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ABSTRACT

CUSTOMER AND SYSTEM IMPACTS OF GRID SUPPORT FUNCTIONS FOR VOLTAGE

MANAGEMENT STRATEGIES

This document describes modeling techniques and methods to study the impacts to the utility

and to the customer of using DERs such as advanced inverters to provide voltage support in order

to maintain voltage within the recommended voltage limits. For this, a method for accurately rep-

resenting secondary circuits in distribution feeders is proposed and quasi-static-time series (QSTS)

simulation techniques are used to study the impact of advance inverter functions to the utility for

managing voltage and to the customer in terms of possible generation curtailment. This disserta-

tion looks at factors in medium and low-voltage circuit topology that drive customer voltages with

DERs, and investigates where along the distribution feeder are voltage based advance inverter grid

support function most effective. The described modeling techniques and methods have informed

policy and regulatory type decisions such as updating DER interconnection tariffs and standards.
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Chapter 1

Introduction

From the beginning of the 2000s, the price of distributed energy resources (DERs) has de-

creased enough to make technologies such as distributed photovoltaics (PV) affordable to many

segments of the market. The cost of crystalline modules decreased from $4/W in 2006 to less than

$0.40/W in 2016. Lower costs are helping PV systems in many markets achieve grid parity, par-

ticularly in those with high retail rates [1]. Other small-scale generation and storage technologies

have decreased in cost more recently as well [2]. In parallel, consumers are demanding increase in

customer choice, particularly customers interested in contributing to a cleaner environment [3].

Safely integrating DERs into the utility grid is a critical aspect of the proliferation of customer-

sited resources . The power grid was designed to transmit the power over long distances from

power plants typically located far away from the energy consumers, and finally distribute the power

to end users at lower voltages. For decades, the distribution system hosted a passive one-way power

flow and utilities did not have much automation, data and situational awareness to safely plan and

incorporate DERs in the grid. However, DERs such as distributed PV have changed the paradigm,

and have accelerated the urge for utilities to modernize the grid and technology providers to make

DER technology more “grid friendly”, to ultimately plan for the grid of the future in which energy

customers are demanding more services than just being provided with affordable power.

From the distribution utility perspective, the major grid impact of DERs such as residential and

commercial distributed PV is consistent high voltages, that push customer voltages outside the rec-

ommended voltage tolerance region specified in the ANSI C84.1 standard [4]. When a customer

exports power during the day, when their consumption is low and their irradiance is high, there

can be local voltage rise. Traditional utility voltage regulation equipment located on the primary

or medium voltage sections of feeders, such as substation transformer Load Tap Changer (LTC),

line voltage regulators and capacitors, can be adjusted to accommodate this voltage rise. However,

the primary sited legacy voltage regulation equipment is not very effective at mitigating the high
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voltage conditions that occur on the feeder secondaries or low voltage circuits. Leveraging new

technology such as advanced inverters in PV or storage systems, as well as controlling load, can

help mitigate the high voltage impacts locally where the voltage rise occurs. The implementation

of DERs providing voltage support can be performed in an autonomous fashion, in which DERs

or load, respond to local voltage measurements, or in a centralized way in which DERs and loads

receive control settings from the utility or an entity proving the voltage support service. Presently,

the focus of the architecture from the utility and regulatory side in the US has been to first activate

local grid support functions such as voltage and frequency support functions, and then enable the

communication, software and infrastructure requirements to implement future centralized control

strategies. Utilities see investments in future systems that can integrate advanced inverters into

distribution grid operations as foundational to full realization of DER potential [5]. Advanced

Distribution Management Systems (ADMS) and Distributed Energy Resource Management Sys-

tems (DERMS) software will provide visibility and control of advanced DER functionalities to the

utility and allow DERs to fully realize their value through dynamic management for distribution

grid services. Protocols for communicating to DERs are being developped, such as the SunSpec

Common Smart Inverter Profile in California [6] and more broadly the IEEE 2030.5 [7]. However,

there is not yet a solution that allows seamless interoperability between DERs and utilities.

1.1 Objective

The focus of this dissertation is on modeling techniques and methods to study the impacts

to the utility and to the customer of using DERs such as advanced inverters to provide voltage

support in order to maintain voltage within the recommended voltage limits. To study this question

in a modeling and simulation environment, individual customer voltages need to be accurately

represented in order to closely approximate the local voltage measured at the customer meter, since

this is the point to which DERs autonomously react to. Accurate simulation of low voltage circuits

also enables to understand in more detail where along the secondary the grid support functions are
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effective at providing voltage support. This modeling techniques and methods can inform policy

and regulatory type decisions such as updating DER interconnection tariffs or standards.

1.2 Scope

The scope of this work is to investigate a method for accurately representing secondary circuits

in distribution feeders and to use quasi-static-time series (QSTS) simulation techniques to study

the impact of advance inverter functions to the utility for managing voltage and to the customer

in terms of possible generation curtailment. This dissertation looks at factors in medium and low-

voltage circuit topology that drive customer voltages with DERs, and investigates where along the

distribution feeder are voltage based advance inverter grid support function most effective.

This work evaluates fixed voltage grid support function settings, versus studying the optimal

grid support function setting, and evaluates the activation of the same setting for all customer-sited

DERs. Also, this work does not consider communication enabled DER control architecture in

which DER voltage grid support function settings can change depending on the optimal strategy

to be implemented and rather focuses on local or autonomous DER controls based on local grid

conditions.

Finally, this work studies the distribution system for steady-state voltage management strate-

gies at time-steps greater than minutes, and thus does not address any concerns related to voltage

stability control problems that can arise at a faster timescale. The voltage control functions evalu-

ated are implemented with internal inverter control loops in the "seconds" time-scale, and as such,

there are no expected adverse interactions when deploying volt-var and volt-watt advanced inverter

controls [8].

1.3 Literature Review

In this section a review of the modeling and simulation techniques to evaluate the impacts

of customer-sited resources in the distribution system is provided, followed by a description of

the important standards driving the interconnection of such resources with the power grid. Next,
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the advanced inverter concept and studies evaluating their capacity to provide services to the grid

are presented, and finally a review of the less-explored topic of modeling techniques for the low-

voltage edge portion of distribution feeders is included.

1.3.1 Modeling and Simulation Techniques

For decades, utilities relied on steady-state power flow analyses of distribution feeders based

on critical time periods such as peak and minimum loading points to evaluate the impacts on the

distribution system. Such steady-state power flow studies ,also commonly referred to as snapshot

analysis, would only give the magnitude of an impact at one instant in time, which was sufficient

when load was the sole driver of the distribution system for design and operation. For example, in

a passive distribution network, the voltage management strategy for a feeder is designed and eval-

uated at peak and minimum loading conditions with load tap changer transformers, step voltage

regulators and switched capacitors sized and operated to maintain customer voltages within accept-

able limits [9]. However, with the proliferation of customer-sited resources, such as PV, injecting

power into the distribution system transforming the network into a two-way power flow system,

there are more variables influencing the design and operation of the system such as the variable

and uncertain behaviour of renewable energy resources. One or a few snapshots of power flow

evaluations of the distribution system may not appropriately capture the effects of time-dependent

resources on the distribution system. A draft of the IEEE P1547.7/D11 guide on conducting DER

distribution impact studies for distributed resource interconnection discusses four types of special

system impact studies: (1) dynamic simulation, (2) electromagnetic transient (EMT) simulation,

(3) harmonic and flicker study, and (4) quasi-static simulation [10]. QSTS solves a series of se-

quential steady-state power flow solutions where the converged state of each iteration is used as

the beginning state of the next. This captures time-varying parameters such as load and the time-

dependent states in the system such as regulator tap positions. QSTS simulation is best defined by

the IEEE P1547.7/D11 draft guide: “Quasi-static simulation refers to a sequence of steady state

power flow, conducted at a time step of no less than 1 second but that can use a time step of up
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to one hour. Discrete controls, such as capacitor switch controllers, transformer tap changers,

automatic switches, and relays, may change their state from one step to the next. However, there is

no numerical integration of differential equations between time steps.” [10]

The notion of time-series power flow simulations is discussed in the literature for impact studies

of different DER: solar PV [11–14], wind [15, 16], electrical vehicles [17, 18], and energy storage

[19–21]. The principal advantage of QSTS simulation is that it attempts to properly capture time-

dependent aspects of power-flow influenced by multiple drivers, e.g., weather, customer behaviour

and rate structures. In [22], the authors describe a guide and study procedure to perform high

penetration PV analysis, including the importance of the data types and data-resolution. QSTS

simulation, when compared to steady-state, requires time-series data to feed the simulation, as

well as to validate the time-series model, and such time series data is often difficult to obtain [23].

In [24], the authors discuss the importance of the time resolution in the data driving the discrete

simulations in order to be able to draw solid conclusions, for instance with regards to voltage

regulation equipment operations.

1.3.2 DER Interconnection Standards

Technical standards and codes are important to define the rules and procedures to safely inter-

connect customer-sited technologies into a utility power system. In this subsection we focus on

the standards that apply the point of common coupling (PCC), i.e. the grid interconnection point

between a customer and a utility.

The family of standards that apply to the PCC between a customer DER and the utility are

the Institute of Electrical and Electronics Engineers (IEEE) 1547 interconnection standards. These

include IEEE 1547-2003: IEEE Standard for Interconnecting Distributed Resources with Elec-

tric Power Systems, which was the first important effort to regulate the requirements for DER

interconnection. The philosophy in this early series of standards was to not have DERs actively

regulate voltage or frequency so that they would not interact with the legacy utility operational

voltage and frequency management strategies as well as to have DERs trip when a fault is detected
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in the system. In April 2018, a major revision to IEEE 1547 was published, IEEE-2018 Standard

for Interconnection and Interoperability of Distributed Energy Resources with Associated Electric

Power Systems Interfaces [25]. This prescribes that DERs shall be capable of: 1) actively regulat-

ing voltage, 2) riding through abnormal voltage/frequency, 3) providing frequency response, and,

finally, 4) may provide inertial response. This revision has been critical to standardize not only

how DERs are interconnected at the PCC with the utility system but also how they should inter-

act and actively participate in the safe operation of an electric grid. The standard also references

the point of interconnection, which might have different applications than the PCC for some DER

systems. This revision enables DERs to actively regulate voltage and frequency to help manage a

grid and thus contribute to the safe operation of a power system that has higher penetration levels

of renewable energy resources when required by regulators and a utility.

Some regions that are already experiencing high penetrations of distributed PV have taken their

own initiatives to set specific regional requirements for the interconnection of DERs. For example,

in California there is Rule 21, Hawai’i has Rule 14H, Europe has the recently approved European

Wide Technical Specifications (FprTS 50549-1/2 and EN 50438:2013), and Australia has the AS

4777 standard. For further reading on global PV interconnection standards, please refer to [26].

1.3.3 Advanced Inverters for Voltage Support

Developing power electronics made it possible for PV inverters to have advanced functional-

ities such as reactive power support, ride-through capability, and real time communications with

operators [27]. Recently, having PV inverters to participate in maintaining stable and reliable op-

erations is being considered as a solution to integrate additional PVs onto the grid [28]. In the

future smart grid architecture, it is likely that many PV systems will be connected to a communi-

cations network, allowing an advanced centralized or distributed control system to coordinate the

inverter. But currently, many PV systems are not connected to any communications network. The

inverters that are connected communicate typically solely with the proprietary server of a vendor,

but not with the utility, and only when the internet connection of the customer is active. Therefore,
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the most feasible way for PV inverters to support the grid is by autonomously responding to local

conditions (i.e., to the voltage waveform the inverter measures at its terminals) in a way that stabi-

lizes voltage and frequency. In this section we provide a review of advanced inverters for voltage

support.

