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FIELD

[0002] Embodiments of the invention relate to generation and control of electrical
waveforms, and more particularly to adaptive generation and control of arbitrary
electrical waveforms using software processing tied to hardware waveform generators
and controllers, and even more particularly to its use in electrical grid-tied power

conversion.

COPYRIGHT NOTICE/PERMISSION

[0003] Portions of the disclosure of this patent document may contain material
that is subject to copyright protection. The copyright owner has no objection to the
reproduction by anyone of the patent document or the patent disclosure as it appears
in the Patent and Trademark Office patent file or records, but otherwise reserves all
copyright rights whatsoever. The copyright notice applies to all data as described
below, and in the accompanying drawings hereto, as well as to any software described

below: Copyright © 2009, Xslent Energy Technologies, All Rights Reserved.

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 (depending on the

country) with no harmonic distortion.



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 "WAMHUARE9E the fundamental frequency). Using Fourier analy 316 TAISAMEYAERAY
waveforms can be characterized as a sum of the fundamental sinusoidal frequency and its harmonics.

An idealized waygggsn foriansiepiRchEPSRRY i9iBLERlY SiRdIRIAAbnIOYR:dheoidaahRAVE! dignal
waveform desired is purely sinusoidal with a fundamental of 50/60 Hertz (depending on the country)

with no harmonREAiEt8 RICAIURIS B3 EGRAIO NI SH0A0 958289 TBD08YRISAIISE’al power grid,
unwanted harmgpicedisHREtieR Wi caUse FRgNSAUAGQIUIRELICHRREIALANS sHARS IR QkSsi GapRCItors,

and may overload neutral power lines. Equipment that requires an accurate voltage wave shape, such
as silicon contr SRS PEIEHERI ST R Rivle %{&@%%fé?é&?%i@g;o%%aﬂﬂg) by arRBHiC distortion.

[0006]In multi-phass-sysiems, harmonics that are due to single phase distorting loads may spread
across the other je. ; three) phases giving neutral currents (i.e., currents on the neutral line) a higher

value than the line dOFRRE-BYARHSK rieapaich e ergh v e tinein el P Eiities only a
small current. Whan siaglepphrse-toada dvipduceshanmReniamstiass isd neteasedfisk0fi @verloading the

neutral line. Overloading the neutral line increases the risk of overheating and the risk of fire, and may

cause groundin§PBrobiERdhfobtRldir Aikkhehrrbie dredhp aRbieding SyLierh et substation

transformers anghpawae fagtarseRfegioncappGHO S pithséarmersniya affpatedriyna wisterted current
waveform wherejn they generate excessive heat, shortening their life expectancy. Capacitors are

affected by the VBI&GE iR RO RS iRl R S ENE A ONHEK BBepIBSion.

neutral 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.
Additionally, 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



[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 must8HR/04414he UL 1741 interconnection standard. This standXdYE§AAEBEthe total
root mean square of the harmonic voltages may not exceed thirty percent of the fundamental root

mean square outPHIKAHREER fatineo(RpsHian46rddbPnaingiaibapyerifMay.net @xered fifteen
percent of the fundamental root mean square output. These measurements must be made with the

inverter deliverifgBIReiR iRl pd ARRhY B s Bl YAV turrbtheidistpsan (086 YC to AC power

inverters, which,gpfRmRaNYGaRBeaiheRRAAVRLAISTAT NG GeBERALINM VRIS cHs®yh pdwawidth
modulator (PWM) for sine wave generation. While this produces a relatively pure sine wave, harmonic

content remainddAEF B3 LN Al YR Titr SfUERY By oHBMARTSRAS &Sl e TR R hASRORSS power

output cannot aghiaves PeirURtRAKANTaREE WHR BduchRpiehareranasrMdditoaallyrihe
harmonics may need to be controlled and/or reduced to comply with interconnection standards for

equipment conr@BSEGoM RS fERE RSB R MR stif FETSFE commonly used in inverter supplies that

use a PWM to qaogel harmasisndistartienethiteseoadd signiticantcaashapthponas tisiosherneficiencies.
An alternative to such filters is to compensate for detected harmonics by %enerating&an inverse

harmonic signaltBh&rehiieg e eh e PURATt SRR thE B HEBRDEG AN SFPPodh requires either

extensive softwaig e6essRgeo haddiinnalibesibndardiiaiefudbesr vadisenabsysiemsethe cost of
equipment rises as the number of harmonics needing control increases. To cut costs and complexity,

certain harmonid& S/ IR HoPaRS AN UASSI6tMER R naWsHRY Hagkqutodibith'bhase shift

between grid voligigeeane sunterisptaysdusignidic ghhso kb dnnhevgrigindle if ansieldoip active power."
When such phase shifts occur, the transmission lines act as inductive loads, which reduces the

voltage along tHE¥ TR A5 Erfect B IR AFASERFSEL R TIRAE e L &S BROUNGURY afiMEkouts. It is in
the utilities’ bestrioteresipie vetuesosdabe phraermaifling @ veRWALSE R dhehifith & o @ogatain degree.
Common practice keeps.th ase shift at about .90 or..9 wer factor to prevent resonance
ohenomena ol ALCITING PHAL SH R TG HRMLS ) SRR G5 SE B S R AR supplied
by large power gaagrdtikspias)iitieg awaye dHisphaselsbifing canthecapisatineore locally by static
capacitive compensators, but that is costly, BRIEF DESCRIPTION OF THE DRAWINGS [0011]The
following descripiBRTAMIYEs d]i%él?éé?ocr? bﬁgures having illustrations given by way of example of
implementations of embodiments of the invention. The drawings should be understood by way of
example, and n imjtatio rei ces to one or more "embodiments"” are
to be Endersto(J%tﬁ‘Qgirn\e‘ﬁi‘lf‘%(.l.J 91 A&%ﬁﬁﬁmor characteristic included in at least one
implementation [@0t1g inveTtitofol [bhusg Pesagps quiitiagdiniBoassimbotiiigents kaviiegan alternate
embodiment" appearing herein escribe%\garious emﬁodiwents and imglen?FeBtations %zéhe invention,
and do not necesSaRRI IS8R0 ¥ ngFHB]&ﬁ g}ﬁ.eﬂlg\wgggﬁstﬂ % Q4TS op ! 8essari|y

mutually exclusiw@ention. The drawings should be understood by way of example, and not by way of

limitation. As used herein, references to one or more "embodiments" are to be
understood as describing a particular feature, structure, or characteristic included in at
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.



[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 diagraPRA0aHBBbdiment of a system that controls harmonic distortRTEEPARIPE 3 is a
block diagram of an embodiment of an inner control loop of a nested feedback control system. WO

2010/036974P GagyS52009/ri4 Wi {00 SIFigas e isradlevivbiamnam &f 2preeeRodiment elia process for

generating an output signal based on an idealized reference signal. [0016]Descriptions of certain
details and imp@hfR&fiSHOHb 8% diRR ARidgakized reference signal.

