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Abstract

The increased penetration levelloterterBased Resources (IBIRjesents new challenges to
the planning and operation of electric gricsditionally designed protectedand operatetbased
ontheinherent characteristiad synchramous machinednverters do nohave the same inherent
propertiesas synchronous machmend respond based threir control algorithmsThe inverter
control and design are proprietary, resulting in black models provided by inverter
manufacturers forrpposed interconnection$his work develops a generic modglecification
and model prototype implementation in an electromagnetic transients simulator of an inverter
applied in large IBR plant§he nverter control islesignedand tuned to meet theltage ride
through responsegerformance requirementspecified in IEEE P2800Draft Standard for
Interconnection and Interoperability of Inveri@ased Resources Interconnecting with Associated
Transmission Systesn The control objective,process model, com implementation, and
analptical tuning approaclare detailedfor each controllerinstantaneous sequence component
detectionmethodsproposed inthe literature are investigateand modifiedto allow controlled
negative sequence current injection. A cathenit logic is developedo ensure the current in each
phase is limited to the n v e rcurrent litnis and the prioritization of the incremental sequence
components of the current is consistent with the performance requirements in IEEETR2800.
domans i mul ati ons owtmttfe B\ereM& d e h 6 s | o whrougb lespengee r i d
meets the performance specifications for symmetrical and asymmetrical faults. Further,
comparisos of the timedomain simulations to laboratory testing measuremen#s202 MVA
battery storag@nverterverify the capability of the model to predict the controlled response of a

commercial inverter for terminal voltages consistent with symmetrical and asymmetrical faults
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positive sequence-gxis component of inverter output current
negative sequenagaxis component of inverter output current
magnitude of th@ositive sequence reactive currehesor
magnitude of th@egative sequence reactive curneimasor
Instantaneous phase angle of the space vector of the grid voltage
phase angle of the PLL

DC link voltage

space vector of the grid voltage

PV array DC voltage

space vector of the inverter terminal voltaageghe PCC

angular frequency of the grid

nominal angular frequenaf the grid

angular frequencygf the PLL
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1. Introduction: The Changing Electrical Transmission Giid
1.1. RecentTrends in the Increase of Renewable Energy

A recent report by Lawrence BerkellationalLabsindicates a few noteworthy trends in the
increasedenewable energy installatiarSpecifically thereport noted thadtom 20152019 59%
of all new generation capacigddedin the US. waseither solar or windl]. It is forecastedhat
more than80% of the new generatiorcapacityin 2021 will be ether solar, wind, or battery
resource$2]. A survey of generator interconnectiquneues indicatabatthis trend is expected to
continue At the end of 2020, approxim&ger55 GW of generatiooapacitywas in interconnection
gueus in the U.S.with 90% being solar, wind, or storad@]. The report also indicates a
significant uptick in battery storag€o putthis inperspective, the total generation capacity in the
U.S. as of 2021 is estimated to be ~1200 [@JMWote tha{3] alsoindicates that less thaquarter

of theproposed generation in the interconnection queues reaches commercial operation.

An example of this trend isvidentin Texas. The Electric Reliabiyi Council of Texas
(ERCOT) operates the electric grid for 90 percent of the stdfteeok as. ERCOTO6s recor
is 74,820 MWset in August of 201$6]. A snapshot of the generator interconnection queue
November 0f2020shows over 1346W of proposed generation. Of thigtal, over 126GW are
resourcs such as wind, solaand batteries that will be connected to the grid via power electronic

converterg6].
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Figurel-1: 11-2020 Snapshot of Generation Resource Interconnection Request in ERCOT
adapted fronj6]

From the gridplanningperspectivethe installed capacity of renewable energy only tedig
of the story.Since the fuel cost of wind and solar is essentially zero, once the plant is installed, it
is typically operated to extract the maximum available pdnen the resource. Thereforey a
arguablyequallyimportantmetric is the instantaneous penetration level of renewab@ircesit
any given time Grid planners and operators must account for these peak hours to ensure grid
stability is maintainedFor example, in ERCO Tthe installed capacityof wind accoungd for
23.3% of the total generatimgpacity in 2020however, thenstantaneouwind penetration level
reached 59.3%n May 2020[5]. A similar example is the Sduwvest Power Pool (SPRyhere
the installed capacity of windccounts for 24.9% of the total generating capadtyt the
instantaneous penetration level of wind reachzd%in April of 2020[7-9]. This was quickly
surpasseavith an instantamous wind peak of 81.85% in March of 2(Ja0]. Furthermore, SPP
has~91GW of IBR in their inteconnection queue, of whielt7 GW is wind, ~35 GWis PV, and

~9 GW is batterythat are not yet in commercial operatesofJanuary2021 [11].
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1.2. PowerElectronics Coupled Generation

The main interest in this topic lecauseenewable energy technologies such as solar PV are
connected to the grid via power electromenwerters Furthermorethe dynamics of power
electronics coupled geneoas arefundamentallydifferentfrom those oftraditionalsynchronous
generators. fieresponse of a synchronous gener&bochanges in terminal voltageagnitude,
phase, and frequenayccurs naturallypasedon the design of the machinfllowed by the
response of the excitation and speed governirsgesg. Conversely, the dynamics of power
electronics coupled generators are largely determined by the controllers of the nw@rasting
the DC power to AC power at the system frequency and voli&jeFor this reason, they are

commonly referred to as InvertBased ResourcetBR) in North Americg13].

The inverter and its controllers hawmdmics ranging frorthenanesecond time framef the
turn-on and turroff time of the power electronic switchesttee seconls time frame for higher
level controlsThe wide range of potential dynamicslBR led toa revisionof the Power System
Dynamic Performance Committee of IEEEfinition and classification of power system stability
to include convertedriven stability[14, 15] The convertedriven stability is further classified
into fast ineraction convertedriven stability on the order of 100s of Hz to kHz and slow
interaction convertedriven stability typicHy in thesubgnchronousrequency ranggl5]. Figure
1-2 superimposes thelosedloop bandwidth of the different converter controllers disagsin
Chapter3, the convertedriven stability definitions introduced ji5], and the respongame of
traditional synchroous machine governor and excitation systerhss chart also can be used as
a starting point to detelime how detailed the IBR model needs to be depending on the bandwidth

of the phenomena of interest.
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Figurel-2: lllustrationof converter controlleclosedloop bandwidth andhe response time of
traditional synchronous generator excitation and governor control.

While increasd penetration levels dBR present a challenge to etigy grid planning and
operation norms, it also presents an opportunity as these devices arebigidilablecompared
to synchronous machineBue to the IBR response being largely determined by its control, the
grid plannercan to some extenprescibe the desired performance of {B&R. Thereforeto make
informed grid planningstrategies and performance requirements, researchers and grid planners
need appropriate tools to investigate the desired controlled response of the resources in &iture grid

considering the full range of the dynamics present.
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1.3. Detailed Modek of IBR

The inerconnection process for large IBR plastgoverned by the Federal Energy Regulatory
Commission (FERG)which sets thé.arge Generator Interconnection Procedt&sIP) in the
U.S. For the required studies as part of this process, the plant developeleprthe modeling
information for the proposed plant. The modeling requirements imposed by grid planiyers var
significantly across the U.S. However, the current tistowardsvery detailed models of the IBR
implemented in aslectromagnetic transien(EMT) simulation tool. These simulation toalow
for modeling the IBR and their controls in a high level of detail at the expense of increased
computational burden and datrequirementscompared to positive sequence fundamental

frequency transient stdity simulation tools

To protect the proprietary nature of the inverter controls and hardware disgigietailed
inverter modelprovided by the inverter OEd/are typicalf blackbox modelsBlack box models
limittheendusedb s v i si bi | roltsyucture) pammetets, esettmgs,nabdtrol signals.
The levelof black-boxing of the modetends to vary by inverter OENFor example, some OEMs
black boxthe entire mdel such that the only thing accessible to thewset is the AC terminal
voltageand output current of the invertédther OEMs mayonly black box the inverter level
control. While necessary to protect the secrecy of the design and control, it predesiterage
for grid planners@and operatortasked with planning and operating the electric grid. For example,
if a simulation shows instabilitgr tripping of an IBR how does one determine the cause of the
issue and potential solution$® practice, anymcer t ai nti es i n thbhe model
addressed by the model developer and inverter QEBleasy to see how this problem grows as

moreof suchmodels are in the study case.
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The previous example was based on studies of a proposed or oper@impmtwhere the
inverter OEM is knownAnother consideration is the loftgrm planning process. In this case,
futuristic studies are performed over a ramgfegeneration, load, and network expansion
assumptionsn this caseppenand configurablenodek of IBR areneededThese types of studie
can help determinthenecessary expansion of the transmission systemetessarperformance

requirements of IBR interconnecting to the transmission system

1.4. GenericModels

Generic models angublicly availabé, open, andonfigurable models that aita represent the
response o& device or piece of equipmertdt limitedtoas peci fi ¢ OEMO6 sTheyont r ol
are commonly implemented and maintained by the simulation software vendors reducing computer
scierce related issued.he open nature and dowentation of these models facilitate ease of

configuration for sensitivity analysis and insight into a particular observed issue.

Generic models are widely used in fundameinézluencypositive sequence transiestability
simulatiors in North America.The secondjeneration renewable energy system modedsused
to represent IBR plantsicluding PV, wind, and battef{6]. Thedemeit given togeneric models
is that they are not based on the exaoprietarycontrol of the inverterdowever,[17-19] show
the efficacy of these generic modfsdynamics that are observable in positive segaé&ansient

stability simulators

EMT models of IBR have also beproposed and developé2D, 21] EMTP® includes a PV
plant model in their renewable egg toolbox[22]. P S C pravidlesa publicly available PV
plant modelon their knowledge baseebsite[23]. However, here is a need to hawerified

generic EMTmodelsof the different types of IBRhatareopen, publicly availableand commonly
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implemented across the EMT software platforin&021, CIGRE convened a nhew working group
C4.60, with a focus on generic EMT modebf IBR [24]. This groupincludesgrid planners,
inverter OEMs, researchers, and EMT software vendang. of the objectives of this working

group isto provide generic EMT models for different types of IBR.

1.5. ResearchFocus

This dissertation focuses on the control and modeling of an inverter applied in a transmission
connected IBR plantGiven that the control and design of commercial inverters agiptary,
the performancespecificationsn the draft IEEEP2800 standarf25] are used to develand tune
genericinvertercontrollers Of primary interest is the control necessaryreet the low voltage
ride-through (LVRT) response performance requirementEHE P2800andthe German (VDE)
[26, 27] and Spanish (NTSR8] applicatiors of the European Grid Cod@9]. The increased
complexity of the control design due to performance specifications based on phasor domain

guantities is inveggiated in this research.

1.6. Organization of the Dissertation

Following the introduction in this chapter, Chap® describeghe modeling of a twdevel
voltagesourced converter (VSC). Chapter 3 details the control o¥/8@€ in both normal and
abnormal gricconditions. Chapter gresents the verification ¢fie model prototype based on the
voltage ridethrough ¥RT) performance requirementstime IEEE P280raft standarénd with
measured data from laboratory testing of a commercial-$8d@le inverter. Chaer 5 discusses

theconclusions of this work arnideas forfuture work.
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2. Modeling of the VSC

This chaptepresentshe model of twolevel VSC. For generation resources connected to the
grid via VSC, the VSC mostly opées in the inverter mode. Therefore, in this contdy VSC
is commonly referred to aminverter However, fa resources such as batteries, the VSC operates
in both rectifying and inverter modes corresponding to the charging and discharging ofethye batt
Further, if thee is no DC input power from the PRBere is the capability to operate the V&C
a STATCOMto provide reactive support. In this case, the VSC will absorb active power to
maintain the DC bus voltageln this chapter, it is assumelat thePPS of the inverter is PV

arrays.

PresentlyJargebulk-connected PV plants are typically designed vifk to 100s otentral
inverters with ratings on the order ofd5 MVA. Central PV inverters are assumed to be single
stage without a DC converter on the DC sidReferencg30] indicatesthe singlestage design
is commondue toreducedcost andhigher efficiency for higler power ratingsNumerous
topologies ofhireephasenvertersare proposed in literaturmcludingtwo-level, threelevel, and
modular multiplelevel converters used in high powesim such as HVD&/SC. Referencg3l]
provides an overview of the basics of these common topologiesgeneric PV inverter in this
work is assumed to be a tievel, threephase VSC with an LCL output filter. The switching

model and averaged modekepresentatios of the inverter are presentéithe LCL output filter

An exampl-eai & dpégati on of a PV inverter.
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parameterization is then detailbdsed on the inverter rating and switching frequehoyerter

modeling smplificationsusefulfor control design andnalysis are highlighted.

2.1. Switching Model

A two-level, threephasePV inverter model is shown iRigure2-1. The PV inverter consists
of a DC bus capacitor and three Hatidge legs. The poweslectronics switches are assumed to
be IGBTs each with an antiparallel diode. The tomand turroff dynamics and solidtate
characteristics of the power electronic switches are not of interéss model Thus, each IGBT

and antiparallel diode cormtation is assumed to be an ideal switch

Ipv liny
—> >

T e
sa{} sm{} sc{} |

Icap
— Ly Lo

Primary | é :
Power | Vocce == 2> M Grid
T T t+C f

Source By e, v %
s&{} so{} sc{}g

Figure2-1: Threephase, twdevel PV inverter.