NREL and San Diego Gas and Electric (SDG&E) looked at modeling of volt-var and fixed

power factor, however, load and PV systems were represented at the aggregate level at the pri-

mary of the service transformers [29]. The study also considered oversized inverters, watt priority,

and volt-var support during non-PV-producing hours. The study concluded that smart PV invert-

ers installed in sufficient quantity at the right location can impact a distribution circuit voltage

by providing reactive power support with the inverter operating at fixed power factor settings or

in volt-var mode. Lastly, SolarCity and NREL looked at the estimated impact of PV systems

with volt-var control on voltage-reduction energy savings and distribution system power quality

on two utility feeders (one Hawaiian Electric and one Pacific General Electric), and concluded that

voltage-reduction energy savings increased with volt-var control, and that they also had a posi-

tive impact on the power quality [30]. This work included a star network approximation for the

Hawaiian Electric feeder for secondary low-voltage circuits, i.e. one generic secondary model with

service a transformer and a dedicated service line for each customer from the transformer. Refer-

ence [31] investigated the impacts of various penetration levels of advanced inverters on a typical

distribution network showing that smart inverters have the capability to improve tap operations,

voltage variability, and minimum and maximum voltages. Reference [32] presented a methodol-

ogy for the optimal settings of a group of advanced inverters using autonomous inverter control

and revealed that optimal settings depend on inverter kVA rating, feeder layout, load and solar

characteristics.

While the effectiveness of grid support functions is apparent, it can cause energy curtailment

to PV customers. For instance, advanced inverter controls allow PV inverter systems to support

reactive power priority by curtailing active power output when required to keep the grid within its

operational constraints [33–35]. The authors in [33] argue that there is no obvious nexus between
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increased reactive power output and decreased PV kWh generated and show that the application of

volt-var control could mitigate voltage violations without causing PV active power curtailment. A

method to design a smart inverter volt-watt control to mitigate possible voltage violation for a high

PV penetration case while curtailing energy evenly among all integrated PV systems is presented

in [36]. In [37], techniques to create distribution models for determining the effectiveness and

impacts of various GSFs were presented. This topic is further expanded in the following subsection

1.3.4.

1.3.4 Modeling Techniques of Low-Voltage Secondary Distribution Circuits

As previously introduced, it is becoming critical to improve the modeling and simulation of

customer voltages to understand the integration of grid-edge control techniques that leverage the

grid-friendly capabilities of customer-sited resource such as advanced inverters in PV systems and

other DERs.

Utility companies in the United States have put considerable effort toward improving the way

they represent distribution systems, and have sizeable portions of their distribution feeders repre-

sented in a commercial distribution software tool such as Synergi Electric, CYME, or DEW. To

the best knowledge of the author these models lack accurate or realistic representations or models

of the low-voltage secondary networks. In [38], the authors discuss North American split-phase

secondary circuits in detail and compare the full 120-V split-phase models with the single-phase

equivalent at 240 V. They find that the load unbalance fully represented in full split-phase models

has only a minor influence on the accuracy of the simulated 240-V load voltages and that single-

phase equivalent model can be used to accurately represent split-phase secondary circuit 240-V

voltages but should not be used to represent unbalanced 120-V load voltages. In [39–42], the au-

thors propose a series of measurements driven methodologies to estimate and validate low-voltages

secondary circuits based on AMI and PV system data in case study on the Georgia Tech campus.

Reference [43] describes a statistical analysis based on a clustering technique to come up with

representative low-voltage networks out of a large (over 200) sample of designs in the North West
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of England. This work applies well to 50Hz systems, but not to 60Hz systems. In this thesis, a

method to assign secondary low-voltage circuits to primary nodes based on sampled secondaries

is proposed for two distribution feeders in Oahu, Hawai’i [34, 37]. This methodology is then used

in [44] for six PGE feeders. These studies in Hawai’i and California are the only known references

that include a more sophisticated method to approximate customer voltages in the US.

1.4 Organization

This dissertation is organized as follows. Chapter 2 provides an overview of the low-voltage

modeling technique proposed in this dissertation for distribution feeder modeling for QSTS of

voltage management strategies [34,37]. This research was used in public hearings and official reg-

ulatory dockets to justify the activation of voltage grid support functions in Hawai’i and California,

which resulted in new requirements for DERs to provide voltage support as stipulated in the in the

state level interconnection standards1.Chapter 3 provides an overview of sampled characteristics

of low-voltage circuits that drive voltage rise with customer sited DERs, and investigates the effect

of both reactive and active power based voltage grid support functions on voltage support along

a distribution systems. Chapter 4 presents the results of evaluating voltage grid support function

impacts to the utility and the customer [35, 45]. Chapter 5 concludes and provides directions for

future work.

The main contributions of this work can be summarized in two main areas: 1) modeling tech-

niques to quantify customer impacts of advanced inverters, and 2) the application of the research

results. The key scientific contributions in the modeling area are firstly, the development of a

method to assign a pool of secondary low-voltage circuit designs to customers in a feeder, and

secondly, the development of a method to estimate customer curtailment from the activation of

advanced inverter functions. The key scientific contribution in the application of the methods here

proposed are that this work raised for the first time the issue of the importance of more accurately

1Rule 14H in Hawai’i was updated in November 2017 to require volt-var, and CA Rule21 was update in December
2017 to require volt-var and volt-watt.
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modeling the grid-edge of distribution circuits, as well as quantifying the impacts to residential

customers of the activation of advanced inverter functions.

1.5 Assumptions and Errors in Grid Models

The methods and results presented in this dissertation are based on building complex distri-

bution system models that attempt to represent as accurately as possible the present operating

condition of the distribution grid, over which future scenarios can be built to answer distribution

planning questions. However, modeling based results carry the inherent problem of how accurate

the models are, and how confident researchers are with the results they produce given the number

of assumptions that go into simplifying the real world in a simulation environment. Here, the as-

sumptions and possible sources of errors in the models proposed are described, as well as why the

results can be used with confidence by the research, industry and broader stakeholder community.

Sources of errors in the distribution models that are proposed in this dissertation are:

• Error in utility feeder model built from a GIS database of grid infrastructure

• Error in the conversion of the utility feeder model to the open source software OpenDSS

• Error in approximating customer load and generation profiles

• Error in the approximation of the grid-edge infrastructure that is not in the original utility

feeder model

Given the above mentioned sources of uncertainty with grid modeling and simulation tech-

niques, it is critical to be able to check with field measurements that the results produced by

complex models align with what is being measured in the field. As such, it was critical to build

confidence in the simulation results produced by the research presented in this dissertation, to have

field measurements, as presented in Chapters 2 and 5. In addition to the field measurements used

to calibrate and compare the model results, EPRI also applied some of the methods proposed in

this research in another utility service territory, and obtained very similar results as the ones here

produced [44].
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At last, it is always important to understand the order of magnitude of accuracy that models

are trying to predict. In this case, the goal of the distribution grid model was not to recommend

day-to-day operational and control strategies for which a higher level of accuracy in predicting

voltages may be required. In the contrary, this research attempts to answer distribution planning

questions, as well as to inform policy makers, such as public utility commissions, of the order of

magnitude of the impact of "set and forget" autonomous settings for PV systems.
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Chapter 2

Distribution Feeder Modeling for QSTS of Voltage

Management Strategies2

2.1 Introduction

Utilities and technology developers are increasingly interested in understanding the impacts of

distributed technology and customer-sited resources on distribution feeder operations. To simulate

how distributed technology such volt-var devices or photovoltaic (PV) inverters with grid support

functions (GSF) integrates into legacy utility voltage management schemes, it is very important to

create models of the utility distribution system that accurately represent the present field operations.

This paper describes some techniques to prepare and validate real utility distribution feeder models

for quasi-static time-series (QSTS) power flow simulation. The baseline QSTS models can then be

modified to create scenarios that can be compared to current utility operations.

It is increasingly important to represent as accurately as possible the voltage ranges that are

measured at customer locations because utilities are modifying existing distributed energy re-

sources (DER) interconnection standards to enable DERs to regulate voltage. The present U.S.

interconnection standard, IEEE 1547-2003 [46], prohibits DERs from actively regulating voltage.

Exceptions to the standard can be made with the agreement of the utility and the PV owner, but

such exceptions are rare. However, the ballot draft revision to IEEE 1547 will also require DERs

to be capable of the GSFs [47]. In recognition of the fact that DER-based voltage support is

needed at higher penetration levels, both California and Hawai’i have published interconnection

rules requiring various GSFs starting in September 2017. In response to these changes, Underwrit-

ers Laboratories (UL) published UL 1741 Supplement SA (UL 1741 SA) procedures to validate

inverter behavior for volt-var, volt-watt, and constant power factor among other grid support func-

2This chapter is published in [37] and the copyright is included in Appendix A
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tions. To better understand how customer-sited resources will impact utility operations, creating

good baseline models of the current utility operations to compare with future scenarios is an impor-

tant step in research studies. Previous studies that looked at customer-sited resources with GSFs

created time-series models of real utility feeders [14, 29, 48]. However, the load and PV systems

in those models were represented at the aggregate level at the primary of the service transformers,

or secondary circuit approximation was a star network design, which is often far from the field

design.

This paper presents techniques to create baseline models using a utility feeder from Hawaiian

Electric Company. These techniques were used in [34,35,45] to determine the effectiveness of var-

ious GSFs at regulating voltage and quantifying annual energy curtailment to solar PV customers.

The rest of this paper is organized as follows: Section II describes the software-to-software conver-

sion and steady-state validation of a utility feeder model; Section III describes a methodology to

add secondary low-voltage circuit models to the utility feeder model; Section IV presents data pro-

cessing techniques to create time-series data of customer load and PV profiles; Section V presents

the time-series validation of the model; and, Section VI concludes.

2.2 Model Conversion and Steady-State Validation

Recently, utility companies across the U.S. made considerable effort toward improving the

way they represent distribution systems, and have sizeable portions of their distribution feeders

represented in commercial software environments. However, these environments have a paying

license fee, and do not have DERs, particularly inverter based PV-powered, modeled to the level

of detail necessary to conduct research studies. For this reason, the GIS-based feeder model from

the distribution modeling software that the Hawaiian Electric Companies use is converted to the

open-source distribution modeling software, Open Distribution System Simulator (OpenDSS) that

is used in this paper for simulation voltage regulation operating strategies with PV inverters provid-

ing GSF. To validate this software-to-software conversion, the steady-state (one time-step) power

flow solutions with planning loads from the commercial software environment and OpenDSS are
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compared. This paper does not commercialize the OpenDSS software nor does it support its ex-

clusive use for such studies; rather, the authors present it as one of the freely available software

options for conducting such distribution studies. The example utility distribution feeder in this

study, denoted “feeder L”, is converted from the commercial distribution software to OpenDSS.

This conversion uses an automated Python R© script developed at the National Renewable Energy

Laboratory (NREL) that uses network configuration (.xml) and line configuration (.txt) as inputs.