[0016] Descriptions of certain details and implementations follow, including a
description of the figures, which may depict some or all of the embodiments described
below, as well as discussing other potential embodiments or implementations of the
inventive concepts presented herein. An overview of embodiments of the invention is
provided below, followed by a more detailed description with reference to the

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.



description of the figures, which may depict some or all of the embodiments described below, as well
as discussing other potential embodiments or implementations of the inventive concepts presented
herein. An SVE&HENBFEhbodiments of the invention is provided below, fol BWEY$AP®/AI8#&2detailed
description with reference to the drawings. DETAILED DESCRIPTION [0017]As described herein, an

output is genergiiel PpsedraathidaslizamauinulcavhichBiRudss harmeRis lisigstian eentol of an
output signal for a given input signal. In one embodiment, software processing in conjunction with

hardware wavefSHRUGERNEAABR Wit ERGeh Brisiires P iodipwarripsmny ArdaiHgst h output

waveform. The gedpiiplyayeigmm is RaseckomippdbsaRmzpbaniRimatienniraledingalyt not
limited to, timing, phasing, and/or frequency information, the instantaneous form of the actual output

waveform, and AtraterdhoecantalingsBhassspHE AlihePBIP A ASF s BiF iR Alsg e actual

output, and progdinareesressiving @ thelisantpiaetecalicmechansitiedasysieny GeRvargss on an
arbitrary output waveform given specific input information related to timing, phasing, and other

frequency chardBatrfafiedhih PRIt APSGERTR WhAvErSHE, Qb YobeitrathdiBre e Q8RMg an ideal target

waveform. Suchawfetemediohe Msehid R odvaasam drkitian ARt RIagCaNayetRtavith low
undesired harmonic distortion, as well as an arbitrarﬁ{ephase relative to reference tabular data

representing an RS HINSIATHY & RO ol ARV AbAIO Ws ot BHAA IS EBHRIE D&t ut signal can be

controlled. [001]AsHigsenbeatharainy drihetdhne ilandngdheutpachivediome rapiabiem mile away
from the load, the reactive pqwer can be generated locally, resulting in a more cost effective method

for handling the /SRR Koliies BroBsh e Wbt eRiddaniar di6da% stems. hi one embodiment,
a grid-tied poweoQoyersiansysisirprpcevides a imxahaative and feact e eewestan demand,
dynamically, which saves cost, and provides_ a morcf stable electrical power grid. In one embodiment, a

power conversiSH SRR SR TEaH L RHE ST SHALS SN e HURTEaH M B SPEEH Nt (locally) and

the grid voltage despeavide @it imingc pyasandoieattver@awes oindemansh (Y@ target or
2010/036974PCT/US2009/058492 O%EQ]Reference to %Fneratin% reactive power locally an t3shifting
d@?s%/% 0

phase of an outPRRERRTBHANIT s bRTE B Bl E et SU R BT EFTHAY B O

accomplish a sigtilte pereaaed bugig waveeshimertic payesfagiaristaniroledliecaliy.atadoad by
controlling the phase, shift of the output \%;d?\]/dzg??rm as facing an electg];:al rid. Thus, looking at the load,

power factor caf"B&"H Fit@ﬁ'?eifeg?% v8 MRHCIRATE NI GRRGRLBIR B phEYe shift to that
of the load. Thugddiecdutpratioreatgtont angefackneayliyitioud ddahase s esgeet iefdha@lectrical grid,

effective "generating reactive power" locally at a load. The phase can be controlled by matching the
cutput waeorm 5 SRS HREh G UREE PR AR il SHEARERG 03 TP oFatth the
output to the gripoamdiardifteceddd{RRAN]hcontiphpigeasiscanpuytimpieanaitocnda sopaverel process of a

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



microprocessor or other form of controller) receives information about specific desired periodic timing,
phasing or other frequency information for a target or synchronization signal. The control process also
samples theN@staHARE3hs magnitude of the generated output waveform. THeHERIEHESBMPormation

and the instantaneous magnitude may depend on load characteristics. The control process compares

the received daignia #eEROIYS Of polferanssoligitizachidranyRysiRMSA Ging (8fereRcrRwayeiorm as

stored in tabular form), point by point, and computes error data, point by 818int. In one embodiment, the

comparing and EbRSpRATIMENS B SRPIECRIP P AR T e e S5t 0 nt WAy BE s iy WiRhronized

to the target or $ICRIQOIZBIODEHNETING NRHAYR e fieddinasaPiiseinhedasphase offset is
applied, the phase offset can be hard coded or chang}e‘d dﬁ]élmically. [0021]The system applies the

generated error PR HBRTOhrABRERABACK UUFRIP & RS PSNFH TRYF xR/ conversion

proportional-integral-dentyatixethR boweontiaterh yhich pensiatecsigrakypdates. In one embodiment,
the error data is point-to-point as with the reference signal, and may indicate chan%in or doing
85

nothing at a partfAd} outptit FriPahehs IR AUNELEE AP BatSiRrL P /P date tabular

data, which is apglipchée adardwareanvaneiera oenersirkand (Irsgetielleinldigcvavefash generator
produces an output waveform that more closely matches the referenced ideal waveform, The system

allows dynamical§Saapthie YIHBFRITRRYRESIBARRT Ry Signatanddisrtins e handgnalisedorrected

data for any arbii@ani/ieieeenes, WRuSaem. 122! Ima PONR Ganversion eonbedimerd othgupower
source is sampled and controlled by the control process through known techniques, such as MPPT

(maximum poweYSSIAMTARRHTY & DR AARS S D AR RN RN B Y2 SLEH ISR E 0 -pending

patent applicatiqn dled d/ot4-882v dilgahvdulie vial 2 Q66 c RidHIQathR ANV IR ERG R AGd LR UEI&ECTING A
POWER CHANGE," and assigned to the sam -c%%)iorate assignee). Sampling and controlling the

power source far BB RS RTSI HERTROM S S AR R A & B YRS YHUE BRKer converter.
[0023]As describefibdheeSysianncasneenial g€ the autpitveigerita, anddeatireferneasignal without

analysis of or knowledge of specific harmagnic distortion. Howeyer, hy virtue of converging the output
Cional and it wADBHREES e ABEI S LR RUCK TS e SR GHOE Harmonic
distortion in the idutputiwayeforsiciegardiess af fiscpiiage oiisaidoihadnpoihisyneldiveizing signal
without knowledge of relative power levels associated with individual harmonic frequencies. From one
perspective, hafMSRiE a8 t}gﬁ LSRR MRIBE S SPUR YR iberedi a8 Lo {dheration

of the output waeet, irresgesiiviesohintanmatenphowaspreitichabaoniseakthencutput waveform.
Thus, focusing ogﬁlggner.ating an ideal ou;gut wa efgrm rather thagi)%cusirﬁ on particular harmonics,

reduces the compieRIt 1 e biats oY Up Gam: By RteF v RS enactidaR Fedticiny digtettion
[0024]As describaddier@iraiite: eitputavaveiarwacaiohe aonverged wavaform. The system

generates an output signal, rather than simply attempting to modify and/or filter an
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



synchronizing or target waveform of arbitrary shape and phase alignment. The output waveform can
be either a current waveform or a voltage waveform. The system generates an output signal, rather

than simply WG XS modify and/or filter an input signal. Thus, the systBATAERWIA0EHR the
output to the synchronizing (target) waveform with only input information related to timing, phasing,

