table 134 includes entries or points to indicate howto nodify
the operation of generator 140 to provide an output nore closely matching

t he waveform of reference waveformtable 132. Wile indicated as a table,
updat e t abwe 20@436vay be a stored table that is nodifi edcatusemvissson
intervals (e.g., each entry is updated as necessary to reflect neasured
error data), or may b enerated newW y at each update interval. Update

tabl e 134 nafoliﬂ“flgg if i‘%@‘ieﬂ}ceﬁéucg\@ﬁg}:?aéﬁetl_o Reatyg 2y sadse fady B wiBbece. The
"updat es” nayinbestoBdlihhi wiak b 0sHveRionOk eheedy HRSthatd B réfePloAREIBREL Qb dF ues, or
may be stored in different |locations within a nmenory accessed by controller
130. In one dkfasthse deatig encamponentond dogsnas neeepiaslylisdicata anyshing svidin " up,

“down, " or nQ.&BaRIEdE0s: sBAGaRle. @ Set of points. Such values are applied
to the har dwa?% t hat conrtsr%ngat Ye out put of generator 140 to cause the

out put si gnall0@4d] corfeetugrel way inebidd ewinseftr indepbratiay gfeoifintinfitg) 403 Figpm one

per specti ve, tput system 102 n _be vi d.as, havi five features or
conponent s. \Rﬂ}% glgéuﬁ:’g emfoerg'taﬁ?l}ééﬁgwaﬁéﬂ&\é&é&aﬁ%ﬁ’aﬁ a@a&éscft%r%tocertai n bl ock
di agrans, it gahdrite bed tebeles gk agmt §ynakrofliziddardnt or¢auafsySuhr il 008 ind a variety
of different conponents can be used to inplenment one or nore of these
features. Forelpirdf9abevewhighdvbased houtpiHdyneot! 4pbealiig 2 dnclydeniefeencsn, t hese

features are \dosforh btk 133‘201~hfémn&9|if|{@1%da 2 bERRES: a%lhéglnatﬁﬁ ViRl varek )

"Feature 2,'' and so forth. It w e understood that such a convention is
merel y short iaterprasentetheideabformef subjiterivefonmt16B. Kehturhdindbey ¢dpedlidreat ure or
component . _ando4Af, ARY pASEATA L Ik A ERNE BN LIRS L Bt SRGE Lo or der
or significance. eatUfe 1 may | nctude neand foF 1ncorporati ng

speci fic ti mwagefophgeiengedy genbrator fl4@ itk tieyidéah fabulamtepmentdtioa aseans i ncl udes

har dwar e and/ or sof re to generate and receive the input synchraonization
data or | oad r%??&ﬁ?%ﬁ??i‘frﬁgﬁ Wﬁ{?fmﬁ@?%&zegeaf‘ﬂ'egbw ,esﬁﬂﬁ?léﬂn%@ Wieded on

out put sync drtrolle£ B30Uh& cdmpleh b@Berivak BEIBAS rd\BNEHRE Tpdaablfy 132, which nmay
include a table of data or an equation within software that represents the

i deal form ofREUEHEd DyvaRdstednble 184 FeruerLineludesi srntraige 4 baitused therpde80, whi ch
may be or | ngllt'd@x%n@u;ﬁi@fettm %ﬂo%@ﬁératp @ﬁbﬁ%&?@gﬁbﬁfw %ﬂ%%eﬁ?etd%ﬂ!lpCOUt put

wavef or m generated by generator 140 w abular representation
as repr esent @PPpifioneipingmnd phasef orm t abl e 132. Feature 4 includes an

al gorithm wi 4481 CORVIRld ? G)Jg t r otherw se selects and
gener at es upijat e] data r %aﬁofg@stéﬁ aerE gythgggga%k%et?"éjﬁg’eo%fgﬂg’ °|‘38§'F{1$‘éq“§n‘iync| udes
gener at or l4foiaition pewideh eyndmdaizeti dainforthhtsn to PibadothphAddnend 3gdd® gener at e
out put waveform.108 .of th dﬁi)i {.ed. §hage, lgr oportion, timng, and phase.
[0042] Wth r 8@8? 4T pUelPel P Thevalamati ey $9ma gy efasiable, cauttiost her
frequency i nkanpTaiiod ReaP it halRiSafyMemionst AeHals08 dihdrQburBd.i on to the
conpari son and U]D ate algorithns in controller 130. The information may
come by way 104al t ap¥¥h regerdde Fenure Sahpidpiagerseseniéngl the efuesamawefoanmoni t or ed
signals, or @iy ofSAYIenSth 4nl Q#é]y%hﬂat,r iﬁ&g&dorkgn-llzrﬁ@‘}eﬂrifawghintah?olcd. e
representing the reference wavefiorm -

a table may be generated dynamically at runtime or be hard-coded at compile time.

The ideal form of the waveform represented may be sinusoidal or non-sinusoidal. The

waveform may be represented by data values evenly spaced in the time domain or

non-evenly spaced, forward in time or backward in time or any mix thereof. The

waveform could alternatively be represented by data values in the frequency domain,

and organized in any fashion. The data may be compressed or non-compressed. The

data may be represented by an equation rather than computed data setpoints, or part

by an equation and part by a table. In one embodiment, the stored setpoints in a table

are the computed results of an equation. The data may be altered during processing at

runtime to change the form of the ideal waveform to a different ideal. The values in

reference waveform table 132 can be modified or replaced with different values if