To use the tool, the feeder model provided by Hawaiian Electric in Microsoft Access database for-

mat was opened in the commercial distribution software and then exported in Extensible Markup

Language (XML) format. Additionally, the line impedance information also was extracted from

the commercial distribution software and used as an input by the tool. The conversion tool takes

the two files described (i.e., the feeder in .xml format and the line construction report in .txt format)

as inputs and creates a folder with the OpenDSS files. Then, the user can open the master circuit

file and run it in OpenDSS.

The steady-state verification of the OpenDSS model was performed based on the following

metrics: 1) the similarity in feeder topology between the converted model to the original model

(based on visual inspection); and, 2) the difference between the node voltages and sequence

impedance values for the converted model and the original model (less than 5%). The steady-state

validation is performed by solving a power flow with the given planning load from the commercial

distribution software calculated via load allocation from supervisory control and data acquisition

(SCADA) data measured at the substation.

Figure 2.1 shows the topology of the feeders from the commercial distribution software and

the converted model in OpenDSS. From Figure 2.1 it can be observed that the line distances and

coordinates are appropriately converted. The subsequent step for verification compares the volt-

ages and sequence impedances obtained from OpenDSS with those obtained from the commercial

distribution software. Figure 2.2 (left) presents the voltage comparison, along with the errors, and

Figure 2.2 (right) presents the sequence impedance and comparison errors for feeder L. The maxi-

mum error in voltage comparisons between the commercial distribution software and OpenDSS is
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0.5% for feeder L. The maximum error in sequence impedance comparison between the commer-

cial distribution software and OpenDSS is 2%. Although the maximum error is 2%, relatively few

occurrences of errors are greater than 1%, as shown in the histograms in Figure 2.2 (right).

Figure 2.1: Geographical view of L distribution feeder in the commercial distribution software on the left
and OpenDSS on the right.

2.3 Design of Secondary Circuits

Recently, utility companies represent distribution feeders in commercially available distribu-

tion software tools to conduct planning studies. To the best knowledge of the authors, however,

there is no utility that has accurate or realistic representations or models of the low-voltage sec-

ondary networks. It is critical to add this level of detail to more accurately capture not only the
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Figure 2.2: Percentage error of voltage (left) and sequence impedance (right) with respect to distance from
the feeder head for feeder L.

annual voltages at the primary medium-voltage level, but also at the secondary low-voltage level

to which PV systems are connected and required to meet tariff requirements.

To add accurate representations of secondary circuits, the aggregate load nodes (or service

transformer nodes) in feeder L are classified into customer types to design secondary circuits based

on this customer classification. This is followed by automating the building of such circuits in

OpenDSS. The goal is to add more detail to the medium-voltage distribution models, including

service transformers and secondary circuits in the OpenDSS model as shown in Figure 2.3, to cap-

ture the voltage drop that occurs from the medium-voltage bus to the customer residence, where the

PV system inverters are connected. Ultimately, accurate simulations of the voltage at the terminals

of the residential inverters are desired. Most of the advance inverter modes are control functions

that depend on the local voltage sensed by the inverter, and thus emphasize the importance of

capturing the voltage drops in secondary circuits. To classify load nodes into customer types, the
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Table 2.1: Impact of activating GSF control on PV systems and energy curtailment at different penetration
levels

Customer Type Description of Secondary Designs (x Number of Designs)

M3 UG Residential Housing developer detailed drawings (x 30)
M4 UG Residential Housing developer detailed drawings (x 11)
Feeder L UG Residential HECO secondary upgrade designs (x 3)
OH Residential HECO secondary upgrade designs (x 11)
OH Rural NREL proposed design

coordinates of each load node were superimposed on the land-use type. The GIS department at

NREL performed this task. The customer types are selected based on the GIS classification and

the availability of secondary designs. Hawaiian Electric provided 55 detailed designs for adding

low-voltage circuits to the existing model. The Hawaiian Electric team was consulted to determine

that the commercial and multifamily aggregated load nodes will be kept at the primary level in

the model, because there is no significant voltage drop expected at those customer locations with

typically oversized secondary circuits by design in order to accommodate larger real and reactive

power draws. For the overhead rural customers, the following secondary build-out assumptions

were considered: (1) customers are 200 ft. apart from each other; (2) overhead #2 cable size is

used for secondary lines; and, (3) there are six customers per shared secondary circuit. This is

followed by building the secondary circuits for underground (UG) and overhead (OH) residential

customer types according to the flowchart diagram in Figure 2.4. The methodology is based on

matching the service transformer size and the number of customers per transformer to the pool

of secondaries described in 3.1 and the real values from the field. The process is automated in

Python R© to create the OpenDSS files of all secondary service transformers, lines, and each load

representing a house and existing customer PV systems.

2.4 Data processing for Time-Series Simulation

A critical step in this effort is the synthesis of the data that will derive the time-series model.

The data obtained from the utility for this process is: 1) substation SCADA voltage, current, and

real and reactive powers for 2015; 2) individual feeder SCADA voltage, current, and real and
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Figure 2.3: Diagram showing the load and solar model provided by the utility on the left, and the detailed
load transformer and secondary circuit added to the existing model for every load node.

reactive powers as available for 2015; 3) megawatt-hours/megawatt PV power production for two

PV regions of interest on Oahu, 4) 15-minute irradiance profiles for the two PV regions of interest

on Oahu, and 5) 15-minute data on kilowatt-hour and voltage from the customer meter through

Advanced Metering Infrastructure (AMI).

2.4.1 Replacing Missing and Outlier Data

The first step in the data-processing task is to identify missing and outlier data and replace

it. An example of outlier data is a reconfiguration event in which a feeder picked up loads from

a circuit in another substation, which is shown by abnormally high loading. Due to the good

correlation of circuits within a substation, circuit data due to load transfer events were replaced

with the adjacent circuit data connected to the same substation. For missing data (when there were
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Figure 2.4: Flowchart showing the methodology to assign a secondary design process to OH and UG
residential customers from a total of 55 detailed secondary designs provided by the utility.

overall SCADA outages) the data was replaced with the most appropriate adjacent (in time and

day of week) time series data.

2.4.2 Estimating Customer Loads

The following section describes the estimation of the gross load (also sometimes referred to as

"native" load), i.e. the load profile if there was no PV system installed in the feeders. During night-

time hours, the gross load and the measured SCADA data net load are the same. During daytime

hours, however, the objective is to determine the shape of the demand without PV production. This

gross-load profile can be used for estimating unknown load profiles among customers. Two meth-

ods are explored for this purpose: 1) real to reactive power regression method (PQ regression); and,
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2) MWh/MW method. The real to reactive power linear regression at night is used to determine

the real power during daytime hours. This PQ regression method only works for circuits that serve

residential customers predominantly with invariable power factor during nighttime hours. This as-

sumption also works only if the existing solar PV systems are connected at unity power factor. The

advantages of using the PQ regression method are that it relies on power measurements, and it is

independent of estimating how much PV energy is in the system and its profile. The other method

explored for estimating gross load is to estimate the PV production for each of the feeders and

subtract that from the SCADA net load at each time step. For this, the utility provided MWh/MW

values versus irradiance of a fleet of systems in the feeder L region. The MWh/MW values account

for the orientation and losses of PV systems. Figure 2.5 shows the AM and PM values highlighted

in red and blue, respectively. The degree 3 polynomial fit of the distribution of all of the values is

described in (2.1).

y = 3.293e−10x3 − 7.418e−7x2 + 1.243e−3x2 (2.1)

where y is the energy per MW and x is the plane of array (POA) irradiance. The polynomial

MWh/MW curve multiplied by the total installed PV systems rating (MW) for each circuit gives

an estimate of the PV production at every given time step. Note that the MWh/MW curve was

provided at an hourly resolution, and the SCADA net load is processed at 15-minute time steps.

Because the utility also provided typical 15-minute POA irradiance curve for the geographical re-

gion of interest, an estimated final MWh/MW 15-minute curve using the irradiance profile is found.

The PQ regression method could not be used on feeder L due to the presence of large inductive

loads during daytime hours, making the PQ regression method invalid because it is based on night-

time real and reactive power correlation. Thus, feeder L circuit required the use of the MWh/MW

method. Feeder L had approximately 1 MW of peak load (corresponding to 85 aggregate load

nodes in the distribution model) that is not metered through AMI for which the substation load

profile shown in Figure 2.6 using the MWh/MW method was used. For the time-series simulation,

the available AMI customer data was used to derive the load profiles of individual customers. For
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the customers that are not in the AMI program, the substation load multiplier as shown in Figure

2.6 is used to derive the non-AMI loads.
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Figure 2.5: MWh/MW values versus irradiance for a fleet of PV systems in the M34 region. Note that the
AM and PM values are in red and blue colors, respectively.

2.5 Time-Series Validation

The results of deriving the OpenDSS time-series model with the multipliers are shown in Fig-

ure 2.7 at the secondary of a service transformer. These are compared to the real power and voltage

data measurements provided by the utility. When comparing voltages at the measurement location,

the voltage profile of the OpenDSS model follows a similar timeseries profile when compared to
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Figure 2.6: The L feeder gross real power from the MWh/MW method and PV system profiles.

the field data. Note that the legacy LTC in the model is behaving akin to its field performance, as

observed by the step changes and voltage profiles driven by the LTC regulation in both field and

modeled voltages. Figure 2.8 shows the voltage envelope comparison plots between the simulated

and measured AMI voltage data for a service transformer location. The exact representation of sec-

ondary distribution circuits in the model and exact locations of the AMI meters were not available;

rather, only which service transformer the AMI meters are connected to was known. So, the com-

parison is of the envelope (maximum and minimum) of the simulated and the measured customer

voltage data connected to the same transformer. The maximum and minimum demonstrate how

well estimated the voltage is at the beginning and at the end, respectively, of a secondary circuit.

Figure 2.9 shows the voltage to distance from the substation plot for feeder L; primary volt-

ages are relatively flat, and the bulk of the voltage drop or rise occurs in the service transformer
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Figure 2.7: Power (top) and voltage (bottom) time-series comparison between Grid 2020 distributed mea-
surements and OpenDSS model at M3 transformer 1400 for September 16-17, 2016.

and secondary circuits. This demonstrates the importance of the effort to approximate secondary

circuits as accurately as possible to capture the local voltage that will be used for voltage based

control functions at customer-sited resources such as advanced PV inverters.

2.6 Conclusions

This paper presents techniques to create baseline models using a utility feeder from Hawaiian

Electric Company. It describes a software-to-software conversion and steady-state validation re-

sults of a utility feeder model and presents a methodology to add secondary low-voltage circuit

models to the utility feeder model. The utility circuit is then validated with time-series measure-

ments and the results show the importance of approximating secondary low-voltage circuits to

accurately capture voltage at the customer meter level. Creating and validating baseline models of

the current utility operations is important to compare with future scenarios in which customer sited

resources are integrated in the operation of distribution systems.
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Figure 2.8: Envelope of maximum and minimum voltage across the secondary circuit of a service trans-
former location in which maximum and minimum simulated (top) and measured (bottom) voltage envelops.
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Figure 2.9: Voltage to distance from the substation plot of primary voltages (solid lines) and secondary
voltages (dotted lines) for feeder L on May 23 at 12:30 p.m.
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Chapter 3

Effectiveness of DER Voltage-Based Grid Support

Functions in Low-Voltage Secondary Circuits

3.1 Introduction

It is becoming increasingly critical to improve the modeling and simulation of customer-

end voltages to understand the integration of grid-edge control techniques that leverage the grid-

friendly capabilities of customer-sited resource such as advanced inverters in PV systems and load

control via HEMS and/or tariff design.