and other charagi@risties 9f 6%@%%@5&&@1%&?&%@1@%&@é@ﬁ@geﬂewmuf&igr@dﬁ&mpared to
ideal target waveform information to modify the output waveform during runtime or active operation of

the system. TheleBihdiEoRRERNE SPRRRIAG Y BRUEE P iHh&F dtenas HERPHADI \RRIGETBIFH £96%er to the
ideal than origingly RxRreasegoniihem. the BeadirR analyisthahanenicwontentablig eptput

waveform. [0025]In one embodiment, the ideal target waveform is stored as a table of value entries or
otherwise as a GfOEHPSHSLIRSTAIEITHR waveform entries (or setpoints) may be in any length or format,

integer or non-inpeas]- ThendaaldatertwaretReny siifiemPayidegeppimiethdyamicatheintnentime, or
hard-code or pre-compiled from pre-computations. Either dynamic or pre-generation of the waveform

includes computifty (AR fReiense AR Ho hits theXats ORI Tassar vy fY DY thashdd output

waveform. The Taligs MeyrheHPpeitiobakieladearmalizatngveiarts (ikatbeateNaluepis 1), or may
be computed with a multiplier (tscaling the waveform ejther up or down). The waveform shape may be
fh

sinusoidal or noH'SHALsi REPEEERABY 1o iR SPIROIB AMER Mo hVAYSOT8r REMBIETDEMN sine

wave, square Wayle SaWiootduRl Biheniapdeic wraveiens.doexelvnene ambedimenkithe waveform
entries are evenly spaced (in ejther the time domain or the frequency domain), but they are not

necessarily eveHI§'SBaJEY, SRS JTIAYMERE &2 8IEPER RGN QH WRATATR Sy M 0ditiate when

samples shouldihefakerbteirasiespenihtothe setpairis aliine idaahwayveiPest a dhanvavetasm value
entries could be running forward in time or backward in time or any mix thereof. The entries may be

stored in a compPERSAdH; HEH-REN I PERS PRI st A TR hEI AT BBYSRER, the data may be
altered during ryoeiz7¢ to affect ehghange incthafomnweitine tdealsway afgmmionanothen{e:gorndifferent)

ideal waveform. [0027]The comparison mechanism within the system implements a comparison
algorithm . whic S B TRATE B9y O A A BP IR, A R e e The
comparison mayiipmsie Shenlingnitiinisiichvioliistichpieeh rokies @We hatsiesessatiuesquired. In
one embodiment, the comparison is paint-by-paint, Alternatively, multiple points may. be sampled and
compared, or tHECSARE MAG BIFENHRET5: ERSRSEt R CBBIREE OO RIGRSFAR control process
may include a salretiac vaBchanissty pdiith msybpstiapraaydtangaidddonaiestanslaigd sakection
algorithm. One e@afn{wle Eelectiog algorithm is %Proportional-lntegration-Derivative (PID) controller.

i

The selection aly 5B MUY B ROt ha¥&T kalculations, and may or may not transform data
from the time dqo928] to freguenaycgraiksomdgtnvRidaas atioaf thelsslisaiionhitbesss. In one the

selection mechanism selects data point-by-point. Alternatively, the selection mechanism may select

Jata by group. OSBRSS S SRR B et OB 8 BB U etorm.
algorithm is a Proportional-Integration-Derivative (PID) controller. The selection
algorithm itself may or may not perform calculations, and may or may not transform
data from the time domain to frequency domain or vice-versa as part of the selection
process. In one the selection mechanism 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.



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-standary @=¥HARAE b diive the generation of the output waveform. In FHETERMBANIMRHA2 the output
hardware is driven with Pulse-width Modulation (PWM). However, other digital, variable power control

mechanisms copjg3pg usefs Allesnatiyabo N alam ot sisRiGaBotpechanRisms #pkdvRepsed to drive
the output. WO 2010/036974PCT/US2009/058492 [0030]As suggested above, in one embodiment,

the generated otPUPHINERSHHA RRaSEDR dhifeREShIBRBG SN YRR MRVE RS ek ST TR wWaveform.

As described hejgifinthgetiming: could be Rbil4atad Pintheraoioles deidrive hirR P Wseform
generation at a phase offset with respect tg the synchronization waveform. Such phase shifting can be

accomplished d§FRFFRESN APRASEIREREASTHE PR s RRstREBIP R MR Y Y SECH R RIS 8 Stems that
manipulate or fikgrafe Ry bsigRIMPOIEIRGunlcisd Riackudiagram o p-aoihedisienioal asystem

that controls harmonic distortion with a software feedback control subsystem coupled to a hardware

waveform contrGBIa QLRI SHRERsIE N epayariara aufilisdn B WA tput and control system

102. Power pathobb@represenie thie PalbQf alesticdrpawsibbameawEes dekie deaddifpias controlled
by output system 102. [0032]Output system 102 includes input Ioower converter 120 to receive input
t

power from soufCEMYUSHS CBIRPHHID SHBYALT Ferthaekgomsie! i RS SMbRYBSHer donverter 120

includes hardwaygGeame QAeBESHAICtRERIVEIY S ReMEINSi gitah e LHBWEF s unet M@y, idatudesappdopriate
power components. In one embodiment, input power converter 120 implements dynamjc impedance

matching, whict? BRAH RS FRITHY Y SR8 Shics A8 S Ratter T ESRFREARLH BV @A HoPh LETH SRR Bynamic
impedance matefingstictedER consiantsiracking ¢1siyBupuRewWesRait, as well as driving an input

power coupler (e.q,,.a transformer) to maintain as flat a power slope as passible (e.g., slope of zero).
Input power corﬁ)ﬁﬁﬁ 1205“%'*’1’@6%% Lo iPst SR AR U ARRSTH SRR AT CAR BIRYLB s well as

providing input isoineligasen Gperediondofib e soryeites.fBa] pit (eediotvard ¢l Amsavidesinformation
(e.g., maximum power value, frequency as appropriate, or. other jnformation to.control the input power
Converter harduiaTEFBEbUCHELBRTRE BOWRR G ERRRSHLT SR AG 145 HSRH R AP bower
converter 120 bas@ehay itheudpup préprinatisnabouinieninpuiponeenbodirader; ktpprasents any
type of processor controller that may be embedded in output system 102, Controller 130 may be or
include any typd oL MRRS CRG Y LGRS BIBTEs PR ot S s s RBhurol logic.
Additionally, corleeieni3Qomaninal ueerppropsiate fremayrer Stdraggmeanedaiedisde.g., random

access memory, read only memory (ROM), registers, and/or Flash) to store code or values generated
or obtained duriﬂﬁ%’ﬁ?ﬁﬁge&}b ergaf%étélpgl?)et-r%%h%?e@?ﬁ@?ﬂ]@8m &MY HVed SHaYPfhable

waveform geneiaput p4@do@apriate ., a transformer) to maintain as flat a power slope as possible
(e.g., slope of zero). Input power converter 120 may receive control signals or
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



the desired output waveform. Generator 140 also lies on power path 110, and receives input power
from input power converter 120 to output. While the power may be transferred, it is not necessarily
output with ¥We 3883 ¢eform as it is received. For example, a DC signal R/ W5§tes a
sinusoidal signal, as shown in the example of Figure 1. Other power conversions can be accomplished