The gate pulses of the IGBTs are determined by the PWM scheme to synthediesired
output voltageO . The PWM scheme implemented in this modlilizes a triande carrier signal
of amplitude of 1.Gand frequencyfs, corresponding to the switching frequentire modulating
signal,0 1 4 4is based on the desired output voltzgiee PWM controblock diagraris shown in
Figure 2-2. If the modulating signal igreaterthan the carriesignal the corresponding switch

control signal “Y, is a logical 1.If the modulatingsignal is lesshan the carrier signal, the
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corresponding switcltontrol signal "Y, is a logical 1.The implementedPWM scheme is
simplified in that it does not include the intentional delay or dead time added to prevent short

circuiting the DC positiveail to the BC negative rai[32].

m, —I+
AR i
v Sor

_ N

A S

_ N

Figure2-2: PWM control scheme

The output phase voltagewitch between the positive and negative rail of the V3Cthis
model, the negative rail is assumed to be grounded resulting in the inverter output voltage
switching between ¥pc and OV.Figure 2-3 shows the control signals of the PMW schethe

inverter output phast-groundvoltagesandinverter outpuphaseto-phase voltages.
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Modulating Signals
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Figure2-3: PWM scheme sigisand resulting output voltag€op plot: modulating signa ma,
my, andm, and the carrier signadi. Middle plot: inverteroutputvoltageline-neutral Bottom
plot: inverter output voltage linkne.

Referencq33] examines theutput volage of a single leg ai PWM VSC analytically by

developingthe Fourier series of asignal with two time variablesthe modulating signal as a

function of ¢* "Q0 andthe carrier signal as a function @f ". The resulting decomposition in

expmential form in terms of the notation in this workpi®videdin (1). The main conclusion is

that the resulting wave form consists of a DC component, components at harwfothes

fundamental componentsat harmonicsof the switching frequengyand components at the

sidebands of the switching frequendyurther, for the sindériangle modulation scheme, the

coefficientsO are all zero except for the fundamental,. Thus, the harmonic spectrum of the

voltage outpt of a sinusoidal PWM VSC is concentrated at harmonics of the switching frequency

and its sidebands.
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O Q (1)

I o 0
For a thregphase VSCchoosingthe switching frequency ah integer multiple of threes

advantageous as the triplen harmomascelin the lineline voltage[34]. Therefore, he default
switching frequency used in the PWM schemé&m modelprototype in thisworks™Q o mo m
Hz correspondingo the 5% harmonic of the fundamental frequen®, ¢ 1Hz. Theharmonics
spectrum of thdine-to-neutral voltage of phase A is shownhkigure 2-4. The harmonics are
concentrated at the switchifiggquency and its sidebands as predictedljnKigure 2-5 shows
that the component at the switching frequency is not present lathnic spectrum of tHme-
to-line voltage.
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Figure2-4. Harmonic spectrum dhe output lineto-neutral voltage ofhe generic devel, 3
phase, PMW inverter model with a switching frequency of 3060 Hz. The vertical scale is voltage
and the horizontal axis is harmorof fo.
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PMW inverter model with a switching frequency of 3060 Hz. The vertical scale is voltage and
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2.2. Averaged Model

The averaged modegpresentation afwitcheddc-dc convertersvasproposed ii35] showing
thatswitched dedc convertes canbeapproximated for low frequency dgmicswith a continuous
model based on threverage of thewitchduty ratia From a control design perspective, tlakates
the plant output to the control signal input, in this case the duty rd&rom a simulation
perspective, this simplification redegthe computatioml burden. For example, if the switching
of the power electronic switchkés not modeled, the numerical igtation time step can be
increasedThe justification of averaging is based on linear system theory where a system of low
pass cheacteristics will reject higiirequency components of the ing@6]. This prerequisite
holds tree for the currentontrolledVSC. For example, Secti¢h3detailsthe output filter of the
VSC usdl to attenuate high frequency components and Segtiaetaik the closedloop current
control which is designed with a bandwidtluch less than the PWM switching frequentize

averaged modekpresentation is common for the control desigd analysisf the VSC[31] and
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is usedfor this purposen this work. This section presents the averaged moeletesentation of
the PV inverter assumed in this work such thhe assumptions andpproximations are

documented tprovide insight intgotential limitations

If the switching frequency is much greater tila@ fundamentarequency the dynamics of
the switching will not have much impact on the dynaméated to the fundamental frequency.
Ideally, if the switching frequency is infinite, the synthesized output voltage only contains a
fundamental frequencgomponent equal to the reference volta@e, To develop the averaged
model of the VSCthe average value of the state variabedetermined. In this case, the state

variables are the inductor current and the capacitor voltage

Considering one leg of ¢htwolevel, threephaseV/SC shown inFigure2-1, the outputurrent

through the inductaois given by

55 5 00 Y@ ©o &)

. S 3

The inverter output voltage and current will contain ripple related to the switching frequency as
shown in ). The average values of the inverter voltage and current are degdriowver one
switching period in terms of the duty ratio of the switcHagure 2-6 shows the two circuit

configurations of the VSC based on the positioinS1 and S4.
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Figure2-6. VSC circuit based on switch position. Left: swi8hclosed and the bottom switch
S4 open. Right: top switch S1 open and the bottom s\Batosed.

With S1closed ands4open, theAC side of the VSGs directly tied to he pogive rail resulting
in:
06 6 “
0 0 W ©)
With S1 open and &closedthe AC side of the VSG directly tied to thenegativerail which is

grounded resulting in:
(6)

0 0 ()

The moving average of a signal over the pefids calculated as:
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Applying themoving averagever a switching periotb theDC current and output voltagéows

these quantities are relatedthe duty ratie of S1 and S4AQ andQ .
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Note that the assumptioniB)and Q) i s t hat the state variabl es

switching frequencyThe dynamic equations the averaged signais terms of the duty ratiof

St

Q , , ,
250 Pom 6 YO @o (1D
Q0 3]
o , ' (12)
w0 2o006 o
Qo0 0

It is desired to write thequations in terms of the modulating sigrgaven it is the control
output signal of the inverter contrdThe modulating signal can be related to the duty ratio by
noting the duty ratio varies betwee@d 1, while the modulating signal varies betwdeand 1.

This results in the following relationship:

a p (13
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The dynamic equations written as functions of the modulating signal are:

Q a . i
a0 L P 0 Yoo o
Q0 L C ) 14
P aw O adw O P
= Yo O
v q
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—w O + 600 0
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p . . 00 aoQ
- 600 —
0 q q

The component of 14) corresponding to the averaged value of the VSC output voltage over a
switching period is consistent with the DC offset and low frequency terifiy.ifthe dynamic

eqguations can be extended to represent a-fiivase VSC.
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For a threewire system, there is no zesequence current. Therefod®) can be simplified to:
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The averaged model representation ofRNeinverteris shown inFigure2-7. Corresponding

to (16)-(19), the controlled voltage sources and current soareedriven by the following

equations
a 21
o (21
q
a w
o (22
C
a w 2
° (23
q
- a Qo a Qo a Qo (29
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Figure2-7: Averaged model representation of 8iphase Aevel VSC.

The previous derivations provide insight into the potential limitations of the averaged model

representation of the VSC. It is shown[87] that theaveraging operat in the time-domainin
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(8) resembles &PF with zero phasshift in the frequency domain with acQ 6frequency of
~T8 ¢'Q
. Q- Q
Wio T o (29
1Y
This provides a approximatdrequeng range of applicability of the averaged moddbwever,
for frequencies greater thanm@ ¢'Q X(s) becomes attenuated and theretbesaverage model

may not accurately predict these higher frequency dynamics.

Figure2-8 compares the DC link voltage, DC current, and the capacitor current of the averaged
model and the switching model. The DC link capacitor for this simulation is 56f2@gure2-9
compares the AC linto-line voltage and AC line ectent of the inverter of the averaged model
and the switching model. For the switching model, the-titrground output voltage switches
between +Vdc and 0 V creating a DC offset. The DCebffsremoved in the lint®-line voltage.
The plots of the currdg show the current ripple in the switching model which is not present in the
averaged model. These plots show the averaged model represents the fundamental component of

the signals but doewmt represent the ripple caused by the switching of the powstraeies.
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Figure2-8. Comparison of the DC link voltage (top chart), inverter DC current (middle chart),
and the capacitor current (bottomact) in the switching model and the average model.
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Figure2-9. Comparison of the linto-line voltage (top charts) and line currents (bottom charts)
in the switching model and the average model.

The previous examples considered stestdye conditions where the magnituehd frequency
of the space vector of the inverter terminal voltage were conBtgate2-10compares the current

response of the switching model and the averaged model for gpthaise fault at the higkide of
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the inverter stp-up transformer. The inverter control during normal and abnormal conditions will
be presented in Chapt&rHowever, this example is provided to show the model comparison under

abnormal conditions.
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Figure2-10. Comparison of the Imcurrents in the switching model and the average model for a
threephase fault at the higide of the inverter stepp transformer.

2.3.  Output Filter

Theoutput filterin this models assumed to be &€L filter as shown ifFigure2-1. In Section
2.2, one of the justifiations for he use of the averaged mo@esisums the design includes an
output filter of lowpass chracteristic with the cutoff frequency less than the switching frequency
[38]. The LCL filter is parameterized based on the design proced{8,id40] A resistor,Y , is
added inseries with the filter capacitor for passive dampi@ge is taken to ensure the filter
resonant frequency is lower than the switching frequency and higher than the current controller

bandwidth.The corresponding parameters are showrainle2-1.
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Table2-1. LCL Filter Parametrization

Parameter Value

Inverter rating 1.0 MVA

AC output voltage 600.0 V RMS lineline
Inverter stepup 6% on 1.0 MVA base
transformer impedance (L:= 0.0573 mH)

L1 0.1 mH

L2 0.0 mH

C 294ntF

R 0.11Y

2The inverter stequp transformer impedance is used as L
Figure2-11 showsthe LCL filter as a tweport networkto analyze the currents as a function

of the filter impedance and external sourceSéttion 3.2, the inverter control is developed to

regulate the output current by applying the appropriate voltage E.

1 2
— —

Ly Ly
[580]__[609)
E T Vg

=

Figure2-11. LCL filter represerdd by a tweport network

Theequations governing the current can be written in terms of superposition

0 B0 B (26)

(27)

O w0 dw
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The admittances are calculatesl

O i 006 p
w = —
O Il DVUO 1 UL )]
.‘ O p
w i OO {0 0
(29)
0 0
w = —
O i DUO (U )]
. (@) pi 06 p
() - —
W i OO {0 0
resulting in
i 006 p ' P : 29
— 0 — W (29
i DO (U )] i DbLO (U U
30
0 , pi 06 p | (30
i OO (0 0 i OO {10 0

The admittanceéy represents the transfer function from the inverter voliadge the grid
current’Oif the grid voltage is shorted. Thiansfer function is of particular interest because the
inverter voltageO is used to control the output currest detailed irSedion 3.2 Figure 2-12
compares the admittance and the admittaze without the capacitanc&he parameters of the
LCL filter are given inTable2-1. If the range of frequencies considemedhefrequency response
is limited to 1/18 of the switching frequency, the frequency respasidee sane with and without
the filter capacitarThe closedloop bandwidth of the current otrol is set to béess than 1/10of

the switching frequencyrhis result allows for approximating the LCL filter by an L filter in the
control design in theext chapte
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Figure2-12. Comparisorof theadmittance ¥: (blue traceandthe admittance of an L filter
(orange trace).

2.4. Summary

This chapter provides an overview of the inverter modeling. The switching modéivof
level sinusoidal PWM contradinverter is first presentedhe switching model is then simplified
to an averaged model of the invertghich is used in the control design in ChamefMhe
assmptions made to develop the@emaged model are detailed such that the limitations are
considered in the use of the model prototyfpas shown mathematically that the averaging
operator used for the average model development results in a low passetiséiaetith a cut
off frequercy of approximately@ ¢"Q Lasty, the output LCL filtenmplemented in thenodel
is presented. It is shown from frequency domain analysis that the LCL filter can be apprdximate
by an L filter for frequencies less tharetresonant frequencyhis is leveraged iChapter3 to
develop the control law of the inverter. The EMT model protoiypledes the CL filter andboth

aswitching modeblnd averaged model representation of the inverter.
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3. Inverter Control

This chaper presents the controf aPV inverter typically applied in largeitility -scale plants
connected to the transmission systéhe control implementation in the model prototype is
modular such that it can be readily extended to other full converterolegms.The control is
developed based othe performance requirements dinaft 61 of IEEE P2800[25], NERC
Reliability Guidelineq13] andinternational grid codes such as the German (VI2E)27] and
Spanish (NTS)[28] applications of the Eopean Grid Cod§9]. These grid codes, guidelines,
and standards are performatii@sed not control design standardehereforethey ae used to
define the control objedt/e of the inverter for different condition$he remaining sections in this
chapter provide an overview of the inverter control architecture followed by a detailed description
of each controller This includesthe model of each pross to be controlled, the control
implementation in the model prototypan analyticaltuning procedureof each controllerand

verification of the controller response.