Utility companies across the United States have put considerable effort toward improving the

way they represent distribution systems and have sizeable portions of their distribution feeders

represented in a commercial distribution software tool. However, these models lack accurate or

realistic representations (models) of the low-voltage secondary networks. Utilities are recognizing

this limitation and are contemplating the necessary level of detail to capture not only the primary

medium-voltages but also the secondary low-voltage level to which PV systems are connected

and customers are required to meet requirements. In [38], the authors discuss North American

split-phase secondary circuits in detail and compare the full 120 V split-phase models with the

single-phase equivalent at 240 V. They find that the load unbalance fully represented in full split-

phase models has only a minor influence on the accuracy of the simulated 240 V load voltages and

that single-phase equivalent model can be used to accurately represent split-phase secondary circuit

240 V voltages but should not be used to represent unbalanced 120 V load voltages. In [39–42],

the authors propose a series of measurements driven methodologies to estimate and validate low-

voltages secondary circuits based on AMI and PV system data in a case study on the Georgia Tech

Univeristy campus. Reference [43] describes a statistical analysis based on a clustering technique
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to represent low-voltage networks out of a large (> 200) sample of designs in the north west of

England. This work applies well to 50 Hz systems, but not to 60 Hz systems.

In this chapter, the statistical characteristics of a sample of secondary circuits in Hawai’i that

will be used in Chapter 4 to model customer voltages are described, and the effectiveness of

voltage-based grid support functions in mitigating the impacts of customer-sited PV systems in

secondary low-voltage circuits is also explored.

This chapter is organized as follows: Section 2 describes statistical characteristics of a sample

subset of secondary circuits in Hawai’i, and in Section 3 the effectiveness of voltage grid support

functions in mitigating secondary circuit voltage rise is described, and finally section 4 concludes

and describes future research from this effort.

3.2 Low-Voltage Secondary Circuits and Characteristics from

a Sample Subset

To accurately capture the impacts of voltage grid support functions from customer sited re-

sources, it is necessary to represent the voltage rise that will occur across the distribution service

transformer and across the conductors to simulate the voltage at the customer site.

For understanding this, real secondary circuit designs from Hawaiian Electric Companies were

collected and analyzed. Figures 3.1 and 3.2 show the wide range of electrical distance, in Ohms,

in a box-plot representation. This is a standardized way of displaying the distribution of data

based on the five number summary: minimum, first quartile, median (red solid line), third quartile,

and maximum, with the central rectangle spanning from the first quartile to the third quartile. This

illustrates that generalizing a voltage rise across secondary circuits is not very accurate, even within

same construction type of overhead or underground designs.
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Figure 3.1: Customer electrical impedance for 10 overhead secondary designs.
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Figure 3.2: Customer electrical impedance for 33 underground secondary designs.
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In the next figures, Figure 3.3 and Figure 3.4, a new metric to characterize the degree or level of

shared service secondary between customers called "Customer Degree" is proposed. The Customer

Degree is defined as the number of customers upstream of a customer on the same branch or shared

service. This proposed metric is important because it greatly affects the impact of DERs on voltage

rise.

In North America, residential low-voltage circuits are radial, split-phase, with center-tapped

service transformer and low-voltage triplex service lines. The challenge is to accurately capture

the full split-phase model, active and reactive power measurements from customer side 120 V

phases are needed, and this is not currently available from standard utility meters. New AMI

meters deployed in the U.S. can measure single-phase real and reactive power (or energy, in kWh)

and voltage readings at the 240 V voltage level. So modeling the full 120 V split-phase model with

no detailed information on customer unbalanced 120 V phases does not add any accuracy to the

single-phase representation of the split-phase model.
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Figure 3.3: Customer degree impedance for 10 overhead secondary designs.
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Figure 3.4: Customer degree impedance for 33 underground secondary designs.
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Table 3.1: Energy Curtailed from Volt-Var and Reactive Power Absorbed by All Advanced Inverters

Secondary Approximation Method PV Energy Curtailment Reactive Power Absorbed

Star Secondaries 32 KWh 485 kVArh
Representative Secondaries 70 kWh 1254 kVArh

3.3 Comparison of Feeder Modeling Results with Representa-

tive versus Simplified Secondaries

In this section, the comparison of using a star network design for all customers in the feeder

introduced in the previous Chapter 2, versus the more accurate representative secondary designs is

described. A star network design is a secondary design in which each customer is connected to the

service transformer via a dedicated service feed. In this case, the cable connecting the transformer

to the customer is the most commonly used in low-voltage designs, #1/0-gauge cable, and the

length is 100 ft.

Figures 3.5 show the voltages for all customers in the M34 feeder using the same star network

secondary design downstream all secondary transformers, versus the method for assigning secon-

daries in this thesis. Figure 3.6 shows the same customer voltages with volt-var programmed in all

new inverters. The impacts in the estimation of advanced inverter voltage support and customer im-

pact are non-negligible, as shown in 3.1, the total reactive power support provided by the residential

PV systems in volt-var local control mode, and resulting customer energy curtailed. As such, the

simplified star design versus the more detailed secondary approximation method presented in this

thesis:

• Underestimates PV curtailment due to activation of advanced inverter functions

• Underestimates the reactive power support required from advanced inverters

• Over-estimates the effectiveness of advanced inverter features in regulating voltage
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Figure 3.5: Timeseries Voltages for all Customers in Feeder M34 with no Advanced Inverters: a) Repre-
sentative Secondaries (Left), and b) Star Secondaries (Right).

Figure 3.6: Timeseries Voltages for all Customers in Feeder M34 with Volt-Var: a) Representative Secon-
daries (Left), and b) Star Secondaries (Right).

3.4 Effectiveness of Real and Reactive Power from Customer-

Sited DERs for Voltage Support

Utilities are concerned that they may not be capturing accurately in their distribution planning

and hosting capacity studies the new DER grid friendly services. This is required in some jurisdic-

tions such as in Hawai’i and California. This work shows that the bulk of the voltage support from

advanced inverters absorbing reactive power in constant power factor or volt-var modes is effective

at reducing the voltage rise caused by DERs across the distribution service transformer (see Fig-
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ure 3.7). The voltage to distance plot of the baseline case, defined here as a high-penetration PV

case with all legacy inverters connected at unity power factor, is shown in red. The case in which

all of the PV systems, except one, have volt-var activated is shown in blue. It is noticeable how

the primary voltage is slightly affected by the effect of volt-var in residential PV customers and

that the bulk of the reactive power support provided at the secondary level is effective at reducing

the voltage rise across the service transformer. Finally, reactive power support is not effective at

mitigating the voltage rise across the secondary conductors. This is due to reactive power being

effective where there is a higher reactance component, i.e at the transformer, versus the highly

resistive components of the secondary conductors.

Figure 3.7: Effectiveness of volt-var at reducing voltage rise across a secondary circuit.
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3.5 Modeling Low-Voltage Circuits for Hosting Capacity Stud-

ies

Hosting capacity is defined as the amount of DER that can be accommodated without adversely

impacting power quality or reliability under existing control configurations and without requiring

infrastructure upgrades [49]. Limiting factors can be related to voltage violations, thermal vio-

lations or protection issues. Voltage is typically the first limiting factor, and presently, hosting

capacity studies across the U.S. are performed using primary voltage as the limiting factor to add

DERs. The information is then typically made publicly available so that DER developers and cus-

tomers can review the feeders that may be problematic to interconnect. This can influence the cost

of the DER project if upgrades are required or delay the application process due to supplemental

reviews.

However, a lot of the PV growth over the past decade has been at the residential and commercial

levels, which drives secondary voltages up, but does not greatly affect the primary voltages [34,37].

As such, hosting capacity performed at the primary level only may not capture the effects on local

secondary low-voltage circuits that may still trigger delays and costly upgrades to interconnect.

Some utilities lower the upper voltage violation limit to account for secondary voltage rise. How-

ever, secondary customer voltage rise varies widely and depends on variables such as: construction

type (overhead or underground), number of branches, shared main service length, and customers

upstream. The concept of hosting capacity could be fully expanded to the the secondary low volt-

age, as proposed in [50]. However, in this case the practical calculation and use of the hosting

capacity concept may be compromised by:

• The computation of the hosting capacity at the secondary level which would require sec-

ondary low voltage circuit topology and design information, which are typically non-available

• The number of hosting capacity metrics which would increase by several orders of mag-

nitude. Currently the hosting capacity metric is calculated at the feeder level (in the order

of magnitude of 100s per utility). The number of hosting capacity metrics would increase
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by the number of distribution service transformers per feeder (in the hundreds per feeder),

increasing the number of hosting capacity metrics by at least two orders of magnitude.

To capture the effect of advanced inverters in hosting capacity studies, including the distribu-

tion service transformer in the power flow of the distribution feeder may be a valid approximation

(the full low voltage circuit topology design and customers representation is not necessarily re-

quired). Distribution service transformer size and electrical characteristics are information that

utilities have, versus the full secondary circuit. Including the distribution service transformer in

distribution power flow models does not increase the number of nodes, while including the full sec-

ondary circuits increases the number of nodes by at least 3 orders of magnitude (number of lines,

and customers per service transformer is at least 10, times the number of service transformers per

feeder is in the hundreds).

3.6 Conclusion

In this chapter, the statistical characteristics of a sample of secondary circuits in Hawai’i are

described to show the importance of further exploring low-voltage circuit topology. The effec-

tiveness of voltage-based grid support functions in mitigating the impacts of customer-sited PV

systems is also explored to show where along the medium and low-voltage circuits is active and

reactive power effective at reducing voltage rise. Reactive power support is effective at reducing

the voltage rise across the service transformer due to its high reactance value; however, reactive

power is not effective at mitigating the voltage rise across the highly resistive secondary conduc-

tors.
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Chapter 4

Impacts of Voltage-based Grid Support Functions on

the Utility and the PV Customers3

4.1 Introduction

Increasing levels of distributed energy resources (DERs) located at or close to the customer

site is changing the way the power system, and in particular the distribution system, is planned and

operated. Not only are power flows in the distribution systems now bidirectional, but DERs are

able to provide grid support functions (GSFs) such as voltage and frequency support [32]. Utilities

are increasing their efforts to include DERs in planning and operation. At the distribution level,

utilities are looking at the impact of autonomous voltage-based GSFs such as volt-var and volt-

watt in voltage regulating strategies, as well as impacts on energy production for customers that

are activating such functions [28].

The newly revised IEEE 1547-2018, titled "Standard for Interconnection and Interoperability

of Distributed Energy Resources with Associated Electric Power Systems Interfaces" includes ad-

vanced specifications for DERs, particularly related to reactive power capability and autonomous

voltage/power control requirements impacting the local distribution system to which they are in-

terconnected. Curtailment of active power is required if necessary to meet the apparent power

constraints while injecting or absorbing reactive power at up to 44% of the nameplate kVA rat-

ing [25]. Reference [51] describes the topology, characteristics, and simulation-based results of

an advanced inverter designed to look beyond the recommendations of the previous version of the

IEEE Standard 1547 (2003) by including reactive support function.

Inverter voltage support GSFs are activated to mitigate possible off-nominal voltage conditions

including over-voltage violations outside of the allowable ANSI C84.1 Range [4], including those

3This chapter is published in [45] and the copyright is included in Appendix A.
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contributed to by DER integration. However, these GSFs can cause energy curtailment to photo-

voltaic (PV) customers. For instance, advanced inverter controls allow PV - inverter systems to

support reactive power priority by curtailing active power output when required to keep the grid

within its operational constraints [33].