similarly as shoyyp.ansbeeseidaesh ik 988 arobedirent gensaier. WhiiBehides RV Mo generate

output waveform 108. Generator 140 receives control signals and information from controller 130, and
may provide staff#8¥F 6k kit ASAFEFHTAEIOh W REHARTSEBHIANEFTTASThE SERpEN SR orm may

be either currentQinyakag ©(0SRIHIRWeSYSiaMal % imabladosiBsarRRraswiracHie traingidhasing, or
other frequency information, into generating output waveform 108. Such timing, phasing, or other

frequency inforrAklibFiiRdy BHFERIVE] TS IS e RaResRRRIRh k¥R SHABEdRsent, such

input synchronizetignbeatampsHy embseiinien- Ueie iaad 1nfoRmRiiRE o PWINCH caseritdnayae referred to
as "load synchronization iné)ut." The load synchronization input or input synchronization data indicates

information nec@&5HTY 88 shraae LR LsroneARrelgheny LHATIRGRE. 91Bh information is

indicated in outpyh&wsaM3L0 ARG SMBGthik. R chEXSIe WheHRatieh QutRiliimanticipated (e.g.,
connecting to an electrical;%rid , certain voltagﬂe, timing, or gther information may be expected (e.g.,

120V at 60Hz), SHshit PRt S BYSFAFTLEY BF FILGE By H X¥elRest startup. Based on load

synchronization[desa] the Ditiphesiiraie 023y bisladjustech JRRSOleant aliemi3pnalsamaastses output
feedback 116 off power path 110, to determine the actual output generated by generator 140. The
actual output is SEREAFE AT AR P PeFERa RS RM iW@Vi?Mrédl%%ﬁ‘f% BaHY'generated.

In one embodimgnihevtpefierdbiack hheién ampbstreelia to KePIesedRuRbhiNtRSISMEN by
controller 130, and do%s not include separate component%gn itself. In one embodiment, output

feedback 116 intGFEEPY LT ECTh B SR AAL P Y SR I RA IR [ Sompare to the

ideal reference sighahatf@uipulfeadbaektldhbyibeludesaDropONRAS Sephrate ierm GealotEe130, it
may be driven hy (%fntro ler 130, and receive comparison data from controller 130 and provide error or

feedback inform2A0AY T BRABEHBD ALY BRSSPI NS AR R Be at least

hardware compasentaaceksaniiity ddesatackicantivkipiotesscigdadedace. Witththeauipidines.
Additionally, output feedb?a,ck 116 may incl éje other hardwaé%{o performing meaEurements,

computations, andiSF BT ARE BrSREeB g ARS U8 07436 FAYESBOSRSES 5 B3 7B oth
output sync 114aaticipusdutfecdbaciciild inay dectondidamddaedbackigepsming]lbbethiiderstood
that output sync. 114 and output feedback 116 ar t th e thing, and serve different purposes.
Outpot sy A1 ATRAANES (AR E B sbericd Cahi CHOEHAELTE) SSO8toteat i reference
waveform table gidgr{aitiedtifeadibadk Byl hindicatasihauvtiije Batualautpud wakas fromithedseierence
signal. Update table 134 represents data generated in response to output feedback 116. In one
embodiment, ot e @%ﬁ?ﬁé@e oaﬁgl%ff ge information on the output of power path 110, while

output feedbac 103 |s ba€edtesileutBotadisienigeacoatpdtdtdiraokitpld offpower padi 110 to

l0038]Based on outpul S¥e A4 (or based. on aninitia estimateof fhe aulpulsyne) output system
102 stores and/or generates reference waveform tapl , Which' represents an ideal form of the

output waveformaesired io dvei drah ectiea deyt g dnrraiarelid4 theRitdrahoatpiave lwimptakierd@d. may be
stored as a tabl? or other set ofIPoints S?% s%tg)opt][s]) hat reflect what the outgu%w veIorm "should"
Q %g cC ac O cnt o

look like. While &' SRTSBIA&T WaVESHTS represente h Sa%r)l/apesﬁ%c O WRVERST CoicPBe used.

Reference wavefetsutaineniBR coaydltertiively deeseieried dideas parefe rengenaneforinetbH unce.
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.



[0039]Based on output feedback 116, output system 102 generates update table 134. Update table
134 includes entries or points to indicate how to modify the operation of generator 140 to provide an
output moreV¥b3Y/ Bthing the waveform of reference waveform table 1FXTAMEMRMEIB42d as a

table, update table 134 may be a stored table that is modified at certain intervals (e.g., each entry is

updated as necgggsyy to rgiachmeasyirdierandatapuerdvdabie nenamied aswy-ateach update
interval. Update table 134 may alternatively be referred to as an update data source. The "updates”

may be modific&tsthads ansaltadllihe vedistenddht bP Ry 6 rithingutBre ekl locations
within a memoryaGeasaedJdayeaanitolan 1ak<lniger Apbadrerbueaah yalue ol heate able 134

indicates an "up,” "down," or no change for each of a set of points. Such values are applied to the

hardware that cHIfrSfe ke TaRSEEEL AReuld Aakoliks cas ok iB AEAFRRG MR YS ebRVARK: [k the

desired ideal waygiariTedd04X AN@nana LE RRe e ecrablRtsMstent L3 Bandervienad aa daving five
features or comﬁonents. While these features are depicted in Figure 1 via certain block diagrams, it

will be understob@4AE ANe HEBIGOI AL ERT U ndE RAMI RS QHRS T ERRskd Eardha8NGsed to

implement one emmQIeehthese feajHEes FRmawpesefmnh SiSaRsSIRMoANh AR Syt Opdwtation,
these features are described following with references such as "Feature 1," "Feature 2," and so forth.

It will be undersP38Y h% ¥t A EIRVERARAT S I fteRP SR AHE b T EtE Pt S TRE Yah RIhMAHRIbf the

described featueg poweNREneny, and does not necessarily indicate anything with respect to order or
significance. [0041]Feature 1 may include means for jncorporating, specific timriigtgglphasin or other

frequency inforrfahBH. ThEHEAAR HERYESK S A inarePasdior SoraAl estirsiedidhs st tRieive the

input synchronizgfiey slaisuos,aach Syncheeizakios inpidtieiersed dacahanefivhichbe basedgsroutput
sync 114. Feature 2 includes reference waveform table 132, which may include a table of data or an

equation within SEHTERE A eLmhes the UL BAYF R BLAS T o- 0B SR HECE B RS R Iudes
controller 130, whigIRetasehe: avdnefuds atseftaaiaslgeritoradhateoppareshdiaaadBabiitnut

vavelom generaled o SRS LB i e Gedl i o epap ssygpresenedy
otherwise selectsnansl@gneradesadaspdaiateapiasepiasiRywindasenialdeld 84 ukantRegeteiteludes
generator 140 that uses the update data from update table 134 to generate outpuf waveform 108 of
the dosired shape BIORBABI, (A AT BHHLEVBEASNITR FeBMIEs FESERAVE 1 SBAMR timing,
phasing, or othq0639juendyaietoonatigpupfexdiasksyrgvapizaterinfimatiemntesthpdaempseson and
ipdte sy n copiolgy 130 T plomalen oy come ey o i cqatn, samping
representing thepeferiencd waedasim 40 to provide an output more closely matching the waveform

of reference waveform table 132. While indicated as a table, update table 134 may be

a stored table that is modified at certain intervals (e.g., each entry is updated as

necessary to reflect measured error data), or may be generated newly at each update

interval. Update table 134 may alternatively be referred to as an update data source.