11



can be of any length and of any format, integer or non-integer, if within a
table. Such a table nay be generated dynam cally at runtinme or be
har d- coded at conpile tine. The ideal formof the waveformrepresented may
be sinusoi dgly o33 Si nusoi dal . The waveform may be rep@sgibRisay, dat a
val ues evenly spaced in the tinme domain or non-evenly spaced, forward in
time or backward in time or any m x thereof. The waveform could

al ternativel y diteredapruasmat Bep daje way be alignedto terin exast phasgweth &g ideiai n, and
organi zed in a\p%efoq&mrgﬂga T&eshg@ehqnmebe conpressed or non-conpressed. The
data nmay be represente yy an equation rather than conputed data setpoints,
or part by an [66ddt i oWithnelgapditat Febinrea3 tcairaler 130 maginehide dnyveaditionaher st or ed
setpoints in a%}gble are.the canpu of an eqg The data may

ted | t f tian.
be altered durtargugComaadiongleent rﬁe f?ﬂi’%f %lg%r;tgﬁlgcgmtpﬁlgs g%a)t? IPﬁ%g?s the i deal

waveformto a gpégfdﬂﬁﬁg\fheiod%a{ wavei@nV adristed by hdréd e e eranduededriffiot abl e 132
can be nodified or replaced with different values if altered runtine.
The data may bsé_fta’la{erf’é ‘taé)“ebéhri"fghé%é?"dﬁha%sww 1APling O RnIgRET A or i t
may be shiftedq dphas She (AU bidpale8BR Eal QfRiRt Bf e iblecRREiMoher 130 may
include any traditional or standard conparison algorithm A control

al gor i t hm conprempytagansawiitathgsxnchepizageninfermations PeliM pyiPoiNaied ginfiatesanpl ed by
har dwar e, and : [ : rd or
non- ot andard. STepRRkcpofE iy pBh 116 dRERIHEN An RrdEhe! A BHETRANNE

conpar es the imhéab atsmtpisteadofgfoirttiby-foaisl e or equati on conputations with the

synchroni zat i | nf or ion int b o)) d nera ernror. dat a,
poi nt by poi nﬁﬂo‘ﬁ onggti‘r}%%aa‘? %gﬁﬁtagm %(ié:egt&ﬂ[err (1)1?(?13F]%§%§na Sﬁﬁegﬁ%nszgslé%fl%i pl e
poi nts at oncewhibisteads &f cep&raiet ndy d@uslhg aly0dHah\V dr hofi-e@addd teohigad. Ui e 4,
controller 130 includes a selection algorithmwhich creates or generates
new dat a usi ng® Eibegigcaa MY sslectrirleqrhm 4peives RFETEIRSE c2SY1aYARS enbodi ment

the sel ection g@ftivRMhiR¥O¢6A%IRSFHRP AL Bithptabddt adth AtBoutDekreinmag i vel y,
the selection algorithmmy sinply select data w thout perform ng

processi ng or pesckongprpgricaniogicalrvletiens. Theesclretianaliasithmingorerlpndety repl ace
data val ues I el ﬂpé Rl%fof §§E(Bms,nc§r§eavglihel PRIfeO 6y ﬂﬁa@nle}’ﬁkféﬁ Jifulde table

preferring to use another storage area. e selection al'goritim may

transf orm t he atathar §toape drha Thie velectimmaigorithon ag trhnsfepuethe datd drven the amd
vice-versa as part of_its sel ection erLPCESS' The a%gor'lthm rovi des an
error update (?f‘i”é\’hfostﬂffﬁr%qu@f‘c,y TR ARG Y RO R RAT OF 15 P PROE™Fat'y val ues
that will corrggdrithii@revideduh eMBMeldatemdshansnd g, | febritli)is, thitEidensifiput
waveform after application of the data val ues appears nore |ike the

preferred i deafatdnpluss sharivill ovms) e crtPEeyaeEPrngv ik applicd- Bhusy the oHEW dat a

val ues represem\gﬁo aftPEHiRal AR ehelddth AR 3RhIsGRbrE Ad'BE PraREfed iBegener at or
140 through standard processes to drive the dgeneration of "'the output

wavef orm | n owmaveéarivodi nent, the new data values are applied via a PW
mechani sm or t hey,.pechani [ s into
an anal og out g@t“‘@orm{&lliﬂgg%?bﬁgg&?uggé t#é&?%ﬁ%g@ugira}%g&%gg 9%%%%@ i ment
of a system t hie4 acogplied ® Huadwmeincgederatonl 40 tinough ntaodwed provedesnedtive gygst em
200 of Figure 2 i_s,an@cgﬁarrlpl e of P-%rlpd'ti eg ower .convey si or system

i npl enent i ng s§FEFBRYT BT O PUBTGYAVEICT T RS ey ﬂ‘ﬁﬂ’?nﬁg‘f"ﬁﬁ APrESPSNd to

i nput power frmi&Puih @ PWOZnecARtlsA 6F PME otBG Ond¥Ri &R IaEERRMAImE disalteiataput  at
| oad 106. I n one enbodi nent, system 200 controls harnonic distortion of the

out put cur r ent Vadyeg Hdp apprpleg@UPHAYE. shift between the grid vol tage and the
[0047] Figure 2 is a block diagram of an embodiment of a system that controls

harmonic distortion. In one embodiment, system 200 of Figure 2 is an example of a

grid-tied power conversion system implementing system 100 of Figure 1. Thus, input
202 may correspond to input power from source 102, and output 250 may correspond
to an output at load 106. In one embodiment, system 200 controls harmonic distortion

of the output current signal and the phase shift between the grid voltage and the
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out put current signal of a grid-tied solar photovoltaic or other source, DC
to AC power conversion system [0048] System 200 inverts input DC power 202
i nto out put AC power at output 250. In one enbodi nent, the voltage and
current atwouwdipusco260 are both ideal 60 Hz sinusoi dal weygs2o0doddiet orted by
spurious harnonics, where the current either lags or | eads the voltage by a
phase shift. Such an inplenentation can be enployed in a grid-tied system
where the ouCBREt QP&ICP‘a%célal%“erdrﬂ“i?i el alb‘?tP‘éod'éEP %?tﬁeﬁ@“&‘rﬁr gcttPé"cet out put
250, but the pewer®@hberkisn BRtem. Regul ations UL 1247 require that the current
be reduced in harnonic distortion. As illustrated, system 200 provides at