In [37], techniques to create distribution models for determining the effectiveness and impacts

of various GSFs were presented. There we leverage such distribution models to present the results

of running time-series distribution models with different penetration levels of DERs.

The authors in [33] argue that there is no obvious nexus between increased reactive power

output and decreased PV kWh generated and show that the application of volt-var control could

mitigate voltage violations without causing PV active power curtailment. Reference [31] inves-

tigated the impacts of various penetration levels of advanced inverters on a typical distribution

network showing that smart inverters have the capability to improve tap operations, voltage vari-

ability, and minimum and maximum voltages. Reference [32] presented a methodology for the

optimal settings of a group of advanced inverters using autonomous inverter control (i.e., an in-

verter output is a function of its primary node at the point of connection). The study revealed that

optimal settings depend on inverter kVA rating, feeder layout, load and solar characteristics. A

method to design a smart inverter volt-watt control to mitigate possible voltage violation for a high

PV penetration case while curtailing energy evenly among all integrated PV systems is presented

in [36]. Other related studies in [52], [53] present the use of advanced inverter settings to enhance

grid performance.

However, to the knowledge of the authors, the extended literature has not characterized and

quantified or estimated the expected level of energy curtailment as a result of the activation of volt-

var in combination with volt-watt. Our study proposes four metrics—maximum GSF and average

GSF curtailment, average increased generation and average net generation change—to assess the

full impact of a given GSF control on customer-sited PV systems. We then apply those metrics to

several detailed quasi-static time-series (QSTS) simulations of a distribution feeder with various

levels of PV generation. Finally, we plot curtailment of customer PV generation as a function of
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peak customer voltage and demonstrate a tight and predictable relationship between the two. This

relationship is leveraged to make recommendations for how utilties may take advantage of the ben-

efits of volt-var and volt-watt control without significantly impacting customer PV generation and

without investing in irradiance sensor deployment or advanced analytics to estimate curtailment.

These findings align with field measurements of PV systems performing volt-var and volt-watt

control on several distribution circuits with high levels of distributed PV on Oahu, Hawaii, as

described in [54].

The rest of this paper is organized as follows: section II describes some voltage-based GSFs,

metrics, and impacts; case studies are presented in section III and the results are discussed in

section IV; and section V concludes.

4.2 Voltage Based Grid Support Functions, Metrics and Im-

pacts

Active-power production from DERs tends to increase steady-state grid voltage, specially in

secondary distribution circuits. Inverters, which are the most prevalent power electronics tech-

nology due to the popularity of PV systems in customer rooftops, have two output parameters

available to mitigate this: reactive power and active power. Absorbing reactive power can bring

down voltage with minimal (sometimes zero) impact on real power production and, hence, is gen-

erally preferred. Reducing active power can also mitigate overvoltage, but this directly reduces PV

energy production and is, therefore, typically considered an option only when voltage is very high

and reactive-power management does not solve the problem.

4.2.1 Two voltage grid support functions

In the volt-var control mode, reactive power is modulated in proportion to voltage deviation,

absorbing and injecting reactive power or volt-ampere reactive (VArs) for high and low voltage

scenarios, respectively. This is done by following a volt-var curve, which often has a deadband

where reactive-power production is zero as shown in the top of (Figure 4.1). The volt-var curve
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studied in this paper corresponds to a moderate curve with a deadband of Âś 0.03 p.u., and a droop

curve above 1.03 and below 0.97 p.u.. The droop slope reaches full reactive power injection and

absorption at 1.06 p.u. and 0.94 p.u., respectively. Full VArs are defined as 44% of the inverter

apparent power rating which corresponds to power factor of 0.9 at full apparent power. The full

reactive power capability, however, only is used when the voltage is far from nominal.

Figure 4.1: The two voltage grid support functions and the settings used in this study

Under volt-watt control, active power is reduced for high voltages to remain on or below a

volt-watt curve as shown in the bottom portion of (Figure 4.1). The volt-watt function initiates

reduction in real power when the voltage at the point of common coupling (PCC)—not necessarily

the inverter terminals—breaches 1.06 p.u.. ANSI C84.1 Standard provides that voltage delivered
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at the PCC should generally be within Âś0.05 p.u. of the nominal value. So volt-watt provides

means to protect utility voltages from greatly violating ANSI C84.1 service voltage ranges.

4.2.2 Volt-var in reactive and active power priority modes

Reactive power-based functions such as volt-var control can be configured to prioritize either

active or reactive power when the inverter’s current limit does not allow it to produce the desired

amount of both P and Q simultaneously. This is illustrated in Figure 4.2. Active power priority

(Watt priority) can be used to ensure zero impact on energy production when providing reactive-

power support to the grid. This was briefly called for in California Rule 21; however, active power

priority causes grid support to be unavailable during times of high PV production, when voltage

control is most needed. For this reason, the IEEE Standard 1547-2018 revision requires reactive

power priority.

Reactive power priority (Var priority) mode is required to allow DERs to supply or absorb

reactive power when available up to 44% of the nameplate KVA rating for maximum VAr injection

and absorption at rated DER voltage [25]. However, enabling the VAr priority mode can lead to

active power curtailment as shown in 1-3: For a given PV system, the available active power with

volt-var in VAr priority mode, PV V ar,V ar, is

PV V ar,V ar =
√
(Sinv)2 − (QV V ar,V ar)2 (4.1)

where Sinv and QV V ar,V ar are the inverter capacity (kVA) and reactive power, respectively. The

VAr priority mode will result in Pcurt curtailment if the inverter capacity is not large enough to

provide reactive power support based on the droop curve [33], [53].

The reactive power priority illustrated in Figure 4.2 shows that the possible curtailment of

available active power to meet the required reactive power as specified by the VAr priority mode.

The active power curtailed Pcurt shown in Figure 4.2 is given as:

Pcurt = PV V ar,Watt − PV V ar,V ar (4.2)
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where PV V ar,Watt and PV V ar,V ar are the available active power in active and reactive power priority

modes respectively.

Figure 4.2: Volt-var reactive power and active power priority modes

4.2.3 Impacts of grid support functions

From the perspective of the distribution utility, any voltage-based GSF initiated by the DER

will impact distribution system voltages. Reference [34] shows that most of the local reactive

power based voltage control effectuated by DERs affects voltage magnitudes across the secondary

of the service distribution transformer since it is the portion of the secondary circuit with higher

reactance values (when compared to secondary conductors which tend to be dominated by the

restive component of the impedance), and as such is affected by the production of reactive power

by DERs. Primary feeder voltages are not highly affected by local voltage support by smaller
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customer-sited DERs, and the utility voltage-regulating equipment is not typically affected by

these local voltage support functions.

From the perspective of the customer, voltage-based GSFs from the DERs can impact the en-

ergy production since the active power output of the inverter may be reduced during GSF actions.

We focus on quantifying impacts of GSFs on energy production from customer-sited PV installa-

tions.

4.2.4 Metrics

The metrics proposed in this paper are related to the impact of a given GSF control on residen-

tial customers:

• Max GSF curtailment is the maximum customer energy curtailed over a given time period.

• Average GSF curtailment is the average customer energy curtailed over a given time period.

• Average increased generation is the average customer increased energy generation at the

customer site for a given time period because resulting from reduced PV inverter discon-

nections for voltages above 1.1 p.u. With volt-watt activated, some PV systems continue to

produce when they otherwise would have been disconnected at 1.1 p.u..

• Average net generation change is the average customer increased generation minus the av-

erage grid-support function curtailment for a given time period. A positive value represents

a net increase in PV generation.

To calculate the energy curtailed due to voltage-based GSFs in DERs, the baseline scenario

with no GSF must be establisged first. Similarly, to calculate the increased generation metric, the

scenario with no disconnection for voltages above 1.1 p.u. must be studied first.
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4.3 Test Feeders, PV Penetration Cases and Grid Support Func-

tion Scenarios

Here we present the distribution feeder, the PV penetration cases, and the GSF scenarios studied

to quantify the impacts of voltage-based GSFs on the energy production at PV installations located

at customer sites.

Substation M34 located in Oahu, HI, has two 12 kV distribution circuits. This test system was

selected for its diversity of the different types of PV installations already existing on a circuit (e.g.,

residential, commercial, and large feed-in-tariff (FIT) projects) that are rated at approximately 500

kW each. For more information on the feeder model preparation for QSTS simulation of this test

system with detailed secondary circuit approximation, see [37]. The scenarios described below are

run at 15 min time-steps.

To create various levels of penetration of PV in the test system, calculated with respect to the

gross daytime minimum load (GDML), blocks of approximately 1.6 MW of residential PV projects

are added to the baseline feeder. Note that the baseline feeder already has 7 MW of large primary

connected PV systems and 3.4 MW of residential PV, all connected at unity power factor. The

scenarios shown in Table 1 were run for a week in June with incidences of high voltages.

Scenarios 1a and 1b are not expected to occur in the future since volt-var is a requirement

for DER interconnection in Hawai’i Rule 14H, but they are run to establish a baseline for PV

production without advanced inverter functions, and obtain the baseline production of PV systems

without GSFs. Scenarios 2a and 2b are studies to show the effectiveness and impact to energy

production of enabling volt-var in all new residential PV systems added. These can be compared

to scenarios 3a and 3b, which model blanket activation of volt-var in combination with volt-watt

(volt-var-volt-watt) in all new residential PV systems added to the 2016 baseline. Comparing

scenarios 2a and 2b with 3a and 3b will provide insight into how much the volt-watt function is

activated when implemented in combination with volt-var.
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Figure 4.3: Geographical view of M34 distribution feeder

Note that the difference between scenarios "a" and "b" is that in the former PV systems do

not disconnect when they sense voltages above 1.1 p.u., and in the latter they do, per IEEE 1547.

Studying scenarios without disconnection above 1.1 p.u. enables the calculation of the increased

generation metric that quantifies the PV systems that are able to produce more energy because

they are no longer tripping at 1.1 p.u. voltage magnitude. This simulation does not capture the

interactions that may occur in the real world at time-steps less than 15 min, and assumes that the
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Table 4.1: Scenario Description for M34 Feeder at various GDML PV Penetration Cases

2*S/N 2*Scenario PV Penetration with GSFs
175%
"Low"

370%
"Medium"

600%
"High"

1a PV-No GSFs-n/D 2*
1.86MW
at PF = 1

2*
3.5MW
at PF = 1

2*
5.3MW
at PF = 1

1b PV-No GSFs-w/D

2a volt-var-n/D 2*
1.86MW
in volt-var

2*
3.5MW
in volt-var

2*
5.3MW
in volt-var

2b volt-var-w/D

3a volt-watt-n/D 2*
1.86MW
in volt-watt

2*
3.5MW
in volt-watt

2*
5.3MW
in volt-watt

3b volt-watt-w/D
n/D = no disconnect; w/D = with disconnect (inverters disconnect if V >1.1 p.u.)
There are 3.4 MW of rooftop and 5.2 MW FITs legacy PV systems
connected at unity power factor.

inverters are on or off the entire 15 min time period. In reality, inverters would wait for measuring

5 minutes of steady-state voltage below 1.1 p.u. to reconnect to the grid.