The "updates" may be modifications of old values, the replacement of values, or may

be stored in different locations within a memory accessed by controller 130. In one

embodiment, each value of update table 134 indicates an "up," "down," or no change

for each of a set of points. Such 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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can be of any length and of any format, integer or non-integer, if within a table. Such a table may be
generated dynamically at runtime or be hard-coded at compile time. The ideal form of the waveform
representedYR30 B398t oidal or non-sinusoidal. The waveform may be reBrddEPREPI58d2a values
evenly spaced in the time domain or non-evenly spaced, forward in time or backward in time or any

mix thereof TheianefRsr kR wd-akigraat kel Perapirsentect by data yalugstndhadigauency domain,
and organized in any fashion. The data may be compressed or non-compressed. The data may be

represented by SPEEERRMBINAIMER then¥ERisttsamFitly sdpdts Gy skt 1oy subisstiBR & TcPpart by a
table. In one emhedinaiedte stoeast seiRntniNAdABIR Atk HoecUMBLIRd dasUES B dnve@yation. The

data may be altered duringﬁférocessin at runtime to change the form of the ideal waveform to a
different ideal. TREPERIGR S F&Ted SHffeform table 132 can be modified or replaced with different

values if altereghgd ryntimeathe dataymaydae Aianeeiame PRx@es Phasaithithe papyhwayeform or
it may be shifted in phase. [0044]With regard to Feature 3, controller 130 may include any traditional or

standard compdHeenagmpnin %%H&H'éEB%mﬁ?HSdaﬁ%bé%Qad&‘faa%&?éé()ﬂfé&fé‘gé?ﬁmg the output

waveform, samplagRychatdwasticane thpostonnadiniaisaftyarerdaia valdrothrateh isiardard or
non-standard sampling techniques. In one embodiment, the controller compares the ideal setpoints of

the table or equiioreCoinABRAToN LIRS s ARIYURIANER Ibrhsaiiyn porPEss peificsd generates

en-or data, poinivayepeint +dblens2rhndimantnhiedeaniiolies CaiPseanss it iplei peinsral aace
instead of point-by-point. [0045]With regard to Feature 4, controller 130 includes a selection algorithm

which creates ol JEF@EHSER L sl f%ri‘ﬁ‘gogﬂﬁ}tglﬁmrﬁ%%b%sffﬁ&%{?@tglﬁlmﬁﬁé?mr%g

embodiment, thesglesiinnadgardbridbrRlvas PeWarinG calsiRlicnsm pdiesnaé vetvatidatpetection
algorithm may simply select data without performing processing or performing calculations. The
selection algorithAY PP rSRREEA by SaNeEyeh 54%8@‘&}1%%6%@‘%: R HhE HSR Y alues in the

table preferring tepusepothercsiasage wieetorhasieDIFalgasthmdnay drangiasmihevdatm from the
time domain to the freﬁueﬁﬁy domain and vice-versa as part of jts selection rocgss. The algorithm
t& Madha

provides an erréP0B8 QMRS CLRIBRANESS Ml RISARHAL Y UPLYSIHRE that will correct
the output wavefgsrasehed appliede Thns,1the Beitpué B ava i afterapplication ofdhedataimalues

appears more like the preferred ideal waveform. [0046]With regard eature 5, the new data values
represented by ﬁ?)ta USRENel af%ﬂ% f)%f?e%e?grﬁ raﬂd}% Wﬁ%@%%ﬁ%ﬁ%ﬁﬂﬁi g?ﬁfard processes
to drive the generapiomiof, thebigpitidyhuetorm. In one embodiment, the new data values are applied
via a PWM mechani org&@(l other meghanism that transforms discrete data v%Iue into an analog

i

output form. [00 ure Y 1OLHBAQRGIRET O TS REOS RS PIARRT HIAF CSRIHSRCY

information provides synchronization information to the comparison and update
algorithms in controller 130. The information may come by way of a table, equation,
sampling of real-time hardware monitored signals, or other source.

[0043] With regard to Feature 2, the data representing the reference waveform,
can be of any length and of any format, integer or non-integer, if within a table. Such
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
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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 WEUREPRP®74nd output 250 may correspond to an output at loaBCIHBSHHABEhbodiment,
system 200 controls harmonic distortion of the output current signal and the phase shift between the

grid voltage anchfige LutpHH eI eMSigRahohaerddird ek iRhaiRygikale ariathes sputfce, DC to AC
power conversion system. [0048]System 200 inverts input DC power 202 into output AC power at

output 250. In oN&EHBRRMERAYRE VBt ARd% rrent at output 250 are both ideal 60 Hz sinusoidal

waves, undistortgglqay spunqis-BairenicsamerecthirreHEerioaiinen RusenISAGsie«ltage by a
phase shift. Such an implementation can be employed in a grid-tied system, where the output voltage

is firmly establistiRRf B FRIMPELAD At et 256 optiPtReetiFER CRIMSECREYAINHBRE UL 1247 require

that the current Rekadree di:hRareNieWisiaHicanDRdlUsthatadasysiea 200 pra¥asat least the
formation of an ideal sinusoidal waveform, shifted in phase from the fixed voltage of the grid, yet

undistorted in aSPERRIREHEA BRBRIABPHRARAL R spRriteiR Grapaling Sebniabd L eparated as
three elements. chigfifsteis: tehestahlisiea dakipapfsidealdedrrens saveiomm walkes tefuthpgesired

waveform with a desired angle of ghase shift without distortion. While described more specifically to

output current WAVRRBIHS Hht HHdAF CHRTHPHZARIBANS TR HINH @ ARLBYROY- thikt SERHILH non-limiting

example, and thgrdisgatasiinvish seERET tnsYaBAiIZA Contdhadpplieshalsectasaantipiling output
voltage waveforms, with modifications that will be understood by those skilled in the art. The second is

to compare an XA BLRPEE YII5aF GARSARY BP Rivaveform generator to the ideal waveform. The

third is to generpig4s7ith inguihtiddng ifeunaiion, aadttbaeemeo nunatiorsafivpdaiertable of values
that allows the waveform generator to correct the actual output waveform. The operations iteratively

improve the outBtE NI EIFH PSR ESREPaCHHR o8k WABAH ¢ Ho SIABSH S Mg Shi result of
the operations placemBdatiie: 60 thiz Lceoh Whrelomiin-ghasgatithmieadinguiiagging the grid
voltage WaveforE}]I.