3.1. IBR Plant Control Overview

Figure3-1 showsan examplesingle line diagram o PV plantconnected to the transmission
systemLarge PV plants (e.g., > 100 MW) may consist of tens to hundreds of central PV inverters
or hundreds tdhousands of stringverters A plantlevel controler is typically applied in large

plantsto coordinate the response of the individual inverténg plantlevel controllermonitors
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the voltage and current at theint of measuremerPOM?) or the low voltage side of trstation
main transformeand provides the activeoprerandreactive poweor voltagesetpointreferences
to the individual inverters in the plafdthe bandwidth of the plaiével controlis much lowerthan
the invertedevel control. A common control stegy is for the inverterto follow the reference
setpoints provided by the plaobntroller in normaloperationandto take autonomous control
when theAC terminalvoltage is outside h e i ncenéinudugapdiaging range (e.g., LVRT) to

provide fast gd support.This is the approach followed in thigork.

The inverterlevel control inFigure3-2 processes the reference setpoints from the jaaet
control to synthesize a sinusoidal output voltage for which the magnitude and phase are controlled.
The control structure casalan outer loop to an inner loop current controller. This structure is
applied to facilitate tight control of the inverter AC output current to protect the power electronic
devices and to improve the rejection of disturbances, e.g., the inverter tevolinge The fast
current regulation effecti\e controls thesoltagesaurcedinverter to respond like a current source
for dynamics slower than the current controller bandwidth. This is referragdarrent mode
controlin the power electronics literatt An alternative control approach is voltage mode control.

Appendix Bprovides a brief overview of this approach.

2The Point of Measur ement is defined in usoEthe BR2&&W00 D6 .

the interconnecti on sy sivdtage térmihahof theanaiganstoaneréenshe plant i s t
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Figure3-1: Single line diagramfaa typicd IBR plant design.

Transmission

System

In current mode controlhe outer loogontrol determinethe current reference setpoints based

on the specific control objective, e.g., controlling the DC link voltdgeommon approach is to

separate théandwidths of ie outer andinner loop controllers by an order of magnitude

decouple the control loopg81, 41] The inverter control is implemented ia synchronously

rotating reference fram&RFE with the daxis aligned to the space vector of ihgerter AC

terminal voltage Controlling the invertein the SRF provides many advantageBalanced and

undistorted thre@hase sinusoidal signals ab€ signalsin the SRF established based on the

fundamental frequencyrhis simplifies the compensator desigRroportional plus integral (PI)

controllersare extensiwely used in this chaptagiven they are the most widely used controller

industry[42, 43] The dignment of the eaxis of the SRF to the space vector of the grid voltage
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helps decouple the-akis and eaxis control loopsln Section3.5, it is shown that this structure

allows the active poweto be controlled by the €xis current and the reactive power be

controlled by the exis currentHowever,the transformation of the signato the SRF relies on

the knowledge of the instantansophase angle of the grid voltagéis is discussed in Section

3.3 Control in the SRF can also resultdgnamics close to the fundamental frequency and into

the subsynchronous range that manifest inrdresformation oSRFsignals to the ABC reference

frame[44, 45]

|pv
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DC-AC Inverter
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> TET;L‘QT

—> —> _ _— ————
PGy | System Equivalenf
Icapl 4” I
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E e e e o — — —
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TEaZ; Vidgoe——— PLL y
> . for e t
Eaa Ea b7 Qi ¢
Jopl iopl
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— Edql* Edqz*
c = - .
c Q9 ldq1 ldq1 4
= = Pppd —> > <
o ppc .
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S S Qppds — daz 42| Components
L

Figure3-2: Inverter @scade control structure
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3.2.  Current Controller

Presently, anventionalcontrol of inverters connected to the gnidgulatesthe AC output
current with an inner current control loptb, 47] The capability to control the u r r @ositived s
and negative sequemccomponents is present in some commercial invergegs, to allow
suppression of the negative sequence current for unbalanced terminal.\Bétsgpk on evolving
grid codes requiring negative sequence current injection, this capability is expectedrtee be
standardThus, thecurrentcontrollerin the model prototype regulatboth positive and negative
sequence currensbmponentsThe system fsim the AC terminal of the inverter to the inverter step
up transformer is assumed to be a thneee system. Terefore, there is no component of current
in the zero sequencEor control in the SRF, a positive SRF and a negative &R&ppliedas
proposedn [48]. These reference frames are defined based on the PLL and describedirurther
Section3.3 This section deelopsthe model of the output current, details tdugrentcontroller

design, andhe tuning of the compensator used in the model prototype.

3.2.1. Model of the Current Dynamics

Thedynamics of the inverter output AC currenfFigure3-2 can be written based on KMh

terms of the space vectors of the agkts and currents

. prosee n ’Q s (31)
F Y U a6 T

The space vectoeredecomposed inttheir positive and negative sequence components based on
superpositionThe positive sequence componeants transformed to ¢éhpositiveSRFvia the Park

transform The resulting equations describe the dynamics ofiikexis and G-axis currents
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gQ 0 (32

€, lY !Q ”n - n . _ 'Q ’
O 0] 96 0] 00 W
. ~ o o Q0= : (33)
O YQ v 9% U 90 Q

Similarly, transformingthe negative sequence component$3dj to the negativesequence
SRF gives the dynamic equations for the negative sequeneaxid2and gzaxis currents

Appendix Dprovides aerivationof (32) i (35).

. QL Q- , (34)
. v O ‘ — 0
© v Qo0 v Qo0 ©
' -~ . 9Q 10— : (35
(@) YQ 0 90 U 96 Q

Rewriting (32) i (35) in statespace form, i.e "Qafvh :

'aQ
=P ye 1 50 0 W (36)
Qo0 U
'aQ
— P YQ 7 DQ ©O W (37
Q0 U
'aQ
Q0 U
'aQ
Qo0 U
— (40
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The gate variables arthe inductor currents andeloutput of the PLL. Neglecting the state variable
associated with the PLL, which is discussedettion3.3, Figure 3-3 showsa diagram othe

current dymamics.

Vid1

e

Vidz2

ig1 Eq —»é—»

ld2

th 1

.

Figure3-3. Model ofthe current dynamics in the positive and negative SRFs.

qu2

3.2.2. Current Controller

FromFigure3-3 and @6) 1 (39), it is evidentthe inverteroutputcurrentcomponentsan be
controlled by theorrespading components of thaverter voltageE. Coupling between the-d
axis and epxis components of the current dynamics in both ttsitige and negative sequences
result due to the reference frame transformaiitve. crosscoupling terms between theasisand
g-axis controllersas well as the grid voltagg; , can be consideredisturbance. Feedforward of
the measured terminal voltage is applied to improve disturbance rejestibfeedforward of the
measured current is applied to negate the arogsling [31, 49, 50] The compensator generating
the inverter voltage referengg consists of a Pl controller acting on the error between the current

reference and the measured curienaddition to thefeedforward termskigure 3-4 shows the
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current controllers for the positive and negative SR¥ete thatthe feedforwaragignalsmustbe

measured which may influence the dynamics.

ki ki

S Vig1 S Vig2

Figure3-4. Control diagram ofhe arrent contrdersin the positive and negative SRFs.

FromFigure3-4, the voltage referenceg are given by:

d ® e i v 0] Q (43
Qi e (42)
00 Q Q70

0] Q Q Q i 0 01 Q (43)
¢ e (44)
00 Q 0 0

G v ew i o 6w 4
qQ s 7 (46)
00 Q 070

G ® ww i o 0w @)
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o e (48
D Q Q Q

The current dynamics are now written including the PI controller and feedforward terms. It is
assumed that the PLL frequency is the same as the nominal system frequency, i.e]

and it is assumed the inverter voltage is equal to the refergncey .

(019) .

= P vo o a0 i (49)
Qo U

(019 .

= P vo 0 00 i (50)
Qo U

(019 .

= P vyo v o0 (51)
Qo U

(019 .

=P vyo o 0 i (52)
Qo v

The dynamicsf the four components diecurrentall have the same form and are independent
based on the assumption of perfeahceling of the crossoupling termsTherefore, the transfer

functiongiven in 63) can be used tdetermine the gains for the four current colérs.

(53

The assumption of perfect cancelation is show®eiction3.2.3to not be completely accurate.

The output of the current control is the inverter reference voltggeThis consists of a
superpsition of the positive sequence and negative sequence component in each phase. The
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inverter reference voltage is then multiplied by the inverse of the inverter gain to create the

modulation signal. The block diagram is showirigure3-5.

E..*
- »FE. al
dq al *
Eq* —» Ea 2
—
_’Ebl* Vdc rrla
Eu* — / ABC . Eaz
_>Ecl
GpLL J =)
B | 2 | m
Vdc
—>Ex =
EdZ* —Pp dq
—PEbz* *
E" —> / aBC Eo .
—»E* Ec 2 | m
Vdc
- GpLL E.*

Figure3-5. Block diagram of the development of the antating signal for PWM.

3.2.3. Current Controller Gains

Various tuning approaches can be usedhge the desiredime-domainresponseof the
inverter output current his section uses pole placementune the Pl gains analytically based on
the derived process modéloting this is a ? order system and the output filter inductance and
resistance is known, tHel gainscan be set based oine targetrise timeand damping51]. An

estimate of the rise time ofsgcondordersystem is given hy

PRy (54)

0e
]

Equating the terms of the characteristic equation of seondorder system provides the

proportional and integral gains
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(59)

(56)

In [52], testing of three utiliyscale converters showdtatthe closedloop bandwidth of the

current caitroller is on the order of 108z to 2kHz. The closedoop bandwidth of the current

controller is set tde less than or equal 1810 of the switching frequencid o 1 Oy in the

model prototypeTable 3-1 providesthe arrent controller P1 gainfor three desired rise times

based on the output filter inductance and resistance.

Table3-1: Current Controller Pl Gains

Parameter Value Value Value
0 (target) 1ms 2ms 3ms
Qx T Po 350Hz 175Hz 116.7Hz
Damping ratio- 0.9 0.9 0.9
Y 0.75n¥ 0.75n¥ 0.75n¥
0 0.1mH 0.1mH 0.1mH
Q 0.323 0.16125 0.10725
o) 324.0 81.0 36.0

The analytically calculated Pl gains of the curreomtrollersare based on estimates of the

relationship between the rise time and the undamped natural frequensgoainglordersystem.

The transfer function of thelosedloop current control in §3) is not in the standard form of a

secondordersystemassumed in thee previous estimate$-igure 3-6 shows the influence of the

zero in(53) on the step responséomparingthe step response (83) with the standal second
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order form, the rise timedecreasg and the overshoot increas@he green traceshowsthe
deviation from the response of the standard form sf@ndordersysemis dependent on the
proportional gain and filter inductanbased on the analgl tuning method use&or example,
Figure 3-7 shows thats thedesireddamping rab is increased (resulting in the increasehia
calculatedproportional gaip the rise timedecreasg and the overshoot increasdhis effect
should be considered when usifg)(and £6) to analytically calculate the Pl controller gatns

ensure the rise time is the desired range.

1.2

kos + ki

/\ L2+ (kp + RAs + K)
L \ ______ k; L w]g
) Lds?+(kp+ R)s + k) 52+ 2{wqs+ w}

kps
LAsZ+ Ky + RAs + )
kps + k;

AT+ ky + RAs +K) | LAsZ+ (kp + RAS + K1)

0.8

magnitude
o o
= [=2]

0.0
0.000 0.002 0.004 0.006 0.008 0.010

time (s)

Figure3-6. Stepresponse of the current casiter (blue trace), standard®®rder form (orange
trace), difference between the current controller and standard form (green trace), and the
summation of the two components of the current response (dashed red trace).
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Figure 3-7. Step response of the current controller varying the desired damping-ratia®
(blue trace);- T T fprange trace), and T@o(green trace).

Lastly, the response dfiecurrent controller isesed in the full model prototype PSCALE .
The current referencésm the outer loofre held constant, and@t oi anegatived.05pustep
change in th@ositive SRFRyl1-axis current referends applied The outer loop controllers detailed
in Section3.5were disablegand the diaxis current reference was set to 0.9phethree sets of
Pl gainsshown inTable 3-1 areconsideredThe step response in the full mbdbows the same
characteristics asétcurrent response observed in the previous sedti@response is faster than
the target rise timessed in the analytical calculations of the gains. The previous section showed
this might be due to thezero. If thisis significant, setpoint weightingao be applied to the
proportional gain The response of the full modalso showsthe coupling between the two

controllerswherea step change i@ results in a change i . The change ifQ is onthe order
of 10% of the step change nrmamde in"Q. Overall, the response meets the tidmmain

requirements and can be further tuned if necessary
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Figure3-8. Step response of tlid-axis current (left) anthe gl-axis curren{right) for a step
change in the gaxis current referender threesets of Pl gains.

3.3.  Synchronizationto the Grid Voltage

A critical component of theurrentmodecontrolledinverteris detectingthegr i d v ol t age

positive sequence fundamental frequency compomendiscussed irsection 3.2, theinverter

synthesizes woltageE to generate the desired current through theutdiiper based on31). The

reference frame transformation to the SRF ofrtteasuredd\C voltages and currerd is based on

the estimate of thiestantaneous value of thagle of thgositive sequence fundamental frequency
componenbf the grid voltage Therefore,control in the SRFEs influenced by the ability of the

controller todetect the grid angle for thheference framtransformationThis section discusses

the fundamentals of th@haselocked loop(PLL), thestructure of th&RF~PLL, tuning of the SRF

PLL, and derivatives of the SRFLL applied in the model prototype
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3.3.1. PLL

It is common to use BLL algorithmto synchonize the inverter control to the grid voltage

[53]. The control objective of the PLL is tack the phasangleof the input signalThe principal

components of a PLarethe phase detectdPD), theloop filter (LF), andthevoltagecontrolled

oscillator(VCO) shown inFigure3-9 [54].

input
—>

PD

'
Lt

output

» LF » VCO

A

Figure3-9: Basic PLLcontrol structureadaptedrom [54].