4.4 Results of High-Penetration PV Cases with Residential volt-

var (VV) and volt-var-volt-watt (VV-VW) GSFs

4.4.1 Customer Energy Production Metrics

Table 4.2 shows the proposed calculated metrics for a high voltage week in June for three

increasing PV penetration levels. The maximum customer curtailment in volt-var mode remains

at 1.8% and is independent of the PV penetration level. However, for the volt-var-volt-watt mode,

the maximum customer curtailment increases rapidly from 2.3% in the low PV penetration case

to 5.7% in the high PV penetration. Yet, the average customer energy curtailment values are the

same or slightly lower in the volt-var-volt-watt case, than in the volt-var alone scenario. This

suggests that very few customers experience non-negligible volt-watt GSF activation, and that

the effectiveness of volt-watt in lowering voltages for a few outlier customers slightly lowers the

curtailment for the remaining of the customers that experience only volt-var activation.
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5pt

Table 4.2: Impact of activating GSF control on PV systems and energy curtailment at different penetration
levels

3*Metrics GDML penetration levels
175% 370% 600%

VV VV-VW VV VV-VW VV VV-VW
Max GSF Curt. 1.8% 2.3% 1.8% 3.7% 1.8% 5.7%
Ave. GSF Curt. 0.10% 0.07% 0.15% 0.13% 0.24% 0.23%
Ave. Incr. Gen. 2.1% 2% 2.7% 2.6% 2.7% 3%
Ave. Net Gen. 2% 1.9% 2.5% 2.4% 2.4% 2.8%

The other metric proposed in this paper is the increased energy generation that is no longer

lost due to disconnecting above 1.1 p.u. per IEEE 1547. The increased generation increases the

higher the PV penetration is. This is expected since the more rooftop PV, the higher the voltages

are, and as such more PV customers are p.u.shed above 1.1 p.u., and so with grid support functions

reducing voltages, more generation is lowered below 1.1 p.u. and is able to generate.

The net generation change—which is positive if there are more PV customers enabled to gener-

ate than curtailed for the GSFs—is positive for all the scenarios studied. The net generation change

increases considerably between the low and medium PV penetration levels. However, as the PV

generation increases between the medium and the high PV penetration case, the net generation

change stalls since as there is more energy curtailed too.

4.4.2 Customer Energy Curtailment versus Maximum Customer Voltage

These findings are illustrated by plotting the customer energy curtailment values against the

maximum voltage experienced by the customer. Each dot in Figures 4.4 – 4.6 represents a cus-

tomer, with blue and pink dots representing VV and VV-VW. In the low PV penetration case, very

few customers experience the activation of volt-watt when combined with volt-var. As PV pene-

tration increases, more customers have volt-watt activation, but still less than 10 customers out of

531 PV systems are affected by this activation in the very high PV penetration case.

These plots also show that the energy curtailment is negligible even for the very high pene-

tration case provided peak voltages are within the ANSI C84.1 range. The utility can leverage
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Figure 4.4: Weekly customer energy curtailment versus maximum voltage for the low PV penetration case

Figure 4.5: Weekly customer energy curtailment versus maximum voltage for the medium PV penetration
case

this because voltage violation problems may point to possible curtailment issues, which require

appropriate mitigation measures. Consequently, the concerned service provider may want to pro-
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Figure 4.6: Weekly customer energy curtailment versus maximum voltage for the high PV penetration case

vide mitigation alternatives based on voltage thresholds rather than deploying sensing or advanced

analytics to characterize and quantify possible curtailment. Voltage violation mitigations would

address both curtailment and voltage issues.

In addition, we have added curve fitting functions to Figure 4.6 for the high penetration PV

case for the VV and VV-VW scenarios. The VV curtailment versus maximum customer voltage

curve follows a sigmoid function with a plateau that accounts for the reactive power limit (0.44

p.u) of the VV curve; while a power fit function converged properly for the VV-VW scenario.

The utility could use these curve fitting functions to estimate customer curtailment based on peak

voltage. This will be further explored in future work.
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4.5 Conclusion

We propose four new metrics for quantifying the impact of voltage-based GSFs to customer

energy production, and provide results for three PV penetration cases for a high voltage week-long

simulation on a 12 kV feeder in Oahu, HI. The metrics show that the activation of voltage-based

GSFs, such as volt-var and volt-watt, results in a positive average net generation change, since there

is less energy curtailed due to the activation of the GSFs than there is generation prevented from

tripping above 1.1 p.u. per IEEE 1547. We also propose a new curve for plotting the customer

energy curtailment versus customer maximum voltage, which shows that when customer peak

voltages are maintained close to the ANSI C84.1 recommendations, customer energy curtailment

from GSFs such as volt-var and volt-watt will be negligible or very low. These findings align with

the limited field measurements available in [54].
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Chapter 5

Estimation of Solar Photovoltaic Energy

Curtailment Due to Volt-Watt Control4

5.1 Introduction

As the pace of the current energy transition continues to increase rapidly, demand for clean en-

ergy supply, policy support for renewable energy, reduced technology costs, and high penetrations

of variable generation pose new challenges to the reliable operation of the electric grid [56–58].

Utilities are adopting various strategies to mitigate the adverse impacts (such as steady-state

overvoltage issues) of increasing integration of distributed energy resources (DERs) with the power

system. Some measures include conventional methods such as configuring load tap changer set-

tings and upgrading secondary conductors and distribution transformers. Another mitigation op-

tion is the use of nonwire alternatives, such as distributed static volt-ampere reactive (VAR) com-

pensators, energy storage, advanced load controls, coordinated DER controls, and autonomous

inverter-based solutions [59–61].

The current near-term solution prevalent in the study location, Hawaii, however, is the activa-

tion of smart inverter-based voltage regulation controls. Hawai’i has more distributed photovoltaic

(PV) than any other U.S. state as a proportion of the load, and DERs plays a significant role in

the state’s plan for 100% renewable energy by 2045. The proliferation of autonomous inverter-

based solutions to mitigate persistent voltage excursions caused by high-penetration PV systems

has drawn increasing interest in their impact on customer solar energy curtailment. Some impacts

of curtailment include a decrease in PV capacity factors, an increase in the levelized cost of energy,

and a decrease in avoided fossil fuels [62].

4This chapter is published in [55] and the copyright is included in Appendix A.
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It is now important to quantify the amount of PV energy curtailed as a result of the activation

of inverter-based grid support functions (GSFs) to assess performance and potential incentives or

compensation mechanisms [63]. From the regulator and utility perspectives, as customer-sited

resources are used to provide localized voltage support, it is important to estimate the potential

impact to the customer’s energy production. From the customer and solar developer’s perspectives,

estimating the potential curtailment is important to account for in the economic valuation of DER

projects. There seems to be a growing interest among utilities, PV industry stakeholders, and

regulators, for a low-cost, widely deployable methodology for estimating potential curtailment.

This is challenging because of the difficulty for a PV system that is not operating at its present

maximum available power to know what its present maximum available power is in real time

[64]. The extant literature proposes various offline methods for maximum point estimation using

regression analysis or neural networks, which may require a very high processing power more than

what a typical PV inverter′s embedded processor can handle [65,66]. Real-time estimation methods

make assumptions that can impact the accuracy of the PV model or may require information that

is not typically available on PV module data sheets [67, 68]0.

A few studies in the extant literature have investigated the impact of GSF activation on PV

energy curtailment, mostly by providing simulation-based curtailment estimates. Seuss et al. used

the voltage at the point of common coupling (PCC) to estimate PV energy curtailed, where curtail-

ment was performed by ramping down PV active power depending on the voltage measurements

in a volt-watt droop [69]. This method required deploying an additional controller at the PCC, and

the sensitivity of the PCC voltage to the network impedance as seen by the inverter could affect

the accuracy of the measurement.

Latif et al. quantified curtailed energy by calculating the difference between the inverter active

power output and maximum active power point [70]. Curtailment estimation based on inverter pro-

duction data would require a system-wide deployment of communications infrastructure to capture

and relay data to system operators. Kashani et al. proposed a method to design volt-watt control
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parameters to maximize the benefit of such control application while evenly distributing the weight

of PV energy curtailment [36].

Shuvra et al. proposed a dynamic smart inverter voltage support strategy for a two-stage PV

inverter architecture, that can be applied to various feeders with different X/R ratios. However,

such control strategy could have an impact on PV production and therefore, the quantification of

the potential curtailment caused by this control application becomes pivotal [71].

Nassif et al. investigated the impact of the volt-watt function on PV curtailment and voltage

management with the installation of a battery energy storage system on a the feeder in a Canadian

electric utility. The study showed that with the deployment of an energy storage system, the PV

output could change without any constraint because the storage levels off PV production [72].

None of the existing literature summarized above presents a method for estimating PV curtailment

from volt-watt control without additional sensors or communications. Other related studies have

considered only the performance and effectiveness of smart inverter GSFs in mitigating voltage

issues on the distribution network [73–79].

The extant literature shows the implementation of smart inverter GSFs mainly through sim-

ulation studies, without actual field validations. Also, a considerable number used the primary

voltage level of the distribution network, without taking into account the unique secondary net-

work topology. Through collaborative engagements, the National Renewable Energy Laboratory

and Hawaiian Electric have performed a more detailed distribution modeling effort—from the pri-

mary voltage level down to the customer premises—to capture the full impacts of customer-sited

autonomous inverter control.

In a previous voltage regulation operational strategy (VROS) study by the authors [35], PV

energy curtailment was estimated using a detailed simulation for hundreds of customers in Hawai’i

with rooftop PV and advanced inverters. Curtailed PV production was estimated by computing the

difference between a base case scenario simulating customer PV output without GSF activation and

a scenario with GSF activation in a time-series power flow simulation. The study revealed that the

impact of volt-watt control on PV energy production is typically negligible (less than 2% for most
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customers) when activated in combination with volt-var. In rare cases with voltage persistently or

frequently above 1.06 p.u., volt-watt control could result in non-negligible curtailment. In such

cases, the utility has a preexisting obligation to maintain voltages within ANSI range [4] and fix

the voltage issue, which also mitigates high volt-watt curtailment.

Some methods available to utilities include replacing neighbors’ legacy inverters with smart

inverters, applying more aggressive volt-var curves, using volt-watt (potentially compensating a

customer for lost production), or a combination of all of these. For volt-watt application, however,

there is a need for a reliable estimate of lost production without incurring additional costs—for

example, the cost of additional sensors and communications infrastructure to transfer inverter data

to utilities.

The main contributions of this paper are as follows:

• This paper proposes a methodology for estimating PV energy curtailment caused by volt-

watt control using only smart meter voltage data, without the need for additional sensors,

communications, or inverter data. This method assumes maximum possible curtailment for

a given volt-watt curve based on the smart meter voltage during the time period of interest.

• This study compares the proposed methodology with actual field measurements using irra-

diance sensing and inverter data in Hawai’i and with data from a previous simulation-driven

study on the impact of advanced inverter GSF activation on PV energy curtailment.

The remainder of this paper is structured as follows: Section II summarizes autonomous inverter-

based volt-watt control. Section III presents the proposed method for estimating PV energy curtail-

ment from smart meter voltage and also summarizes the method for measuring curtailment from

irradiance and inverter data. Section IV presents methods for evaluating curtailment estimates.