0050]The_main pawer flow-through path in one embodiment occurs as follows:
505 & DS RBbEE Bt BaR A I Ay DB SR RV B S (able of
updated values R\édiitabie parifortapsiatal28Q)idits OMBeakbahm enbipaaitatakipl 2&0dearresponds with
table 140 of Figure 1. |Input %g&?owerzozé%aﬁ%es igto DC-t0-AC c nvetgfr 242 of inverter hardware
240, and Ieavesvﬁﬁ’%%%ﬁtt% AERCWA V50° ARSI GaeTA IS RIS S I S cts the
current waveforanetheutpith 25 8ced NEHa pelewReitron thrill ustyadiad sab i/ gendratohddthas a perfect
sine wave, and distorted aéc#rrrent waveform de#ector 244, The ampunt f distortion mai be
exaggerated, bt A SHHTE GLIS AN OATEMEy hist RULRG AR ST T BKPRRSER ikEShe ideal
desired wavefortpdricwie pesy ithes wavaiarapias veegemibmough thk feekliaaok thavenigsnbidregivare 240
also includes voét?age aveform lg](fetector 46, which generates sync iqfocli tion 248, which

AN |

corresponds to Gt SISOl O ERtjry®yetorm when apphied. "Thus, the output
waveform after application of the data values appears more like the preferred ideal

waveform.

[0046] With regard to Feature 5, the new data values represented by update table
134 are applied to hardware in generator 140 through standard processes to drive the
generation of the output waveform. In one embodiment, the new data values are
applied via a PWM mechanism or any other mechanism that transforms discrete data
values into an analog output form.

[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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[0051]The control loop flow detecting and implementing the feedback occurs as follows: Information
about the DC input power 204 and input phase shift information 206 refines a reference ideal

waveform 2W$ TH&/9&4&ténce ideal waveform, as discussed above, can be B¢drd§24894038#1@. in one
embodiment, simultaneously the output of PWM generator 230 is peak detected 222 and allowed to

scale the ideal tghiguin-teierencawayaigni iRvelfaniRldeddberBiRyL shleyahcaatrab 224 is the

instantaneous ideal waveform desired. The reference waveform from reference waveform level control
224 and the actBaFSUANGH R YORWEE Bt PID (proportionalintegral-derivative) controller 260. [0052]PID

controller 260 inguis PV¥Miahlecerierdatagior B6Z,swiehoecalyesadhe A@}%iav@f@trsmﬁwavefor

and the actual OUtlBUt waveform. The error becomes the error input foréoroportional error block 264,

integral error bldek 286 nsfandeiaele Bs-srlnseRIER i YAHIBrtRab e el dfiS®iAAv table

error sum, whicki pivigiasithe:£] Rneendielie b puiRiides R¥Mbiablewatry wpdateea8eiidieses wpdated
table values are fed back into PWM generatar 230 and, drive the %’egnerator to adjust the output of

inverter hardwal&93 8148 58shy @ IR BUTi: St MAlsBRNET0R b RN SRR Ops98 1 ERfife 3 is a
block diagram ofi@nsesrhediment @k ndnnertapt el fnen péa.nested fsetbaskiaaniidlaystem.

Reference waveform control 300 is a controller of a grid-tied system. Reference waveform control 300
includes inner contrAUbYS S4E<st & H@%t&%@&ﬁﬁ%ﬁ&oﬁt%l IS ha il ursnt B prdyred in

interdependent.hhiabisic Wnetdunchion Of RRetantotiaar affecssidsignRhthaidssisadias @ainput to the
other control logp. The outer control loop corrects for transient harmonic distortion in the output

waveform as deSEAbYAYSPATAO N SHAREr SRS TbBRASA MBI N PHagE MiensHGUIEr control loop

Inner control loamdikdFeaaiyaspastinput 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 t@g‘é& or si%%?ﬁ@%ﬂ?%df&&%?%&%%ﬁ@ﬁg%i%QQ(?BmB?rﬁ?%ar?mf’ﬁ {858 rforming
one or more opelatiens Wit ii-f1asesl«amblisHnpdise andignalienevuncoraioatas fnited to addition

aduet 352 gon ISHEE EIEHEE GHT ARG SRR eSS B0 S e G Y Wference
waveform 304 aldeigbed eeoveayRiafitadgifoIthin cvnamivallyfadiisiidedaieiiae aubpiverorfiigurrent
operaing condion R e s . a1 ol 419 TR eINfE: 2SRl o moodiment

respect to system 200 could be applied also to controlling output voltage waveforms,

with modifications that will be understood by those skilled in the art. The second is to

compare an actual output signal generated by a waveform generator to the ideal

waveform. The third is to generate, with input timing information and the error

information, an update table of values that allows the waveform generator to correct

the actual output waveform. The operations iteratively improve the output waveform

tending toward the ideal waveform (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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waveform as follows: The latest or most current sine wave generator table 308 is examined and the
peak table value is extracted by peak detector 320. Actual peak value 332 is compared to target peak

value 334, J¥ReHg98&hbk en-or value 336. Target peak value 334 may bePRAH28RH3ed on
typical hardware characteristics, or it may be determine in real time. The error signal is conditioned by

PD control or cqpiietipicpAtktokailaeihgelips RACKIRERINSOREINRRY wonirehieemm3d e prevent it from
interacting inappropriately with the outer control loop response. [0056]The output of HD control 340 is

the table peak d8feetigiaiessbacknlensediuisinate with ahe inpldsonRlfastormastiormstsedderive

reference wavetorg grichcamEplisignak3afbriaing eferentendain GpoHe eianabaghirgfierence
waveform gain 360 can increase or reduce the amplitude of the reference waveform 304 to adjust

reference wavelSFRITBRESH3dB%E €xactly match what is required for the operating conditions of the

system for powgp@srversipis {864]1!16H 8 SMRasHmeNinkd RHb RAVWET HY AR RUARa3RD IS FoRStaNt or
very slowly moving as compared to inner control loop 310 (5996., approximately 10 times slower or
lirmer

more). When inpf Pt riaatatiaRosh s ol PHODMYS 8O 8BRS B iR RIMaS e

amplitude of refepanesawavatasie RR4dBale HENA 10 ASS UNR: that RPN tablersalas span a specific
range of values including specific minimum and maximum values. Containing the PWM table values

within a specific/SHysdrPateSEhRasosekAs LB &t o5 AP BERLSHRIBWAB Hfaximum

output power whilgpmtain MG Eaxi LI via RN a:eRRiH0l 72 seliinowiDRBIEH Ry Rg iterdependent
control loops could result in system instabjlity, as error generated by one may be pro$agated and

amplified by the"Siffeli ﬁeEF%ﬁafanﬁﬁV-ﬁ%fﬂs‘ﬁ%‘ﬂ cOHE ot foOHEH ARG Qabftty 18 18 PErform the

corrective operationmhidey cealrehledp1ess ieduERlydhambaecruRetvaanesaiendel inner control
loop 310. In that way; inng{fr‘éggtrol lﬁ%% 310 may have time to stabjlize with respect to a given value of

reference wavef8fit thnd dhsraciup spiutisg st AR REmed8kion error. In
one embodimenhtéieabuteivadntotdaaplisimybormed at a frequency of Ix as compared to a frequency

of 10x for inner conirol loo ]éllo. Th oréi of ma 't@e/{ d%w)‘ rence in frequency of adjustment allows
for more stable ENEKion. LA B URAGFIGBEAS ORI B SOL M BF A4 SrBH B gL, and
the comparison itfsegue nei¢ehpe Harrneentoghd ecappaxiaielyctoso) There:r PB828)mgure 4 is a
flow diagram of an embodiment of a process for generating.an output signal based on an idealized
reference signal i IS HERILHHL RS brvlai SERMBIER o1 SActihdBS of various
process actionsdéltheivglesbovindk 26pattieamsetihe re Osi ondBri UPVESS atieamsesspgcified, the
order of the actiorﬁs Ean be mo ifigﬂ%Thus, e iIIustrateE}ing\@rLte entations gsho#%ﬂ) b@#nderstood only
as an example, BRI PrIEs 8612 SUBRRHTRG R s AR BEP e fOrmel N a different
order, and somegdtiedsablay decpartofedadik pasaialM\delitanalp3onaddiinerdaginnatcarbe
omitted in variou%.em odiments gf the in enHon; t %§ not all actions are re uire(éj in e}éer%b
implementation.al HEFSrERER 9 Wgeé?%r\%ggs‘?ﬁree. 6@]3\0886\/\'}%? gb%%%&} é%fl i FEEERES input
power, 402. Theyaystermcitiverts