3.3.2. SRFPLL

The SRFPLL shown inFigure3-10is a common PL structure foithreephase inverterb5].

The control strategy of the SHALL is to align thed-axis of the SRF to the space vector of the

grid voltageThisis achieved by regulating tligeaxis componet of the grid voltage to zero.

ab

Vig p ——»

dq

Vid

th

\ 4
=~
oS

» b

v
~
A 4

Figure3-10. SRFPLL.
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Figure3-11 SRF coordinates in thel plane

Thespace vector of thgrid voltagein Figure3-11isdefined as:

o

o o MR O VR (57

where:

5 16 — 8)

FromFigure3-11, the daxis and eaxis components of the voltagan beinferred graphically.

b o shéi — (59

0 »si 0 — (60)

Based on §9) and 60), controlling0 to zeroresults in tle daxis alignng with o (and
therefore— —In Figure3-10, the| T to dqtransformations the phase detector of the SRF
PLL. The gaxis component of the grid voltage the error signal input to thop filter,
implemented via PI controller If the difference betweerand— is constantvith respect to

time, theangularfrequency calculated by the POL , is theangular frequency of the grid ,
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and the PLL i s Farthamore,if the nbagnituild ob thekspadeovector of the grid
voltageis constanandthe difference betweerand— is constantvith respect to timethe dq
components of theoltage are DC signals. Thissult is one othe advantagesf implementiry
theinvertercontrol in theSRE If the grid voltage isinbalancedr distortegdthe magnitude of the
space vector of the grid voltage will not be constand the SRF components willcontain

sinusoidal terms.

3.3.3. Model of the SRFPLL Dynamics

Figure3-10and(60) showthe SRFPLL contairs nonlinearities such asnusoidal term®ther
nonlinearities such as amplitude limiters and-antidup of the integral control aret shownin
Figure3-10. A linearized modebdf the SRFPLL is developedo applylinear controland system
analysistechniques tanvestigatethe dynamics of the SRIPLL. The statespacemodel of the

SRFPLL in Figure3-10is writtenas

Q— — (61)

(o' . (62)

Thelinearizedmodelis determinedy smaltsignal analysisFor reference, the procedwsedis

outlined inAppendix C

P SOE+H— — w—0E— — o— 0 63

o L sSRY—w— Q o
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o © sWEH — w—0i — o— Q (64)
L Sw—u— Q

The subscript®bddenotes thateadystatevalue upon which the system is linearizEayure3-12

shows theblock diagranof the linearized modedround a steady statgerating point oV, S

p8m dand— —.

h 4
=
o

Dq X —— » Dagp, |

\ 4
oy

Figure3-12. Linearized model of the SRIFLL

The Laplace transform 068) and 64) provides thelosedloop transfer function of the linearized

model in Figure3-12.

— i Qi Q (65)

3.3.4. SRFPLL Controller Gains

Poleplacement is used tane the SRHPLL PI controlleranalytically Given @5) is asecond
ordersystem, the polesreplaced according tthe desired rise time amdmpingof the SRFPLL.

The PI @quins are calculated as:
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Pay (66)
1

4 Q S
. (69)

High bandwidth PLLs have been shown to cause instability in weaker[§6H9 he banavidth
of the SRRPLL is set much lower thatme bandwidth othe current controllersA few example

gain calculations are provided Trable3-1I for reference.

Table3-11: SRFPLL Contwoller Pl Gains

Parameter Value Value Value

0 (target) 50 ms 100ms 150ms

QX T Po 7Hz 3.5Hz 2.33Hz
Damping ratio- 0.707 0.707 0.707
Q 50.9 25.4 17.0

0 1296.0 324.0 144.0

Figure3-13 shows the step responsetbé linearizednodel for the gains iable3-11. The
step response time i®creasd compared to the target valuehis is again due to the zerothre

transfer functioras discussed iBection3.2.3
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Figure3-13. Stepresponse of the linearized SHIEL.

The SRFPLL in Figure3-10is implemented in PSCAB to verify the performance of the
implemented model. The simulations inclddenly a test vibtage and did not include the other
parts of the inverter modeThe PI controller gains are sstcording to §7) and ©8) basedon a
targetrise time of 100 ms and dampirafio of 0.707.Figure3-14 showsthe SRFPLL response
to apositive sequence step chamg&0° in the voltage phase angRecalling thad is the error
signal, thetop right plot showghe step response approximately50ms Figure 3-15 shows the
SRFPLL response to 80° step change in the phase A voltage angigure 3-16 showsthe
respnse of the&SRFPLL response to stepchange in the magnitude of the phase A voltage from
1.0 to 0.8.These two examples highlight the limitation of the SRFE when the voltage is
unbalancedThedq signals show 120Hz oscillations due to the negasegence component of
the voltage. Thee simulationshow that the SRPLL response is adequate for balanced signals

but cannottrack unbalanced signals with zero steathte error.
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dl-axisand d-axiscomponents of test voltagBottomright: PLL unfilteredfrequency.
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Figure3-16. SRFPLL response to step change oD.2pu inthephase A voltageP| gains: kp
=25.4 and ki = 324Top left: test voltage. Bottom left: PLL phase angle. Top rightaxisand
gl-axiscomponents of test voltagBottomright: PLL unfilteredfrequency.

3.3.5. Advanced PLLs

The simulations of the SRPLL show hat the performancdeterioratesvhenthe gridvoltage
is unbdanced.Many gid codesrequireI|BR to remain connected amitovide grid supporby
injectingreactive currentor low or high voltage condition$-urther, grid codes and performance
standards such §6-28, 57]require the inverter to provide negative sequence reactive current for
asymmetrical grid faultbased on the negative sequence voltagerefore, the inverter control
neals the capability to detect the grid voltage's positive sequence and negative sequence

fundamental frequenayomponents

To improve the performance of the SREL for voltageunbalancemanyPLLs proposed in
theliterature add filtering to the SRIFLL framework[58]. Two suchSRFPLLs are implemented

in the model prototypehe DualSecondOrder Generalized IntegratqDSOGI) PLL shown in
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Figure 3-17 and the Decouple Double Synchronous Reference Frame (DDSRF3HeWN in
Figure3-18. Appendix Eshows the mathematical formulationtbé DSOGISRFPLL proposed

in [59] andthe DDSRF PLLproposed if60].

; Vall% ——» Via1
SRF v
| PLL
Vs 1 Vi > L G
ABC 2
Vtabc —P
V, 1 Vc’:12I o
abl® 2 Yab > Vi,
1 VbzI | dq —>th2
2 T
-GpLL
Figure3-17: Block diagram of DSOGI SRPLL.
The transfefunctions of the SOGI blodare:
v Qi (69)
O i Q i
no. Q (70
) i KO i

Figure 3-19 shows the response of the DSOGI SRE for a step change in the phase A
voltage magnitudeThe top right and bottom right plots show the test voltage's positive and
negative SRF componentsl@aated by the DSOGI SRPLL. The bottom left chart shows the
DSOGI PLL frequency. Note that the 120Hz components observed in the PLL frequency and SRF
signals inFigure 3-16 are removedFigure 3-20 shows the response tife DDSRFPLL for the
same test input. Comparing the response of the PLL frequency and the SPénents, the
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DSOGI SRFPLL shows better attenuation of the 120Hz components compared to the DDSRF

PLL.

decoupling network
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Figure3-18. Block diagram of DDSRF SRPLL.
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Figure3-20. DDSRF SRResponse to step change oD.2pu in thephase A voltagePI gains:
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3.3.6. Summary

This section detailed the SHFLL structure and provided an analytical tuning methased
on pole placement for the PLL LF implementech&d controller.Voltageunbalance and voltage
distortionare shown to degrade the performance of the-BRFEsignificantly. The current mode
controlled inverter must track the grid voltage's positarel negative sequence fundamental
frequency components to meet the performance requirements during asymmetrical grid faults. The
DSOGI SRFPLL and the DDSRfPLL are implemented in the model prototype. Satians of
unbalanced voltages show that both tI8J%1 SRFPLL and the DDSRF PLL can detect the grid
voltage's positive and negative sequence compondotsever, both PLLSperformance will
deteriorate for distorted voltages without further additidine. DSOGI SRFPLL and the DDSRF

PLL can be tuned baden the analytical methods presented for the-8BRE.

3.4. Positive and Negative Sequence Components of the Current

In Section 3.2, current controllers werapplied in both the pds/e and negative SR
However, the determination of these components from the measured current was not discussed
For the current controllerin Figure 3-4, the detection of the positive and negative sequence
components of theucrent isrequiredin the feedback signal$én Section 3.3, both the DSOGI
SRFPLL and the DDSRF PLhareshown to be capable of determining the fundamental frequency
positive and negative sequence components of the terminabeoltis allowsthe trackng of
the phase angle of the positive sequence fundamental frequency component of the voltage
establishing th@ositive SRE The negative SRF is estabkshby the same instantaneargle
but rotating in the opposite directiokRigure3-21 shows the positive and negative SRFs rotating

in the| f-plane.The positive SRF rotates counterclockwas@an angular frequencyiof . The
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negative sequence SRbtatesclockwiseat an angular frequency of . The d2axis of the

negative SRF is located at— 0.

q1 q:

_—— ) D)

d
.2/ —Wpy,

Figure3-21: PositiveSRF(blue) and negativBRF(red)established by the PLL

3.4.1. Cross Coupling ofPositive and Negative SRFs

Transformingunbalanced signal® the positive and negativ@RFsvia the Park transform
resuls in couplingbetween thesignals in theawo SRFs. Tie positive SRFISignalscontaing™Q
componentselated to the magnitude of thegative sequence componerid the negativERF
signals contailg"Qcomponents related tbe magnitude of theositivesequence componerithis
section showthe mechanism of thr@osscoupling betwee the positive and negati&RFs Given
an unbalancd currentconsisting of positive and negative sequence components, the space vector

of the currents written as a superposition of the components.

e N e X, e T, 71
@00 5, Q aa Q (7D

— and— are the instantaneous phase angles of the positive and negative sequence space vectors
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(72)
(73

L and k are the positive and negative sequence phase A current phaaosfoiiming the current

to the positive SRBy multiplying byQ results in:

LN P T PN 9

It is assumedhat the PLL is perfectly tracking the positive sequence fundamaérirequency

component of the grid voltage such that:

o (79

T«
Substituting 75) into (74) shows a DC component equal to the magnitfdkee positive sequence
current and sinusoidal componenith a frequency of¢’Q and amagnitude of the negative

sequence current.

LI PR RRE AT PRI S (79

Similarly, transforming the current to the negative SRF by multiplyin@by results in

Equatiors (76) and {7) show how the sinusoidal double fundamental frequercmmponent is

marifested in the crossouplingbetween the positive and negative SRFs.
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3.4.2. Decouplingof Positive and Negative SRF Components

The crosscoupling can be avoided by transforming only the positive sequence component of
the signal to the positive SRF and only thegative sequence component of the signal to the
negative SRF. This ithe approach taken in the DSOGI SREL, where the signals are filtered
and decoupled in the stationary reference frame to determine their positive and rsegateree

component$59].

Another appoach is to apply filtering to the signals in the SRBwever, he desired closed
loop bandwidth of the curreréspons@n the order of 100s of Hz limits the ability to use low pass
filtering to attenuatethe ¢"Q componentFor exampleconsider thesimplified current control

diagramincluding a % order LPFin the feedback path as showrFigure3-22.

I* L > |
Lis+R
1
» Kk >
S
We |
SHW,

Figure3-22: Simplified current contrablock dagramwith 15t order LPF in the feedback path.

For illustration puposes, the LPF is set with a @ff frequency of 60Hz, resulting inan
approximately55% reduction of the 12Blz componeninagnitudein the feedback patiThe
current controllelPl gainsare set to kp = 82 and ki =324.0based on a target rise time of 1ms
referring toTable3-I. Figure3-23 compareshe open loogrequency respons# the currentvith
andwithout filtering in thecurrentcontrolfeedback pathThe response of the LPFimludedfor

referenceWith the inclusion of the LPF, the frequency response slaavegative phase margin

73



indicating instability. The eigenvalues ofhe closedloop systemindicatetwo poles in the RHP
confirming the system is unstableigure 3-23 shows thatncreasing thearget rise time of the
current by an order of magnitudeltd msresults inaphase margin of ~35 degreétowever, this

is outside of the desired bandwidththe current controllehis example shows the performance
of the current control is significty deteriorated by the addition of the LRFattenuate the 120Hz
component of the signal. Further, the 120Hz component is not completely refogdequacy
response in this example shothe decrease in phase due to the LPEreasing the order ofié
LPFis not a viable solution as this resutidaster deterioration of the pha3ée LPF solution is

more feasible for lower bandwidth controllers sushire PLL inSection3.3.
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Figure3-23: Frequency response of theF (green trace) and tlearrent with(orange trace) and
without (blue trace) PFfiltering for a target rise tne of 1ms.
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Figure3-24. Frequency response of the LPF (green trace) and the current with (orange trace) and
without (blue trace) LPF filtering for a target rise time of 10ms

The authos in [48] propose addin@ notch filter tuned to 120Hz to remotee coupling
between theositive and negative sequence SRRmponentsThe transfer function of second

ordernotch filter is:

O i

i (78)

where] is the resonant frequency agd is the-3dB bandwidthof the filter. Figure 3-25
shows he frequency response okthecondorder notch filter in 78) with the resonant frequency
settg ¢ p ¢ i wiQfor various values of. As thebandwidthis increased, a larger range of
frequencies arattenuatedand more phase lag is addext frequencies less than the resonant

frequency.
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Figure3-25. Frequency response afseconebrder notch filter witraresonant frequency of 120
Hz.