Section V presents the performance evaluation of the proposed methodology. Finally, Section VI

concludes.
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5.2 Autonomous Inverter-Based Volt-Watt Control

This study considers estimating curtailment only from the volt-watt advanced inverter function-

ality. In Hawai’i and other U.S. regions, such as California, volt-watt is implemented in combina-

tion with volt-var control. Figure 5.1 shows Hawaiian Electric’s approved volt-var and proposed

volt-watt curves. The volt-var curve has a deadband of ± 0.03 p.u. and a droop slope ∆Q/∆V of

14.7. The droop curve at 0.94 p.u. and 1.06 p.u. reaches full VAR generation (positive VAR) and

absorption (negative VAr), respectively. The inverter is required to prioritize VAR production or

absorption over active power production. Full VARs are defined as 44% of the inverter nameplate

capacity, which corresponds to 0.9 power factor at full apparent power.

The volt-watt curtails the active power output as voltage exceeds 1.06 p.u., as shown in Fig-

ure 5.1. Volt-watt control serves as a protection against occasional voltages outside ANSI C84.1

ranges (1.05 p.u.–1.06 p.u.). Also, the activation of volt-watt when combined with volt-var will

depend on the effectiveness of volt-var to regulate voltage prior to directly decreasing active power

output to prevent voltage violations. Volt-watt control is recommended as a backstop to occasional

high voltages outside ANSI ranges. Because high voltages often cannot be predicted in advance,

system-wide activation of volt-watt control can be beneficial.

5.3 Methods for Estimating PV Energy Curtailment

5.3.1 AMI-Based Curtailment Estimation

The proposed methodology for estimating PV energy curtailment from smart meter or advanced

metering infrastructure (AMI) voltage assumes maximum possible curtailment per the volt-watt

curve based on the smart meter voltage during the time period of interest, as shown in Figure 5.2.

At voltage VA, the maximum possible curtailed power caused by volt-watt is PA. This assumes

that the inverter could have been at maximum power whenever voltage was more than 1.06 p.u.

The proposed methodology is formulated as follows:
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Figure 5.1: Hawaiian Electric’s approved volt-var and proposed volt-watt curves

Figure 5.2: Volt-watt curve showing maximum possible curtailed power

Ecurt,i =
∑

VAMI ,i

max

(
(VAMI − V1)

V2 − V1

, 0

)

∗(PPV,i − Pmin,i) ∗ tAMI

(5.1)

where Ecurt is the maximum possible curtailment caused by volt-watt, in kWh for every PV cus-

tomer ’i’, during the time period of interest; PPV is the rated AC power of the PV system, in kW;

tAMI is the period of the AMI measurements in hours (i.e., for 15-minute readings, tAMI is 0.25);

V1 is the maximum voltage at which the system is permitted to produce its rated power; V2 is the

voltage at which the system is required to produce its minimum active power (Pmin), and VAMI

represents the set of AMI voltage readings between 9 a.m. and 3 p.m., per unit. This time period
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is chosen because it represents peak sun hours with a high tendency for high solar generation and

lower residential demand, resulting in high voltages and possible PV production curtailment.

With reference to the Hawaiian Electric volt-watt curve in Figure 1, V1 is 1.06 of the nominal

voltage (VN ) and V2 is 1.1 of VN . For most inverters, the inveter’s minimum active power (Pmin)

is zero. IEEE 1547 defines VH as the voltage upper limit for DER continuous operation [25].

Figure 5.3 shows a conceptual illustration of the proposed methodology using Hawaiian Elec-

tric’s volt-watt curve for a hypothetical day in which the voltage peaks at 1.1 p.u. (which is much

higher than seen in field data and outside of tariff rules, but useful for illustrative purposes). As

shown in Figure 5.3, when the voltage is at 1.06 p.u. or below, the estimated power curtailed,

Pcurt, is zero; at 1.08 p.u., Pcurt is half the rated AC power of the PV system, while at 1.1 p.u.,

Pcurt equals the rated AC power of the PV system. The energy curtailed is simply the integral of

the power curtailed over time.

Figure 5.3: Conceptual illustration of estimated curtailment as a function of AMI voltage for a hypothetical
day in which the voltage peaks at 1.1 p.u. (which is much higher than seen in field data and outside of tariff
rules, but useful for illustrative purposes).

It is important to note that orientation and shading could impact PV system output and sub-

sequent curtailment estimates, however because the curtailment estimation method presented here
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is intended to provide a reasonable estimate without deployment of additional sensors or commu-

nications, characterizing the impact of shading on PV system output for the considered location

topology, type of PV array (fixed or tracking) or the ground cover ratio, is beyond the scope of

this study. Thus, the proposed methodology does not consider the impact of shading on PV system

output.

Further, the behind-the-meter voltage analysis can be a complicated issue; in some cases

behind-the-meter distributed generation is not even metered, which impacts the net imports or

amount of generation needed for system balance [80]. Also, IEEE 1547-2018 now permits invert-

ers to use the utility meter voltage for volt-watt control [25]. Thus, our proposed methodology

did not consider the connecting wires between the inverter and the meter. In addition, this present

study has been conducted based on the voltage set points or operating range as stipulated by the

utility (shown in Figure 1), in this case Hawaiian Electric Rule 2 limits for character of service,

which is based on the American National Standards Institute (ANSI) standard C84.1. For utilities

with different voltage set points the results of our proposed methodology may vary, but the general

principles described here are expected to hold.

5.3.2 Field Data-Based Curtailment Estimation

For field data curtailment estimates, a PV system with volt-watt activated, plane-of-array irra-

diance sensors, and local inverter power and voltage measurements are required. The procedure

for the field measurements is as follows:

1. Obtain the actual measured inverter power (kW) values, Pinv.

2. Obtain irradiance-based estimates of maximum possible PV power (kW), Pirrad, based on a

curve fit to the measured irradiance.

3. If Pinv < Pirrad, and inverter voltage (Vdc) > threshold (where threshold = 430 VDC for this

inverter configuration), and the measured inverter voltage is greater than 1.06 p.u., then the

inverter is definitely in volt-watt mode.
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4. To obtain the curtailed power, find the difference between Pirrad and Pinv

5.3.3 Simulation-Based Curtailment Estimation

In our previous study [35], we simulated a very high PV penetration scenario, with 10.9 MW of

total PV installations for a network with 6.5-MVA peak load and 2.8-MVA minimum load. A high-

voltage week was selected to capture PV production curtailed as a result of high voltage and the

corresponding activation of volt-watt and volt-VAR control to mitigate the voltage limit violation.

The study includes primary and secondary (or low-voltage) circuits in the model, to explicitly

represent individual customer connections and more accurately approximate the voltage at cus-

tomer meter locations.The voltage simulated at the customer PCC is used as a simulation of meter

or AMI customer voltage.

To estimate curtailment caused by voltage-based GSFs in the simulation-driven study, a base-

line PV production scenario without the activation of volt-watt and volt-VAR control was first

established and then compared with a PV deployment scenario with advanced inverter functions.

5.3.4 Metrics for Assessing Proposed Method Accuracy

To evaluate the accuracy of the proposed method, the following measures of accuracy are

applied to the proposed AMI-based and VROS simulation-based results [?, 81–83]:

• Coefficient of determination (R2 Score): This metric shows the proportion of variance in the

observed data (in this case, the VROS simulation data) that can be explained by the proposed

AMI-based curtailment estimation method. The best possible score is unity.

R2score = 1−

∑n

j=1
(xj − x̂j)

2

∑n

j=1
(xj − x̄j)2

(5.2)

• Root mean square error (RMSE): The RMSE is used to quantify the error of the observed

variance, with small values showing the optimality of the proposed method. An optimal

prediction has an RMSE value close to 0.0.
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RMSE =

√∑n

j=1
(xj − x̂j)

n
(5.3)

• Mean absolute error (MAE): This metric measures the mean magnitude of the errors in a set

of predictions, without considering their direction. It is defined as follows:

MAE =

∑n

j=1
(xj − x̂j)

n
(5.4)

The best MAE value is 0.0.

• Mean squared logarithmic error (MSLE) = This metric penalizes underestimates more than

overestimates, and it is given as:

MSLE =

∑n

j=1
(loge(1 + xj)− loge(1 + x̂j))

2

n
(5.5)

An optimal prediction has an MSLE value close to 0.0.

• Explained variance score (EVS): This score measures the amount to which the proposed

method accounts for variation in the VROS data set.

EV S = 1−
V ar(x− x̂)

V ar(x)
(5.6)

An optimal prediction has an EVS value close to unity.

• Median absolute error (MedAE): This metric computes the median of all the absolute dif-

ferences between the given VROS data and the proposed AMI-based methodology. The

advantage of this metric is that it is robust to outliers because outliers have a very small

effect on the median. It is given as:

MedAE = median(|xi − x̂1|, ..., |xn − x̂n|) (5.7)
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An optimal prediction has an MedAE value close to zero.

where x̂j is the proposed AMI-based data of the j-th sample, xj represents the corresponding

VROS simulation data, x̄j is the mean of the VROS data, and n is the number of the data

points.

5.4 Evaluating Methods for Estimating Curtailment

This section presents curtailment estimation based on the proposed AMI-based, VROS simu-

lation and field measurement methods.

5.4.1 Curtailment Estimation Based on AMI and Simulation Voltages

As shown in Figure 5.4, the proposed AMI-voltage-based method of estimating curtailment

aligns reasonably well with the VROS simulation, especially for the most-curtailed customers. For

most customers located in the feeder with system-wide volt-watt activation, the PV production

curtailed is negligible, as shown by both methods in Figure 5.4 for the high-voltage week.

Note that the VROS simulation captures all curtailment, not only volt-watt but also volt-VAR

inclusive. Also, the PV systems with volt-VAR and volt-watt modeled in the VROS simulation

had an assumption of a DC/AC ratio of 1.2, which also increases the curtailment experienced by

customers because there are more time periods of high real power production.

It is also necessary to point out that high voltages are not always caused by local overgeneration

by PV customers; there are other factors, such as constrained capacity of distribution transformers

and overloading of the secondary conductors.

Customers with nonzero curtailment values are those with high voltages outside the ANSI

C84.1 ranges (i.e., >1.05 p.u.). Thus, with voltage persistently or frequently above 1.06 p.u., volt-

watt control can result in non-negligible curtailment. This is illustrated by our proposed method-

ology as shown in Figure 5.5 and Figure 5.6. For every voltage point in Figure 5.5 above 1.06 p.u.,

there is a corresponding energy curtailed as shown in Figure 5.6.
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Figure 5.4: Proposed AMI-based method vs. VROS simulation curtailment estimates
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Figure 5.5: A typical high voltage customer from the VROS simulation

5.4.2 Curtailment Estimation Using Field Measurement

Two existing PV customers (locations A and B) with high-voltage issues were identified and

instrumented to allow curtailment estimates. Many other field locations were evaluated but were

not instrumented because voltages never or rarely exceeded 1.06 p.u. at most locations [84]. The

measurement at one of the high-voltage locations from the advanced inverter location is shown in

Figure 5.7.
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Figure 5.6: Curtailment estimates for the typical high voltage customer from the VROS simulation

Figure 5.7: Field measurement at one of the selected advanced inverter locations

Two periods were selected for estimation of PV production curtailment: a normal typical con-

dition without voltage violation and a high-voltage scenario. The high-voltage period as seen in

Figure 5.7 occurred as a result of temporary feeder reconfigurations. The field data-based curtail-

ment depends on the available solar resource, measured power, and behind-the-meter voltage.

Figure 5.8 shows the field measurement data for curtailment estimates during a high-voltage

period for Location A. The dark blue dots connote the actual measured power as a function of

solar irradiance, the red dots are estimated available power without curtailment as calculated from
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measured irradiance (taking into account inverter characteristics), and the light blue dots represent

actual measured inverter power at times when power was identified as curtailed based on irradiance

measurements and inverter electrical data.

