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Abstract

Increase in inverter based resources in both the bulk poysers and distribution system along with recent bulk power
system events have triggered a debate in the industry wgrdeto the use of simulation domains for planning studiéss goes
hand-in-hand with a discussion on the applicability of neatlatical models in these simulation domains that are usesptesent
the behavior of IBRs. However, often the distinction betwége applicability of a simulation domain and the appliigbiof a
mathematical model in these simulation domains is oveddoR his article attempts to provide further insight, andvetase the
importance of having to consider this distinction.

Index Terms
Electromagnetic transient, inverter based resourcestiygosequence

|. INTRODUCTION

The increase in inverter based resources (IBRs) in trassmissystems, along with recent disturbances in bulk power
systems around the world, has brought to the forefront tleel fier accurate and validated mathematical models thaesept
the dynamic behavior of these power plants [1]. Additionathese events have initiated an intense discussion reggtygpe
and appropriateness of various simulation domains and IBRefs used by planning and operations engineers at eletiitg
companies. The development and subsequent use of any naitt@rmodel comes with an associated query of accuracy and
more importantly, sufficiency, of the model’s response imparison to the response measured from actual equipmewe\éo,
it is not practical to expect that there can be one model thatspan across multiple simulation domains. In fact, a riégaof
models with varying levels of complexity and fidelity dep@rmon the model's purpose is common across many disciplines
Therefore, it is important to identify the most approprisi@ulation model to be used for the study to be conducted.

Until relatively recently, use of positive sequence sintiola platforms has been the state-of-the-art for bulk posyestem
planning studies around the world. Since IBR control altpons are proprietary in nature, ‘black box’ or ‘user-defined
simulation models are generally provided by the originalipmpent manufacturer (OEM) for studies in positive seqeenc
While these models do have the advantage of higher accuttaere can be computational difficulties associated with the
use of many of these models when studying a large system [@hcé] to facilitate conduction of planning studies with
large numbers of IBR, under the aegis of the Western Elétgtri€oordinating Council (WECC) Modeling and Validation
Subcommittee (MVS), a suite of generic IBR models have bemeldped and improved over time [2]. These models are
structured in a way (as shown in [2]) that enables them toessptt the trend of the dynamic response of inverters fromyman
different IBR vendors.

Positive sequence simulation environments facilitate eisonducting large interconnection wide planning stsidi¢owever,
inherent limitations in the nature of the setup and conduaadif positive sequence simulations may be restrictiveewilalyzing
the impact of IBRs in the bulk power system. Although there aalid arguments that can be constructed with respect to
limitations of positive sequence simulation environmeantsl IBR models, these arguments should be carefully appiitd
models in a particular simulation environment may not be\edent. Further a given model in a particular simulatiomm@in
does not completely characterize the capabilities of thieeesimulation domain. At the same time, parameterizatibmodels
in all simulation domains, is extremely important.

Regarding IBR models, a positive sequence simulation mboe$ not necessarily imply that it is a bad or insufficient eiod
while the mere presence/availability of a model in a detdienulation domain (such as electromagnetic transient{gMoes
not necessarily imply that the model is either a correct ca@urate model. A similar statement can be constructedeoegc
vendor agnostic models and OEM provided user defined motbis.article will provide a perspective on the importance fo
differentiating between capability of a simulation domaimd availability of sufficient models in these simulatiomuons.

Il. BOUNDARY BETWEEN SIMULATION DOMAIN CAPABILITY AND MODEL CAPABILITY

Recent bulk power system event analysis reports [3], [4}idea detailed insight of various factors due to which IBRsé
tripped for transmission system events. Through this amalyhe ability of positive sequence and EMT simulation eisd



available to a transmission planner today to represent #m®us tripping behavior have been compared. This comparis
highlights the inability of certain types of models in cajig various tripping conditions/scenarios. There candwe feasons
which contribute towards the inability of a model to représe given behavior. One reason can be a model with inap@tepri
or inaccurate parameterization of its parameters. Anaeeson can be a model which does not explicitly representteplar
behavioral characteristic of the device, such as not efliepresenting dc voltage dynamics in positive sequethm®ain,
although it can be modeled. This is not necessarily a limitabf the simulation domain itself but can rather be an eipli
model limitation. A third reason, which is more relevant f8R plants, can be assumptions made to represent the awllect
network inside the plant as an equivalent circuit model.