Thesecondorder notch filtewas implementeah the fullmodel prototype to attenuate the 120
Hz componentsn the SRF current signal3he notch filter bandwidthhad to be reducetb
approximately 12Hz 1@t ) to obtain a stable respondéhe simplified model of thelosed
loop current control irFigure3-22 wasmodified by replacing the LPRvith a secondorder notch
filter to investigate furthelFigure3-26 compareshe frequency response of the open loop current
control with and without the notch filter fortwo bandwidths Figure 3-27 compars the
corresponding step response oftlesedloop simplified modelThe frequency ponse and step
responsef the simplified linear model predict the poor performance and instability cfdbed
loop currentcontrolwith the addition of the notch filteEigure3-28 shows that increasing the rise
time of the arrent controller, i.e., reducing the current controller bandwidth, esllit in a stable

response like the LPF example.
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Figure3-26. Open loop frequency response of the curvétit a notch filter(orange trace and
green trace) andithouta notch filter(blue trace)n the feedback path
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Figure3-27: Stepresponse of the current with a notch filter (orange trace and green trace) and
without a notch filte(blue trace) in the feedback path
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Figure3-28. Decreased current controller bandwidkep responsef the current with a notch
filter (orange trace and green trace) and without a notch filter (blug) frathe feedback path

Theotherapproackconsideredn the model prtotype isa slight modification of thddDDSRF
frameworkproposed ifj60]. The DDSRFuses adecoupling network in th8RF that includew
pasdfiltering. The DDSRFwas adequate for the PLL but was not stable when implemented in the
current contralThe previous examples indicate this is likely due to the current controller's much
higher bandwith than the PLLTherefore the output of the DDSRI5 taken before the LRBS

shown inred inFigure3-29, to reduce the impact of the LPF on the closed loop stabilit
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Figure3-29: Modified DDSRF block chgramused to extract the positive and negative SRF
components of the current.

The modified DDSRF block diagram ifrigure 3-29 is implemented and tested in the full
model pototype. A step change in the negative sequersdsairrent referengeQ , of 0.05pu
is considered for the three sef gainsin Table3-1 of the current contiler. Figure 3-30 shows
the response of trurrentcomponentsvith themodified DDSRFEThe negative sequeacurrent
step response is consistent with plusitive sequence current response analyz&drction 3.2.3
Similar crosscoupling between the negative SRFaxds and epxis is also observed. Cress
coupling betveen the positiveand negative SRF componentsstsown but significantly less
compaed to the magntude of the crossoupling between the-dxis and epxis signals in each
SRE Figure3-31 compares the responstthe current control with the mdatd DDSRF and the

notch filter. The current controllers with the modifi@DSRFprovidea supeor responsé¢o those
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using a notch filter. The coupling between the positiverseghtive SRFs iswuch stronger with
the notch filter implementation. Therefotbe modified DDSRF isisal in the model prototype

for the sequence current decomposition.
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Figure3-30. Response of theual SRFcurrents to a steghange iriQ in the full model
prototype.
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Figure3-31. Comparison of theurrent response to a stefpangeof ‘Q in the full model

prototypewith the current controller including thenodified DDSRHblue trace)yandthe current
controller including anotch filter(orange trace) in the feedback path

3.4.3. Summary

This sectiordiscusses the detection of the positive and negative sequence current components
in thefeedback path of the dual SRF current contrall€he coupling between the positive and
negative sequence SRFs manses a¢’Q component due to the transformation to the positive
and negative SRFs. The sagresscouplingis presentwith the voltage signaldyut the lower
bandwidth of the PLL compared to the current controllers allows various filtering options to
provide adgquate performance The phasdag introduced by the filteringoelow the desired
bandwidth of the contralegatively impacthe stability of the higher bandwidth current control
loops. Two approaches are discussed and implemented in the model prototypeodifrezl
DDSRFshown inFigure3-29is the default in the model prototydae to its superior performance

to the notch filter.
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3.5. Outer Loop Control

The inverter's active paav, reactive power, AC voltage, and DC voltage contrattions are
included in the outer loop of the cascade control structire model prototypes configurable
for different combinations of control objectivé¥hen the inverter AC terminal voltagewsthin
the continuous operating range (magnitude anduéeqy), a typical control approach is for the
inverter to regulate the DC link voltage and follow a reactive power reference from the plant
controller. The control objective of the inverter changdspending on the terminal voltage
conditions.When the inerter terminal AC voltage is outside the continuous operating range, the
inverter autonomously controls its terminal voltage to provide grid supplod is referred to as
fault ridethrough (FRT)control mode in this workTwo distinct control modes, ctinuous and
FRT, are implemented in the model prototype and automatically selected based on the measured
terminal voltage and configuratiomhis section details the control objective, the procesdain
and an analytical tuning method feach controllethat is part of theuter loop in the model

prototype.

3.5.1. Instantaneous Active and Reactive Power

The concepof instantaneous active and reactive poweral s o r efjedfhedryo aa®s
literature,is convenienfor analyzing and designing controlefior invertersp-q Theoryprovides
atime-domaindescription of active and reactive power based on instantaneous values of voltage
and current that are valid for both steadgte and transnt conditiong61]. In contrast, etive and
reactive powecalculations based grhasor domaisignalsrequirethe systento be insinusoidal
steady stateFor a threephase, threavire system, e instantaneous activedaneactive power

exchanged with the grid based on the nomenclature in thisisvgrken by
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Yo D D QU QLY (79

where the 3/2 term is added to maintain power invariance based on the assumed scalar in the Clarke

transformation Given that the inverter control is implemented in the SRF, |the signals are

multipliedby A @D —  to transform to the SRF.
v o o ‘ ,
—0 — 0
"o ¢ < n no C =9 m 0 (80)

EU"Q LQ QUL TQ LN

The overbar signiésthe complex conjugate.

Equation 80) showsa majorbenefit of implementing the inverteomtrol in the SRFIf the
S R F 6axis islaligned to thepace vector of thgrid voltage, them 1L This resulfprovides
decoupling of the -Gxis and epxis control loops where trective powels controlled by the d

axis current and the reactipeweris controlled by the gxis current.

o

n 0 T =0 Q (81)
G
o

n U 11 Et‘) Q (82

Note that if thePLL is not perfectly trackinghe phase angle of thgrid voltage there will be a

nonzero component af . This results itheg-axis current contributing to the active power and
thed-axis current contributing to the reactive powarthis casethe simplified equation$3() and

(82) are inaccurate
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3.5.2. Active Power Control

Thepower output o PV array depends on the solar irradiance, the voltage, and the operating
temperature of the solar cells comprisihg PV arrayOf these, the voltage is directly controllable.
A common approach is to control the voltage across the PV array to extract the maximum available
power based on the given atmospheric conditions by operating at the maximum power point (MPP)
oft h e a rlicuavg. ken tie control objective is to operate at the MPP of the resource, the
inverter control ensures the balance of power between the inverter's DC side and AC side by

regulating the DC link voltag3].

Alternatively, the active power can be limited to a reference value less than the maximum
power available from the resourcEhis strategy may be used if itnsquiredto limit the plant
output or maintain headroom to respond to low frequen@nts on the grid. In this cagbe
control of the PPS must be regulated to find the corresponding operatingRpomtthe plant
owners perspective, not operating at the maximpower available from the resource results in a
loss in potential revenwss the fuel cost is zerim the U.S., FERC Order 842 requires all resources
under their jurisdiction to have the capability to provide primary frequency resf@itjs®raft
6.1 of IEEE P2800alsorequires the IBR to have the capability to prova&equencydroop
responseFurther, Draft 6.1 of IEEE P2800 requitgsization of this capaibty for low frequency
if headroom is available and for high frequency plerating abovets minimum powerlimit.
However, neitherrequire headroom to be maintaintmd allow response to low frequenci
commoncontrol architecture is for the frequendyoop control to be implementeat the plant
level. However, in the futurgt may become more common to implement this function in the
inverterlevel control with the immediate benefit of removing some of the delay associated with

the communication from thglant controller to the inverters.
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With this background, the remaining adf this sectiordetail the control functions of the
inverter that affect the active power exchange with the gha includes DC link voltage control,
frequencydroop control,and active power setpoint following.hn& assumptions made in the

modeling ofthe DC input power from the PRiBe also discussed

3.5.2.1. DC Link Voltage Control

The control of the invertér active power involves controlling both the DC power input and
the AC power output. The energy storage capacity of the DC bus is typically Eheedifore,all
the DC input power from thePS(e.g., PV, batteries, wind) must be injected into the AC dgfrid.
this balance is not maintained, the DC bus voltage will change based on the DC link capacitor
voltage dynamicdn this sectionit is assumed thahe PPS is operated &8 MPP. Therefore, the

inverter controls the balance of power by controlling@i@link voltage.

3.5.2.1.1. DC Link Voltage Dynamics Model

Figure3-32 shows one leg of a twievel, threephasevoltagesourcednverter. The DC link
capacitor voltage dynamiceplend on the DC input current from the PPS and the inverter output

current
Qo
O O (O] 0 — (83
Qo

Based or(83), if ‘O does not equaD , theDC link voltagewill changewith time. As discussed
in Section2.2, from the control perspective, we are interested in the average ofathe DC link

voltage
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Figure3-32. Simplified diagram of one leg @f threephasevoltagesourcednverter.

The inverter power at the boundary is considered to developtemslip between the DC
voltage and the inverter AC current. The inverter DC power is equal to the AC power phss loss
Therefore, the inverter DC currentredated to the -@Gixis and epxis signals by

o O (84

C2
-
C

o . . - .
-0 Q v Q v
C

Combining 84) and 83) ard neglecting lossethe DC voltage dynamiads statespace fornmare

given by:

»w O o p . .. (85)
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Figure3-33. Block diagram of thé®C link voltage dynamics.

The modelin Figure 3-33 is linearizedto apply linear control technique$he smaksignal

model of the capacitor voltage is:

. wOo .0 p . .
Ww -— W ——— UL Q v Q
' 0 " Cw O (86)
g p - . . - \ .
—— WLUQ LV WQ WL Q v wwQ
Cw O
In steadystate b mtbased on the PLISubstituting)y -0 Q 0 Q andu

miresults in the linearized model of the DC link capacitor voltage showigure3-34.

’ (4)"0 ’ p 5
(G 0V) -— (63 OV I - U
' o] 0 W (87)
g p - . " <
—— WL Q v WQ wuLQ
Cw O
Dhg —» lqo | O,
3 1 1 DVye
—> ; — >
Bs— Vo N Cac s
Dhqg —> g0 |
F)inVO
\/cho

Figure3-34. Block diagram of thersall-signal model othe DC-link voltage dynamics.
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3.5.2.1.2. DC Link Voltage Controller

FromFigure3-33, the DC link voltage can be controlled by thexds currenof the inverter
or the inputcurrentinto the DC bus from the PP® this model, the inverter controls the DC link
voltage All perturbations in 87) other than the-dxis currentire set taeroto develop the transfer
function of the smalsignal model of the éaxis current to the DC link vi@ige.Transforming to
the frequency domain gives tfa@lowing transfer function.

wo i oL

88
T (®9

Cu 0
Clo W N

Figure3-35shows the DC voltage control block diagrarhe output of the PI controller is the
d-axis reference current to the inner current controllee current input from the PV arraysgy,
can beusedas a feedforwardignal The DC voltage controller is tuned have a bandwidth less
than 1/10 of the bandwidth of the current controll@isus, the current regulator neglected in

the tuningfor simplicity.

Sudct
ki » i ‘

Ve S

h 4

Figure3-35: DC voltage contrdér block diagram
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The resultingclosedloop transfer functiorof the smaksignal model of the DC voltage contisl

given by

~

® i ob Qi
w i . , ow L Q U i o 0
6 0 w

(89

The PI gains are calculatéy pole placement like therevious sections bag@nthetarget rise

time and damping of the response.

9 4 0 w gy (90)
ow U
. 0
q 9 ¢ (92)
ov

The zero in89) causesignificantovershoot and decrease in the rise timméthe DC voltage
responsdor smaller values of DC link capacitancko increase the modularity of the model
prototypeandkeepthe tuningsimple,thePI controller is implementdoased on setpoint weighting
of the proportional gaimppendix Cprovides further details on this approathble3-1ll shows

the resulting Ptontroller gains for a vagty of DC link capacitance values. Also included is the

weighting factor, b, for the proportional gain acting on the reference setpoint. The implemented

controllerin the model prototypis shown inFigure3-36. Note, settingo  p results in the same

structure as shown figure3-35.
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Figure3-36. Control block diagram of thédc controller with setpoint weighting of the
propotional gain.