| east the fol0f48] on SyteawR00deserts HipnuBGipdakr AR iatosutnut AK) fomedat qutpshase from

the fixed VO' E@qg of?g r[ﬁlpo%ngéﬂtqhe ¥8“1Ea§9 ngdocé}u%w zﬁ%ulput Wal%g%}h L(%gf'éﬁ%g one

enbodi nment , € operations of sys can be“separa
el ement s. Themflsmc'kﬂ vwassest mcha‘smlmdlhyspummabmm whkaratheazurrer&mthmﬂmfomr m

val ues for t edS|r hades red angl e of Shlf wi t hout
di stortion. I\]}WT 658 l¥é‘d’ W%WEEE‘E,}] ?I’i‘E’zQ qyFnfag o GRnRfi e fﬁﬂwe i 2 §idef or s
and i deal CUElé@E‘}tste\ﬁﬁ%feQrtH&outbﬁt vilthde ibBmIpEeEBIAaLbY halriglieht bfip@

non- I|mt|ng exa the discussion with respect to sy stem 200 coul d

be applied aPd® b%theﬁw?epném nokReguiepens Wol $4geanirsy té}ierﬁé"re(}\ﬁ Rerfedhsed i1 cat i ons
that will bepyadersdiqodioRyad iMasmKiyst c‘ﬁfj200 rb118e s feast EfoRRAMAGDFLR 1O

conpare an actual output signal generated by a waveform generator to the

i deal wavef ondeal situsoidhli wakefogmt ghiffeshie phase from thh fikedurltagé of thg giidfyer mat i on and
the error |nf 9&1%&&@9 ah%rg update table of values that allows the waveform
generator to correc actual output waveform The operations iteratively
i nprove the ¢a4plt vaved enidiead) thgo;bemmndofsbeteindmalcamm/&fp@famd(aet}gec a

si nusoi d) . resul t of ces_a pure 60 Hz current
wavef orm i n- 5ﬁa’§gtsmeﬁ‘r3tlleﬁ)o‘?sﬁa lsr]‘d“rm lﬁﬁgldlﬁé TH tgj’\“ﬁvafo%l"f"é@%f%\‘i\/ﬁ\?ef orm

[ 0050] The maigssifReWaketbh®With ArdesiEHa apatk bt pRhs@ BiRf SO G! diRBkioROWHNS as fol | ows:
| nput 202 is DC Eecgp power. PWM generator 230 drives DC-to-AC converter

242 using a dessn orgpyBesifically &1 Qrirut Crygnt thabefermasandyideahetreat wee)formsn one
enbodi ment, %%ﬂtb%umé%tso@m s%a{ fs%%mﬂ%nw éﬁn'ntzp?éj%u?d théQis@lsso e 1. Input

DC power 202 passes I nto t o- AC converter I nverter vvare 240,
and | eaves asespest putystad ZQOrcpeldtbe\Aapl@ﬂ@tstha@trommgroetpmt veltagé mamfchetsect or 244

d h f h
1 ustratea St odRiR Rl s YA o e Bk it R Bl o o

current vvavef:aﬁpraldeﬂi i) bur:pdﬂslon'lihgenaﬂiﬁadruy b avdfsinglehéranr ale kiealexagger at ed,

but ill ustrates ut wavef orm may. nat even initially |ook nuch
like the idedf 8@?%% (Fer?leraf-?o @é?p“tf‘%' EARlEP YR 8 tRFeF§ES t hr ough

t he feedbackinfbiieioh&in upadtel idleeor 24ReAthaalloWs kedes eftohtRB@atorebAEM det ect or
246, which generates sync information 248, which corresponds to the output

sync i nf or mathecRtUgk outpyjiagetorm. [Oepprrtiensdstively imprgye feowraeretemy and
i mpl ement i ng tdnBifotGEABARKAQE GHUSFoRP (e.g., a sinusoid). Thus, the result of the operations

places a pure 60 Hz current waveform in-phase with, leading, or lagging the grid
voltage waveform.

[0050] The main power flow-through path in one embodiment occurs as follows:
Input 202 is DC input power. PWM generator 230 drives DC-to-AC converter 242
using a table of updated values (PWM table entry update 280). In one embodiment,
update table 280 corresponds with table 140 of Figure 1. Input DC power 202 passes
into DC-to-AC converter 242 of inverter hardware 240, and leaves as output AC
current waveform 250. Current waveform detector 244 detects the current waveform
at output 250. The input waveform is illustrated at PWM generator 230 as a perfect
sine wave, and distorted at current waveform detector 244. The amount of distortion

may be exaggerated, but illustrates that the output waveform may not even initially
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follows: Information about the DC input power 204 and input phase shift
information 206 refines a reference ideal waveform 210. The reference i deal
wavef orm as di scussed above, can be stored as a table. I n one enbodi nent,
si mul t aneouglgyzoidagsoyt put of PWM generator 230 is peak detpgieehedgsd2 and
allowed to scale the ideal table in reference waveform | evel control 224.
The output of |evel control 224 is the instantaneous ideal waveform
desired. The rleplemepl Bkeho idealdesiredowsvebrey Bawaveiahe PaYsiomecdIvegent r ol 224

and the actual th%gme bR EE FivERE: RkdvRkD2API QPAELAQNA h R GO ArmdRIL AL | VE)
controller 260. [0052]PID controller 260 | ud