It is recognized and acknowledged that the comparison iis[8bnstructed on the basis of models that system plannees ha
today and as a result, it can be fair to say that many causepping cannot be captured in these models. This howeves doe
not reflect on the complete capability of a simulation dontairtapture these causes of tripping and rather, the conoparis
captures the capability of the models provided in these Isitimn domains. This inference is specifically obtained 3k [
mentions that although detailed EMT models were availabi¢h positive sequence and EMT models that were available to
the transmission planner were unable to showcase thenggdpehavior observed during many events. Hence, while iuis t
that the presently available positive sequence models lraitations in representing these particular tripping &ébrs, this
doesn’t automatically imply that the mere availability anse of EMT models is the solution. Nor does it imply that these
tripping behavior cannot be represented in positive seggisimulation domain at all. The ability to represent tiygpof IBRs
in a simulation domain depends upon (as also highlighte®]n [

1) use of the appropriate simulation domain,

2) having accurate and validated models of IBRs along wilarcknd explicit requirements that allow for procurement of

models,

3) accurate representation of the power system network,

4) additional supplemental models (such as relay or calteettwork) to be represented,

5) simulation of the initiating event.

The first two points help to effectively highlight the nuadagifference between capability of a particular simulatdmmain
and IBR models in that simulation domain. One can use a vetgildé simulation domain but the study results can be
inaccurate if adequate models are not used. At the same limmiggtions showcased by an inadequate model in a particula
simulation domain should not directly reflect as an inadeyud the corresponding simulation domain.

In next section, using recent research results, the extewhich the capability of simulation domai@sid models can be
leveraged is highlightedyrovided accurate, verified, and validated modats used.

TABLE I: Capability of positive sequence and EMT simulatidamains using accurate and validated models

Positive sequence domain | EMT domain
Tripping reason Representable Representable
in domain? in domain?

Erroneous frequency calculation Yes Yes
Instantaneous sub-cycle ac overvoltage No Yes
PLL loss of synchronism Yes Yes
Phase jump tripping Yes Yes
DC reverse current Yes Yes
DC low voltage Yes Yes
Instantaneous sub-cycle ac overcurrent No Yes
Instantaneous sub-cycle ac overvoltage—feeder protedtio No Yes
Measured underfrequency—feeder protection Yes Yes

Ill. M ODEL IMPROVEMENTS TO FULLY UTILIZE SIMULATION DOMAIN CAPABILITY

The objective of a mathematical model (in any simulation dothis to provide system planners a reasonable view of how
the system will behave. As a result, the evaluation of wheflystem planners can observe the causes of IBR tripping in
their simulation studies is rightly driven by the modelstttieey have presently. From multiple disturbance reporth as [3]
it is apparent that the models presently provided to theegsygtlanners (both generic and user defined and in both pmsitiv
sequence and EMT domain) have severe limitations, dedmt@resence of model validation standards and procedunes. T
necessary improvements and modifications of the models i Bbdmain can adequately be carried out only by the OEM.
However, with improvements in generic positive sequenosukition models, the capability of the simulation domaias ¢
be fully leveraged as shown in Table I. Along with this, imygments in model validation standards and procedures soe al
important.

It is intuitive that positive sequence simulation domainkjch carry out simulations using root mean square (RMSkpha
guantities, will not be able to capture sub-cycle causesigbing such as ac over voltage and over current. At the séme t



although EMT simulation domains have the capability, mahthe EMT models presently provided to system planners do not
have this protection functionality represented. As a teddth in positive sequence domain (due to limitation of idation
domain) and in EMT domain (due to limitation of model prowdjiea transmission planner has been unable to observe these
causes of tripping when conducting their studies. Here stietion is to obtain improved and more accurate models iMMTEM
domain. Additionally, a transmission planner may ask fastdf control/protection features that are not includethie model,
along with reasons for their omission.