Figure 5.8: Field measurement-based curtailment estimates for a PV customer with volt-watt activation
during a high-voltage period

Figure 5.9 shows a similar measurement and analysis during a normal voltage period for the

same location. Figure 5.9 shows that the overall impact of volt-watt activation is greatly reduced

during normal voltage conditions compared with the high-voltage period, as shown in Figure 5.8.

Figure 5.9: Field measurement-based curtailment estimates for a PV customer with volt-watt activation
during a normal voltage period
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PV inverters curtail power by moving their DC operating voltage away from the PV array

maximum power point, i.e., moving away from the knee of the current-voltage curve. In some

cases, it is possible for the DC-bus voltage to rise close to the PV array open-circuit voltage.

In Figure 5.10, the non-blue dots indicate elevated DC voltage, typically resulting from cur-

tailment (for this inverter type, which uses DC:DC power optimizers on each PV module and thus

has a predictable relationship between voltage and power when curtailed). This plot shows the

non-negligible volt-watt curtailment during high-voltage periods (>1.05 p.u.).

Figure 5.10: PV inverter power vs. AC voltage showing upper cutoff of the volt-watt curve and relationship
to DC-bus voltage (dot color)

For the high-voltage period, the shape of the probability density function curve, shown in

Figure 5.11, indicates that the voltage value of 1.05 p.u. has the largest probability. Also, at more

than 1.05 p.u., there are voltage points with non-negligible probabilities.

5.5 Performance Evaluation

It is important to reiterate that the essence of this study is to compare our proposed methodology

with our previous detailed VROS simulation and field data measurement at different periods. This

section compares the result of the proposed AMI-based curtailment estimation method with the

VROS simulation and field measurement data.
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Figure 5.11: Probability density function for voltage data points during the high-voltage period

5.5.1 Comparing results of the proposed AMI-based curtailment estimation

with the VROS simulation

To evaluate the accuracy of the proposed AMI-based curtailment estimation compared with the

detailed VROS simulation, the metrics in Table 1 are considered. The optimal value represents the

best possible value for each metric, whereas the computed value is the result of the comparison

between the proposed method and the VROS simulation result.

The R2 score shows that the proposed method captured 87% of the explained variance in the

VROS data. This is further confirmed by the explained variance score of 87%. This indicates that

87% of the information in the VROS data is retained by the AMI-based method. Overall, the

RMSE, MedAE, MSLE, and MAE values show that the proposed methodology aligns reasonably

well with VROS simulation data.

5.5.2 Comparing results of the proposed AMI-based curtailment estimation

with the field measurement data

For the purpose of comparing the proposed methodology with field measurement, two locations

with high voltage issues were identified as described in subsection 4.0.2. Tables 2 and 3 show

results for these specific locations over two different week periods. The VROS simulation has not
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Table 5.1: Performance Metrics of the Proposed AMI-Based Methodology
against the VROS simulation data

Metric
Optimal

value

Computed

value

Coefficient of determination (R2 Score) 1.0 0.87

Mean absolute error (MAE) 0.0 0.004

Mean squared logarithmic error (MSLE) 0.0 0.0005

Explained variance score (EVS) 1.0 0.87

Median absolute error (MedAE) 0.0 0.0

Root mean square error (RMSE) 0.0 0.049

been included because one of the locations is not in the test feeder, and the other location was

not added because of the difficulty in matching that customer in the field with the data in the test

feeder.

Table 2 compares the field measurement- and proposed AMI-based curtailment estimation

methods for Location A. During a typical period when the voltage is within the ANSI C84.1

range (0.95 p.u.–1.05 p.u.), the actual curtailment based on field measurement- and AMI-based

methodology are 0.3% and 0%, respectively. The high-voltage period shows a slight (2.3%) over-

estimation by the proposed method in Location A.

Table 5.2: Comparing Field- and AMI-Based Curtailment Estimation for a Customer in Location A

Time periods

Measured

production

(kWh)

AMI-based

production est.

(kWh)

Actual

curt.

(kWh)

AMI-based

cur. est.

(kWh)

Actual

curt.

(%)

AMI-based

curt. est.

(%)

Typical period 425.2 426.5 1.3 0 0.3 0

High-voltage period 385 431.7 46.7 62.1 12.1 14.4

Table 3 compares the field measurement- and proposed AMI-based curtailment estimation

methods for Location B. During the typical period, the total energy curtailment estimates for both
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methods are 0.01% and 0%, respectively, whereas the high-voltage period shows a slight (1.65%)

overestimation by the proposed method in Location B.

Table 5.3: Comparing Field- and AMI-Based Curtailment Estimation for a Customer in Location B

Time periods

Measured

production

(kWh)

AMI-based

production est.

(kWh)

Actual

curt.

(kWh)

AMI-based

curt. est.

(kWh)

Actual

curt.

(%)

AMI-based

curt. est.

(%)

Typical period 197 197 0.01 0 0.01 0

High-voltage period 106.8 107.9 1.0 2.8 0.94 2.59

5.6 Conclusions

Volt-watt grid support function activation used to mitigate persistent high voltages caused by

high-penetration PV systems depends on the voltage at the inverter terminals. This paper proposes

an AMI-based methodology for estimating lost PV production caused by volt-watt activation. This

method estimates maximum possible curtailment for a given volt-watt curve based on the customer

smart meter voltage during the time period of interest. The proposed method provides a reasonably

accurate estimate of curtailment using only smart meter voltage data. The result of the proposed

method further confirms that the activation of volt-watt control has a minimal impact on PV energy

curtailed.

Validation against detailed computer simulation for hundreds of customers and against field

data with irradiance sensing and inverter data shows that the proposed methodology yielded sat-

isfactory comparable results. The proposed methodology is very simple to implement because

it is based on only AMI voltage data, without the need for additional sensors, communications

infrastructure, or inverter data.

This methodology can be used by utilities, regulators, and solar developers to estimate the

curtailment impacts to customers. In addition, the performance metrics used to evaluate the accu-

racy of the proposed method compared with the detailed VROS simulation show that the proposed
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methodology aligns reasonably well with VROS simulation data. For instance, the coefficient of

determination (R2 score) shows that the proposed method captured 87% of the explained vari-

ance in the VROS data, which is further confirmed by the explained variance score of 87%. Also,

RMSE, MedAE, MSLE, and MAE show that the proposed method yielded satisfactory results.

The proposed method could be used to estimate customer energy curtailment, which could

inform future impact evaluation and compensation mechanisms for utilities leveraging customer-

sited resources to mitigate high-voltage and defer or avoid future infrastructure upgrades.
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Chapter 6

Conclusions and Potential for Future Work

This dissertation proposes modeling techniques and methods to study the impacts to the util-

ity and to the customers of using DERs such as advanced inverters to provide voltage support.

The work is novel in that it raises the importance of modeling low voltage secondary circuits, to

more accurately represent the local voltage at each individual DER location to which autonomous

advanced inverter functions respond to, as well as to study the effectiveness of real and reactive

power injection along primary and secondary distribution networks.

The main conclusions of the research presented in this dissertation are outlined below

• Creating and validating baseline models of the current utility operations is important to com-

pare with future scenarios in which customer sited resources are integrated in the planning

and operation of distribution systems

• Generalizing a voltage rise across all secondary circuits is not a very accurate way of ap-

proximating the impact of secondary lo voltage rise, even within the same construction type

of overhead or underground designs.

• Primary voltages are relatively flat, and the bulk of the voltage rise due to increased DER

penetration occurs in the service transformer and secondary circuits

• The bulk of the voltage support from advanced inverters absorbing reactive power in constant

power factor or volt-var modes is effective at reducing the voltage rise caused by DERs

across the distribution service transformer, and not effective at mitigating the voltage rise

across the secondary conductors.This is due to reactive power being effective at lowering

the voltage where there is a higher reactance component, i.e. at the transformer, versus the

highly resistive components of the secondary conductors.
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• The activation of voltage-based GSFs, such as volt-var and volt-watt, results in a positive

average net generation change, since there is less energy curtailed due to the activation of

the GSFs than there is generation prevented from tripping above 1.1 p.u. per IEEE 1547 [46].

• A new curve is proposed for plotting the customer energy curtailment versus customer max-

imum voltage, which shows that when customer peak voltages are maintained close to the

ANSI C84.1 recommendatioFns, customer energy curtailment from GSFs such as volt-var

and volt-watt will be negligible or very low.

The research described in this dissertation has informed important policy and grid code changes

in Hawai’i and California with the approved changes to Rule 14H and California Rule 21 DER

Interconnection Standards requiring the activation of voltage advanced inverter grid support func-

tions such as volt-var and volt-watt.

This work can be expanded in many directions for future work. In this thesis, the impact of us-

ing one same advanced inverter setting for all DERs, which is currently seen as a practical way for

installers to comply with the new requirements to provide voltage support. However, in the future,

utilities could consider to optimize the settings for individual DERs to provide more or less voltage

support as needed, but the value of the added complexity is unclear. Taking it one-step further, the

advanced inverter settings could also be optimize on a more operational basis throughout the day

via a DERMS or ADMS type utility management system. The impact of optimal advanced inverter

settings and set-points in voltage management and to customers is yet to be explored. Another area

of future research is including other technologies such as battery stoarge. Battery storage, as with

PV systems, has also come down in cost and is now being installed in residential homes. The

impact of such technology collocated with PV systems in providing voltage support can be further

explored, as well, as the impact on resiliency due to the added capability of sustaining power out-

ages for residential customers. Finally, another topic that can be explored is including load control

for voltage support. Home Energy Management Systems (HEMS) are a growing area of research

that can be explored, to understand how potentially advanced inverters could be integrated into the

planning and optimization routines of HEMS. The economic implications and business models for
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leveraging customer-sited into planning and operation of the distribution grid is a research area that

can be further expanded. The research presented in this dissertation shows that with the proposed

advanced inverter settings in Hawai’i, which are very similar that the ones used in California and

recommended in IEEE 1547-2018, the impact to customer energy production is minimal as long as

voltages are maintained within ANSI C84.1 limits. However, there could be outlier customers, or

utilities could chose to implement more aggressive advanced inverter settings, and the right level

of compensation for such customers is yet to be evaluated. Finally, the issue of accurate represen-

tation of low voltage circuits is a topic that can be further expanded. Using directed graph theory

to statistically identify typical secondary circuits from field collected data is a topic currently being

explored after the work here presented. Another area of active research currently being explored

by industry and other research organizations is to use an open maps API as well as heuristic rules

from the statistical analysis of secondary low voltage circuits to trace secondary circuits for spe-

cific service transformer locations. This is currently being researched, after the work described in

this thesis, in order to allow utilities to more accurately predict the impact of a DER, as well as

to explore more innovating solutions to mitigate the adverse impact of a DER. Typically utilities

propose a grid infrastructure upgrade when a DER is going to violate a voltage or a thermal con-

straint. However, with a detailed model of the distribution low voltage circuit, utilities could play

with more innovative solutions such as battery storage, legacy inverter upgrades, optimal advanced

inverter settings, etc. to mitigate the impact of a DER interconnection.
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pages 1418–1423, 06 2018.

[55] M. Emmanuel, J. Giraldez, P. Gotseff, and A. Hoke. Estimation of solar photovoltaic energy

curtailment due to voltwatt control. IET Renewable Power Generation, 14(4):640âĂŞ646,
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