I ncludes PWM tabl e error detector
262, which rec2ibvedichizensaed guc inddraragine 84 xamhidhaorresponds théheamtpralsynsut put
wavef orm The e orn(])lratibe&%rlrgs %he error input for proportional en-or block
264, integral error P OckE286, and derivative error block 268. The sum of
the error sign@bsl]i s Pdnabl kopflbwrdesuting andiimplepieotinglés fdetimcRloBucomt r ol | er
output to PWMtable entry. update 280.. These ated tahl e ues are fed
back into PWV ‘tﬁﬁﬂﬁ?:aﬁ‘%még’@‘ agﬂ‘éf t%s&énﬂ%goﬁ%&@r &P‘i?ﬂpf’bpqﬁﬁfi%@]t“ HEAFER put  of
i nverter har dwaysaefR4 a rtfRrea e GRivEfEn QUb. ikt r&fe @& idé waeéfergnse wavef orm
210. [0053]Figure 3 is a bl ock diagram of an enbodi nent of an inner control
| oop of a nestdEFurwdabarekcandisrsiwed Fadaklp In Ras epbeiBeHat BLEMEPEINtEol 300 s

a control | er ofufaf bniisefl: RS BT pBRIEIEAsOIENEARLE ARLK:Ghe BOR | ncl udes

i nner control [oop f a neste eedback control system The nested
| oops are i nt ebleperethertce Wiefiorm devek doatrpld2dt Tonowput ohleveleanird|22f éothe af f ect s

a signal that ih.?taM%fe%u?]SdCQQW{V&%% d%:g ehhﬁheorgﬁ-:% c& Q/%x{fgllm %rgrgg' f ﬂéﬁ@e out er
control loop corrects for transien K&r oni ¢ drstortron tn the out put
wavef orm as desgavefdradepil evritanl 324/and the edtuat ontpuoik rdcorypd SIRIDI (praponiphdt el y
nested within oute dcont.r o)l Iqolépﬁ.ﬂéﬂner control |oop 310 receives as input
i nformation rePEEETOEAVYFIFEEYN? i ch inner control |oop 310 provides

f eedback. [ O05h¥¥|t hi RID EéififolleMBOIMIuded PW M kihle emgidetepOe6?2, iwhichrrediveon 302
is received and conbined with the error signal table peak adjust 352. As
used herein, "@8idiagrenceparefonbangdhe (tiAl ABPBBAVSEormp TRe GHEPSEIs wit h

or based on tNge LARhSu: (B iHobctibif o8 tRRIUBISHREAPEA%IdCKTeb eflat 0 addition
or accurul ation functions. e selective conbination of input power

i nf or mat i on 30driantdvetextor blople 368. ddf swn 0B B2 eyensigral eis PMEYldrtdqereorgainn cont r ol
354, which sets,. j.ust 1.0 r reference
waveform gain g@gﬁg %O%gifgg%ﬁjégp??f a!fjr 8%%“%@%%%3%?? é@&gl{ﬁa %‘g?wgnﬁget current
oper ati ng condigdaedsabldedludsaed fled badkriptatP VoRleEneratod 2B@aal driyeitiee generator to

characteristics, 055] I n one enpodi nent . reference waveform control 300
adj usts the re?dé‘r‘sgﬁ@é’“lﬂﬁ%%@lﬂ?“’rﬁegga‘gm‘rled\ﬂg’:tofﬂ%vefgﬁttges?“tﬁlft SIgak o CHPERIt  si ne
wave gener at orwhaide B0O8 i s exam ned and the peak table value is extracted

by peak detector 320. Actual peak value 332 is conpared to target peak
val ue 334, genl®P&3li ngFigaak3 isa Weckdipgranpgan enphedientod ar inpar gpatreblaopgly be

hard coded b asg s%f&éﬁgﬁ onﬂ@lrsg%?Rng{éB@e%Wek H &ﬁtrol?OOiig a E@MOH& of a
al tine. r by

determne in re e error signal 1s conditione PI D control or
control | er 340zidti¢daiystem. Rbferehregaafioyn ¢omspbitlandbdes mmer caniot foop 31®oh 310

J; gsggﬁggnt 't grrle%[gdifgetd%‘[icicgoinggl siyﬁeaxgp'f}? r(eist%;[i ?olo\ﬂs Ya\f:etirr{'te}dggengggt.efha? ?smhrem | oop
function of one control loop affects a signal that is used as an input to the other
control loop. The outer control loop corrects for transient harmonic distortion in the
output waveform as described previously. Inner control loop 310 is completely nested
within outer control loop. Inner control loop 310 receives as input information related
to values for which inner control loop 310 provides feedback.
[0054] Within inner control loop 310, input power information 302 is received
and combined with the error signal table peak adjust 352. As used herein,

"combining" refers to performing one or more operations with or based on the inputs,

and is not to be understood as limited to addition or accumulation functions. The
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[ 0056] The output of PID control 340 is the table peak adjust signal 352,
which is conbined with the input power information 302 to derive reference
wavef orm gain control signal 354. Using reference gain control signal 354,
r ef er ence weymbozearagai n 360 can i ncrease or reduce thepempkiobucssnaf the
reference waveform 304 to adjust reference waveform output 306 to exactly
mat ch what is required for the operating conditions of the s¥stemfor power
conver si on. E‘é%l?f FW“B‘H%“%‘rPSé‘&H“FrB%‘YCF uilfﬁmﬁtwﬁé&%anq 1APls PRk 3T 32 i s
constant or yedeYatss efdkencdBath BehtadS 350 Whithedistafd hd)B&Y the Qi oPretbope 310 (e.g.,
approximately 10 times sl ower or rmre) When i nput power information 302 is
sl ow novi ng, Wargferm é%atrrdpren@m\pja\@i@wgan@@uﬁésnztnn@algrmgmst thelgnverterr ef er ence
waver orm 304l Bl 63 hidPohR ARIAAIbATh Tl BBLE HBhEPaEPAN 8
specific range o fues | uding speC| ic mni d"hexi ntm val ues.