[0053] Figure 3 is a block diagram of an embodiment of an inner control loop of

a nested feedback control system. Reference waveform control 300 is a controller of a

grid-tied system. Reference waveform control 300 includes inner control loop 310 of

a nested feedback control system. The nested loops are interdependent. That is, the

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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the received power to a different form, or acts as a boost to clean up the input power signal and put a
clean signal back out onto the grid. A reference setpoint generator obtains input power information,
404. As disdM9s¥dMit7dspect to Figure 4, various processing elements mBYBER8YARas
separate components of the system, such as the reference setpoint generator. These elements may

be separate corgpengRigoHH PRI Of ARHPSRESHTGN LRIMIEI I RSREaNsgWIByhat is

described in certain embodiments above. The s%stem may include logic that samples the input power

and makes cert&8fERIES EEEBED FhESPHE S hitHiRtiH i fdreh Be a8 thecdigrsgenerators.

The reference sgtReiRkGENRS AGELLARBIES arerRUR B SiRe s hat IBprREetR afesppee (ideal
output) waveform, 406. The reference waveform is what the best possible output (or ideal output) of

the system wouR IBUKfIkE. JOBBA AP IRESFBBEn PR Hiw seepsintblost®idtores the
reference wavetgimhseipeipés 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 uptfteXhe refe B bogiBIRes, Eiersrss ¥ Luierneen el 3 A9Adns R SifSORR of time)

way, or in respoRggete cetagiing vsdifies enes: by thesinautSignak {PRRAThe hasamytpog waveform
generator generates an output waveform, 410. In one empodiment, the system includes a sampling

circuit to sampIé”fﬁ@’é‘ﬁ%ﬂﬁ%ﬁ%@‘éﬂ]ﬁt?mﬁ%%%@%@Hd@*ﬂﬁéiec}ﬁfb?ft%Qvéﬁ}%l B5ffple to a

feedback systemarhbgIeedbask ayatemeiiaiRsiaweaiespndingJiaieentewaveiaisssetpoint, 414,
which indicates what the value of the sample should be. The feedback system compares the output

waveform samplé#tREFE A b WA B GIRT DRred SRAYGASH PRELA e ShRRSSH 8ftrol signal

based on a diffesencaRaiweasthmoutpuilwave TN sesPpignantd thedaierencs waYeHRHESEPOIN,
418. [0063]A system Piﬁrré%%"er adjusts Oﬁeration of a base (f'gutput waveform generator based on

receiving the cofP8t 1l BRI UL S o088 SR ARG TR e8P Lt R RSN G Lignal, the

system adjusts taenopgeaiiem oithepesspuidnarddae: 4aer bd.ars Rvbadipoard, the generation and

sampling of the t wayeform and sequent error correction can be considered as a continuous

operation. That @% opeﬁﬁc?ﬁ%f Bf(fﬁﬁﬁ&8%?&#5%%&%@%@8&%Pﬁﬂﬂéﬁ%é}fé&f&éaggowsﬁiﬁ}‘, the system

may adjust the fensnee wiayetenapul pussding Pysieno kY detRinin ewheitentesaaampite the

reference waveform, 422. If ?ﬁgy em deéermines not to recomﬁ’%;; ,441% , the system will continue to
in ed

perform the "inreP B8 S1% ‘tHe SitpiR A0SR H8 tHe're 8P Wabdttorm. If
the system detesstings incresenoputande thethmptifadendalaetpirhoenaraionmBipes iduisformation
about the input power signal, recomputes, the reference waveform, and th stem compares the
oot Sgnal o S CPIAER S ETBre Rt Rrh T FODE TN B b TAFL S AR AR described
herein, which meynhbiidesofitiec ptelafioeg@sesetiwaigionde, instructions, configuration, and/or data.
The content ma%/ B§ irec executgl e ("object" or "execlﬁtable'! é?lnr#@# source code, or difference

(f) \ :

b
code ("delta” or "co e%r.lﬁ'ﬁlg LSHINEPE CUMERT Bt SHAY {5 GRULABLY N&Réin may be
provided via an dowde mbmanufactmewihdheneoadantl loop 310 (e.g., approximately 10 times

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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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 operation¥@a8tHB¥d7tind includes any mechanism that provides (i.e., stbds({&2¢9/058492
computer-readable medium) and/or transmits (e.g., communication medium)) information in a form

accessible by a geashing (@-946QMBRiBY BEMCeNIERIIBIS F¥IRMLYELE-108YBR BSer control

recordable/non-recordable media (e.g., read only memory (ROM), random access memory (RAM),

magnetic disk st8PRgt %J%O@ﬁﬁ@él@mwwg%{eﬂ%&ﬁl GWGWﬂ@@%EBSt@iEI)t le¥Wieiinication

interface includesanyapeC mthatintestacesinsny Rhel hRdWHEdx MHaless apRISS oftc., medium
to communicate to another device, such as a memory bus interface, a processor bus interface, an

Internet connectiENH e o fOMRAE STh & dAnTRCatBF inRAT AN M BBFYII¥EBy providing
configuration pargreet@eseand/or sending signals to prepare the communication interface to provide a
data signal descrllé)g!ﬁ the software content. The communication interface can be accessed via one or

more command@8r TgnaKigure thiselln s oAkt EnsabBENPIRTES U RHYTRHRE described

herein may be amaaps: Qs parbaselnG heiaRerAloRE A HNGIARE HRSCURRGaEaeh iotpeReNt
described herein includes software, hardware, or a combination of these. The comgé)éonents can be

implemented asllgfﬁW\/BP%VHS&ﬁPégpﬁémﬁﬁl@mlﬂf%a’%B%IEPﬁ%%?é)H%réWé?B Houpphication

specific hardwate,applitatiefuspec bicdrdegiaiRgscheisi (A SEslicdighal s NI CREPAKSHR SPS),
etc.), embedded controllers, hardwired circuitry, etc. [0066]Besides what is descrjbed herein, various