Regarding causes of tripping such as erroneous frequemmylaton and PLL loss of synchronism, there have been itecen
improvements made to positive sequence IBR models [5] thaé mepresentation of a phase locked loop and inner current
control loop dynamics. Further, these models operate atvarlsimulation time step of 1ms as compared to a quarter cycle
time step conventionally used in positive sequence sinaust Now, although [5] discusses the model implementétiom a
generic perspective, the model structure can be equallleappy OEMs in their user defined models. With such a stregtur
erroneous frequency evaluation and loss of synchronisnbearaptured to a certain extent in positive sequence simootat
Presently, most of the user defined black box positive sempigrodels provided by OEMs to transmission planners do na ha
representation of these faster control loops as it may haes lassumed that positive sequence simulation domain daes n
have the capability to represent the impact of these fastraloloops. Although this could be strictly true from a thetical
perspective, by applying suitable approximations (suchhase applied in the REGC model) it can be possible for a
transmission planner to at least obtain a visibility of theewrrence of an instability and subsequent trip. Hence, e
capability of the positive sequence simulation domain carfully utilized through the use of improved models. Regagdi
black box EMT models provided to the transmission planninoagh the EMT model should contain the representation of
these fast control loops (PLL and inner current control BJpthe models may not have had representation of the asstdcia
protection elements that react to signals generated by lthe & a result, here due to limitations of the models prodide
transmission planner has been unable to observe causappifigrin their studies. In this scenario, both simulatiamntins
have the necessary capability.

An example is shown in Fig. 1 and Fig. 2. Here, a PV plant igalyt connected to a network with a short circuit ratio
(SCR) of 4.0. Att = 4.0s, a fault occurs that takes the voltage down to around 0.6plieapoint of interconnection (POI) of
the plant. Now in Fig. 1, the post fault SCR is 3.0 while in F2gthe post fault SCR is 1.0. With a post fault SCR of 1.0, the
PLL is unable to maintain synchronism (and erroneouslyuatak frequency). There can also be situations whereinlthe P
initially loses synchronism but is able to lock onto the tleéwork voltage after one to two cycles. An example of suchaliin
taken from [5] is shown in Fig. 3. If an associated trip fuontis linked with this positive sequence model, then theptrig
behavior can be captured. This comparison of the behaviampfoved positive sequence models across both simulation
domains showcases the capability that can be available frasitive sequence domain. Here again, although capalogity
be available, it doesn’t imply that system planners prdgdrdave sufficient models (in both domains). It is also notealt t
if the original causes of tripping are more related to thenaigprocessing of the measured signals and transformatton i
their control variables rather than control system perfomoe, then models in any simulation domain where signalgssing
techniques are not adequately captured, will not predetrésulting behavior. Here, it may be beneficial to standardignal
processing techniques across various generation sources.
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Fig. 1: Comparison of response of PV plant to a medium fauR@t with post fault SCR of 3.0

For scenarios where dc reverse current or dc low voltages wWer cause of tripping, discussion of the capability of the
models in simulation domains becomes further nuanced. strab positive sequence models of IBRs today do not reptesen
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Fig. 3: Comparison of response of an IBR plant for an initialL Foss of synchronism followed by subsequent synchronism
one cycle later [5] (©2019 John Wiley and Sons. Reprintedh wermission, from John Wiley and Sons)

the dc side dynamic behavior. In fact, this is true even fane&MT domain models wherein an ideal dc voltage source is
used on the dc bus. However, positive sequence domain deegh®ability to represent low voltage or reverse currenthean
dc bus, if the representation of the IBR’s dynamics is ex¢ehdll the way to the source side. An example of such a model
development is provided in [6] and example results are shiowkig. 4 and Fig. 5. The control of the primary power source,
the dc capacitor dynamics, and the inverter control all ioute to the dynamics of the dc voltage. Further, these tlaoea
modeled in positive sequence transient stability simugatBut, while it can be possible to represent such behamipositive
sequence domain, it is unlikely that today transmissiomipéas have models (even those provided by OEMs) that include
this level of detail. Additionally, there is also an asstethambiguity on whether the EMT models provided to transiois
planners can capture this behavior. It is recommended tir#telr research and development be carried out on improving
positive sequence models which can begin to include therdiasaof the dc side and source behind the inverter.

Finally, erroneously measured feeder/collector netweslel under-frequency protection can be represented aetyiia
both simulation domains, provided two conditions are met:

1) the feeder/collector network of the IBR plant is repréedrin detail in the corresponding simulation domain, and
2) the corresponding relay models are represented.

However, in present state of the art models provided to thesmission planner (both in positive sequence domain and in
EMT domain), the feeder/collector network is not represdnih detail and is instead represented by an equivalentitirs
variation of frequency across the entire feeder/collenttwork is not expected to be diverse [8], it is possible joresent
this form of tripping in an approximate manner in both sintiola domains with use of the appropriate under-frequentayre
models. However, the present models available to the trissgm planner may not have the representation of the retzjets.
Increased research efforts are required to explore pataftadding the tripping behavior to models in all simulatdomains.
Finally, to accurately capture the tripping of inverterg@do sub-cycle over voltage and over current, detailed sspr@tion of
the collector network may be required in EMT domain. Thisdsduse sub-cycle over voltage and over current are inflddmce
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the dynamics of the capacitor-inductor elements of thetedat network and such dynamics cannot be sufficiently apipnated
by an equivalent network.