Cont ai ni ng t hier&¥istiebl e val ues WI thin a specific range of val ues enhances

th bilit idt to d whi |
maien'ii a: n: né E@#fﬂim Q/eeff[%t%’rq'iﬁg ’trF Fernf%gmeg?rinb‘f“?mrm%ﬁéﬁﬁLhtheg‘e%erg‘%\é\er e

i nt er dependeRfavéomh EPlol1bRO Mhe ¢ALH: Or MBS Whirerit Bing Wal € Bedensdrakilé Bdg/is as error
_generated by one may be propagated and anplified B the other in a

spi ral i ng- upSFAEAFLAHIA t@\%eahé’(bllﬁ)@hfed*ﬁ’étraﬁteééﬁlpé@‘edeéft‘:&ﬁﬁﬁ) tACtd PEY per f or m

the correctivg,opsf @be‘ﬁﬁar@é toeig®f p eﬁQO&lﬁ@de rdtﬁs%eikré?ﬂﬁ"%ﬁ'lhé%é han the
corrective operation of inner ont r ol §10 A that way, 1nner control

| oop 310 may Thegeepeak nalue d35mahbd i_laz@cweﬂlbaseésppémlcaﬂ bardwgievcbaractativtiss,of
reference V\B‘\éguB{ambgl&tg%lng&qegrtfn%r. 'rTr‘%gg.t[&'esiO%‘ulltlgrorlcﬁt? eﬁ’B Esﬁ? &fio}i& correct
tor one énbodi nert tontro

harnmonic di s n error e ou oop is
per formed at centfolleisdnoc yailof thle)fre@&emprqspmd of mnér cfont@ﬁll]ecb]xileOf) pk@zntfior i nner

control |oop_310. The order nitude difference in frequency of
adj ust ment afrlog\/%tefaﬁpngﬂf‘%mg?%qa%b%élﬁea‘i”itedﬁomﬂl?%lplrFSpﬁgseunderstood t hat 10x

i's one exanp{@sef amnebdRit APIDNROMEIBAE is B thblehRale /RAkIzRAN 5D NwiliEieguency of
performance nmay be approximately 10, or nore. [0059]F gure 4 1s a flow

di agr am of aroBbiBedVHR He ieifut goyergelesmatianr30g éndariveirefgreaes wakepum sirgnal based
on an ideali %?rgro'i SLF188LE N84 ferenEé oM AL RQT §0%1 854, rbibifld &%\%ﬁor&ecfa%{ n

provi de exanpl es of sequence$ of varfTous procéss actions. shown in
a particular 3é®cﬁmen¢reasglor mdd@rthe amplgs@e thth@lreﬁmg@es»pecfpm aart tOtddBlSOr der of

the actions ¢ ntati.ons shoul d

ed illustr
be under st oo ere?ce Y e%nmeoilt npte o exa %?' r%atcpr o}éagéssre(ﬂmwé‘%lt Pli)eﬁ‘ﬂnﬁg t he

secure channebn&meEthpeysftaﬁmdmwm amdelfsifoer ent order, and sone actions nay

be peifornmed, j l1el. Additianally, actlons can be omtted
Tn vari ous ehI5E ek QnesmEdame AR PBe FRGEAtH102 ) FORIARs Wiear o r equi r ed

in every i ”plsl%thQ{qhQ Hs ccglﬂl%d tBifeL&ntrbl 1@&953130' e. gock?ﬁﬂomn@atel& 06RHA pover

converter systemrecelves input power, 402.  The system converts
slower or more). When input power information 302 is slow moving, inner control
loop 310 fine tunes the amplitude of reference waveform 304 in real time to assure
that the PWM table values span a specific range of values including specific
minimum and maximum values. Containing the PWM table values within a specific
range of values enhances the ability of the grid tie converter to deliver maximum
output power while maintaining maximum waveform control resolution.
[0058] Having interdependent control loops could result in system instability, as
error generated by one may be propagated and amplified by the other in a spiraling-up
fashion. One method to help achieve stability is to perform the corrective operation of
outer control loop less frequently than the corrective operation of inner control loop
310. In that way, inner control loop 310 may have time to stabilize with respect to a

given value of reference waveform output 306 prior to the outer loop operating to

correct harmonic distortion error. In one embodiment, the outer control loop is
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the received power to a different form or acts as a boost to clean up the
i nput power signal and put a clean signal back out onto the grid. A

ref erence setpoint generator obtains input power information, 404. As

di scussed Wylghoi@esgest to Figure 4, various processing eperresdoss/ixeinzbe
descri bed as separate conponents of the system such as the reference

set poi nt generator. These el enents may be separate co onents or all part
of a primry shestasmedaritfrasuersy of il k anedrenarsHe 8 fiEAreRcRRET % o Hwersonya

certain enbocj'lg@ﬁﬁﬁo QY Rier gmaﬁ?{ﬁﬁ BfRYcd MGleddécl 08hdiudiait PR RS the

i nput power an es certarn ca ations to genefate"the information that
i s then sent tmotehsabis qpealtiogdhwilbbowmsiersTiod thaefl Bx sreve exampopinn gdaef at or
generates a group .of setpoints that e put)
hevef orm 406, MHCHerEH BRSE AR gr RERLRER S e EE BB bR B o,
i deal output) of,of ARreSystem woul d | ook i ke. [0061] I n one enbodr rrent t he
reference set p0| nt generatﬁr sfores the ’{efereH V\@/eform rlts in a
table for |atet08¥e. Kigue d4s3 oy ¢laetamsolanemboniment PHES °d§ BE"Eonput ed
froman al gori Lrh(mtﬁth@fcnhlrmls@r@lrﬁnSd@ﬂlz&ﬂt@f&ér@@ 51gﬂ-z{]EF16®chd‘g€d’iﬁsEasSEtﬁs}ﬁ@teﬂt
generator may occasi onal | y update the ref erence setpoints Qﬁt%g in