Table3-111: DC link VoltageController Pl Gains

Parameter 0 poO O ™®O 0 ™t VO 0O T3t PO
0 (target) 100ms 100ms 100ms 100ms
QX T PO 3.5Hz 3.5Hz 3.5Hz 3.5Hz
Damping ratio- 0.707 0.707 0.707 0.707
0 0 489.9V 489.9V 489.9V 489.9V
W 1200.0 V 1200.0 V 1200.0 V 1200.0 V
0 0.9MW 0.9MW 0.9MW 0.9MW
Q 42.6 5.18 3.1 1.44
Q 529.1 52.91 26.45 5.3
b 0.69 0.56 0.474 0.205
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Figure3-37 shows the step response of the DC voltage cootroésponding to the gains and
DC link capacitor size iffable3-111. The top chart showthat as the value of the DC link capacitor
decreases, the zero's impact is increabled bottom chart shows that with the setpaiaighting
applied, the response is consistditie influence of the setpoimteightingis also evident ifable

3-1ll by comparing the calculated vakief b to maintainthe zero at 1

2.5 /
2.0

g 1/

E 15 /

= //_A—-R

g 10 — Cy=1F

/// Cyc = 0.1F
0.5 —— Cy = 0.05F
—— Cy=0.01F

0.0 dc |
10 T T T ————
0.8 #

3 /7

206 7

5 7/

& y - = Cy-=1F

c 04 7 _

/ Cye = 0.1F
0.2 / - €y = 0.05F |
------ Cye = 0.01F
0.0 dc |
0.0 0.1 0.2 0.3 0.4 0.5

time (s)

Figure3-37. Step response of the DC voltagighout tpoint weightingtop chart) and with
setpoint weightingl{fottom chat).

The DC voltage responsgtested in the model prototype 8% stepchangen « . Three
DC link capacitor values are considered. The Pl gains and the setpoint weighting gains for the
proportional control arasshown inTable3-Ill. The response the full model prototypshown
in Figure3-38is consistent with the linearized smsaignal model ezeptfor the case where the
DC link capacitor is 1.0F. In this cagbe DC voltage response is a ramp due to the amplitude

limiter. The current amplitude limites further described i8ection3.5.5 The current limit is also
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usedasthe saturation valu® prevenexcessiventegral windupn this controller Theintegrator

antrwindup methodmplementedn this work is detailed il\ppendix C

CDC = 0.01F
1275 / T
2 1250 == Vpe o
> 1225 / B 4
Pl Setpoint Weighting of K
1200 ———— .
CDC = 005F
1275 / ]
___________ et —_—
> 1250 —— Vi R
S —
>~ 1225 .
Pl Setpoint Weighting of K,
1200 o .
CDC = lOF
1275 I
S 1250 — _— 2
[S]
= 1225 i - .
Pl Setpoint Weighting of K,
1200 e I
3.8 4.0 4.2 4.4 4.6 4.8 5.0
Time (s)

Figure3-38. Step response of the DC link voltage comparing the PI controller implementation
(blue trace) to the PI contterimplementatio with setpoint weighting ahe proportional gain
(orange trace)DC link capacitor values of 0.01F (top chart), 0.05F (middle chart), and 1.0F
(bottom chart).

3.5.2.2. Frequency- Droop Control
A frequency- droop contrder is implementedusing the structure ithe 29 generation
renewablesnergy positive sequence transient stabgity ant cont r ol [16]lfThemode | ,

block diagram corresponding to tiraplementation in the model prototype is showrfFigure

3-39.
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Figure3-39. Frequencydroopcontrollerblock diagram

A key parametein the frequencydroop controlleis the time constant of the LPF oktRPLL
frequency As discussed in Sectidh3, the objective of the PLL is to track the phase angle of the
space vector of the grid voltage. In steatiyte, the PLL frequency matches the grid frequency.
When the PLL is not lockg it is either speeding up or slowing down the rotation of th&isl
based on the error signal, . This is reflected in the PLL frequendy, , as shown in the
resporse of the PLL irFigure3-14. It follows that this signal must be filtered if used to represent
the grid frequency in the frequentydroop contrbor in protection funtons. The default setting
of the LPF time constanh the model prototype i p Tati. This is consistent with the

recommendations if13].

Figure 3-40 and Figure 3-41 show the response of the inverfer a step change in the
frequency of the grid equivalent voltage source. The inverter is assumed to have headroom and the
frequency droop control is setgfsown inTable3-1V. For the high frequency case, the test voltage
sourcefrequency was chandao 60.1Hz ab ti 8For the low frequency casthe test voltage
source frequency was chang® 59.9Hz atd ti 8The responses showaththe inverterlevel
control determines the frequency and provides the target droop respohséh tasesan ideal

voltage suppliethe input DCpower in the simulatian
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Table3-1V. Corfiguration of the Frequency Droop Controller

Parameter Setting
Deadband (fdb) + 0.0006 pu (0.36 mHz)
Droop gain forigh frequency (Ddn) 20.0 (5% droop)
Droop gain for low frequency ({p) 20.0 (5% droop)
1st order filter time constant of the PLL
0.1ls
frequency t )
1st order filter time constant of the output 0.001
current reference signat ( ) ' S
o [
60.06 [
E‘60.04 l
60.02 I
oi445 \
%0.440 \

Time (s)

Figure3-40. Frequency droopresponséo high frequency.

PLL Frequency

60.00
59.98 \
59.96
: \
=
59.94 \
59.92 \
59.90
Active Power
0.470
0.465
.*g
= 0.460
o
Q /
0.455 /
0.450
38 4.0 42 4.4 4.6 48 5.0

Time (s)

Figure3-41. Frequency droop responst low frequency
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3.5.2.3. Active Power Setpoint

In this control modethe inverter follovg an active power reference setpoint from the plant
level controllerTheopen loop implement®n shown inFigure3-42is based on&1). Theclosed

loopimplementation shown iRigure3-43is also implementenh the model prototype

N

Pppd® ——» D — ld ppc
A

Vid1

Figure3-42. Open loop ative power setpoint contrblock diagranin per unit.

a %—'
Pepc* ﬁ* ld_ppc

ki |1 T

S

pi nv

w

Figure3-43. Closedloop active power setpoint contrblock diagram

3.5.2.4. D-Axis Current R eferenceControl Mode Sdection

For the active power control detailed in this section, the controller's output is#e current
reference The control mode is selected in tineodel prototypedy the appropriate settingf the
control flagsin Table3-V. Figure 3-44 shows thdlags used to set the desired control madd
the resulting ebxis current referenc&he sample and hold block is part of tHéRT/LVRT logic
discussed irsection3.5.4 Setting this flag to a logical 1 resultsthe dtaxis current reference

freezing during LVRT and HVRT.
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Table3-V. ControlFlag De<ription for Active Power Control.

Flag Description

1: sets the control mode to regulate the DC Viokage

Vdc_flg 0: Pref setpoint and assumes constant DC link volfagiéage source enable
on DC link)
fa 1: enables invertdevel frequency droopontrol
—9 0: disablesinverterlevel frequency droop control
1: holds the last setpoint if the imter is in LVRT or HVRT control mode
idfrz_flg 0: continues updating theakis current reference in LVRT or HVRT contrc
mode
——VRT _flg
i d vdc——ectl=1 h‘old
+X » S/H ——p—ectl=1
Ig_ppe———ectl=0 A ——> iy"
- ctl » =Ct|=OT
Vdc_flg ctl
_ idfrz_flg
|d7d roop ctl=1

Q0 ——ctl=0
ctl

f flg

Figure3-44. Selectionof d1-axis current referenda the ontinuous operating range

3.5.2.5. DC Input Power from PV

The dynamics of the DC input power from the PPS will depend on the resource type and control
objective Considering PV, the DC input power from the PVags depends on the PV array's
desi gn, sol ar irradiance, t emper ad curve The and o
operating point is controlled by an MPPT algorittirat determinethe maximum poweoperating

point on t h-EcurRVor terpresent oaditidn. In a singdeage design shown in
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Figure 3-45, the inverter control includebe MPPT which setghe DC link voltage referende
the DC link voltage controllein a twastage design shown Figure3-46, aDC-DC converter is
added to the DC circuit that contrabe voltage across the PV arr&y. In this case,iteDC link
voltage controller referenceay , is constantReferencg30] indicates that the singstagedesign

is more coseffective for central inverters and large string invert@rsampling of MWscale PV
inverter datasheets in@ites thathe singlestage design is typical for commercially available MW

scale PV inverter63-65]. Therefore, the model prototype assumes a sisigigedesign.

Ipv Iinv
— DC-AC
+ Inverter
PV d_ D
A Cdc —— -I
rrays c
Vo —» o
lw —»  MPPT — v
—>' *
Pppct —— »| Controller ld1
Vbe

Figure3-45. Diagram of asingle-stagePV systentdesign
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|pv |DC Iinv
2 — DC-AC
+ Inverter
PV DC-DC
V, Coe == V. -|
Arrays P Converter de be
A
Voe —»] Voot —
? ddc o¢ VDC > id]_*
low —»  MPPT Voc—» Controller
Pepct — ™

Figure3-46. Diagram of awo-stagePV systendesign

The DC input power from th®PSin Figure 3-2 is modeled in three wa in the model

prototypeand is selectable by the ender.This includes

1 Constant current
1 Generic PV array model

1 GenericPV array model and generic MPR®ntrol block

Figure3-47 shows a diagram of how the moaé¢lthe DC input power is implemented and the
associated control flags in the model prototyfige constantcurrent models implemented aa
controlled currensourcebased on thactive power reference setpidf , and theratedDC
voltage Many EMT simulators (e.g., PSCAD, EMTR®, MATLAB Si mscapeckE)
array model and an MPPT controller as part of their model libfdrg.model prototypetilizes
the generic PV array block to model tfel characteristics of a PV array based on ti IDk
voltage.In addition,a genericMPPT control blockirom theE MT s i mumbdeltlitraryé s

added to provide the DC link voltage reference if the impacts of the MPPT are of irlfaeest.
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selection of the DC input modeling approach is achievecheiaetting of control flagshown in

Table3-VI.

VI flg
r—-r—-—--— ——"—"—=-—"=—-—"=—-—"—-—=—-——-= _____________: VIQC+
I A d
L | ]
| —I—Hct|:1 [ |
| tl bc_ |
| i Dol v | VSC
P * | N ICOHSI : i
PPC —+—W D |
| .
' ' Vpe
Vpc(rated) —f—T lov |
| — . '
[
l |
| PV |
[
V, v + < |
: Array P S | Voc
| | .
| ~ |
| hd |
| |
e |
[ MPPT I
: |pv ___» : »—ectl=1 v
e e e e o ##lllly Yl | —_—p *
—p—ectl=0 Pe
ctl
Vpc(rated) —
MPPT_flg—
VI _flg —
Vdc_flg—

Figure3-47. Block diagram of the PPS model.

Table3-VI. Control flagsettings for DC input powe

DC Input Power Mode ControlFlag Settings
Constant current VI _flg=0

Vi_flg=1
PV array

MPPT flg=0
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MPPT flg=1
PV array w/ MPPT control Vi _flg=1
Vdc flg =1

Given the modlarity of the modeprototype the modeling of the input power dynamics from
the PPS can be readily extend&@dr example, mre complex MPPT algorithns, a DGDC
converter to model a twstage design, and/or a EIGC converter to model D€oupkd batteries.

The constant currg input is used if the DC input power dynamics are not of interest or details of

the PPS are unknown.

3.5.2.6. Summary

This section presestthe invertedevel active power controimplemented inthe model
prototype.The dynamic moel of the DC link voltagas deived and a smakignal model is
developedA PI controller with setpoint weighting on the proportional gaimpplied as the DC
link voltage controllerAn analytical tuning approach based on goéEements presented tiune
the DC link voltage contiter. Othercontrol approaches implemented in #wtive power loop
including frequencydroop control an@ctivepowerreference setpoint from the plant contrgller
areshown The variety of DC configurations that impace tthynamics of the DC input poweom
the PPS is briefly discussedlong with theDC input power models includeidh the model

prototype.

3.5.3. ReactivePower Control in the Continuous OperatingRegion

The default reactive powérvoltage control strategy for transmission connected IBR ifEIEE

P2800is closedloop plant level voltage controlThe plant cortroller develops the reference
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setpoints for the inverter outer loop contimregulate the pladevel voltage The reactive power
or voltagereferencesretransmittedo the invertersasshown inFigure3-1. Based on82), the

i nv e rehative paver exchange with the grid can be controlled by rdsqgcurrent.The
closedloop plant level voltage contreesponse specifications in Drafléf IEEE P280Qequire
areactiontime of < 200ms andhdicatethe stepresponse time is typically in the range of 1s to 30s

[25].

3.5.3.1. Reactive Power Setpoint

In the reactive power setpoiobntrol mode, the inverter follows a reactive power reference
setpoint from the plat controller.The reactive power control at the inverter level can be controlled
in open loop based 08%) as shown ifrigure3-48or in closedloop at the inverter level as shown

in Figure3-49. The signals in both control loops are in per unit.