modifications m]é?/%8%%?&%”{??&‘%éﬂ%%gﬁ%aWQHE%&W%PHMTF&%OQPM¥ A@ntion

without departlr@cﬁﬁﬁmethﬂm ﬂ@@p&&tﬁf@@ﬁ&;ﬂh&iﬂg&ﬁ@ﬁ&ﬁﬁ@é&@@r&ﬁi% Ipefﬁ;ﬂrséapmld be
construed in an illustrative, and not a restrictive sense. The scdcgoe of the in on hould be measured

solely by referefit ot & AR R AT ORI LR DRPETE TS DR IR A GPE6Mprising:
receiving charagieiistictmpambe phasd iﬂfoaﬁ@imnmuhan&armeﬁMQwaﬂﬁmrmx all

actions are required in every implementation. Other process flows are possible.
[0060] A power converter system receives input power, 402. The system converts
the received power to a different form, or acts as a boost to clean up the input power
signal and put a clean signal back out onto the grid. A reference setpoint generator
obtains input power information, 404. As discussed with respect to Figure 4, various
processing elements may be described as separate components of the system, such as
the reference setpoint generator. These elements may be separate components, or all
part of a primary system controller, in accordance with what is described in certain
embodiments above. The system may include logic that samples the input power and
makes certain calculations to generate the information that is then sent to the signal
generators. 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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generating an output waveform with output hardware, the output waveform being an output current
waveform; sampling the output waveform; comparing the output waveform to a corresponding
reference oBYOLAAMMAN N based on the sampling of the output waveform, B¢ eeHestatput
waveform representing an ideal current waveform version of the target periodic waveform based on

the received chayagiesistiushapreanchphasedaianatign: wavenRalating e feadbanksionathased on
comparing the output waveform to the reference output waveform; and adjusting an operation of

the output hardwiFe SRRATME 538 QBB 1< FEkeIPARK RIS S TR M BB B I ddération of the

output hardwarey¢yaigieshevastRE wavetarRtomaie theurferener admivayetarm shape and
phase. 2. The method of claim 1, wherein generating the output waveform comprises: generating

the output waveTSRBESEY SHIBYSIYEXSAREH SHBBIS Rt EE hes SroYRi RS pPR W idih Addulated

base waveform gigataesfiprrRtiRsdona AUES N Btkmosdlatae (N tabi. thd dlipunethod of claim
2, wherein adjusting the operation of the qutput hardware further c%]n;ﬁrises: dynamically adjusting

one or more entREH TR BIDI IR GIRIRE PRI RIS EBPIRe Yeherated feedback signal. 4. The
method of clainydggsnerein sgmptingihe R puuavatormbaRe £ompainthen feinul wanelesm to the

reference output waveform comprises: sampling and comparing point-by-point between the two

waveforms. based on receiving the correction control signal. Thus, in response to receiving the
correction control signal, the system adjusts the operation of the output hardware,
420. In one embodiment, the generation and sampling of the output waveform and
subsequent error correction can be considered as a continuous operation. That is, the
operation will continue while the system is operational. Occasionally, the system may
adjust the reference waveform. Thus, the system may determine whether to recompute
the reference waveform, 422. If the system determines not to recompute, 424, the
system will continue to perform the "inner loop" of adjusting the output waveform as
compared to the reference waveform. If the system determines to recompute, 424, the
reference setpoint generator updates its information about the input power signal,
recomputes the reference waveform, and the system compares the output signal to the
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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5. The method of claim 1, wherein comparing the output waveform to the reference output waveform
comprises: precomputing a set of ideal sample points representing the reference output waveform
prior to samPYith&lt@¥ITdut waveform; and storing the precomputed sampl&€@biH$3008/038482method of
claim 1, wherein comparing the output waveform to the reference output waveform comprises:

comparing a safRigReint fbthesernitineMate Mhitha cRITesRRREAINY hedalepssusetnont Wit a PID
(proportional-integral-derivative) controller. 7. The method of claim 1, wherein adjusting the operation
of the output hafAMAFEHGAHIE KEFRIIAS SN be configiicd MePEEMRS AWK IRY YIRPRaFHRdlFSYe to reduce

harmonic distortiqa/i $BedMERKWRVEIBFERMIRUE REHANRING A BRasie hapraonie digiarigmanalysis.
8. The method of claim 1, further comprisir{ﬁ: dynamically adjusting entries in a reference waveform

table during runfifier iR s REANG S GRRE e R SRRmR GRS SRIRITERG T aber Are Fiat S OPElaim 1,
further comprisipgmore ebiftingntheoputpriwayeierd o phasaidyiamiaaluwith respect to the target

periodic WaVEfO{(r)?)(\S/gii[hout\;glgi[)euéslsciQ%}Eloar{glgncii%s%irsiﬁggiﬁgfein may be a means for performing the
operations or functions described. Each component described herein includes
software, hardware, or a combination of these. The components can be implemented
as software modules, hardware modules, special-purpose hardware (e.g., application
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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10. A power conversion system comprising: a reference waveform representing an ideal current
waveform 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, the output waveform being an output current waveform; a
feedback loop tgmagsige the output waveform; and a controller to compare output waveform
measurements to the reference waveform and generate a feedback signal based on the comparison;
wherein the outﬁﬁﬁ?ﬂd?cﬁk?é’f@%‘?é adjust an operation based on the feedback signal, wherein to adjust
the operation oftthe oupxidiasd weviisstagconverge the output waveform toward the reference
waveform shape and phase. 11. The power conversjon system of ¢laim 10, wherein the controller

is to compare the outp[ﬂ‘iﬁ)é(\'/é@fd%l?ﬂrﬁ‘fé'ﬁéﬁﬁ%?ﬁ@?ﬁ§%ﬁ’ﬁ%@-‘ﬁfﬁﬁ%'QBWH@ farseidssintcne

reference wavefggufden:The power conversion system of claim 10, further comprising: the
controller to dynamically adjust entries in a reference waveform table representing the reference

waveform during runtirfl@ S H%ARIRUIRF LARETHTE MK QHER WATENsRIf, the outputwaveform

being an output current waveform;

sampling the output waveform;

comparing the output waveform to a corresponding reference output
waveform based on the sampling of the output waveform, the reference output
waveform representing an ideal current waveform 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 shape and phase.

2. 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.

3. The method of claim 2, 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.

4. 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.

5. The method of claim 1, wherein comparing the output waveform to the
reference output waveform comprises:
19



13. The power conversion system of claim 10, further comprising: the output hardware to shift the
output waveform in phase dynamically with respect to the target periodic waveform without increasing
harmonic distortion.

precomputing a set of ideal sample points representing the reference output
waveform prior to sampling the output waveform; and

storing the precomputed sample points.

6. The method of claim 1, wherein comparing the output waveform to the
reference output waveform comprises:
comparing a sample point of the output waveform to a corresponding

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

7. 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.

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

dynamically adjust the reference output waveform.

9. 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.

10. A power conversion system comprising:

a reference waveform representing an ideal current waveform 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, the output waveform being
an output current 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;

wherein the output hardware is to adjust an operation based on the feedback
signal, wherein to adjust the operation of the output hardware is to converge the
output waveform toward the reference waveform shape and phase.
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11.  The power conversion system of claim 10, wherein
the controller is to compare the output waveform measurements point-by-point

to setpoints representing the reference waveform.

12.  The power conversion system of claim 10, 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.
13.  The power conversion system of claim 10, 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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