schedul ed (e. ghereipgasidegrrannles RbiFALENSES AF VAEFUSEQCESHICPRS: ALLR Y8 i

detecting a dif ﬁ[l@tﬁ&lesegtﬂ:n&@& dtﬁ'&uﬁnl&'sgﬂﬁtwm[ Qﬁ@i?i]ea_ hke Hasrond Rubny@yef orm
generator generates an output wavef or m . I'n one enbodi nent, the system

i ncl udes a sanpt inndified s tthft idlustzatgst @Pﬂeh@ntmpmﬁhoukﬂd)@e‘ﬂ@?l ppodiarly asTe
sanpl er sends L (Pgelr‘,ltar%"{heﬁﬁ)\{:g&ctﬁg%éa%mtﬁo the s& ]}JF EHARE KardteFeFiBtmel 1 of €€dback

syst em obt ai ns"a res erence” wavef orm set poi nt, 414, which

i ndi cat es what ditfﬂa&nvaiduteamf sotﬂeeacsarrsph@ mtﬂodnebhn pifalelf Addﬁbanﬂilysqrsfttem

conpares the OUtEe ut wavef gr m sanp ef er egé1 .wavef or.m sef.R ﬁr nt,
e

416, and gener BPEAHORSAP B8 PIYHF BH?‘F%’IS egt%&‘?tgte“‘ﬁg INEgoR R R AL

bet ween the oulqishs Wav&fudediseepl igpintkntdiien r@hereoess fiavedre possibdd. poi nt
418. [0063] A Sé)stem controll er adjusts operation of a e out put vva_v‘ef orm
gener ator base r e AR GORVRECIEF PRAETEONES WMt PATerstdndie syconyts

response to r eﬁl%iré/de%d?gﬁerctgrard?t?érérﬁq‘or?rp'Eﬂ A asSd W& to ctegﬁuﬁﬁfétlﬁimt peeists the
operation of the output hardware, 420. |In one enbodi ment, the generation

and sanpling oSlondi@n@mtmqleamxgeﬁldmk awwnmgéadre%tef@%f@rset@@w BEETIHNH can be
consi dered as gbtg%md@ﬂgﬁ %?er?rﬁg{n?atuén%irﬂ?& u%sedt\ﬁgt QEREAL Furd | Jarig@nt | nue

whil e the systemis casi onal stem nay adj ust the
ref erence vvavef)mbmsmirelementshmvslysiemnbmys ﬁpmmermm@ondm&;tdfelre dystemeawhpseit e t he

ref erence wavef orgt] 422. 1f the sg t[g termnes, not to reco TTFP e, 1424,
the system wi | fhed ﬁ‘tef‘ﬁ‘hsétptobmé@?q“%t n ﬁsge RS PRSP SATENET iy e

out put wavef or past @@ﬁmasresimérﬂ cbﬁtﬁnlreet;erceaﬁenwet Whdtis descritea is yestaem
determ nes to recorrpute 424 he reference set poi nt ]gﬁ%t rator%(ﬁ%g Ces its

i nf or mat i on ab8wPodiRENts APRYE- B@ﬁ/ﬁéﬁ“’%‘r yhaEncludelogicihat gam F &tPst
waveform and Hﬁﬁess(‘)é 51%%?91'395“3@5 &rﬂ:?at@ﬂ'tte %rnﬁtﬁﬂ@ﬂat {sQhd@niBdit €chal

ref erence wave 0064] Vari ous~ operations or functions are described
herei n, whi ch generdsers. The reference setpoint generator generates a group of setpoints that

represent a reference (ideal output) waveform, 406. The reference waveform is what
the best possible output (or ideal output) of the system would look like.

[0061] In one embodiment, the reference setpoint generator stores the reference
waveform setpoints in a table for later use. Alternatively, the reference setpoints can
be computed from an algorithm that implements an equation. The reference setpoint
generator may occasionally update the reference setpoints, either in a scheduled (e.g.,
based on an amount of time) way, or in response to detecting a difference in the input
signal.

[0062] The base output waveform generator generates an output waveform, 410.

In one embodiment, the system includes a sampling circuit to sample the output
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described or defined as software code, instructions, configuration, and/or
data. The content may be directly executable ("object” or "executable"
form, source code, or difference code ("delta" or "patch" code). The

sof twar e snt|m3eofs t he enbodi nents descri bed herei n npgr/os20py@sisded via an
article of manufacture with the content stored thereon, or via a nmethod of
operating a co ni ca%ion interfage to send data via the _caopmuni cation

interface. AVAWCHIPhE!t-HBABPRICHIEAFLHP FRPUCHISE R sAREi ' ftegOI KISV t he

functions or m@@reaﬁalcpgﬁt&emﬁmbed@n@?&]&@%ﬁ%& FayefoRehyisna dhat provi des
(i.e.. stores (e.g., conputer-readabl e nedi un;i and/or transmts (e.g.,

communi cat i owhiebdndieafes what de rvalup ohthe saraple shawldee d5e fagilackyyseemrachi ne (e. g. ,
conputi ng deyj [ o) :

recor dabl e/ né%rﬁfa&sﬁbeﬁ%%ﬁ@%égﬁéﬁ%g%l_e ,% frﬁgée el%ﬁ‘l%;lv %E%)anys eté) &%4,16’ra§%dom
access menor genefikds)a, comagtivatcoatraisipaldtasedagen diffehicace leprdenake attputage nedi a,
flash nmenory devfi ces, ‘itc'd% A.conmmuni %ati on i.ntt Si/éf ace includes any

mechani sm t h¥AVSTRTEMPIEAId e IefRfense WavRQIRSTPUR. *if r el ess, optical, etc.,
medi um t o Co[UPeB] Catresys@mARdairbifs: adiavts 6foratfdncT a@&seaoug;marayefbuﬁ gedeptit@t f ace, a
processor bus interface, an Internet connection, a disk controller, etc.