Q*ppc —P>

) 4

-1 — iqqa

»
>

Vid1

Figure3-48. Control block diagram of thewverter open loop reactive powsstpointcontrolin
per unit

¥ kp

Q*ppc —’@— 11— ifLQCL
qinv J 1 T

P ki P

Figure3-49. Control block diagram of the invertelosedloop reactive powesetpointcontrol
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3.5.3.2. Inverter -Level Terminal Voltage Control

This section describgbeinverter leveklosedloopterminal voltage controllamplemented
in the model prototypé& he input to this controller is the terminal voltage reference setpoint which

can be a static setpoint or provided by another control loop such as the plant controlle

3.5.3.2.1. Inverter AC Termin al Voltage Model

The inverter terminal voltage Figure3-2 is described by:

Q e (92

Converting to th&SRFresults in the éhxis and epxis voltage components

. L QL Q- . (93
v 0 oy — 9

)] )] or )] 00 0

. e Q= (94)

)] YQ v oY )] 9% Q v

If the PLL is locked to thepace vector of the grid tabe,0 1. Therefore, thecontrol of the

inverter AC terminal voltagein the SRFis implemented bycontrolling 0 . The smalsignal

model ofthe inverter terminal voltage in the SRRown inFigure3-50is given as:

W QY b &Q o o (99)

W $QY b WO Qq W (96)
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Figure3-50. Block diagram of thersall-signal model of the SRF components of the inverter
terminal voltage.

Figure3-51 shows the voltage components asator diagramThis diagram shows an example

where the epxis current is negative and theaxiis current is positive.

g-axis
A
-Rylq Rold -Xylq
| -~ \\ I’I .
Xola 7, =>%—> d-axis
ng Vig
WeLL
\ Y
aq ngq

Figure3-51. Vector diagram of the terminal voltage SRF cari@mponents in steadhjate.

For transmission systems, the X/R ratio is typically high enough such that"thean be
ignored.For distribution systemghe X/R ratio is typically loweand theY "Q term may need to
be consideredGiven that this work focuses on inverters applied in transmissionected IBR
plants, the terminal voltage control is accomplished via theigicurrentThe transfer function of

theg-axis current to the-dxis voltage is determidey setting all otheperturbation variables to
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zero.This is simply a gainwith a magnitude equal to the grid reactive impedaaseshown in

Figure3-51. Thenegativesign is due to the assumed orientation of taxigleading thed-axis.
— 1 U ® 97

3.5.3.2.2. Inverter AC Terminal Voltage Controller

The voltage controller is implemented with a Pl compensator as showigure 3-52. The
closedloop current controlis approximatedas a ¥ orderLPF for simplicity given the separation
in the bandwidthof the voltage controller and the current controllEne closedloop transfer

function of thevoltage controllers given by:

WO | ® Qi 0 (98)
w0 i it ®Q pi ®Q

\ 4

K

1 *

test1
1 SvaclT

» k »
> i >

Viq S

Vig* -1

Figure3-52. Block diagram of theniverterlevel AC voltagecontroller.

If we assume thclosedloop current controller bandwidth is an order of magnitlzdgerthan

the targetlosedloop bandwidth of the voltage controlle@8) can befurthersimplified to:

WO i ®w Qi Q (99)
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Using these approximations implies that the simplified model is only valid for frequencies less

than the current contralosedloop bandwidth

Pole placement is used to tune the gains of the PI controller. Noting the characteristic equation
of (99) is of orderone we can only place one pole. Settifly Ttresults in the following transfer

function

W »Q 0 0
- = - 10
w0 i i 0Q _P_; T i p (109
oo P
Thus,Q can be set based on the target time constant of the voltage response.
~ P (101

Table3-VII provides calculations for the Pl gains based on the targiebrdertime constant
of thevoltageresponse and the SGR the connection poinECR is a metric commonly usedl t
describe sysim strength at the connection point of an I@Rtive to the size of the IBRn its
simplest form, the SCR is the inverse of ffigevenin equivalenimpedance in per uniwith
Y “Y . The interested reader is referred@6] for a detailed discussion on system strength

and variouspproacheto calculate SCR.

Viow O % o O (102

YO 'Y ~ ~ Y 5
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Table3-VII: Inverter Terminal Voltage Controller Pl Gains

Parameter Value Value Value Value
t  (target) 50ms 20ms 10ms 10ms
SCR 5 5 5 2
Q 0 0 0 0
ko) 100 250 500 200

To verify the response predicted by the analytical ssigtlal modela 5% step change is
applied to thenverterterminald-axis voltage referenced-igure 3-53 shows the closedloop step
response foan SCR of 5 anthecorrespondind?l gainslisted inTable3-VII. For thetargetfirst-
order time constant of 50ms and 20nthe model prototype response is asdted by the
analytical model.For the target first-order time constant of 10ms, theesponsecontains
approximately 5%@vershootThis response is acceptable, but materestingly it highlightsthe
coupling of a step change i to the gaxis voltage and the PLIFigure 3-54 compares the
voltagefor an SCR = 5 and an SCR =i#th a targeffirstordertime constant of 10m§he PI
gains are set based dable3-VII to havethe samdirst-orderresponse. WitldecreasingsCR,

i.e., increased grid reactive impedanide the variation inb and™Q is more pronounced.

Referring to 94), this may be related to tfie — component ob)  since the influence is increased

with the faster response and the incrdagé inductance) . Any change inh causes the PLL

frequency to changeased orthe SRFPLL dynamics described bgl) and 62). This showsthe

impact of increased grid impedanedich is the basis for the weak gpdoblem.
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Inverter D-Axis Terminal Voltage
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Figure3-53. Step esponse of the-dxis voltage (top), @xisvoltage (middle), and PLL
frequency (bottom) for a 5%egi change ih* for varying values okQ in the model prototype
for an SCR of 5
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Figure3-54. Step esponse of the-dxis voltage (top), -@xis voltage (middle), and PLL
frequency (bottom) for a 5%ep chage inb® for SCR =5 (blue trace) and SCR = 2 (orange
trace)in the model prototype.

Note that this tuning approach is reliant on knowledge of the grid reactive impedaritiee

grid impedancas time-varying For example, the impedanceimdluenced by the transmission

network configuration andhe synchronousmachinesin-service Figure 3-55 shows the step
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response of theverter AC terminal voltageontrol varying the grid impedanceg.)As the grid
impedance isncreased, the step respomse time decreasdsr the same Pl compensator gains.
If other active devices are electrically close, their influence on the impedacross a wide
frequency range must be considel@dre must be taken to understand thgeaof expected grid

impedances such that the control is approgyidtened.

Inverter D-Axis Terminal Voltage

1.05 / i —
--"’-"—._.__-.—_-—-—"—"—-_
— 1.04
=1
g /
v 1.03
E H 7 =
Z 1.02 1 SCR=2 |
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£ 101 | — SCR=10
—— SCR=15
1.00 ] i
Inverter Q-Axis Terminal Voltage
0.02
2 o.01
<
3 0.00
2 —— SCR=2
g —0.01 SCR=5 |
—— SCR =10
-0.02 —— SCR =15
1
5.0 5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.8

Time (s)

Figure3-55. Step esponse ofthe daxis voltage (topandg-axis voltage ljottom)for a 5% step
change inb® varying tre SCRin the modeprototype.

3.5.3.3. Q-Axis Current Reference Control Mode Selection

For the reactive powérvoltage control detailed in this section, the output efdbntroller is
theg-axis current reference. The control mode is selected in the model peobytheappropriate
setting of the control flags ifable 3-VIII . Figure 3-56 shows the flags used to set the desired
control mode and the resultingagis current reference. The sample and hold bloglaiis of the

HVRT/LVRT logic discussé in Section3.5.4
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Table3-VIII . ControlFlag Description forReactivePower Control.

Flag Description

Vi f 1: enableslosedloop Vref setpont control
' 0: disablexlosedloop Vref setpoint control

1: enablelosedloop Qref setpoint control
Qctl_CL flg _
0: enables open loop Qref setpoint control

iquRT —@—V iql*
iq_Vt cti=1 iqJ:on'[
———» S/H

_ ———ectl=0 hold
|q_QCL ——octl=1 ctl T
i oL ———ecti=0 VUig Rt fig
- ctl
Qctl_CL flg

Figure3-56. Selection ofj-axis current referenda the continuous operating range

3.5.3.4. Summary

This section details the invertlavel reactive power voltage control in the continuous
operating range implemented in the model prototyjfee model prototype can regte the
reactive power reference setpoint in open looglosedloop. An inverter evel closedloop
voltage controller is also implemented. Model of the ACterminal voltageand the voltage
controller is developed and linearize®h analytical tuning appach based on poej@dacement is
presented to tune the AC voltage controller. Examples are presbatstiow the impact of the
grid strength on the response of the voltage contrdfieally, the control flags that select the

control mode of the invertare presented.
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3.5.4. Fault Ride-Through Control Mode

Thus far, this section hgsresentedhe outer loop control of the inverter during normal
operation when the AC terminal voltag®ne s wi't
of the main objective of this work is to develop an inverter model that can emulate the required
response of the inverter during system fault/pical control approach for IBR is for the inverter
control to autonomously control the inverter duratghormal conditions basexh the measured
terminal voltage. This enables a much faster response of the inverter and collectively the IBR to
support grid stabilityTherefore, he inverter control in this work has two distinct control modes:
continuous andault ridethrough (FRT). If the grid voltage goes outside of the continuous
operating range, the inverter switchesh® FRTcontrol modeThe FRT controin this sections
designed to meet theerformance capability requirementsdraft 61 of IEEE P2800[25]. The
German (VDE)26, 27]and Spanish (NTJR8] application of the European Grid Co[®9] are
also used sireferences as the performance requirements provide more spedt@tprimary
focus of this section is on low voltage rtteough (LVRT) due to faults on the electric grd.
summary of the LVRT performance response requerd@s considered in the gaic model

control development of this work shown inTable3-IX.

Table3-1X: Grid Code FRTResponse Performance Requirements

Parameter IEEE P2800 D6.125] VDE 4120/30[26, 27] N T $£8]

Incremental positive
sequence reactive Dependent oW1 WO Ly SQ WO L SQ
current,DIr1

Incremental negative
sequence reactive Dependent oiV2 w0 oy SQ w0 Wy $Q
current,DIr2
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Phase angle of2 Leads V:2by 90° to

with respect td/> 100° Leads V2by 90 Leads V2by 90
Step response time O 2.5%cy 530 ms 550 ms
0 [41.67 ms at 60HZ]

o O 4.02%cy . .
Settling time 0 060 ms 080 ms
[66.67 ms at 60Hz]

Dgfa_ultcurrent Reactive Reactive Reactive
priority

Default current 3Q 30 with Preferenceuniform Reduction o+"Q and
e preference of equal : . e~ -
priority for : . reduction ofQ and 3'Q in equal
reduction of3'Q and

asymmetrical fault 20 Q. proportion

aEvaluated based on phasor quiesiwith Lcycle moving average window.

Given that therequired response times are on the order of a few periods of the fundamental
frequency and the parameters are in terms of phasor quantities, one interesting qubstiois is
satisfactory performamcdetermined? The authors[BV] show how the evaluation of thigne-
domain specification isinfluencedby the calculation method and propose-ayéle window
positive sequence calculation. Draft 6fIBEE P2800 specifiethata DFT applied to a moving
1-cycleof the fundamental windovg usedo calculate the sequence components of the active and
reactivecurrents The effect othe window lengths included in the response time requirements
meaningthat the response of the instantaneous signals will be faster than the phasor domain

specifications in IEEE P2800.

The inverterLVRT and HVRT control is desigad to meet theperformance response
requirements imable 3-1X. The VRT performance response includes requirements for positive
sequence and negative sequence voltagetitens at the inverter AC termindlhe VDE and the

NTS LVRT and HVRT performance requirements contain more specifitign IEEE P2800

111



regarding the magnitle of the current response for a given voltage deviafibe. additional
reactive current injeatin required is proportional to the voltage deviation at the inverter terminal.
The proportional gain is in units of pu/pu and is configurable VDE requireshis gain to be
configurable in the range &.0 to 6.0.These requirements are used as theshfasitheVRT

responseontrol design.

3.5.4.1. Positive Sequence Current Response

The positivesequenceurrent reference during VRT developed byclosedloop contiol of
thepositive sequence voltage at the inverter AC termiiféle.compensator is a proportamain,

'Q , such that the inverter provides reactive current injection in proportion to the voltage
deviation.The positive sequence voltage, , is determined by the DSOGI SHHA.L or the

DDSRFPLL asdescribed irbection3.3.5

Figure3-57 shows the VRT control of the positive sequence voltabe.response is obtained
by adding a control activated by the terminal voltage magnitude outside the continuous operating
range The default values defimg the continuous operating range @/@puto 1.1 pu as default
If the terminal voltage is higher tha specified limit, 1.pu in this example, the HVRT flag is a
logical 1. If the terminal voltage is lower than a specifiallie 0.9pu in this examie, the LVRT
flag is a logical 1. The VRT_flg logic is shownkigure3-58. VRT_flg is a logical 1if either the
HVRT or the LVRT flag is a logical MVhen the VRT contrdk activatedVRT _flg = 1), the pre

disturbancecurrent réerence('Q Q) is held constant and added toe current reference
developed by thpositive sequencéRT control (E ) as shown irFigure3-57. The following

equationsllustrate thepositivesequence currentfegence during VRT ifrigure3-57.
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6 o0 o (103

$Q 0 0 (109

| Vid1e iqlVRT .
* ! *
[P
qli

Vida

A
h 4

I cont—»{ S/H

!

VRT flg

Figure3-57. Block diagram of the gsitive sequenceoltage control during VRT.