To summarize, the capabilities of simulation domain vetbescapabilities of models can be represented as shown ie Tab
II. In these tables, the column on incorrect parametedpatienotes that present models may already have the necessar
features implemented, but their parameterization may radzurate as compared to the parameterization in the fietbas
a result the model is unable to predict the trip behavior. @dlemn on representation within the model denotes the piaten
absence of necessary features within the model.

IV. CONCLUSION

This article highlights the importance of differentiatibgtween capability of a simulation domain versus capglsbhibited
by IBR models in a particular simulation domain. Many a tinlegre can be limitations in the IBR models received by
transmission planners which result in inaccurate simoatiesults. These limitations should however not be auticalbt
construed to be a limitation of the simulation domain its8ifich a conclusion may draw attention away from a more pr@ssi
concern regarding the importance and need for accuratgdat@in of all models in all simulation domains. The mere pree
of a detailed model doesn’t naturally imply that the modedésurate. At the same time, the mere presence of a RMS phasor
model doesn’t naturally imply an inaccurate model. The taesshould always be asked, are the models and the simulatio
platforms sufficient for the purpose of the study?

It should be noted that the intention of this article is nostggest that EMT simulations are not important. With futarge
IBR penetrations, EMT studies will continue to hold impoita. However, at the same time, it is important to recogrtiee t
extent of capabilities that can potentially be derived fioositive sequence simulations with improved models. Cdatfmnally
efficient simulators, such as positive sequence domaimsepiations, will continue to be an important tool for tlEsmission
planner to perform the vast number of sensitivities regliie ensure the system’s stability. It is important to idignthe
sufficient mix of use of both simulation environments, wittoshel accuracy and validity being rigorously verified equall
across both simulation environments.

Considering many of the IBR disturbance reports indicapgping of inverters for normally cleared faults remote froine
inverter, it is unclear if the use of more detailed models lhgniselves would provide sufficient insight into this bebagyvi
which is ultimately the purpose of modeling and planningl&s. The increase in computational burden moving from @has
domain to EMT generally results in the reduction of the sysfer EMT studies. It is acknowledged that there are emerging



TABLE Il: Summary of capability of simulation domain and Saiency of models across both positive sequence and EMT

domains to represent observed behavior of IBR during registiirbances

a Positive sequence simulation domain

b EMT simulation domain

! ) Most of Most of ) ) Most of Most of

G| Samon | todays o today mooe G| Sonaton | oy o | taday's o
behavior limitation moorrectly_ do not behavior limitation incorrectly do not

parameterized | represent parameterized | represent
Unbalanced v Unbalanced v
conditions conditions
Sub-cycle ac v Sub-cycle ac v Future
over voltage over voltage model can
Sub-cycle ac v Sub-cycle ac v represent ag
over current over current capability
Momentary v Future Momer_nary v e_xists i_n
cessation del can cessation S|muI§1t|on
Error in v :gorssent as Error in v domain
frequency ca%ability frequency
measurement e measurement
PLL loss of v gi)?ritllsa{irlm PLL Ioss.of v
synchronism domain synchronism
Collector v Collector v
network level network level
underfrequency underfrequency
Phase jump v Phase jump v
dc reverse v dc reverse v
current current

v v

dc low voltage dc low voltage
Plant controller v Plant controller v
interactions interactions

techniques that are looking into use of immense computatidmoughput to bring about EMT modeling of large scale grid
However, this results in a pure simulation based approaemadysis. Further, it may not be common to consider remaitisfa
(many busses away from the IBR) in these analyses. The daifttioe inverter is proprietary, which limits the insightinthe
control for the system planner. The planner is not able toenglkbal assumptions in the same way they can for analysis of
the transient stability of synchronous machines (e.g.paecin three-phase fault results in the maximum acceteyatirque).

Future power system planning would require a combinatioricofs to be used either in a complementary manner or
in a combined manner. It would be critical to identify use esagnd scenarios that define the applicability of simulation
environments. However, this should be with the use of verifiad validated models in the simulation domain. A transioiss
planner should use the appropriate simulation domain fertéisk at hand and also ensure sufficient model validation and
verification guidelines are in place.
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