The comuni cBEEHAN feselinRabecHRRlPecortRl Y Hal dhub i SPRARSHIOTECEBRE th§ur at i on

par anet ers a@&l%éeﬁo;%@d}ﬁbnggﬁl,qwﬁtehpadms@nﬁé@p&ﬂr%n%@mm%@aﬁdrawa&,nterface to
provi de a data signal describing the Software content. The communi cati on

i nterface caf2bdn erscamtpdimenit.ghograeatiomardsagphngnitbe outpyti wavafosmgedt to t he

communi cat | of oL er {68 ot IASPLYALI QS GOrRanent S, e seriReimg el may be a
means for peftorm Ng the Operatlons or functions described. Each Component
descri bed hebgirtidnneilludeinus oftilaaiessy sthiari duger@ionall Oacaciondllyy diei spsiedimayhese.

The conponents can be inplenented as software npdul es, hardware nodul es,
speci al - pur pB‘BBStE}ErrS&/éﬁngP f"é‘%&?‘:‘n'iﬁbff’iﬂbeasty?tS‘ﬁ ‘gaﬁ'g%fef?lﬁleﬁﬂ}eg\%?oéfcoé%tq cation
speci fic int agraeRdcCwivetirinS 4822 thé Jysteih Gtdraines in@N@IreddPueS 524, $he( DSPs) ,
etc.), enbedded controllers, hardwired circuitry, etc. [0066] Besi des what

i s descri bedsystanewl captipsediaeriomm fecinpidaer Phydiydingdbreottputitidcigm a osed
enbodi ment s %T‘kﬂpdrmo%@aﬁé%e%r{cQFllév%nﬁ.*l{ethk@ys‘?é?ﬁ H&Qm’ﬂ’h(fshg%co g{?@f ddanghef rom

their scope. erefore, the illustrations” and exanples herein should be
const rued i nrefgrendelsetppinhgdngratorapdatesots informationjabeutyke igpyipowemsignadcope of t he

TR O TS, EATHERL GRLARY, Pl LSRR W R, 01 o
updated reference waveform.
[0064] Various operations or functions are described herein, which may be
described or defined as software code, instructions, configuration, and/or data. The
content may be directly executable ("object" or "executable” form), source code, or
difference code ("delta" or "patch" code). The software content of the embodiments
described herein may be provided via an article of manufacture with the content
stored thereon, or via a method of operating a communication interface to send data
via the communication interface. A machine readable medium may cause a machine
to perform the functions or operations described, and includes any mechanism that
provides (i.e., stores (e.g., computer-readable medium) and/or transmits (e.g.,
communication medium)) information in a form accessible by a machine (e.g.,
computing device, electronic system, etc.), such as recordable/non-recordable media
(e.g., read only memory (ROM), random access memory (RAM), magnetic disk
storage media, optical storage media, flash memory devices, etc.). A communication
interface includes any mechanism that interfaces to any of a hardwired, wireless,

optical, etc., medium to communicate to another device, such as a memory bus
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receiving characteristic shape and phase informati on about a target

periodi c waveform generating an output waveformw th output hardware;

sanpling the output waveform conparing the output waveformto a

cor respondi R¢ HRfREPRce out put waveform the reference opdPydroiaghHer M

representing an 1 deal version of the target periodic waveform based on the

recei ved characteristic shape and phase infornmation; generating a

f eedback si gnahntefaged prasessonparintadacehan lotermay conngéteshor disk gontipdler, efceFehce

out put wavef or L LUStdn { t o Of t dwar e at

runti me based %lrrlnr@hqgcaflglél t%rgagl: gl&ggﬁa’a . ) I%?@Yrﬁl Og ] L%SCIOP%H%& ?ﬁ%ﬁ IE)Z‘gztlenrrl"léaf%}lgon of

t he out put haraidér gerdarpwedngBso piepare tiguoinmuarnafion mtdrfmarcbrovide o ditesignde

out put wavef orm and as 2. Th t hod of claim wherei n t he.out put

vaveror m and RTRIEPE St plt I sp o Pieaipt e Bk de bl e

wavef orm and eorfmedre e@nmandilor Righal€ sdnt &the v biicationriespaet i vely. 3. The

met hod of claim 1, wherein generating the output waveform conprises:

generating t hd98¢tlput Vwa%fcamﬁ?m%éﬂ&sqsweéhﬁmng%awe&fﬁe%?mpa anigg the

wavef orm the plsign bt FRdMsalind. DARARMBYRMPHERSERaleREh ficRBRENt ries in a

pul se w dt h nodul at or éPVM table. 4. The nethod of claim3, wherein

adj usting the ©fwee hoaweak, etrfecombiagon patheskar &e FamRoRaHs earhsimglegented

dynam cal |y ad] i r ! .1 i ryntinme

based on t e gEner LR PRSI S, FRLfES Sl blaGolMd AL . £ pplch o
specific hardware, application specific integrated circuits (ASICs), digital signal

processors (DSPs), etc.), embedded controllers, hardwired circuitry, etc.