Vid1 —+ HVRT

Vhiivrt 1=
VRT flg
Vloivrt —+ LVRT
Vidi —=
Figure3-58. VRT control flag logic.
3.5.4.2. Negative Sequence CurrenResponse

During asymmetrical grid faultshe grid voltage will contain a negative sequence component
The negative sequence current reference is developeadobgdioop control of the negative
sequence voltage at the inverter AC terminEi® negativeequence voltag o (m , isdetermined
by the DSOGI SRHPLL or the DDSRHFPLL as described isection3.3.5 In Figure 3-21, the
positive sequence SRF is alignedthe positive sequence component of the spactow of the
grid voltage.The negative sequen&RFrotates in the opposite directionthe positive sequence
SRFE The position of the d2 axis in thef planeat any instant in time is— 0 . The negative

sequence voltagmay contain both daxis and gzaxis componestbased on how the negative
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SRF is defined in this worklhus, unlike the positive sequencentml, the negative sequence

controlmust consider botthed2 andtheq2 componentbased on this control structure

Thenegative segencevoltage controller ifFigure3-59is developedbased on the VDB120
2018[27] requiremenbf additional reactive current in the negative sequence proportional to the
voltage deviationThis approach meets the performance requirements in draft 6.1 of IEE& P280
whichis less specifithan the VDEBased on thisontrol objective,lie magnitude of the negative
sequence/oltage isused as the error signal inptat a proportional gain;Q . To ensure the
negative sequence current phasor is purely reactive and leads the negative sequence voltage
phasor, 90 degrsas subtracted from the phaseoqjm , Appendix Gprovidesa derivation of the
negaive sequence control and the relationship between the negative SRF cotapané

symmetrical components.

2 N o Y ~, 10
S wmiTo wn® (109
. Vidgal "] Vidgee liggel — _
Vide ——| XHy > /J > Kqvz »M g /i v
” " thq2 - idq2 . .
Viaz M q gV > /Xty > lg2_v2

Figure3-59. Block diagram of the eégative sequenasmltage control during VRT

The VDE negative sequence current injection requirement is mathematically identical to the
proposal if68], which proposed negative sequence current injection for WTi@&sauthors saw
that their proposedapproach results in the WTG havirgy steadystate negative sequence
impedance ol2'Q . However, as will beliscussedn Section3.5.5 the inverter current must be
limited to protect the powetextronic devicesPresently, the current limit is close topmtentially
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the same as the steasiate arrent limit. This means that thienpedance will only appear linear
for a limited rangeFigure3-60 shows conceptually the influence the current limit of the inverter
has on the apparent impedang@ais is equally applicable to ¢hpositive sequence apparent

impedance.

> |V
deadband

Figure3-60. Effect of the current limit on the apparent negative sequence impedance.

The negative sequence voltage control can be disablkh@ model prototype by setting the
control flag V2_flg tozero as showim Figure3-61. In this case, theontrol will regulate the
negative sequence current to zero. This is commonly referred to as negative sequence current
suppressionFrom Figure3-59, if ‘Q is set to zerpthisalso results in negative sequence current
suppression

idqz_\/z—OCﬂ:l
¢ > |dq2*

0 —ectl=
ctl

V2 flg

Figure3-61. Control flag to enable V2 control.
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3.5.5. Inverter Current Limit

The inverter controlin the previous sections was developed without consideration of the
current limit of the inverter. One of the advantagissing current mode control is that the output
current is tightly regulated with a relatively fast time const#viten the voltage isless than
nominal, themagnitude of theurrent must increase to maintain ttesiredactive power and
reactive poweexchange with the grjcs evident i(81) and 82). The power electronic devices
are sensitiveo their thermal loading and junction temperat(ié®, 70] Presentlycommercial
inverters have current limits that are approximatieé/same magnituder continuous operation
and fortime durations on the ordef normal clearing of grid faults $6-500mg. The lack of
temporary overload capabilitgn timescales on the order of normally cleared grid fasltme

majordistinction between the response of inverters and synchronous machines.

For the inverterthe current must be limited such that the phase current does not exceed the
maximum allowed current of the power electronic devicHserefore a priority must be
edablished to determine the reference currents passed to the inner current controlleriaulhe de
in many grid codese.g., Table 3-1X, is to prioritize the reactiveucrent during low voltage.
Considering just positive sequence current injection, prioritiziveg reactive currentan be

accomplished hy
(109
0 0 0

The currentlimit logic is further complicated with the inclusion of negative sequence current

injection. The performance requimeents inTable3-1X specify f the current limitof the inverter
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is reached, the priority is given to the reactive current. Further, if the combination of the positive
and negative sequence reactive componentbeoflesired currénvould cause the inverter to
exceed its current rating, then the preferenceredaction of both components IEEE P2800

this is specified in terms of a uniform reduction in the incremental reactive curréhé VDE

this is speified in terms ofthe sequence components of the current. While similar, this would
yield slightly different current components depending on thaljsterbance reactive currefithe
current limit logic is developed based on these specificatnsintan the phase currémvithin

the limits of the converter.

The inverter is assumed to be a thnaee system which implies no zesequence component
of the current.Considering the single lindiagram inFigure 3-2, the inverter currentcan be

decompsed into its positive and negative sequence components.
e v - L e v - L 10
i Q 0 Q (107

Figure 3-62 shows ; ,graphically as a superposition of the positive and negative sequence
componentsn theab plane The blue circle is the locus of the positive sequence component of
the current spze vector that rotates counterclockwise at the fundamentakfega he negative
sequence component of the current space vector rotates in the clockwise direction at the
fundamental frequency. The resulting superposition of the current's positive atiglensgquence
components form the ellipse shown in green. Tlagmitudeof :; ,is time varying if the signal
containsboth positive and negative sequence compon&htsmaximum current in each phase of
the inverter will be dependent on thegnitude ad relative phase of the positive and negative
sequence componenhkdote hatFigure3-62is a snapshaon time when the two vectors are aligned

i.e.”
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Figure3-62. Graphical relationship of the ptise and negative sequence components odthe
current to the phase current peak magnitude.

3.5.5.1. Method 1

Method 1 of the current limit logic is implemented by comparing the maximum valge,of
to theinverte® surrent limit Thevectors; , and:; , will be aligned twice eacheriodof the
fundamental frequency. Thus, the maximum value of the space vector of the current is the addition

of the magnitude of the positive and negative sequence components.

(108

a 0wy g o oo
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The current references that were developed in the positive and negative sequence SRFs are

transformed to the stationary reference frame.

L. Q0 TmQ (109

Y Mo (110

The superposition of the positive and negative sequence componestthgitetal current as a

function of time.
B B Hog (111
T T QM Q B M Q%"aQ

The highest priority durig FRT is given to the reactive components of the positive and negative

sequence currents. Thi, is initially assumed to be@sulting in

Q v 6 00 (112
The current limit logic checks if the maximum value of the space vector of the curréh®jims(
greater than the current limit of the inverter. If so, the current references are reduced such that the
reduction is uniform for thencrementapositive sequence and negative sequencéiveaurrent
componentss prescribed ifable3-1X. If the maximum value of the space vector of the current
in (112 islessthan the phase currentit of the invertertheremaining capacity is then used for

Q.70 is determined bgetting (L11) equal to the current limit and solving f(® .
0 0 W 0 (113

Solving for'Q *, thedl-axis currentimit is:
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The pseudaode of the current limit logjowhere©

inverter,is given by:
if 'Q O :
if WQ  11q
i OO0Q—
else:
i OO0-Q—

o, z o ’ T oow e,
Q WQ z2i wwdadm

2 (6 a0 E

2 (114

is the specified current limit of the

(119

Q

Q° M I ETO M BE
else:
Q" 0
IQZ
IQZ
Q ‘0 Q° Q° Q°
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3.5.5.2. Method 2

Dependingon the phase difference betwekrand E, usingthe maximum value of the space
vector of the currenh (112) as a proxy for the maximum valuétbe threephase currentsiay
overestimate the maximum phase currdfdr illustration purposesFigure 3-63 shows the
maximumamplitude of each phase current as the phase difference betward E is varied
between @ and 360. This shows there agghase relationships between the positive rreghtive
sequence current componemtBere the current limit logicn methodl will not utilize the full

capacityof the inverter currentf at leasbnephaseduring asymmetriddaults.

Phase Current Amplitude for IR1 = 1.0pu & IR2 = Opu

1.05

1.00 —
b

pu of lim

0.95 T
Phase Current Amplitude for IR1 = 0.9pu & IR2 = 0.1pu

- \
N >‘< et

E
5
2 ™~ b
\ — Ic
0.8 ,
Phase Current Amplitude for IR1 = 0.7pu & IR2 = 0.3pu
1.0
_'—_E 0.8 \\/
S — la
o
2 06 . Ib

0.4 T
Phase Current Amplitude for IR1 = 0.5pu & IR2 = 0.5pu

10 ——
~_ -

0.5

— la |
Ib
— lc

pu of Ijm

0.0

I
o} 50 100 150 200 250 300 350
Ll — LI, (degrees)

Figure3-63. Example otheamplitude of each phaserrentas a function of thphase
differenceof thesymmetrical components the current
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The authors ifi71] proposed &egative sequence current injection that maxistize current
capacity ofthe inverter given a desired positivegsience current injection. The approach solves
for the negative sequence current reference as a function of the positive sequence current reference
and the symmetrical components of the terminal voltabes is not wseddirectly in the model
prototype beause it would not meet the requirementsTable 3-1X. Recall trat the control
objective is closedbop controlof the positive and negative sequence voltaljélse arrent limit
of the inveter is exceeded, the componentstaen uniformly reduceddowever, the drivation
of the negative sequence current referendélhprovides insight into the conditions the current

limit logic of method 1 would result in at least one phase not reaching the maximum current.

Given the symmetrical componentf the currentassumingO 11, the phasor currents are

given as:

oL oL
L Gk ok (116
L ok ok

Solving for the magnitude of each phasor current by applying:

11
= s s s cs=gswei= | (119

results in:

sk sks 0s csksbsheik b
(118

sks  sks $Os qsksksoéTkE "k pgm
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sks  sks $0s csksksoeikE Tk pemd

To apply to thecurrent limit logicin method 1 the phase angle difference between the positive

and negative sequencerent @mponents is calculated.

o o
L oo oo (119

The magnitude of thpositive and negative sequence components of the current is calculated as:

ks © © (120

(121)

Note that the symmetrical component phasors are written as peak values instead of RMS for
simplicity. Appendix Gprovides more information on thelagonship between the synatmical
component phasors and thb and SRF signal88ased orthe relationships i1§118), a scaling

factor is defined as:

© (122

B AT S g

Figure 3-64 shows a block diagram of the addition to the current limit logic. The current
references that were the output of the method 1 current limit logic are the Tiygutimiter

preventghe scéing factorfrom goingoutside of the presibed rangeluring transients
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VRT flg
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lqo"O0—>» /" M g >/ Xty —> 00 0

Figure3-64. Scaling factor for current logic based on maximum phase current.

3.5.5.3. Verification of Current Lim it Logic

The two current limit methods are compared to show the improveheif method provides
under certain phase relationships between the positive and negative sequence Toerent
simulations are ophase B to phase C faulte the MV side of thénverterstepup transformer
shown inFigure 3-65. The inverter is configured witfQ Q ¢8u This results in the
inverter reaching the current limit set to J0 during the fault. The MV transformer winding
configuration is changed for each example to vary the difference in the positive and negative

sequence current preanglesThe plots are of the inverter terminal voltagelcurrent.
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P =045 P =0.4488 P =044
Q=0.06871 Q=005673
V=0.6111

(0.45 >———Pref
VSC

( 0.05 Qref

60.0 )

rrrrr

The first example considérsO ™ 'O p y 1iThe inverter steqp transformer is configured

ddta-delta.For this scenario, thexample inFigure 3-63 predictsthat the current limit method 1
will result in thephase B and phase C current peak@f O and the phase A current wile
zero.Figure3-66 shows the phase B and phase C currents are limite@ t§0 using method 1
for the current limit logi@as predictedrigure3-67 showsthatwith the current limit method 2, the

phase B and phase C currents lanited to the current limivf 1.0pu as desired.

The second example considér§O ~ 'O p ¢ m JThe inverterstepup transformer is
configured wye ungrounded (LV)delta (MV) with the delta windings configured to lead the LV
terminal phase by 30For this scenario, the exampleRigure3-63 predictsthatthe current limit
method 1 will resulin phase C current peak p8tO . In this case, method dhown inFigure

3-68 andmethod Zshown inFigure3-69 show identical results.

.....

The third example consideis'™O ™ " @] p ¢ Tt Jhe inverter stepip transformer is
configured wye ungrounded (LV)delta (MV) with the delta windings coumfired to &gthe LV
terminal phase by 30For this scenario, the exampleRigure3-63 predids that the current limit
method 1 will resulin phaseB current peak op8tO . In this case, method shown inFigure

3-70and method 8hown inFigure3-71 show identical results.

These examples illustrate that for certain values of phase difference between the positive and

negative sequence cant components, method 2 results in higher current injection up to the
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current limit of at least one phase while adhering to the grid code requirenmetite. model

prototype, both current logic methods are implemented and can be enabled byubkerend

Inverter Voltage Inverter Current Pos. & Neg. Seq. Current Phase Angle
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Figure3-66. B-C fault at MV side of inverter steyp transformerl80° phase angle difference
between 1 andl . Current limit method 1.

Figure3-67. B-C fault at MV side of inverter stepp transformerl80° phase angle difference
between 1 andl . Current limit metho.
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