[0066] Besides what is described herein, various modifications may be made to
the disclosed embodiments and implementations of the invention without departing
from their scope. Therefore, the illustrations and examples herein should be construed
in an illustrative, and not a restrictive sense. The scope of the invention should be

measured solely by reference to the claims that follow.
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5. The method of claim1, wherein sanpling the output waveform and
conparing the output waveformto the reference output waveform conpri ses:
sanpl i ng and conparing point-by-point between the two waveforns. WO
2010/ 0369 W io1é/0482@09/ 058492 6. The method of cl ai m lpcmbsedsssonpari ng
t he out put waveformto the reference output waveform conpri ses:

preconputing a set
wavef orm pri

of ideal sanple points representing the reference out put
anpling the out put waveform and storing the preconputed

sanpl e poi nt $yhat ié-claldi&s {Et hod of claim 1, wherein conparing the output
waveformto the reference output waveform conprises: conparing a
sanpl e poi nt lof tAdneghpdpgmpigivef orm to a correspondi ng ref erence set poi nt

with a PID (propof,
claiml1l, wherein a

%%i%ﬂ%ﬁir%ﬁ—gﬁé‘kﬁaﬂg%%&é al Vﬁ%%ﬁl%&[ ﬁJollJ?{]g}-o %ﬁn}'afcum?t hod of

usting t ope 0 € out put rther

conprises: waveformradj usting the operation of the output hardware to reduce

har moni ¢ di st ort i BAE

har noni ¢ distortion |Hgé%@@gﬁhgﬁ&eOng%ﬁgnﬂmxﬁﬁﬂg&&eperforn1ng a specific

sampling the output waveform;

comparing the output waveform to a corresponding reference output

waveform, the reference output waveform representing an ideal version of the target

periodic waveform based on the received characteristic shape and phase information;

generating a feedback signal based on comparing the output waveform to the

reference output waveform; and

adjusting an operation of the output hardware at runtime based on the

feedback signal, wherein adjusting the operation of the output hardware converges the

output waveform toward the reference output waveform and phase.

2. The method of claim 1, wherein the output waveform and the reference output

waveform comprise an output current waveform and a reference output current

waveform, respectively.

3. The method of claim 1, wherein generating the output waveform comprises:

generating the output waveform based on a pulse width modulated base

waveform, the pulse width modulated base waveform created from entries in a pulse

width modulator (PWM) table.

4. The method of claim 3, wherein adjusting the operation of the output hardware

further comprises:

dynamically adjusting one or more entries in the PWM table during runtime

based on the generated feedback signal.

5. The method of claim 1, wherein sampling the output waveform and comparing

the output waveform to the reference output waveform comprises:

sampling and comparing point-by-point between the two waveforms.
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9. The nethod of claim?1, further conprising: dynam cally adjusting entries
in a reference waveformtable during runtinme to dynam cally adjust the
ref erence output waveform 10. The nethod of claim1, further conprising:

shifting thg@Pwidsskomavef ormin phase dynam cally w th rgespgshod@sdohe
target periodic waveformw thout i ncr easing harnonic distortion. 11. A

power conversion system conpri sing a reference waveform
representing af i deBle meshed ¢fieladm lawbarﬁ@aonwéwmg)&hp@umavw@fw to|e r ef erence

wavef or m generl%lfegglcp%‘ggt‘%bew}gl O%glséged characteristic shape and phase

information of the target periodic waveform output hardware to generate an
out put waveform a frewdipatkg b sopf tdoalrsampl@rpelrttMpmaﬁnpug theaefefeocaqutpirid

a controller to C?N{)are ? tﬁ@. vefgor surer‘rgnts to the reference
wavef orm and gBRET AP Rt e¥HRACK AW %IH‘ SA%t he conpari son;

wher ei n the out put d&afr@wm@-e&:@nmﬁbdaﬂmpﬁatpoaﬂs oper ati on based on the feedback
signal, wherein to adjust the operation of the output hardware is to
converge the output waveformtoward the reference waveform and phase. 12.

The power conver si OfheSi&h&IBRiaikl 12ikerkih coperfifd the bBGuONiRBrmWa RS or m and
reference output waveform comprises:
comparing a sample point of the output waveform to a corresponding

reference setpoint with a PID (proportional-integral-derivative) controller.

8. The method of claim 1, wherein adjusting the operation of the output hardware
further comprises:
adjusting the operation of the output hardware to reduce harmonic distortion in

the output waveform without performing a specific harmonic distortion analysis.

9. The method of claim 1, further comprising:
dynamically adjusting entries in a reference waveform table during runtime to

dynamically adjust the reference output waveform.

10.  The method of claim 1, further comprising:
shifting the output waveform in phase dynamically with respect to the target

periodic waveform without increasing harmonic distortion.

11. A power conversion system comprising:

a reference waveform representing an ideal version of a target periodic
waveform, the reference waveform generated based on the received characteristic
shape and phase information of the target periodic waveform;

output hardware to generate an output waveform;

a feedback loop to measure the output waveform; and

a controller to compare output waveform measurements to the reference

waveform and generate a feedback signal based on the comparison;
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the reference waveform conprise an output current waveformand a reference
out put current waveform respectively. 13. The power conversion system of
claim1l, wherein the controller is to conpare the output waveform

measur enepie20069038974by- poi nt to setpoints representing pdRusBiRAIsENSE
waveform 14. The power conversion systemof claim 11, further conprising:
the controller to dynamcally adjust entries in a reference waveformtable
representing the VRHEP & REPREYATR YRSt 2LoReravien besed wp & feedbpsk adj ust

t he ref er encggyueicadimo afust aala%ﬁaewoqummih@ﬂwﬁy@igedredabelg& glem 11,
further conprising: the output hardware to shift the output waveformin

phase dynam egpityvaxeform tewgye die refgrenpeewaefgor andghpssdi ¢ wavef or m wi t hout
i ncreasi ng harnonic distortion.

12.  The power conversion system of claim 11, wherein the output waveform and
the reference waveform comprise an output current waveform and a reference output

current waveform, respectively.

13.  The power conversion system of claim 11, wherein
the controller is to compare the output waveform measurements point-by-point

to setpoints representing the reference waveform.

14.  The power conversion system of claim 11, further comprising:
the controller to dynamically adjust entries in a reference waveform table
representing the reference waveform during runtime to dynamically adjust the

reference waveform.
15.  The power conversion system of claim 11, further comprising:

the output hardware to shift the output waveform in phase dynamically with

respect to the target periodic waveform without increasing harmonic distortion.
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